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Camouflage technology has attracted growing interest in
many thermal applications. In particular, high-temperature
infrared (IR) camouflage is crucial to the effective conceal-
ment of high-temperature objects but remains a challenging
issue, as the thermal radiation of an object is proportional to
the fourth power of temperature. Here, we proposed a coat-
ing to demonstrate high-temperature IR camouflage with
efficient thermal management. This coating is a combina-
tion of hyperbolic metamaterial (HMM), gradient epsilon
near zero (G-ENZ) material, and polymer. HMM makes the
coating transparent in the visible range (300-700 nm) and
highly reflective in the IR region, so it can serve as a ther-
mal camouflage in the IR. G-ENZ and polymer support BE
mode (at higher angles ~50° to 90° in the 11-14 um atmo-
spheric window) and vibrational absorption band (in 5-8 um
non-atmospheric for all angles), respectively. So it is possible
to achieve efficient thermal management through radiative
cooling. We calculate the temperature of the object’s sur-
face, considering the emissivity characteristics of the coating
for different heating temperatures. A combination of sil-
ica aerogel and coating can significantly reduce the surface
temperature from 2000 K to 750 K. The proposed coating
can also be used in the visible transparent radiative cool-
ing due to high transmission in the visible, high reflection
in the near-IR (NIR), and highly directional emissivity in
the atmospheric window at higher angles, and can therefore
potentially be used as a smart window in buildings and vehi-
cles. Finally, we discuss one more potential future application
of such a multifunctional coating in water condensation and
purification. © 2023 Optica Publishing Group

https://doi.org/10.1364/0L.494539

Camouflage is a concealment technique that uses multiple mate-
rials, colors, or illuminations [1]. A method for doing this would
be to make objects or targets difficult to detect or make them
look like something else. Camouflage technology can be divided
into two groups based on the physical mechanisms behind it:
color-based camouflage and thermal-based camouflage. A color
camouflage technique matches an object’s appearance to that
of the background by tuning the reflection or transmission of
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light in the visible or near-infrared range (NIR) part of the
electromagnetic (EM) spectrum [2]. However, thermal cam-
ouflage controls the thermal emission radiation to maintain a
balance between an object’s temperature and the background
and belongs to the IR region of the EM spectrum. IR cam-
ouflage can hide an object’s signature in the IR spectrum and
make it inactive to possible potential risks that can detect it
with IR detector equipment, such as thermal imaging systems,
heat-seeking missiles, and satellites that can detect IR missiles
[3]. It should have low emittance between 3 to 5 um in the
middle IR window (MWIR), and 8 to 14 um in the long wave
IR window (LWIR) against thermal imagers and heat-seeking
missiles [4].

Plank’s law states that an object whose temperature exceeds
absolute zero emits thermal radiation, which in most cases falls
within the region of mid-IR [5]. Surface emittance (&) and tem-
perature (7)determine the amount of thermal radiation (Q) of
an object and given by Q = oT*. This implies that an object’s
surface emittance can be manipulated, or its surface temperature
may be manipulated, to achieve IR camouflage. Consequently,
thermal camouflage can be fooled by thermal imagers, which
compare the differences in temperature between the object and
the background to distinguish them. A number of nanopho-
tonic designs have been proposed based on nanostructure [6—8]
or metal-semiconductor multilayer [9—-13] film for controlling
thermal radiation with low surface emittance across the entire IR
spectrum. In addition, wavelength-selective emitters have been
applied to mitigate heat instability without affecting IR cam-
ouflage in the non-atmospheric window (5-8 pum) via radiative
cooling [12,14]. There are a number of challenges involved in
manipulating EM waves for thermal camouflage with efficient
heat management, since one has to consider a vast spectrum
ranging from visible to IR, and also different principles of
camouflage.

In this Letter, we propose a concept of visibly transparent cam-
ouflage coating (VT-CC) with efficient thermal management.
Figure 1 illustrates the concept of VT-CC, which is transpar-
ent in the visible range (300-700 nm), highly reflective in the
MWIR range (3-5 um), and highly reflective in the LWIR range
(8-14 um) if the viewing angle is lower, say from normal to
45 degrees. Meanwhile, heat instability is maintained with high
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Fig. 1. Concept of visibly transparent camouflage coating with
efficient thermal management, VIT-CC: Illustration of a thermal
camouflage coating on top of an object or target that needs to be
hidden. Because the atmosphere is opaque at 5-8 pm, this window
can be used for radiative cooling. The atmosphere in the 8-14 pm
window is transparent, so we want low absorption or emission in
this window for lower angles, such as 0° to 45°. However, high emis-
sions at higher angles, such as 45° to 90°, can be useful in thermal
management through radiative cooling. Hence, we aim to create a
thermal camouflage coating that can transmit between 300 nm and
700 nm, absorb 5-8 um for all angles, absorb 8—14 pm from 45° to
0°, and have a high reflection in the remainder of the EM range, for
example from 0.7 to 5 um and from 8 to 14 um at 0° to 45°.
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Fig. 2. A proposed design for VT-CC. (a) Schematic of a mul-
tilayer coating, consisting of HMM, G-ENZ, and polymer at the
top. The HMM consist of three bilayers of Ag-TiO,, the G-ENZ
consists of MgO-Ta,05—TiO,. (b) dispersion of Ag-TiO, HMM.
(c) Real (solid) and imaginary (dashed) parts of permittivities of
three polaritonic oxide materials Ta,Os, TiO,, and MgO, show-
ing slowly varying permittivity that crosses zero at complementary
wavelengths in the LWIR part of the EM spectrum.

emission/absorption in 5-8 um and 8—14 um but at higher angles
from 50° to 90°.

We design a multilayer coating that can fulfill all the
requirements of VI-CC, as shown in Fig. 2(a). The design
considerations are as follows: (1) to make the coating visibly
transparent and reflective in the whole LWIR and MWIR we
used a hyperbolic metamaterial (HMM) [15] made of silver (Ag)
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and titanium dioxide (TiO,); (2) to make the coating emissive
in the atmospheric transmission window in the range 8—14 um
at higher angles (45°-90°) we used the concept of gradient
epsilon near zero (G-ENZ) [16] materials [TiO,-Ta,Os (tita-
nium pentaoxide)-MgO (magnesium oxide)] which support the
Berreman (BE) mode [17]; and (3) to make the coating emissive
in the the 5-8 um window we used polyetherimid (PEI) poly-
mer, which features vibrational properties within the 5-8 um
window, making the coating absorbing in this region [18]. The
proposed VT-CC is significantly less cost-effective than previ-
ously proposed camouflage designs based on nano-structures
or thin films. Figure 2(b) show parallel (¢;) and perpendicu-
lar (g,) permittivity of HMM calculated using the following
expressions, where the blue shaded region is showing the hyper-
bolic region or optical topological transition from elliptical to
hyperbolic dispersion in proposed Ag-TiO, HMM [15,19]:

8” :fmgm +fdgd (1)
En€yq

& = ——, 2

fmsm +f;18d ( )

where &, and &, are the complex permittivities of TiO, and Ag,
fu= fmt:lfd is the fill fraction of Ag, and f;=1-f,, is the fill fraction
of TiO,, which depend respectively on the thickness of Ag (i.e.,
t,,) and the thickness of TiO, (i.e., t;). The total thickness of
t,+t, makes a unit cell. We have used three unit cells. Ag is
10 nm thick and TiO, is 20 nm thick, so each unit cell is 30 nm
thick, and f,, and f; are respectively 33% and 66% of the total.
So it’s evident from Fig. 2(b) that HMM behaves as a metal
above 700 nm and as a dielectric below 700 nm, which makes
the coating visibly transparent and reflecting in the IR region. In
Fig. 2(c), the permittivity function of the three polaritonic ENZ
oxide materials (Ta,Os -TiO,-MgO) is plotted. Layering them
produces a G-ENZ because of their complementary resonances
in the LWIR part of the spectrum from 11 to 14 um. The concept
of G-ENZ has been introduced recently to overcome the narrow-
band absorption in ENZ materials by defining the permittivity
of materials whose resonance poles change frequency as they
move through space [17]:

2 2
gw,d)=¢e.[1+ @i : Or
5~ (@~ (2) ) — 17 (0~ (2) o)
0<d<D,
(3)

where W,y = w;, —wr are the frequencies of out-of-phase
atomic lattice vibrations with wave vectors parallel and per-
pendicular to the incident field, €., represents the permittivity at
infinite frequencies, y represents the damping rate, and d repre-
sents the depth within the gradient ENZ film bounded by zero
and the thickness of the film D. As shown in Fig. 2(c), each
ENZ material crosses zero at a different frequency in the depth
direction. The absorption is related to the Im[e] and Re[e] as
follows [17] (see note 1 in Supplement 1 for more details):

2

E,(r,w) . @)

A(r,w) = 050 Im[e(w)] Re[e(w)]

It is evident from Eq. (4) that absorption is strongly enhanced
when Re[e] approaches zero. When Re[e] approaches zero,
Im[e] also has a significant effect on the absorption value, and
the stronger Im[e] gets, the wider the angular width and the
higher the absorption value [17]. The transfer matrix method
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Fig. 3. Simulation & setup to calculate the VT-CC surface tem-
perature. (a) Average transmission from VT-CC as a function of
wavelength and incident angle. (b) Average absorption from VT-
CC as a function of wavelength and incident angle. (c) Scheme for
simulation setup showing practical measurement setup to calculate
the temperature of coating. (d) Surface temperatures of VT-CC for
different heating temperatures: (i) radiative cooling, using only ther-
mal emission characteristic of VT-CC in 5-8 ym and 8-12 pm in
the angular range 50° to 90°; (ii) with only thermal insulation; and
(iii) with insulation and radiative cooling together.

(TMM) in finite-difference time-domain (FDTD) is used to
simulate average absorption and transmission (for s and p polar-
izations) using the complex refractive index of each layer of
VT-CC [20,21]. Figure 3(a) shows average transmission through
VT-CC, as expected the design is highly transmissive in the
400-700 nm range and highly reflecting after 700 nm due to
HMM. Figure 3(b) shows the average absorption spectra of VT-
CC as a function of wavelength and incident angle, there is clear
broad absorption in the 10-14 pm range from 45°-90° due to
the BE mode being supported by G-ENZ, being located near
the material resonance pole [22,23]. The thicknesses of TiO,,
Ta, 05, and MgO are 100 nm, 250 nm, and 180 nm respectively.
Also, absorption due to PEI from 5 to 8 pm corresponding to the
stretching vibrations of C and N atoms as well as the vibrations
of aromatic rings (see Fig. 1 in Supplement 1) [18]. The thick-
ness of PEIl is 500 nm. Therefore, utilizing the absorption band in
the wavelengths range 5 to 8 um and 8 to 12 pm provides oppor-
tunities to utilize radiative cooling [24], which leads to improved
thermal management in addition to thermal camouflage. Also,
PEI is a very useful polymer material, which is used for many
other applications due to its thermoplastic, anti-corrosive, high
strength, and excellent thermal stability characteristics [25,26].
So we successfully proposed a practical coating to perform the
concept of the VI-CC with high thermal management.

Next, we perform the heat transfer and radiative cooling sim-
ulation to calculate the temperature rise at the top surface of
VT-CC considering real experimental measurement geometry,
as shown in Fig. 3(c). A boundary condition at the bottom
surface is the temperature of the surface of the object being cam-
ouflaged and considered convectively heated with the variable
temperature of 7}, as follows [12]:

dT
-k - h[T, - T(Z = 0)], (5)
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where k represents thermal conductivity, & represents the heat
transfer coefficient, and 7, is the convective heating temperature.
The thermal insulator layer is 1-cm-thick silica aerogel with very
low k ~0.017 W/mK at 400 K. The upper surface is subjected
to natural convection boundary conditions along with radiative
heat dissipation in the 5-8 um and 8-12 ym ranges from 50°
to 90°. Also, the convection flow is set to be external on a
horizontal plate with an upside down direction. We assume ? is
the thickness of the thermal insulator, so z = ¢ at position z:

T
T

a7z - = hconv[Th - T(Z = t)] (6)

1

k 1
hopy = Z0.54RaL/ 4, @)

where L represents a characteristic length of the geometry, 7,
represents ambient temperature, and Ra; shows Rayleigh’s num-
ber at a given value of L. In these boundary conditions, surface
temperatures T, are compared under radiative cooling in the
5-8 um and 8-12 um ranges at higher angles 50° to 90°, ther-
mal insulation, and their combined effect. The calculated 7,
for three cases (i) through radiative cooling: using only ther-
mal emission characteristic of VT-CC in 5-8 um and 8§-12 pym
in the angular range 50° to 90°; (ii) with only thermal insu-
lation; and (iii) with thermal insulation and radiative cooling
together. As shown in Fig. 3(d), 7, is most reduced in case
(iii), which combines case (i) and case (ii), at the highest heat-
ing temperature 7, of 2000 K, where the surface temperature
decreases with only radiative cooling, that with only thermal
insulation, and their combination is 157 K, 967 K, and 1260 K,
respectively. Case (i) becomes more significant as 7T}, increases
above 800K, because radiation depends on the fourth power
of temperature, becoming more dominant at higher 7, and
significantly reducing T,. Hence, thermal insulation and radi-
ation from a non-atmospheric window combined with radiation
from an atmospheric window can reduce the object’s tem-
perature and improve its IR camouflage with efficient thermal
management.

Finally, we would like to discuss the potential future appli-
cations of such a coating. First, considering the extensive use
of glass windows in modern architecture and smart city envi-
ronments, the proposed coating could potentially be used in
building windows to perform visibly transparent radiative cool-
ing [27]. This coating can also be used on vehicles to reduce
unwanted heating. For instance, this coating could be applied to
a car parked under direct sunlight to reduce unwanted heating.
Secondly, such a coating can be used for condensation and purifi-
cation of water, as shown schematically in Fig. 4(a). The coating
utilized in this study consists of a combination of materials,
including SiO,, Si;N,, and SiO [see Fig. 4(b)]. This composi-
tion allows the coating to effectively transmit the solar spectrum
in the visible range to the IR region, enabling efficient heat-
ing of water. Additionally, the presence of to SiO,, Si;N,, and
SiO introduces phononic vibrational absorption characteristics,
which contribute to the coating’s ability to perform radiative
cooling (up to ~7° C below ambient under direct sunlight)
[28,29]. The radiative cooling property of the transparent coating
plays a crucial role in facilitating condensation. When the coated
surface is cooler than the ambient air, it creates a favorable tem-
perature gradient that promotes water vapor condensation (see
note 2 in Supplement 1 for further details on mechanism). Fig-
ures 4(c) and 4(d) show average transmission and absorption,
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Fig.4. Water condensation and purification using a visibly and IR
transparent coating. (a) Schematic showing the Sun heating water
in a water container coated with a coating that allows visible light in
and reflects IR. (b) Coating consists of radiative cooling materials
such as SizNy, SiO, and SiO,. (c¢) Average transmission from the
coating as a function of incident angle and wavelength. (d) Average
absorption from the coating as a function of incident angle and

wavelength.

respectively, for a coating as a function of incident wavelength
and angle.

In conclusion, we proposed a cost-effective multilayer coating
characterized by multi-functionals, such as visibly transparent,
reflecting in IR, and emissive in the 5-8 um and 10-14 pm ranges
at higher angles. First, HMM offers transparency in the visible
range and high reflection in the whole IR EM spectrum, i.e.,
low emittance. Second, G-ENZ layers provide high emissions
at higher angles of 50° to 90° in the atmospheric transmission
window (10—-14 um) which allows thermal management through
radiative cooling. Third, the vibrational absorption band of PEI
in non-atmospheric windows (5-8 um) provides thermal man-
agement through radiative cooling. A simulation of the coating
surface temperature was performed in three cases: only radiative
cooling, only silica aerogel, and a combination of both for differ-
ent heating temperatures. With radiative cooling, silica aerogel,
and their combination, the surface temperature decreases to
157K, 967K, and 1260 K, respectively, at the highest heat-
ing temperature of T, = 2000 K. The proposed coating is better
than the previously proposed nanostructure or thin-film design
in terms of cost, fabrication, and functionality [4,9-13,30,31].
Finally, we discussed the potential applications of such a mul-
tifunctional coatings in the radiative cooling of smart windows,
as well as water condensation and purification.
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