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instrumental in facilitating radiative heat dissipation
within non-atmospheric windows (e.g., 2.5–3 μm38,39,
5–8 μm38–50, and 13–16 μm44,45), through photonic
crystals38,41,43–45,51, metasurfaces46–49, and Fabry-Perot
cavities39. Despite the advancements in infrared

camouflage technologies, their effectiveness remains lim-
ited in the unique and extreme environment of space.
Firstly, infrared camouflage in the solar radiation bands,
especially the H (1.5–1.8 μm) and K (2–2.4 μm) bands, is
rarely considered. A high signal-to-noise ratio can be

Ground–based infrared observation facility

Space object

Reflection & scattering
0.4 – 2.5 �m

Thermal radiation
2.5 – 25 �m

Solar radiation

a

Conduction
&

Convection

Outer space

High vacuum

Background sky radiation

H / K band
1.5 – 1.8 / 2 – 2.4 �m

MWIR / LWIR
3 – 5 / 8 – 13 �m

Rayleigh scatteringayleiggh scatteringeigh sca
0.4 –0.4 – 1.5 �mmmm

Atmosphere Atm here tmosphAtAttm
absorption / radiationsorptiion / radiatiotion / rad
5 – 8 & 13 – 25513 – 25 �m

+++

3 K cosmic background

Infrared observation
time window

Visible observation
time window

DayNight

Umbra

Penumbra

0

350

700
5 – 8 �m band
13 – 25 �m band

–120 –60 0 60 120
Temperature (°C)

Safe temperature
range

b c

d

1.10.5 1.5 2 2.4 3 5 8 13 25

Wavelength (μm)

0

0.2

0.4

0.6

0.8

1

At
m

os
ph

er
ic

 tr
an

sm
itt

an
ce

0

2

4

6

8

10

12

Ba
ck

gr
ou

nd
 s

ky
 ra

di
an

ce
(W

 s
r–1

 m
–2
�m

–1
)

Rayleigh scattering Atmosphere radiation

H K MWIR LWIR

Infrared observation bands

0

0.2

0.4

0.6

0.8

1

Em
issivity / absorptivity

1.8

VLWIR

Radiative heat dissipation

Radiative heat dissipation
VLWIR (13 – 25 �m)

Po
w

er
 d

en
si

ty
(W

 m
–2

)

Fig. 1 Principle for space-to-ground infrared camouflage with radiative heat dissipation. a Two kinds of infrared signals of space objects,
reflection & scattering of solar radiance and thermal radiation, are detected by ground-based infrared observation facilities, after traveling through
the atmosphere. Conduction & Convection are inhibited in outer space, leaving thermal radiation as the sole way for heat dissipation. b Comparison
of ground-based infrared and visible observation facilities. c Comparison of the radiative heat dissipation within the 5–8 μm and 13–25 μm bands.
d The most threatening detection bands of ground-based infrared observation facilities, considering the background sky radiation (red area) and
atmosphere transmittance (blue area), and the ideal emissivity/absorptivity spectrum (green line) for space-to-ground infrared camouflage with
radiative heat dissipation
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Abstract
With the development of space exploration and exploitation, it is imperative to address the potential threats posed to
space objects, particularly ground-based infrared observation. However, in the extreme space environment, achieving
infrared camouflage across different bands with simultaneous thermal management is challenging and has so far
slipped out of concern. Here, we propose the space-to-ground infrared camouflage strategy, compatible with radiative
heat dissipation. Camouflage in the H, K, mid-wave-infrared (MWIR), and long-wave-infrared (LWIR) bands is achieved
through a multilayer structure, with radiative heat dissipation in the very-long-wave-infrared (VLWIR) band. High
absorptivity (0.839/0.633) in the H/K bands minimizes the reflected signal of solar radiation and low emissivity (0.132/
0.142) in the MWIR/LWIR bands suppresses the thermal radiation signal. Additionally, high emissivity (0.798) in the
VLWIR band ensures efficient thermal management, resulting in a temperature decrement of 39.8 °C to the metal
reference in the simulated space environment (with 1200 Wm−2 thermal input). This work inspires sophisticated
spectral manipulation in extreme environments and guides the development of camouflage and radiative heat
dissipation techniques for space objects.

Introduction
Exploring space has been a perpetual endeavor for

humanity. Thanks to the advancements in aerospace
technology, the prospect of exploring and exploiting space
is no longer an elusive dream. To date, over 12,000
spacecrafts have been launched into space, with the
number increasing at an exponential rate in recent years.
These diverse spacecrafts serve various aspects of human
life and provide numerous conveniences. However, space
objects are subjected to the extreme conditions of space
and face threats from terrestrial equipment, notably
detection by ground-based observation facilities (Fig. 1a).
Among these facilities, the applicability of microwave
facilities is confined to the surveillance of objects within
low Earth orbit, with a limited resolution; visible facilities
face constraints during daytime and cannot monitor space
objects as they traverse into the Earth’s umbra, where no

visible signals are reflected by objects1 (Fig. 1b). Con-
versely, infrared facilities effectively compensate for the
limitations of visible observation facilities in terms of
observation time and microwave observation facilities in
terms of observation distance and resolution. Hence, the
capability of infrared facilities for near-continuous, high-
resolution detection severely threatens objects in various
orbits. Based on their operational principle, infrared
observation facilities can be classified into two categories:
those that operate within the 1.1–2.5 μm band to capture
solar radiation reflected by the space object, and those
that function within the 2.5–25 μm band to detect the
thermal radiation emitted by the space object (Fig. 1a).
Consequently, there is a pressing need to develop space-
to-ground infrared camouflage technologies to mitigate
these threats and ensure the safe operation of space
objects.
Infrared camouflage for aerial and terrestrial objects has

witnessed substantial advancements, encompassing the
utilization of metallic/dielectric structures2–24, and ther-
mochromic25–31/electrochromic32–37 materials to effec-
tively manipulate the infrared spectrum. In addition, the
application of spectral-selective emitters has been
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instrumental in facilitating radiative heat dissipation
within non-atmospheric windows (e.g., 2.5–3 μm38,39,
5–8 μm38–50, and 13–16 μm44,45), through photonic
crystals38,41,43–45,51, metasurfaces46–49, and Fabry-Perot
cavities39. Despite the advancements in infrared

camouflage technologies, their effectiveness remains lim-
ited in the unique and extreme environment of space.
Firstly, infrared camouflage in the solar radiation bands,
especially the H (1.5–1.8 μm) and K (2–2.4 μm) bands, is
rarely considered. A high signal-to-noise ratio can be
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Fig. 1 Principle for space-to-ground infrared camouflage with radiative heat dissipation. a Two kinds of infrared signals of space objects,
reflection & scattering of solar radiance and thermal radiation, are detected by ground-based infrared observation facilities, after traveling through
the atmosphere. Conduction & Convection are inhibited in outer space, leaving thermal radiation as the sole way for heat dissipation. b Comparison
of ground-based infrared and visible observation facilities. c Comparison of the radiative heat dissipation within the 5–8 μm and 13–25 μm bands.
d The most threatening detection bands of ground-based infrared observation facilities, considering the background sky radiation (red area) and
atmosphere transmittance (blue area), and the ideal emissivity/absorptivity spectrum (green line) for space-to-ground infrared camouflage with
radiative heat dissipation
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With the development of space exploration and exploitation, it is imperative to address the potential threats posed to
space objects, particularly ground-based infrared observation. However, in the extreme space environment, achieving
infrared camouflage across different bands with simultaneous thermal management is challenging and has so far
slipped out of concern. Here, we propose the space-to-ground infrared camouflage strategy, compatible with radiative
heat dissipation. Camouflage in the H, K, mid-wave-infrared (MWIR), and long-wave-infrared (LWIR) bands is achieved
through a multilayer structure, with radiative heat dissipation in the very-long-wave-infrared (VLWIR) band. High
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0.142) in the MWIR/LWIR bands suppresses the thermal radiation signal. Additionally, high emissivity (0.798) in the
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Introduction
Exploring space has been a perpetual endeavor for

humanity. Thanks to the advancements in aerospace
technology, the prospect of exploring and exploiting space
is no longer an elusive dream. To date, over 12,000
spacecrafts have been launched into space, with the
number increasing at an exponential rate in recent years.
These diverse spacecrafts serve various aspects of human
life and provide numerous conveniences. However, space
objects are subjected to the extreme conditions of space
and face threats from terrestrial equipment, notably
detection by ground-based observation facilities (Fig. 1a).
Among these facilities, the applicability of microwave
facilities is confined to the surveillance of objects within
low Earth orbit, with a limited resolution; visible facilities
face constraints during daytime and cannot monitor space
objects as they traverse into the Earth’s umbra, where no

visible signals are reflected by objects1 (Fig. 1b). Con-
versely, infrared facilities effectively compensate for the
limitations of visible observation facilities in terms of
observation time and microwave observation facilities in
terms of observation distance and resolution. Hence, the
capability of infrared facilities for near-continuous, high-
resolution detection severely threatens objects in various
orbits. Based on their operational principle, infrared
observation facilities can be classified into two categories:
those that operate within the 1.1–2.5 μm band to capture
solar radiation reflected by the space object, and those
that function within the 2.5–25 μm band to detect the
thermal radiation emitted by the space object (Fig. 1a).
Consequently, there is a pressing need to develop space-
to-ground infrared camouflage technologies to mitigate
these threats and ensure the safe operation of space
objects.
Infrared camouflage for aerial and terrestrial objects has

witnessed substantial advancements, encompassing the
utilization of metallic/dielectric structures2–24, and ther-
mochromic25–31/electrochromic32–37 materials to effec-
tively manipulate the infrared spectrum. In addition, the
application of spectral-selective emitters has been
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VLWIR band emerges as the leading choice for radiative
heat dissipation and is requested to be endowed with a
high emissivity.
To summarize, the spectral characteristics of space

objects must satisfy several key criteria, as indicated by the
green line in Fig. 1d: (i) high absorptivity in the H and K
bands to minimize reflected signals; (ii) low emissivity
within the MWIR and LWIR bands for diminishing
thermal radiation signals; (iii) high emissivity in the
VLWIR band to facilitate radiative heat dissipation. These
design principles are critical for attaining space-to-ground
infrared camouflage with radiative heat dissipation and
provide a foundation for the development of advanced
camouflage materials and structures.

Structure design and measurements
Aiming at space-to-ground infrared camouflage with

radiative heat dissipation, a strategy that involves the
integration of subwavelength photonic films with lossy
dielectric materials (see supplement 3) is adopted to ela-
borately tailor the spectrum. The multilayer structure,
composed of ZnS (215 nm) / Ge2Sb2Te5 (165 nm) / HfO2

(1930 nm) / Ge (600 nm) / HfO2 (1220 nm) / Ni (120 nm)
is designed to cater to the varying demands of camouflage
across the H, K, MWIR, and LWIR bands (Fig. 2a), which
concurrently meets the radiative heat dissipation
requirement. Crystalline Ge2Sb2Te5 is especially selected
for its intrinsic loss in the H and K bands, due to free
carriers in it as a degenerate semiconductor. In addition,
the top ZnS layer is employed to reduce reflection and
augment absorption within the structure. The alternating
structure of Ge2Sb2Te5/HfO2/Ge/HfO2 layers establishes
highly reflective platforms in the MWIR and LWIR bands,
effectively diminishing emissivity. Beyond the wavelength
of 13 μm, both Ge2Sb2Te5 and HfO2 act as lossy dielectric
materials, enabling high emissivity in the VLWIR band.
The absorptivity/emissivity spectrum of the multilayer

structure is simulated (Fig. 2b), with the corresponding
electric field intensity |E| and resistive loss Q distribu-
tion illustrated in Fig. 2d. In the H (1.7 μm) and K
(2.2 μm) bands, the electric field in the structure con-
stitutes standing waves, which meets the anti-reflection
conditions of destructive interference at the interface
with air, resulting in high absorption peaks. The resis-
tance loss in the structure mainly occurs in the
Ge2Sb2Te5 layer and the bottom Ni layer. In the MWIR
(3.9 μm) and LWIR (8.5 μm) bands, the enhanced
reflection conditions are established, and the electric
field and resistance losses within the structure are sup-
pressed, leading to low emissivity in these two bands. In
the VLWIR band (15.6 μm), the Ge2Sb2Te5 and HfO2 are
both lossy dielectric materials and intense losses occur
simultaneously in the Ge2Sb2Te5 layer, HfO2 layer, and
Ni layer.

The multilayer structure is fabricated on a 4-inch silicon
wafer, which is segmented into 1/4 pieces for the con-
venience of subsequent experiments (Fig. 2c). The
experimental emissivity/absorptivity spectrum of the
sample, as depicted in Fig. 2b, bears a striking resem-
blance to the simulated spectrum. According to Eq. (1), at
300 K, the integral emissivity of the sample in the MWIR,
LWIR, and VLWIR bands is 0.132, 0.142, and 0.798,
respectively, which satisfies the camouflage requirements
of the two detection bands and radiative heat dissipation
requirement. In Eq. (1), ε denotes the spectral emissivity
of the sample, IBB signifies the blackbody spectral power
density, and λ1,2 represents the starting and stopping
wavelengths of the integral band respectively. The
numerator of the equation represents the integral radia-
tion power of the sample in the specified band at a tem-
perature of T, and the denominator represents that of the
blackbody at the same temperature.

ε ¼
Z λ2

λ1
ε λð ÞIBB λ;Tð Þdλ=

Z λ2

λ1
IBB λ;Tð Þdλ ð1Þ

Taking the solar radiation intensity outside the atmo-
sphere, Isolar, as the reference, the integrated absorptivity
(Eq. (2)) of the sample in the H and K bands can be
calculated as 0.839 and 0.633, respectively. Accordingly,
the irradiance spectrum of the reflected signal of the space
object both outside and after passing through the atmo-
sphere is obtained, as depicted by the dark blue (extra-
atmospheric) and light blue (post-atmospheric) regions
respectively in Fig. 2e. Notably, after absorbed by the
sample, the intensity of the reflected infrared signal is
significantly diminished relative to the solar irradiance,
which vividly illustrates the effective functional camou-
flage performance.

α ¼
Z λ2

λ1
α λð ÞIsolar λð Þdλ=

Z λ2

λ1
Isolar λð Þdλ ð2Þ

Radiative heat dissipation
Given the temperature range of space objects, the

VLWIR band is preferred for heat dissipation, thereby
mitigating thermal load and enhancing thermal camou-
flage. Utilizing Eq. (1), the radiative power densities of the
sample in the 5−8 μm band and 13−25 μm band (the
VLWIR band) at various temperatures (Fig. 2f) are
derived. Within the temperature range of −120 to 120 °C,
the VLWIR band accounts for the majority of the radia-
tive heat dissipation power, while the 5–8 μm band serves
as a minor supplement. At a suitable operation tem-
perature of 300 K, which is typical for instruments on
space objects, the radiative power density of the sample in
the VLWIR band is 136.3Wm−2, and the combined
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achieved by ground-based observation facilities in the H/
K bands, posing great threats to space objects. Secondly,
the efficacy of current radiative heat dissipation bands is
insufficient for space objects to maintain a safe tempera-
ture range (typically −20 to 70 °C)52 (Fig. 1c), calling for
more appropriate heat dissipation bands. In space envir-
onment, both conduction and convection are inhibited,
leaving thermal radiation as the sole way for heat dis-
sipation53–62 (Fig. 1a). Finally, the extreme application
scenario in space necessitates the development of
camouflage materials with reduced weight and enhanced
robustness. Therefore, achieving space-to-ground infrared
camouflage across different bands with simultaneously
radiative heat dissipation remains a challenge.
In this work, we propose a strategy that realizes space-

to-ground camouflage in threatening infrared bands (H,
K, mid-wave-infrared (MWIR, 3–5 μm), and long-wave-
infrared (LWIR, 8–13 μm)), with concurrently radiative
heat dissipation in the very-long-wave-infrared band
(VLWIR, 13–25 μm). Firstly, high absorptivity (0.839/
0.633) is achieved in the H/K bands to minimize the
reflected signal of solar radiation. Secondly, reduced
emissivity (0.132/0.142) in the MWIR/LWIR bands is
realized to suppress thermal radiation signals from space
objects. The camouflage performance in these bands is
further demonstrated through simulated ground-based
detection scenarios using infrared imagers. Thirdly, high
emissivity (0.798) is achieved in the VLWIR band for
radiative heat dissipation, contributing to a temperature
decrement of 39.8 °C to the metal reference in the simu-
lated space environment (with an input thermal power of
1200Wm−2). This work inspires sophisticated spectral
manipulation in extreme environments and offers
opportunities for the development of space-to-ground
camouflage technologies.

Results
Principle for space-to-ground camouflage with radiative
heat dissipation
For pertinently space-to-ground camouflage, it is of

crucial importance to identify the most threatening detec-
tion bands. Traveling through the whole atmosphere, the
infrared signal of space objects is significantly affected by
atmospheric conditions. The bands with high atmospheric
transmittance and faint background sky radiation require
meticulous consideration, which is pivotal for the detection
capabilities of ground-based observation facilities and pose
substantial threats to space objects. Concurrently, an in-
depth examination of the spectral attributes of thermal
radiation emitted from space objects is necessitated to
ascertain the optimal radiative heat dissipation band that
aligns with the demands of camouflage.
In the solar radiation band (0.4–2.5 μm), the H and K

bands are the most threatening detection bands.

According to the Rayleigh scattering principle, the sky
performs brighter background radiation in the short-wave
bands (0.4–1.5 μm) during the day (Fig. 1d), obscuring the
signals from space objects. Conversely, in the long-wave
bands (1.5–2.5 μm), the background sky radiation is
minimal (Fig. 1d), thereby highlighting the signals of space
objects. As a result, the atmospheric windows in these
bands, namely the H and K bands, are optimal detection
bands with the advantage of a high signal-to-noise ratio.
Given the temperature range of space objects, the
reflected signal of solar radiation dominates in the H and
K bands, as the thermal radiation of space objects in these
bands is negligible. Therefore, camouflage in the H and K
bands requires to increase in the absorptivity of objects,
thus reducing the reflected signal.
In the thermal radiation band (2.5–25 μm), the MWIR

and LWIR bands are commonly employed for the
observation of space objects. Thermal radiation emitted
by space objects travels through the atmosphere, where a
portion is absorbed, particularly in the non-atmospheric
windows (e.g., 5–8 μm & 13–25 μm bands). The remain-
ing radiation can be captured by ground-based observers
in the MWIR and LWIR bands (Fig. 1d). In addition, the
background sky radiation in the MWIR and LWIR bands
is relatively weak, offering favorable observation condi-
tions. In these two bands, the signal of space objects is
predominantly thermal radiation, since solar radiation is
weak enough to be neglected. Consequently, camouflage
in the MWIR and LWIR bands demands to reduce the
emissivity to suppress thermal radiation.
For the thermal management of space objects, the

VLWIR band is strategically selected for heat dissipation.
Without thermal management, space objects will experi-
ence dramatic temperature fluctuations ranging from
−120 to 120 °C63. These extreme temperatures will
damage the instruments inside the objects, which require
a safe temperature range of −20 to 70 °C52. Given the
constraints of conduction & convection being blocked
and the camouflage requirements in the MWIR and
LWIR bands, heat dissipation can be achieved merely
through radiation within non-atmospheric windows, pri-
marily in the 5–8 μm and 13–25 μm bands. Compared to
the current radiative heat dissipation band (the 5–8 μm
band), the 13–25 μm band (the VLWIR band) exhibits
larger radiative power density when the temperature is
below 120 °C, which is more significant within the safe
temperature range (Fig. 1c). Furthermore, simulations are
conducted on cubical satellites with radiative heat dis-
sipation within the VLWIR band (I) and the 5–8 μm band
(II) respectively. Radiative heat dissipation in the VLWIR
band enables the satellite temperature to remain within
the safe temperature range, while the temperature of the
satellite that uses the 5–8 μm band for heat dissipation
ultimately exceeds 70 °C (see supplement 1). Thus, the
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VLWIR band emerges as the leading choice for radiative
heat dissipation and is requested to be endowed with a
high emissivity.
To summarize, the spectral characteristics of space

objects must satisfy several key criteria, as indicated by the
green line in Fig. 1d: (i) high absorptivity in the H and K
bands to minimize reflected signals; (ii) low emissivity
within the MWIR and LWIR bands for diminishing
thermal radiation signals; (iii) high emissivity in the
VLWIR band to facilitate radiative heat dissipation. These
design principles are critical for attaining space-to-ground
infrared camouflage with radiative heat dissipation and
provide a foundation for the development of advanced
camouflage materials and structures.

Structure design and measurements
Aiming at space-to-ground infrared camouflage with

radiative heat dissipation, a strategy that involves the
integration of subwavelength photonic films with lossy
dielectric materials (see supplement 3) is adopted to ela-
borately tailor the spectrum. The multilayer structure,
composed of ZnS (215 nm) / Ge2Sb2Te5 (165 nm) / HfO2

(1930 nm) / Ge (600 nm) / HfO2 (1220 nm) / Ni (120 nm)
is designed to cater to the varying demands of camouflage
across the H, K, MWIR, and LWIR bands (Fig. 2a), which
concurrently meets the radiative heat dissipation
requirement. Crystalline Ge2Sb2Te5 is especially selected
for its intrinsic loss in the H and K bands, due to free
carriers in it as a degenerate semiconductor. In addition,
the top ZnS layer is employed to reduce reflection and
augment absorption within the structure. The alternating
structure of Ge2Sb2Te5/HfO2/Ge/HfO2 layers establishes
highly reflective platforms in the MWIR and LWIR bands,
effectively diminishing emissivity. Beyond the wavelength
of 13 μm, both Ge2Sb2Te5 and HfO2 act as lossy dielectric
materials, enabling high emissivity in the VLWIR band.
The absorptivity/emissivity spectrum of the multilayer

structure is simulated (Fig. 2b), with the corresponding
electric field intensity |E| and resistive loss Q distribu-
tion illustrated in Fig. 2d. In the H (1.7 μm) and K
(2.2 μm) bands, the electric field in the structure con-
stitutes standing waves, which meets the anti-reflection
conditions of destructive interference at the interface
with air, resulting in high absorption peaks. The resis-
tance loss in the structure mainly occurs in the
Ge2Sb2Te5 layer and the bottom Ni layer. In the MWIR
(3.9 μm) and LWIR (8.5 μm) bands, the enhanced
reflection conditions are established, and the electric
field and resistance losses within the structure are sup-
pressed, leading to low emissivity in these two bands. In
the VLWIR band (15.6 μm), the Ge2Sb2Te5 and HfO2 are
both lossy dielectric materials and intense losses occur
simultaneously in the Ge2Sb2Te5 layer, HfO2 layer, and
Ni layer.

The multilayer structure is fabricated on a 4-inch silicon
wafer, which is segmented into 1/4 pieces for the con-
venience of subsequent experiments (Fig. 2c). The
experimental emissivity/absorptivity spectrum of the
sample, as depicted in Fig. 2b, bears a striking resem-
blance to the simulated spectrum. According to Eq. (1), at
300 K, the integral emissivity of the sample in the MWIR,
LWIR, and VLWIR bands is 0.132, 0.142, and 0.798,
respectively, which satisfies the camouflage requirements
of the two detection bands and radiative heat dissipation
requirement. In Eq. (1), ε denotes the spectral emissivity
of the sample, IBB signifies the blackbody spectral power
density, and λ1,2 represents the starting and stopping
wavelengths of the integral band respectively. The
numerator of the equation represents the integral radia-
tion power of the sample in the specified band at a tem-
perature of T, and the denominator represents that of the
blackbody at the same temperature.

ε ¼
Z λ2

λ1
ε λð ÞIBB λ;Tð Þdλ=

Z λ2

λ1
IBB λ;Tð Þdλ ð1Þ

Taking the solar radiation intensity outside the atmo-
sphere, Isolar, as the reference, the integrated absorptivity
(Eq. (2)) of the sample in the H and K bands can be
calculated as 0.839 and 0.633, respectively. Accordingly,
the irradiance spectrum of the reflected signal of the space
object both outside and after passing through the atmo-
sphere is obtained, as depicted by the dark blue (extra-
atmospheric) and light blue (post-atmospheric) regions
respectively in Fig. 2e. Notably, after absorbed by the
sample, the intensity of the reflected infrared signal is
significantly diminished relative to the solar irradiance,
which vividly illustrates the effective functional camou-
flage performance.

α ¼
Z λ2

λ1
α λð ÞIsolar λð Þdλ=

Z λ2

λ1
Isolar λð Þdλ ð2Þ

Radiative heat dissipation
Given the temperature range of space objects, the

VLWIR band is preferred for heat dissipation, thereby
mitigating thermal load and enhancing thermal camou-
flage. Utilizing Eq. (1), the radiative power densities of the
sample in the 5−8 μm band and 13−25 μm band (the
VLWIR band) at various temperatures (Fig. 2f) are
derived. Within the temperature range of −120 to 120 °C,
the VLWIR band accounts for the majority of the radia-
tive heat dissipation power, while the 5–8 μm band serves
as a minor supplement. At a suitable operation tem-
perature of 300 K, which is typical for instruments on
space objects, the radiative power density of the sample in
the VLWIR band is 136.3Wm−2, and the combined
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achieved by ground-based observation facilities in the H/
K bands, posing great threats to space objects. Secondly,
the efficacy of current radiative heat dissipation bands is
insufficient for space objects to maintain a safe tempera-
ture range (typically −20 to 70 °C)52 (Fig. 1c), calling for
more appropriate heat dissipation bands. In space envir-
onment, both conduction and convection are inhibited,
leaving thermal radiation as the sole way for heat dis-
sipation53–62 (Fig. 1a). Finally, the extreme application
scenario in space necessitates the development of
camouflage materials with reduced weight and enhanced
robustness. Therefore, achieving space-to-ground infrared
camouflage across different bands with simultaneously
radiative heat dissipation remains a challenge.
In this work, we propose a strategy that realizes space-

to-ground camouflage in threatening infrared bands (H,
K, mid-wave-infrared (MWIR, 3–5 μm), and long-wave-
infrared (LWIR, 8–13 μm)), with concurrently radiative
heat dissipation in the very-long-wave-infrared band
(VLWIR, 13–25 μm). Firstly, high absorptivity (0.839/
0.633) is achieved in the H/K bands to minimize the
reflected signal of solar radiation. Secondly, reduced
emissivity (0.132/0.142) in the MWIR/LWIR bands is
realized to suppress thermal radiation signals from space
objects. The camouflage performance in these bands is
further demonstrated through simulated ground-based
detection scenarios using infrared imagers. Thirdly, high
emissivity (0.798) is achieved in the VLWIR band for
radiative heat dissipation, contributing to a temperature
decrement of 39.8 °C to the metal reference in the simu-
lated space environment (with an input thermal power of
1200Wm−2). This work inspires sophisticated spectral
manipulation in extreme environments and offers
opportunities for the development of space-to-ground
camouflage technologies.

Results
Principle for space-to-ground camouflage with radiative
heat dissipation
For pertinently space-to-ground camouflage, it is of

crucial importance to identify the most threatening detec-
tion bands. Traveling through the whole atmosphere, the
infrared signal of space objects is significantly affected by
atmospheric conditions. The bands with high atmospheric
transmittance and faint background sky radiation require
meticulous consideration, which is pivotal for the detection
capabilities of ground-based observation facilities and pose
substantial threats to space objects. Concurrently, an in-
depth examination of the spectral attributes of thermal
radiation emitted from space objects is necessitated to
ascertain the optimal radiative heat dissipation band that
aligns with the demands of camouflage.
In the solar radiation band (0.4–2.5 μm), the H and K

bands are the most threatening detection bands.

According to the Rayleigh scattering principle, the sky
performs brighter background radiation in the short-wave
bands (0.4–1.5 μm) during the day (Fig. 1d), obscuring the
signals from space objects. Conversely, in the long-wave
bands (1.5–2.5 μm), the background sky radiation is
minimal (Fig. 1d), thereby highlighting the signals of space
objects. As a result, the atmospheric windows in these
bands, namely the H and K bands, are optimal detection
bands with the advantage of a high signal-to-noise ratio.
Given the temperature range of space objects, the
reflected signal of solar radiation dominates in the H and
K bands, as the thermal radiation of space objects in these
bands is negligible. Therefore, camouflage in the H and K
bands requires to increase in the absorptivity of objects,
thus reducing the reflected signal.
In the thermal radiation band (2.5–25 μm), the MWIR

and LWIR bands are commonly employed for the
observation of space objects. Thermal radiation emitted
by space objects travels through the atmosphere, where a
portion is absorbed, particularly in the non-atmospheric
windows (e.g., 5–8 μm & 13–25 μm bands). The remain-
ing radiation can be captured by ground-based observers
in the MWIR and LWIR bands (Fig. 1d). In addition, the
background sky radiation in the MWIR and LWIR bands
is relatively weak, offering favorable observation condi-
tions. In these two bands, the signal of space objects is
predominantly thermal radiation, since solar radiation is
weak enough to be neglected. Consequently, camouflage
in the MWIR and LWIR bands demands to reduce the
emissivity to suppress thermal radiation.
For the thermal management of space objects, the

VLWIR band is strategically selected for heat dissipation.
Without thermal management, space objects will experi-
ence dramatic temperature fluctuations ranging from
−120 to 120 °C63. These extreme temperatures will
damage the instruments inside the objects, which require
a safe temperature range of −20 to 70 °C52. Given the
constraints of conduction & convection being blocked
and the camouflage requirements in the MWIR and
LWIR bands, heat dissipation can be achieved merely
through radiation within non-atmospheric windows, pri-
marily in the 5–8 μm and 13–25 μm bands. Compared to
the current radiative heat dissipation band (the 5–8 μm
band), the 13–25 μm band (the VLWIR band) exhibits
larger radiative power density when the temperature is
below 120 °C, which is more significant within the safe
temperature range (Fig. 1c). Furthermore, simulations are
conducted on cubical satellites with radiative heat dis-
sipation within the VLWIR band (I) and the 5–8 μm band
(II) respectively. Radiative heat dissipation in the VLWIR
band enables the satellite temperature to remain within
the safe temperature range, while the temperature of the
satellite that uses the 5–8 μm band for heat dissipation
ultimately exceeds 70 °C (see supplement 1). Thus, the
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procedure, the air pressure in the chamber is stabilized at
approximately 0.15 Pa. Under such controlled conditions,
convective heat transfer is rendered comparatively insig-
nificant, making the heat exchange between the sample
and the surrounding environment predominantly through
thermal radiation.
Under conditions of no external power input, the

equilibrium temperatures of the sample and the metal
reference are measured to be −5.7 °C and 10.3 °C,
respectively. Notably, the sample exhibits an equilibrium
temperature of 16 °C lower than that of the metal refer-
ence (Fig. 3b), demonstrating its superior radiative heat
dissipation efficacy. As the input power progressively
increases, a corresponding augmentation in the tem-
perature differential between the two is discerned. When
the input power density is 1200Wm−2, the metal refer-
ence attains an equilibrium temperature of 121.1 °C,
whereas the sample merely reaches 81.3 °C, manifesting a

substantial temperature differential of 39.8 °C (Fig. 3b).
The decrement in temperature also augments thermal
camouflage, evidenced by a reduction in thermal radiation
signals by 61.7% in the MWIR band and 34.1% in the
LWIR band, as the temperature decreases from 121.1 °C
to 81.3 °C (Fig. 3c). The results prove the importance of
radiative heat dissipation for space objects, enabling the
expulsion of superfluous thermal energy and the pre-
servation of thermal equilibrium in the unique environ-
mental conditions in space. Furthermore, they
corroborate the efficient radiative heat dissipation attri-
butes of the sample.

Space-to-ground infrared camouflage
To demonstrate the infrared camouflage performance

intuitively, ground-based observation scenarios are
simulated, and infrared imagers are employed to capture
images in various detection bands. The sample is
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radiative power density of both bands reaches
151.9Wm−2 (Fig. 2g). Predominating in radiative heat
dissipation, the VLWIR band plays a crucial role in
thermal management for space objects.
To investigate the heat exchange in the high-vacuum,

low-temperature conditions of space, and to validate the
radiative heat dissipation characteristics of the sample, a
simulated space environment is constructed, utilizing the
vacuum chamber in conjunction with a Dewar bottle (Fig.
3a) (supplement 4 provides comprehensive details related
to the simulated space environment). The sample and a

metal reference (a 120-nm-thick nickel film) of equivalent
dimensions are respectively attached to a heat plate and
positioned in the vacuum chamber, with support provided
by nylon pillars. Above the sample, the Dewar bottle is
filled with liquid nitrogen (−196 °C) and overlaid with a
coating of carbon black to simulate the 3 K cosmic
background. The thermal radiation emitted by both liquid
nitrogen and the cosmic background constitutes less than
1% of the sample’s thermal radiation, thereby rendering
the disparity in thermal radiation between them experi-
mentally negligible. Throughout the experimental
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procedure, the air pressure in the chamber is stabilized at
approximately 0.15 Pa. Under such controlled conditions,
convective heat transfer is rendered comparatively insig-
nificant, making the heat exchange between the sample
and the surrounding environment predominantly through
thermal radiation.
Under conditions of no external power input, the

equilibrium temperatures of the sample and the metal
reference are measured to be −5.7 °C and 10.3 °C,
respectively. Notably, the sample exhibits an equilibrium
temperature of 16 °C lower than that of the metal refer-
ence (Fig. 3b), demonstrating its superior radiative heat
dissipation efficacy. As the input power progressively
increases, a corresponding augmentation in the tem-
perature differential between the two is discerned. When
the input power density is 1200Wm−2, the metal refer-
ence attains an equilibrium temperature of 121.1 °C,
whereas the sample merely reaches 81.3 °C, manifesting a

substantial temperature differential of 39.8 °C (Fig. 3b).
The decrement in temperature also augments thermal
camouflage, evidenced by a reduction in thermal radiation
signals by 61.7% in the MWIR band and 34.1% in the
LWIR band, as the temperature decreases from 121.1 °C
to 81.3 °C (Fig. 3c). The results prove the importance of
radiative heat dissipation for space objects, enabling the
expulsion of superfluous thermal energy and the pre-
servation of thermal equilibrium in the unique environ-
mental conditions in space. Furthermore, they
corroborate the efficient radiative heat dissipation attri-
butes of the sample.

Space-to-ground infrared camouflage
To demonstrate the infrared camouflage performance

intuitively, ground-based observation scenarios are
simulated, and infrared imagers are employed to capture
images in various detection bands. The sample is
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radiative power density of both bands reaches
151.9Wm−2 (Fig. 2g). Predominating in radiative heat
dissipation, the VLWIR band plays a crucial role in
thermal management for space objects.
To investigate the heat exchange in the high-vacuum,

low-temperature conditions of space, and to validate the
radiative heat dissipation characteristics of the sample, a
simulated space environment is constructed, utilizing the
vacuum chamber in conjunction with a Dewar bottle (Fig.
3a) (supplement 4 provides comprehensive details related
to the simulated space environment). The sample and a

metal reference (a 120-nm-thick nickel film) of equivalent
dimensions are respectively attached to a heat plate and
positioned in the vacuum chamber, with support provided
by nylon pillars. Above the sample, the Dewar bottle is
filled with liquid nitrogen (−196 °C) and overlaid with a
coating of carbon black to simulate the 3 K cosmic
background. The thermal radiation emitted by both liquid
nitrogen and the cosmic background constitutes less than
1% of the sample’s thermal radiation, thereby rendering
the disparity in thermal radiation between them experi-
mentally negligible. Throughout the experimental
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temperature. The fluctuations in the satellite’s tempera-
ture over ten orbital periods are computed, along with the
corresponding thermal radiation power of the satellite
(Fig. 3d). Notably, after 8 orbital periods, the satellite’s
temperature begins to stabilize, maintaining a range
between 4 °C and 32 °C. The implementation of the pro-
posed multilayer structure effectively regulates the satel-
lite’s temperature within the operational range of its
internal instruments, demonstrating its thermal manage-
ment capabilities. This approach applies to both low-orbit
and high-orbit satellites as well (see supplement 6).

Iobs ¼ Ωobs

Z λ2

λ1
Ispa λð Þτ λð Þdλ ð3Þ

The infrared signal received by the ground-based
observer is also calculated to evaluate the efficacy of the
infrared camouflage performance. According to Eq. (3),
the intensity of the signal received by the observer, Iobs, is
determined by the signal intensity reflected/emitted by
the satellite, Ispa, the atmospheric transmittance, τ, and
the solid angle of the aperture of the observer, Ωobs.
Compared with conventional uncamouflaged satellite
surfaces53, the surface enveloped by the multilayer
camouflage structure manifests signal attenuations of
7.52 dB and 3.95 dB in the H and K bands, respectively. At
the apex temperature in a stable orbital period (32 °C), the
camouflaged satellite exhibits signal reductions of 6.08 dB
and 7.65 dB in the MWIR and LWIR bands as well. The
simulation results demonstrate the compatible function-
alities of the structure in space-to-ground camouflage and
thermal management for space objects, thereby unveiling
its profound potential in space applications.

Discussion
In this work, we present a novel strategy designed to

achieve space-to-ground infrared camouflage with
simultaneous radiative heat dissipation via a multilayer
structure. Compared with previous studies on infrared
camouflage, this work notably advances by coordinating
the camouflage and thermal management imperatives of
space objects tailored for the unique operational envir-
onment of outer space, thereby offering enhanced attri-
butes and benefits. Firstly, camouflage in multiple ground-
based infrared detection bands (the H, K, MWIR, and
LWIR bands) is realized, with the effectiveness in evading
infrared detection validated through simulated ground-
based observation scenarios. Secondly, effective radiative
heat dissipation is attained within the VLWIR band,
which exhibits remarkable temperature decrements in the
simulated space environment and enhancements in
thermal camouflage. Thirdly, the structure is thin and
robust, composed of 6 layers of inorganic material film
(with an aggregate thickness of merely 4.25 μm),

rendering it suitable for space applications. Finally, based
on space applications, this research broadens the scope of
infrared spectral manipulation to encompass the H, K,
and VLWIR bands. Ultimately, this work holds significant
prospects for augmenting our capabilities in space
exploration and exploitation, thereby paving the way for
humanity to venture into expanded realms of habitable
space.

Materials and methods
Simulations
The absorptivity/emissivity spectrum was simulated

using the transfer matrix method. Furthermore, FDTD
Solutions was utilized to simulate the spatial distribution
of electric field intensity. The refractive indices and
extinction coefficients of the materials employed in the
simulations are detailed in Supplement 2.

Fabrication
The Ni layer was deposited onto a 4-inch silicon sub-

strate via magnetron sputtering. Subsequently, a multi-
layer film composed of HfO2/Ge/HfO2 was fabricated
using electron-beam (E-beam) evaporation. Following
this, a Ge2Sb2Te5 film was deposited by magnetron
sputtering, and a ZnS film was deposited using the
E-beam evaporation technique.

Spectral measurements
The infrared spectrum across the range of 1.1 to 25 μm

was acquired using a Fourier-transform infrared (FTIR)
spectrometer (Vertex 70, Bruker).

Radiative intensity/temperature and absolute temperature
measurements
Radiative temperature measurements were conducted

using specialized instrumentation across distinct spectral
bands. A Jenoptik camera was utilized to determine the
radiative temperature within the LWIR band, while a
Telops camera was employed for measurements in the
MWIR band, as well as for signal intensity acquisition in
the H, K, and combined H&K bands (using band-pass
filters of 1.5–2 μm, 2–2.4 μm, and 1.5–2.5 μm, respec-
tively). Absolute temperature measurements were
obtained using thermocouples (model 5TC-TT-K-30-36,
Omega).

Air pressure
The pressure within the vacuum chamber was mon-

itored using a Pirani vacuum gauge (VCT160, Infitech).
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mounted onto the exterior of a satellite model, positioned
outdoors in an open area, and photographed against a
celestial background (Fig. 4a) (see supplement 5 for
experimental and image processing methods).
The MWIR and LWIR imagers are utilized to capture

infrared images and ascertain the radiative temperatures
(Fig. 4b, c). The temperature of the satellite model exceeds
40 °C, with the peak radiative temperatures recorded by
the MWIR and LWIR imagers being 42.2 °C and 45.5 °C,
respectively. In contrast, the sample affixed to the satellite
model displays significantly lower radiative temperatures
of 30.5 °C and 21.0 °C, respectively. These values closely
align with those of the sky background, which are 30.6 °C
and 20.6 °C, respectively, thereby illustrating its excep-
tional camouflage performance.
The infrared imager, when fitted with various filters, can

be adaptively modified to capture infrared signals within
specific bands: the H band (with a 1.5–2 μm filter), the K
band (with a 2–2.4 μm filter), and concurrently in the H &
K band (with a 1.5–2.5 μm filter) (Fig. 4d–f). In these
designated imaging bands, while the reflected signal from
the main body of the satellite model is subdued, metallic
accessories affixed to it manifest a pronounced reflected
signal, thereby revealing the presence of the satellite.
Notably, the sample continues to demonstrate superior
camouflage performance under these conditions. Across
the three imaging bands, the sample exhibits a signal
reduction of 36.9%, 24.2%, and 46.1%, respectively, in
comparison to the metallic accessories on the satellite,

thereby illustrating its ability to blend seamlessly into the
sky background.

Potential applications on space objects
Furthermore, to elucidate the potential applications on

space objects, the multilayer structure is overlaid on the
surface of a medium-orbit satellite in the simulation. The
satellite is configured in a cubical form, with each side
measuring 2 meters in length, and every surface envel-
oped by the aforementioned structure. The orbital alti-
tude of the satellite is designated as 3000 km, the initial
temperature is established at 20 °C, and the power con-
sumption is set at 1 kW. The solar radiation power
absorbed by the satellite exhibited periodic variations (red
line in Fig. 3d), providing an additional thermal power
input to the satellite.
To ascertain the efficacy of the structure in preserving

the thermal equilibrium of the space object, simulations
are conducted to observe the temperature fluctuations of
the satellite over multiple orbital periods (simulation
methods are given in supplement 1). Upon exposure to
solar radiation, the cumulative heating power, incorpor-
ating both the absorbed solar energy and the thermal
energy generated by the satellite itself, surpasses the heat
dissipation power (green line in Fig. 3d), resulting in an
elevation of the satellite’s temperature (black line in Fig.
3d). Conversely, when the satellite transitions into the
Earth’s shadow, the heat dissipation power surpasses the
heating power, leading to a decline in the satellite’s
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temperature. The fluctuations in the satellite’s tempera-
ture over ten orbital periods are computed, along with the
corresponding thermal radiation power of the satellite
(Fig. 3d). Notably, after 8 orbital periods, the satellite’s
temperature begins to stabilize, maintaining a range
between 4 °C and 32 °C. The implementation of the pro-
posed multilayer structure effectively regulates the satel-
lite’s temperature within the operational range of its
internal instruments, demonstrating its thermal manage-
ment capabilities. This approach applies to both low-orbit
and high-orbit satellites as well (see supplement 6).

Iobs ¼ Ωobs

Z λ2

λ1
Ispa λð Þτ λð Þdλ ð3Þ

The infrared signal received by the ground-based
observer is also calculated to evaluate the efficacy of the
infrared camouflage performance. According to Eq. (3),
the intensity of the signal received by the observer, Iobs, is
determined by the signal intensity reflected/emitted by
the satellite, Ispa, the atmospheric transmittance, τ, and
the solid angle of the aperture of the observer, Ωobs.
Compared with conventional uncamouflaged satellite
surfaces53, the surface enveloped by the multilayer
camouflage structure manifests signal attenuations of
7.52 dB and 3.95 dB in the H and K bands, respectively. At
the apex temperature in a stable orbital period (32 °C), the
camouflaged satellite exhibits signal reductions of 6.08 dB
and 7.65 dB in the MWIR and LWIR bands as well. The
simulation results demonstrate the compatible function-
alities of the structure in space-to-ground camouflage and
thermal management for space objects, thereby unveiling
its profound potential in space applications.

Discussion
In this work, we present a novel strategy designed to

achieve space-to-ground infrared camouflage with
simultaneous radiative heat dissipation via a multilayer
structure. Compared with previous studies on infrared
camouflage, this work notably advances by coordinating
the camouflage and thermal management imperatives of
space objects tailored for the unique operational envir-
onment of outer space, thereby offering enhanced attri-
butes and benefits. Firstly, camouflage in multiple ground-
based infrared detection bands (the H, K, MWIR, and
LWIR bands) is realized, with the effectiveness in evading
infrared detection validated through simulated ground-
based observation scenarios. Secondly, effective radiative
heat dissipation is attained within the VLWIR band,
which exhibits remarkable temperature decrements in the
simulated space environment and enhancements in
thermal camouflage. Thirdly, the structure is thin and
robust, composed of 6 layers of inorganic material film
(with an aggregate thickness of merely 4.25 μm),

rendering it suitable for space applications. Finally, based
on space applications, this research broadens the scope of
infrared spectral manipulation to encompass the H, K,
and VLWIR bands. Ultimately, this work holds significant
prospects for augmenting our capabilities in space
exploration and exploitation, thereby paving the way for
humanity to venture into expanded realms of habitable
space.

Materials and methods
Simulations
The absorptivity/emissivity spectrum was simulated

using the transfer matrix method. Furthermore, FDTD
Solutions was utilized to simulate the spatial distribution
of electric field intensity. The refractive indices and
extinction coefficients of the materials employed in the
simulations are detailed in Supplement 2.

Fabrication
The Ni layer was deposited onto a 4-inch silicon sub-

strate via magnetron sputtering. Subsequently, a multi-
layer film composed of HfO2/Ge/HfO2 was fabricated
using electron-beam (E-beam) evaporation. Following
this, a Ge2Sb2Te5 film was deposited by magnetron
sputtering, and a ZnS film was deposited using the
E-beam evaporation technique.

Spectral measurements
The infrared spectrum across the range of 1.1 to 25 μm

was acquired using a Fourier-transform infrared (FTIR)
spectrometer (Vertex 70, Bruker).

Radiative intensity/temperature and absolute temperature
measurements
Radiative temperature measurements were conducted

using specialized instrumentation across distinct spectral
bands. A Jenoptik camera was utilized to determine the
radiative temperature within the LWIR band, while a
Telops camera was employed for measurements in the
MWIR band, as well as for signal intensity acquisition in
the H, K, and combined H&K bands (using band-pass
filters of 1.5–2 μm, 2–2.4 μm, and 1.5–2.5 μm, respec-
tively). Absolute temperature measurements were
obtained using thermocouples (model 5TC-TT-K-30-36,
Omega).

Air pressure
The pressure within the vacuum chamber was mon-

itored using a Pirani vacuum gauge (VCT160, Infitech).
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mounted onto the exterior of a satellite model, positioned
outdoors in an open area, and photographed against a
celestial background (Fig. 4a) (see supplement 5 for
experimental and image processing methods).
The MWIR and LWIR imagers are utilized to capture

infrared images and ascertain the radiative temperatures
(Fig. 4b, c). The temperature of the satellite model exceeds
40 °C, with the peak radiative temperatures recorded by
the MWIR and LWIR imagers being 42.2 °C and 45.5 °C,
respectively. In contrast, the sample affixed to the satellite
model displays significantly lower radiative temperatures
of 30.5 °C and 21.0 °C, respectively. These values closely
align with those of the sky background, which are 30.6 °C
and 20.6 °C, respectively, thereby illustrating its excep-
tional camouflage performance.
The infrared imager, when fitted with various filters, can

be adaptively modified to capture infrared signals within
specific bands: the H band (with a 1.5–2 μm filter), the K
band (with a 2–2.4 μm filter), and concurrently in the H &
K band (with a 1.5–2.5 μm filter) (Fig. 4d–f). In these
designated imaging bands, while the reflected signal from
the main body of the satellite model is subdued, metallic
accessories affixed to it manifest a pronounced reflected
signal, thereby revealing the presence of the satellite.
Notably, the sample continues to demonstrate superior
camouflage performance under these conditions. Across
the three imaging bands, the sample exhibits a signal
reduction of 36.9%, 24.2%, and 46.1%, respectively, in
comparison to the metallic accessories on the satellite,

thereby illustrating its ability to blend seamlessly into the
sky background.

Potential applications on space objects
Furthermore, to elucidate the potential applications on

space objects, the multilayer structure is overlaid on the
surface of a medium-orbit satellite in the simulation. The
satellite is configured in a cubical form, with each side
measuring 2 meters in length, and every surface envel-
oped by the aforementioned structure. The orbital alti-
tude of the satellite is designated as 3000 km, the initial
temperature is established at 20 °C, and the power con-
sumption is set at 1 kW. The solar radiation power
absorbed by the satellite exhibited periodic variations (red
line in Fig. 3d), providing an additional thermal power
input to the satellite.
To ascertain the efficacy of the structure in preserving

the thermal equilibrium of the space object, simulations
are conducted to observe the temperature fluctuations of
the satellite over multiple orbital periods (simulation
methods are given in supplement 1). Upon exposure to
solar radiation, the cumulative heating power, incorpor-
ating both the absorbed solar energy and the thermal
energy generated by the satellite itself, surpasses the heat
dissipation power (green line in Fig. 3d), resulting in an
elevation of the satellite’s temperature (black line in Fig.
3d). Conversely, when the satellite transitions into the
Earth’s shadow, the heat dissipation power surpasses the
heating power, leading to a decline in the satellite’s

30

35

40

45

21.0 °C 32.3 °C
45.5 °C

20.6 °C

18

26

34

42

50

30.5 °C
33.5 °C

42.2 °C

30.6 °C

63.1 72.9
99.0

76.9

55

70

85

100

75.8 81.1 99.0

84.1

72

79

86

93

100

53.9 68.0 95.3

61.8

40

60

80

100 N
orm

alized signal intensity (a. u.)
R

adiative tem
perature (°C

)

H band K band H & K band

MWIR LWIR

Sample

Satellite model

a b c

d e f

Fig. 4 Demonstration of space-to-ground infrared camouflage (the H, K, MWIR, and LWIR bands). a The sample is mounted onto the exterior
of a satellite model, positioned outdoors in an open area. b, c The MWIR and LWIR band infrared images of the sample and the satellite model, in the
form of radiative temperatures. d–f The H band, K band, and H & K band infrared images of the sample and the satellite model, in the form of
normalized signal intensity

Qin et al. Light: Science & Applications ���������(2025)�14:137� Page 7 of 10



1418  | Light Sci Appl | 2025 | Vol 14 | Issue 5 LSA

50. Pan, M. Y. et al. Multi-band middle-infrared-compatible camouflage with thermal
management via simple photonic structures. Nano Energy 69, 104449 (2020).

51. Dang, S. C. et al. Simultaneous thermal camouflage and radiative cooling for
ultrahigh-temperature objects using inversely designed hierarchical meta-
material. Nanophotonics 13, 3835–3846 (2024).

52. Mehoke, D. Spacecraft thermal control. in Fundamentals of Space Systems (ed
Pisacane, V. L.) (New York: Oxford,), 423–464, https://doi.org/10.1093/oso/
9780195162059.003.0007 (2005).

53. Marshall, K. N. & Breuch, R. A. Optical solar reflector: a highly stable, low αS/ε
spacecraft thermal control surface. J. Spacecr. Rockets 5, 1051–1056 (1968).

54. Doherty, K. A. J. et al. High-temperature solar reflector coating for the solar
orbiter. J. Spacecr. Rockets 53, 1077–1084 (2016).

55. Sun, K. et al. Metasurface optical solar reflectors using AZO transparent conducting
oxides for radiative cooling of spacecraft. ACS Photonics 5, 495–501 (2018).

56. Yildirim, D. U. et al. Disordered and densely packed ITO nanorods as an
excellent lithography-free optical solar reflector metasurface. ACS Photonics 6,
1812–1822 (2019).

57. Ghosh, P. et al. Simultaneous subambient daytime radiative cooling and
photovoltaic power generation from the same area. Cell Rep. Phys. Sci. 5,
101876 (2024).

58. Wu, R. H. et al. Spectrally engineered textile for radiative cooling against urban
heat islands. Science 384, 1203–1212 (2024).

59. Li, J. Y. et al. Ultrathin, soft, radiative cooling interfaces for advanced thermal
management in skin electronics. Sci. Adv. 9, eadg1837 (2023).

60. Xie, F. et al. Subambient daytime radiative cooling of vertical surfaces. Science
386, 788–794 (2024).

61. Lee, G. et al. Integrated triboelectric nanogenerator and radiative cooler for all-
weather transparent glass surfaces. Nat. Commun. 15, 6537 (2024).

62. Yu, S. L. et al. Ultrahigh visible-transparency, submicrometer, and polymer-free
radiative cooling meta-glass coating for building energy saving. ACS Photonics
11, 3412–3423 (2024).

63. National Aeronautics and Space Administration. Estimating the temperature of
a flat plate in low earth orbit. https://www.grc.nasa.gov/www/k-12/Numbers/
Math/Mathematical_Thinking/estimating_the_temperature.htm (2000).

Qin et al. Light: Science & Applications ���������(2025)�14:137� Page 10 of 10

GZB20240647). The authors extend their gratitude to Liying Chen of the State
Key Laboratory of Extreme Photonics and Instrumentation at Zhejiang
University for her valuable assistance in conducting the FTIR experiments.

Author contributions
Q.L. and M.Q. supervised the project. B.Q. conducted the computational
simulations and experiments. R.Z. and M.Z. contributed to the design and
fabrication processes. H.Z. was involved in the construction of the simulated
space environment. B.Q. and Q.L. performed data analysis and drafted the
manuscript. M.Q. provided critical review and revisions to the manuscript.

Data availability
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Conflict of interest
Min Qiu serves as an editor for the journal, the other authors declare no
competing interests.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41377-025-01824-y.

Received: 9 October 2024 Revised: 20 February 2025 Accepted: 4 March
2025

References
1. Zhang, D. Dim space target detection technology research based on ground-

based telescope. PhD thesis, Changchun Institute of Optics, Fine Mechanics
and Physics, Chinese Academy of Science, Changchun, (2020).

2. Zhang, H. et al. A photon-recycling incandescent lighting device. Sci. Adv. 9,
eadf3737 (2023).

3. Wojszvzyk, L. et al. An incandescent metasurface for quasimonochromatic
polarized mid-wave infrared emission modulated beyond 10MHz. Nat.
Commun. 12, 1492 (2021).

4. Fu, S. Q. et al. Bioinspired porous anodic alumina/aluminum flake powder for
multiband compatible low detectability. ACS Appl. Mater. Interfaces 14,
8464–8472 (2022).

5. Xu, J., Mandal, J. & Raman, A. P. Broadband directional control of thermal
emission. Science 372, 393–397 (2021).

6. Cho, J. W. et al. Directional radiative cooling via exceptional epsilon-based
microcavities. ACS Nano 17, 10442–10451 (2023).

7. He, M. Z. et al. Deterministic inverse design of Tamm plasmon thermal
emitters with multi-resonant control. Nat. Mater. 20, 1663–1669 (2021).

8. Zhang, Z. R. et al. Diffusion metamaterials. Nat. Rev. Phys. 5, 218–235 (2023).
9. Shayegan, K. J. et al. Direct observation of the violation of Kirchhoff’s law of

thermal radiation. Nat. Photonics 17, 891–896 (2023).
10. Fan, Z. W. et al. Directional thermal emission and display using pixelated non-

imaging micro-optics. Nat. Commun. 15, 4544 (2024).
11. Huang, J. K. et al. Large-area and flexible plasmonic metasurface for laser-

infrared compatible camouflage. Laser Photonics Rev. 17, 2200616 (2023).
12. Nolen, J. R. et al. Local control of polarization and geometric phase in thermal

metasurfaces. Nat. Nanotechnol. 19, 1627–1634 (2024).
13. Ergoktas, M. S. et al. Localized thermal emission from topological interfaces.

Science 384, 1122–1126 (2024).
14. Kim, J., Park, C. & Hahn, J. W. Metal–semiconductor–metal metasurface for

multiband infrared stealth technology using camouflage color pattern in
visible range. Adv. Optical Mater. 10, 2101930 (2022).

15. Liang, L. L. et al. MXene-enabled pneumatic multiscale shape morphing for
adaptive, programmable and multimodal radar-infrared compatible camou-
flage. Adv. Mater. 36, 2313939 (2024).

16. Fang, S. Q. et al. Self-assembled skin-like metamaterials for dual-band
camouflage. Sci. Adv. 10, eadl1896 (2024).

17. Liu, T. J. et al. Thermal photonics with broken symmetries. eLight 2, 25 (2022).
18. Sun, K. L. et al. Ultra-narrowband and rainbow-free mid-infrared thermal

emitters enabled by a flat band design in distorted photonic lattices. Nat.
Commun. 15, 4019 (2024).

19. Li, L. et al. Ultrathin titanium carbide (MXene) films for high-temperature
thermal camouflage. Adv. Funct. Mater. 31, 2101381 (2021).

20. Xu, C. Y., Stiubianu, G. T. & Gorodetsky, A. A. Adaptive infrared-reflecting
systems inspired by cephalopods. Science 359, 1495–1500 (2018).

21. Zhang, Y. Y. et al. Chameleon-inspired tunable multi-layered infrared-mod-
ulating system via stretchable liquid metal microdroplets in elastomer film.
Nat. Commun. 15, 5395 (2024).

22. Lin, Z. H. et al. Flexible meta-tape with wide gamut, low lightness and low
infrared emissivity for visible-infrared camouflage. Adv. Mater. 36, 2410336
(2024).

23. Yu, S. L. et al. General deep learning framework for emissivity engineering.
Light Sci. Appl. 12, 291 (2023).

24. Yu, J. B. et al. Asymmetric directional control of thermal emission. Adv. Mater.
35, 2302478 (2023).

25. Li, B. X. et al. Adaptive and adjustable MXene/reduced graphene oxide hybrid
aerogel composites integrated with phase-change material and thermo-
chromic coating for synchronous visible/infrared camouflages. ACS Nano 17,
6875–6885 (2023).

26. Liu, H. D. et al. Moisture assisted photo-engineered textiles for visible and self-
adaptive infrared dual camouflage. Nano Energy 93, 106855 (2022).

27. Shahsafi, A. et al. Temperature-independent thermal radiation. Proc. Natl Acad.
Sci. USA 116, 26402–26406 (2019).

28. Liu, X. Y. & Padilla, W. J. Thermochromic infrared metamaterials. Adv. Mater. 28,
871–875 (2016).

29. Wei, H. et al. Tunable VO2 cavity enables multispectral manipulation from
visible to microwave frequencies. Light Sci. Appl. 13, 54 (2024).

30. Xu, Z. Q. et al. Spatially resolved dynamically reconfigurable multilevel control
of thermal emission. Laser Photonics Rev. 14, 1900162 (2020).

31. Xu, Z. Q. et al. Nonvolatile optically reconfigurable radiative metasurface with
visible tunability for anticounterfeiting. Nano Lett. 21, 5269–5276 (2021).

32. Sun, Y. et al. Large-scale multifunctional carbon nanotube thin film as effective
mid-infrared radiation modulator with long-term stability. Adv. Optical Mater. 9,
2001216 (2021).

33. Li, M. Y. et al. Manipulating metals for adaptive thermal camouflage. Sci. Adv. 6,
eaba3494 (2020).

34. Ergoktas, M. S. et al. Multispectral graphene-based electro-optical surfaces with
reversible tunability from visible to microwave wavelengths. Nat. Photonics 15,
493–498 (2021).

35. Inoue, T. et al. Realization of dynamic thermal emission control. Nat. Mater. 13,
928–931 (2014).

36. Jia, Y. et al. Transparent dynamic infrared emissivity regulators. Nat. Commun.
14, 5087 (2023).

37. Wang, Y. T. et al. Visible-infrared compatible and independent camouflage
with multicolor patterns and tunable emissivity. Nanophotonics 13, 3123–3133
(2024).

38. Qin, B. et al. Whole-infrared-band camouflage with dual-band radiative heat
dissipation. Light Sci. Appl. 12, 246 (2023).

39. Zhang, L. et al. A thermally robust and optically transparent infrared selective
emitter for compatible camouflage. J. Mater. Chem. C. 9, 15018–15025 (2021).

40. Tan, C. et al. Deep-subwavelength multilayered meta-coatings for visible-
infrared compatible camouflage. Nanophotonics 13, 2391–2400 (2024).

41. Zhu, H. Z. et al. High-temperature infrared camouflage with efficient thermal
management. Light Sci. Appl. 9, 60 (2020).

42. Jiang, X. P. et al. Implementing of infrared camouflage with thermal man-
agement based on inverse design and hierarchical metamaterial. Nanopho-
tonics 12, 1891–1902 (2023).

43. Zhu, H. Z. et al. Multispectral camouflage for infrared, visible, lasers and
microwave with radiative cooling. Nat. Commun. 12, 1805 (2021).

44. Zhu, Y. N. et al. Night-time radiative warming using the atmosphere. Light Sci.
Appl. 12, 268 (2023).

45. Xi, W. et al. Ultrahigh-efficient material informatics inverse design of thermal
metamaterials for visible-infrared-compatible camouflage. Nat. Commun. 14,
4694 (2023).

46. Liu, X. H. et al. Compatible stealth metasurface for laser and infrared with
radiative thermal engineering enabled by machine learning. Adv. Funct. Mater.
33, 2212068 (2023).

47. Guo, H. T., Yang, X. L. & Zhu, D. Easy-to-manufacture in-line 2D nano antenna
for enhanced radiation-cooled IR camouflage. ACS Photonics 10, 1405–1415
(2023).

48. Lee, N. et al. Flexible assembled metamaterials for infrared and microwave
camouflage. Adv. Optical Mater. 10, 2200448 (2022).

49. Kim, T. et al. Hierarchical metamaterials for multispectral camouflage of
infrared and microwaves. Adv. Funct. Mater. 29, 1807319 (2019).

Qin et al. Light: Science & Applications ���������(2025)�14:137� Page 9 of 10



Light Sci Appl | 2025 | Vol 14 | Issue 5 |  1419 LSA

50. Pan, M. Y. et al. Multi-band middle-infrared-compatible camouflage with thermal
management via simple photonic structures. Nano Energy 69, 104449 (2020).

51. Dang, S. C. et al. Simultaneous thermal camouflage and radiative cooling for
ultrahigh-temperature objects using inversely designed hierarchical meta-
material. Nanophotonics 13, 3835–3846 (2024).

52. Mehoke, D. Spacecraft thermal control. in Fundamentals of Space Systems (ed
Pisacane, V. L.) (New York: Oxford,), 423–464, https://doi.org/10.1093/oso/
9780195162059.003.0007 (2005).

53. Marshall, K. N. & Breuch, R. A. Optical solar reflector: a highly stable, low αS/ε
spacecraft thermal control surface. J. Spacecr. Rockets 5, 1051–1056 (1968).

54. Doherty, K. A. J. et al. High-temperature solar reflector coating for the solar
orbiter. J. Spacecr. Rockets 53, 1077–1084 (2016).

55. Sun, K. et al. Metasurface optical solar reflectors using AZO transparent conducting
oxides for radiative cooling of spacecraft. ACS Photonics 5, 495–501 (2018).

56. Yildirim, D. U. et al. Disordered and densely packed ITO nanorods as an
excellent lithography-free optical solar reflector metasurface. ACS Photonics 6,
1812–1822 (2019).

57. Ghosh, P. et al. Simultaneous subambient daytime radiative cooling and
photovoltaic power generation from the same area. Cell Rep. Phys. Sci. 5,
101876 (2024).

58. Wu, R. H. et al. Spectrally engineered textile for radiative cooling against urban
heat islands. Science 384, 1203–1212 (2024).

59. Li, J. Y. et al. Ultrathin, soft, radiative cooling interfaces for advanced thermal
management in skin electronics. Sci. Adv. 9, eadg1837 (2023).

60. Xie, F. et al. Subambient daytime radiative cooling of vertical surfaces. Science
386, 788–794 (2024).

61. Lee, G. et al. Integrated triboelectric nanogenerator and radiative cooler for all-
weather transparent glass surfaces. Nat. Commun. 15, 6537 (2024).

62. Yu, S. L. et al. Ultrahigh visible-transparency, submicrometer, and polymer-free
radiative cooling meta-glass coating for building energy saving. ACS Photonics
11, 3412–3423 (2024).

63. National Aeronautics and Space Administration. Estimating the temperature of
a flat plate in low earth orbit. https://www.grc.nasa.gov/www/k-12/Numbers/
Math/Mathematical_Thinking/estimating_the_temperature.htm (2000).

Qin et al. Light: Science & Applications ���������(2025)�14:137� Page 10 of 10

GZB20240647). The authors extend their gratitude to Liying Chen of the State
Key Laboratory of Extreme Photonics and Instrumentation at Zhejiang
University for her valuable assistance in conducting the FTIR experiments.

Author contributions
Q.L. and M.Q. supervised the project. B.Q. conducted the computational
simulations and experiments. R.Z. and M.Z. contributed to the design and
fabrication processes. H.Z. was involved in the construction of the simulated
space environment. B.Q. and Q.L. performed data analysis and drafted the
manuscript. M.Q. provided critical review and revisions to the manuscript.

Data availability
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Conflict of interest
Min Qiu serves as an editor for the journal, the other authors declare no
competing interests.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41377-025-01824-y.

Received: 9 October 2024 Revised: 20 February 2025 Accepted: 4 March
2025

References
1. Zhang, D. Dim space target detection technology research based on ground-

based telescope. PhD thesis, Changchun Institute of Optics, Fine Mechanics
and Physics, Chinese Academy of Science, Changchun, (2020).

2. Zhang, H. et al. A photon-recycling incandescent lighting device. Sci. Adv. 9,
eadf3737 (2023).

3. Wojszvzyk, L. et al. An incandescent metasurface for quasimonochromatic
polarized mid-wave infrared emission modulated beyond 10MHz. Nat.
Commun. 12, 1492 (2021).

4. Fu, S. Q. et al. Bioinspired porous anodic alumina/aluminum flake powder for
multiband compatible low detectability. ACS Appl. Mater. Interfaces 14,
8464–8472 (2022).

5. Xu, J., Mandal, J. & Raman, A. P. Broadband directional control of thermal
emission. Science 372, 393–397 (2021).

6. Cho, J. W. et al. Directional radiative cooling via exceptional epsilon-based
microcavities. ACS Nano 17, 10442–10451 (2023).

7. He, M. Z. et al. Deterministic inverse design of Tamm plasmon thermal
emitters with multi-resonant control. Nat. Mater. 20, 1663–1669 (2021).

8. Zhang, Z. R. et al. Diffusion metamaterials. Nat. Rev. Phys. 5, 218–235 (2023).
9. Shayegan, K. J. et al. Direct observation of the violation of Kirchhoff’s law of

thermal radiation. Nat. Photonics 17, 891–896 (2023).
10. Fan, Z. W. et al. Directional thermal emission and display using pixelated non-

imaging micro-optics. Nat. Commun. 15, 4544 (2024).
11. Huang, J. K. et al. Large-area and flexible plasmonic metasurface for laser-

infrared compatible camouflage. Laser Photonics Rev. 17, 2200616 (2023).
12. Nolen, J. R. et al. Local control of polarization and geometric phase in thermal

metasurfaces. Nat. Nanotechnol. 19, 1627–1634 (2024).
13. Ergoktas, M. S. et al. Localized thermal emission from topological interfaces.

Science 384, 1122–1126 (2024).
14. Kim, J., Park, C. & Hahn, J. W. Metal–semiconductor–metal metasurface for

multiband infrared stealth technology using camouflage color pattern in
visible range. Adv. Optical Mater. 10, 2101930 (2022).

15. Liang, L. L. et al. MXene-enabled pneumatic multiscale shape morphing for
adaptive, programmable and multimodal radar-infrared compatible camou-
flage. Adv. Mater. 36, 2313939 (2024).

16. Fang, S. Q. et al. Self-assembled skin-like metamaterials for dual-band
camouflage. Sci. Adv. 10, eadl1896 (2024).

17. Liu, T. J. et al. Thermal photonics with broken symmetries. eLight 2, 25 (2022).
18. Sun, K. L. et al. Ultra-narrowband and rainbow-free mid-infrared thermal

emitters enabled by a flat band design in distorted photonic lattices. Nat.
Commun. 15, 4019 (2024).

19. Li, L. et al. Ultrathin titanium carbide (MXene) films for high-temperature
thermal camouflage. Adv. Funct. Mater. 31, 2101381 (2021).

20. Xu, C. Y., Stiubianu, G. T. & Gorodetsky, A. A. Adaptive infrared-reflecting
systems inspired by cephalopods. Science 359, 1495–1500 (2018).

21. Zhang, Y. Y. et al. Chameleon-inspired tunable multi-layered infrared-mod-
ulating system via stretchable liquid metal microdroplets in elastomer film.
Nat. Commun. 15, 5395 (2024).

22. Lin, Z. H. et al. Flexible meta-tape with wide gamut, low lightness and low
infrared emissivity for visible-infrared camouflage. Adv. Mater. 36, 2410336
(2024).

23. Yu, S. L. et al. General deep learning framework for emissivity engineering.
Light Sci. Appl. 12, 291 (2023).

24. Yu, J. B. et al. Asymmetric directional control of thermal emission. Adv. Mater.
35, 2302478 (2023).

25. Li, B. X. et al. Adaptive and adjustable MXene/reduced graphene oxide hybrid
aerogel composites integrated with phase-change material and thermo-
chromic coating for synchronous visible/infrared camouflages. ACS Nano 17,
6875–6885 (2023).

26. Liu, H. D. et al. Moisture assisted photo-engineered textiles for visible and self-
adaptive infrared dual camouflage. Nano Energy 93, 106855 (2022).

27. Shahsafi, A. et al. Temperature-independent thermal radiation. Proc. Natl Acad.
Sci. USA 116, 26402–26406 (2019).

28. Liu, X. Y. & Padilla, W. J. Thermochromic infrared metamaterials. Adv. Mater. 28,
871–875 (2016).

29. Wei, H. et al. Tunable VO2 cavity enables multispectral manipulation from
visible to microwave frequencies. Light Sci. Appl. 13, 54 (2024).

30. Xu, Z. Q. et al. Spatially resolved dynamically reconfigurable multilevel control
of thermal emission. Laser Photonics Rev. 14, 1900162 (2020).

31. Xu, Z. Q. et al. Nonvolatile optically reconfigurable radiative metasurface with
visible tunability for anticounterfeiting. Nano Lett. 21, 5269–5276 (2021).

32. Sun, Y. et al. Large-scale multifunctional carbon nanotube thin film as effective
mid-infrared radiation modulator with long-term stability. Adv. Optical Mater. 9,
2001216 (2021).

33. Li, M. Y. et al. Manipulating metals for adaptive thermal camouflage. Sci. Adv. 6,
eaba3494 (2020).

34. Ergoktas, M. S. et al. Multispectral graphene-based electro-optical surfaces with
reversible tunability from visible to microwave wavelengths. Nat. Photonics 15,
493–498 (2021).

35. Inoue, T. et al. Realization of dynamic thermal emission control. Nat. Mater. 13,
928–931 (2014).

36. Jia, Y. et al. Transparent dynamic infrared emissivity regulators. Nat. Commun.
14, 5087 (2023).

37. Wang, Y. T. et al. Visible-infrared compatible and independent camouflage
with multicolor patterns and tunable emissivity. Nanophotonics 13, 3123–3133
(2024).

38. Qin, B. et al. Whole-infrared-band camouflage with dual-band radiative heat
dissipation. Light Sci. Appl. 12, 246 (2023).

39. Zhang, L. et al. A thermally robust and optically transparent infrared selective
emitter for compatible camouflage. J. Mater. Chem. C. 9, 15018–15025 (2021).

40. Tan, C. et al. Deep-subwavelength multilayered meta-coatings for visible-
infrared compatible camouflage. Nanophotonics 13, 2391–2400 (2024).

41. Zhu, H. Z. et al. High-temperature infrared camouflage with efficient thermal
management. Light Sci. Appl. 9, 60 (2020).

42. Jiang, X. P. et al. Implementing of infrared camouflage with thermal man-
agement based on inverse design and hierarchical metamaterial. Nanopho-
tonics 12, 1891–1902 (2023).

43. Zhu, H. Z. et al. Multispectral camouflage for infrared, visible, lasers and
microwave with radiative cooling. Nat. Commun. 12, 1805 (2021).

44. Zhu, Y. N. et al. Night-time radiative warming using the atmosphere. Light Sci.
Appl. 12, 268 (2023).

45. Xi, W. et al. Ultrahigh-efficient material informatics inverse design of thermal
metamaterials for visible-infrared-compatible camouflage. Nat. Commun. 14,
4694 (2023).

46. Liu, X. H. et al. Compatible stealth metasurface for laser and infrared with
radiative thermal engineering enabled by machine learning. Adv. Funct. Mater.
33, 2212068 (2023).

47. Guo, H. T., Yang, X. L. & Zhu, D. Easy-to-manufacture in-line 2D nano antenna
for enhanced radiation-cooled IR camouflage. ACS Photonics 10, 1405–1415
(2023).

48. Lee, N. et al. Flexible assembled metamaterials for infrared and microwave
camouflage. Adv. Optical Mater. 10, 2200448 (2022).

49. Kim, T. et al. Hierarchical metamaterials for multispectral camouflage of
infrared and microwaves. Adv. Funct. Mater. 29, 1807319 (2019).

Qin et al. Light: Science & Applications ���������(2025)�14:137� Page 9 of 10


