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Camouflage detectors that can detect incoming radiation from any angle without being detected are
extremely important in stealth, guided missile, and heat-seeking missile industries. In order to
accomplish this, the absorption and emission processes must be manipulated simultaneously. However,
Kirchhoff's fundamental law suggests that absorption and emission are always in the same direction «(6)
= ¢(0), i.e., absorption and emission are reciprocal. This means that the emission from the detector
always points back to the source, for example towards a laser source in a guided missile. Thus, detector
emission serves as a complementary measure to hide an object. Here, we present a novel camouflage
detector that uses a nonreciprocal metasurface array to independently detect the direction of the
incoming radiation as well as manipulate its emissivity response. This is accomplished by using a
magneto-optical material called indium arsenide (InAs), which breaks Lorentz reciprocity and Kirchhoff's
fundamental law such that «(0) # &(0). This design results in the following absorption and emission:
a(0) = ¢(—0). Nine metasurfaces were designed, optimized, and operated at different incident angles from
+50° to —50° at a wavelength of 13 um. Furthermore, by keeping all metasurfaces in a pixilated array
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form, one could make a device that works over the full £50° range. Potentially, this array of
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1. Introduction

Radiation is an omnipresent special phenomenon in which
heat transfer does not require a medium.'” Maxwell’s theory
predicts the radiative properties of an object and Planck’s
theory predicts the amount of radiation emitted by a body at a
particular wavelength.*® Owing to the omnipresence of radia-
tion, they are a central attraction for many science and engineer-
ing applications such as energy conversion,”® imaging,®™*
sensing'” and infrared (IR) camouflage technology.'>'* Owing
to its importance in both civil and military applications, IR
camouflage has received considerable attention. IR camouflage
technology conceals the infrared signature of objects so that they
cannot be detected by IR-based devices, such as thermal imaging
systems, heat-seeking missiles, or IR missile warning
satellites.””® Because all surfaces above absolute zero emit
and receive radiation, it is challenging to hide the target thermal
radiation using thermal camouflage. According to thermody-
namic laws, the radiation of an object is directly proportional
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nonreciprocal metasurfaces can be used to fabricate thermal emitters or solar-harvesting systems.

to its surface emittance (¢) and temperature (7). It can be
concluded that IR thermal camouflage can be attained either
by controlling the surface emission (radiative camouflage) or
surface temperature (conduction thermal camouflage). For prac-
tical purposes, radiation camouflage is more promising because
the radiative properties can be modulated based on the surface
characteristics, whether they are flattened, curved, smooth,
rough or flexible."®* It is possible to modulate the spectral,
spatial, and polarization characteristics of thermal radiation,?*™*
using nanostructures such as photonic crystals, gratings,
multi-layered structures, meta-materials, and metasurfaces.
For all proposed nanophotonic camouflage designs, emissivity
is required to be near zero in the atmospheric window (8 um to
14 pm), which is transparent to radiation and prone to
detection.*” Recently, Chamoli et al. proposed the use of phase
change materials®***” to control emissivity in two different phases
through reconfigurable radiative metasurface designs®*™** Kirch-
hoff’s law is the governing principle of thermal emission, which
dictates that all objects have equal emission and absorption, or
more precisely, they follow Lorentz reciprocity.** All of the
previously proposed nanophotonics camouflage designs comply
with this law. However, this law is not valid once the reciprocity
has been broken in a system,”*** and it is now possible to
produce a nonreciprocal thermal emitter that contrasts emissivity
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Fig. 1 Principle and comparison of (a) reciprocal and (b) non-reciprocal metasurface radiation angle detector and camouflage. With a reciprocal angle
detector, i.e., without an external magnetic field (B = 0 T), the resonance is symmetric with respect to the polar angle 6 = 0°. In the resonance condition,
the absorption (red solid line) and emission (blue dotted line) curves overlap each other perfectly at +60; and —6; and R(+6) = R(—0). However, with a
nonreciprocal angle sensor (when B # 0 T), the resonance conditions are asymmetric with respect to 6 = 0° and the absorption at +60; and —0; is no
longer the same and R(+60) # R(—0). a(0) = &(—0) holds, meaning that if the absorption angle is +0, then the emission angle would be —6. Hence, by
employing the nonreciprocity in the angle sensor, the emission is not directed toward the source, something that is not possible with a reciprocal sensor.

This allows the detector to be camouflaged.

and absorptivity.** A nonreciprocal thermal emitter was designed
by utilizing the magneto-optical effect, a technique that has been
widely used to design nonreciprocal systems in the past.**™*’
Because of the unique properties of non-reciprocity, nanopho-
tonic designs made of magneto-optical materials can potentially
be used for camouflage to manipulate the emission. Additionally,
because the emission window is still in the atmospheric transmis-
sion window, it can facilitate better thermal management.

Fig. 1 shows a schematic of a reciprocal and nonreciprocal
angle detector and its advantage of camouflaging the detector.
Non-reciprocal thermal emission has gained considerable
attention after the seminal work on violating Kirchhoff’s law
using a photonic crystal.*> According to Kirchhoff’s law,

*,0,0) = &(w,0,p)

where o and ¢ are the spectral directional absorption and
emission given by 6 and ¢, respectively. This in turn suggests
that, according to the detailed balance, if an absorber absorbs
light from the source, it must radiate the light back to the
source. This is because of the inherent loss mechanism, which
can only be eliminated by violating the detailed balance to the
maximum degree. As shown in Fig. 1(a), in the reciprocal case,
for a fixed wavelength, the emission and absorption angles are
the same at +0. Therefore, if light incident from 60, or —0, has
the same reflection direction along with the same absorption
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and emission with the same resonance wavelength or emission
wavelength, ie., R(0;) = R(—0,) and «(0) = ¢(0). However,
theoretically, nonreciprocal materials, such as magneto-
optical materials, may not satisfy the detailed balance, and
hence R(0,) # R(—6,). Consequently, the emission and absorp-
tion angles were not the same o(0) # ¢(0), as shown in Fig. 1(b)
and «(0) = ¢(—0). Therefore, we have been able to modify the
emissions because of nonreciprocity in the system, and the
emissions do not return to the source. Also, the absorption was
not symmetric with respect to the polar angle 6 = 0°.

In this study, we propose a metasurface that is nonreciprocal
and can be used both as an all-angle detector and without being
detected or camouflaged. Camouflage is the property of non-
reciprocal metasurfaces to redirect emission, not to the source
and detector, and is due to its ability to detect the direction of
incoming light in the incident plane over the entire range from
0 to —0. The magneto-optic material of choice was indium
arsenide (n-InAs). To make a device work in a broad angular
range, we proposed an array of metasurface optimized for
different angles of incidence from +50° to —50°. Therefore,
we designed a series of metasurfaces that can target a specific
angle. By combining all the metasurfaces into an array or a
pixilation form, we proposed a device that can operate in the
range of +50°, which can indicate the direction of incoming
radiation. As shown in Fig. 2(a), in the case of a reciprocal
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Fig. 2 Diagram of reciprocal and nonreciprocal metasurface arrays showing absorption (0) and emission (6) directions under an external magnetic field
(red arrow in the +z-direction). (a) The nonreciprocal metasurface redirects emitted light in different directions (not back to the source), but in the (b)
reciprocal metasurface case, the emission is back to the source and it cannot be employed as camouflage. Additionally, the non-reciprocal metasurface
can also work as a detector by indicating the direction of the incident light as it can efficiently distinguish +6 and —6. The system can potentially be
designed to operate over a broad range of angles by designing each pixel to target a specific angle.

metasurface array, the emission returns to its source, for
instance, the laser light source from a missile system seeking
its target. Therefore, the missile system can locate the target
and hit it because of the return emission. However, in the case
of a non-reciprocal metasurface array for the entire range of
angles, the emission is different from the source and is there-
fore not detectable, as shown in Fig. 2(b). Thus, an array of this
type can be used to track incoming radiation and identify its
direction without being detected.

The atmospheric transmission window from 8 pm to 14 pm
is the wavelength of interest because the atmosphere has low
absorption and high transparency in this range. However,
atmospheric transmission varies with the angle and is less
transparent at higher angles.*® The IR detector must operate

This journal is © the Owner Societies 2024

within these atmospheric windows in order to detect and track
aircraft used in anti-aircraft missiles.*® We optimized all meta-
surfaces at 13 pm. Ideally, one can create such an array for any
wavelength by using a magneto-optic material****° and a Wyel
semimetal.”"**> Indium arsenide (InAs) exhibits exceptional
magneto-optical properties under a magnetic field, which is
crucial for breaking Lorentz reciprocity. This anisotropic beha-
vior stems from the selective influence of the magnetic field on
the dielectric constants in the material’s x-y plane, leading to a
refractive index asymmetry between the forward and backward
light propagation. Notably, the refractive index in the z-
direction remains unaffected. The magneto-optical character-
istics of InAs enable controlled refractive index manipulation,
making it invaluable for applications requiring nonreciprocal
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responses, as demonstrated in our study. The magneto-optic
effect becomes stronger when the off-diagonal terms e&,, and
diagonal terms e,, in the permittivity tensor below the

Exy
magneto-optic material have a very high ratio M The non-
SXX

reciprocity results from &, = g,
exx &y O
e=| —en &y O

0 0 e,

2. Simulation methods

In order to simulate the magneto-optical effect, we used
Lumerical’s finite difference time domain (FDTD), which com-
prises three steps. The first is the introduction of anisotropic
materials. The permittivity tensor can be expressed as follows:

e=| &x &y & (1)
Ezx &gy &z

The magneto-optic effect occurs when the direction of the
magnetization vector is perpendicular to the incidence or
reflection plane. In our analysis, we assume that the incident
plane wave propagates along the Y-axis and that it is polarized
along the X-axis. Therefore, the magnetization vector is in the Z-
direction, and the permittivity tensor due to the symmetry of C,

[In-InAs
[ Metal (Al)

Wsi
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remains invariant with rotation about the Z-axis.
&y~ —Ey:
-1
¢ = Cy eCy —&xy  Exx Exz (2)

- 8zy Ezx &2z

Under the influence of an external magnetic field, the permit-
tivity tensor of InAs becomes

e=| —&y &x O (3)
0 0 e

However, adding an anisotropic material to the database of the
Lumerical diagonalization of the permittivity tensor requires calcu-
lating the eigenvalues and the unitary transformation matrix:

‘gdiag = Ue UT (4)

where U is the unitary matrix, U is the complex conjugate
transpose of U and é&gjaq is a diagonal matrix. U = V', where V
is the the eigenvector matrix of &. &4ia¢ Needs to be added to
the material database. The second step is the transformation
of field components. This step is realized by inserting a grid
attribute object U, which is called a matrix transformation. For
magnetization in the Z-direction, U takes the following form:

1 i 0
v=Ll1 =i o (5)
V2
0 0 V2

Fig. 3 Schematic of the proposed structures for violation of detailed balance or Kirchhoff's law at different angles of incidence. The first three structures
(a—c) consist of (from top to bottom) a magneto-optical InAS grating, a magneto-optical film made of InAs, and an Al substrate. The fourth design (d) has
Si as a sandwiched layer between the top magneto-optical film made of InAs and the bottom optically thick Al metal layer as the substrate. The incident
wave is TM polarized with an electric field in the x—y plane, and an external magnetic field is applied in the z-direction. Using these four proposed designs,
Tables 1-4 list the optimized parameters for different polar angles. We used the variables W, g, h, and A to describe the width, the gap between adjacent

gratings, the height, and the period of the gratings, respectively.
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The third step involves establishing contact between the aniso-
tropic material created and the geometry drawn in the model.
This can be accomplished by simply adding the Faraday
attribute to the ““grid attribute name” in the object’s properties.

3. Results and discussion
3.1 Proposed metasurface design and optimization

In Fig. 3, all four metasurface designs are shown to demon-
strate the proposed angle sensor. All the four structures had
three layers. In the first three designs, the top layer is made up
of n-doped InAs gratings, followed by a continuous layer of
InAs, and the bottom layer is made up of optically thick
aluminum (Al) metal to ensure no transmission. Guided mode
resonance is the basis for these designs. The fourth design
involves silicon (Si) as an important coupling dielectric med-
ium between the grating layer on top and the bottom layer of
optically thick AL>® In each of the four designs, the magnetic
field B is applied to the z-axis (Voigt geometry), propagating
along the y-axis, and periodic in the x-direction. The geometric
parameters are as follows: A represents the period of the
grating, #; and h, represent the thickness of the continuous
layer of InAs and the grating, respectively, W represents the
grating width in all designs, and g is the gap between two
consecutive gratings. Tables 1, 2, 3 and 4 present designs 1, 2, 3
and 4, respectively. They provide all optimized parameters of
designs and the corresponding angles. The permittivity tensor
for InAs is given by the following expression:*

(o + iy)

View Article Online
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Table 2 Parameters for design 2 (Fig. 3b)

Design 2
Polar g
angle 4 Wi W, &1 82 83 2 hy
(0) (pm) (um)  (um)  (pm) (um) (um) (um) (um)
6 7.25 3 1 1.125 1.2 0.925 1 2.2
—33 7.25 1.5 0.5 1.875 1.7 1.175 1 2.2
20 7.25 4 0.9 1.025 0.35 0975 1 2.2
—20 7.25 3 1.75 0.525 1.125 0.65 1 2.2
40 7.4 4 1 0.2 1.5 0.7 0.5 1

Table 3 Parameters for design 3 (Fig. 3d)

Design 3

Pol
ar(:gaiz A Wi W, Ws &1 2> g3 8a hy hy
0)  (pm) (um) (um) (pm) (um) (um) (um) (pm) (um) (um)

33 7.25 2.2 0.5 0.5
—-50 7.25 3.3 0.5 0.5

0.825 1.075 1.9
0.55 0.325 1.9

025 1 2.2
0.325 0.5 1

Table 4 Parameters for design 4 (Fig. 4d)

Design 4

Polar angle () A (um) W (um) g (im) g (um) hy (um) hy (um)
—46 7 2.46 2.27 2.27 0.2 1.3

eB .
elementary charge. The cyclotron frequency w. = —, where B is
m

the external magnetic field intensity. The doping concentration

im0

- ® {(w + i}')z—wcz}
w2 (w + iy)
) [(a) + iy)2—a)02]

0

where ¢, = 13.7 is the permittivity at high frequency and w is
- 1

the angular frequency of the incident THz wave. y = — = 1.55 x
T

10" rads™! is the relaxation rate (¢ is the relaxation time),

which depends on the experimental absorption of the

Ne?

materials.”” o, = is the plasma frequency, where N =

eom*
7.8 x 10" cm* is the doping concentration, m* = 0.33m, (m. is
the electron mass), ¢, is the free space permittivity and e~ is the

Table 1 Parameters for design 1 (Fig. 3a)

Design 1

Polar angle () A (um) W (um) g (um) g (um) y (um) h, (um)

-6 7.25 6 0.75 0.75 1 2.2
50 7.4 3.3 2.05 2.05 0.5 1.09

This journal is © the Owner Societies 2024

0
® [(a} + iy)z—wcz]
w2 (0 + iy) 0 (6)
o) [(a) + iy)z—wcz}
0 oo — wipz
oo+ i)

N is higher than the intrinsic carrier concentration even at
higher temperatures. Hence, the Drude model is expected to
hold and ignore the effect of Landau quantization at room

h e .
temperature, kg7 > 270 The permittivity tensor in eqn (6)
n

suggests that reciprocity is broken because the off-diagonal
components and ¢, are not equal to the ¢, component, Le., &,
# &y The magneto-optic effect in InAs becomes stronger for

ey
larger values of u.“

| ’ The nine designs are represented in
Euy
'YX

Tables 1-4.

3.2 Simulation results and angle sensor

Our next step is to analyze the results after summarizing the
optimized geometric parameters of the proposed designs, as
shown in Tables 1-4. The permittivity tensor in eqn (6) ¢ for n-
InAs is diagonalized by a unitary matrix transformation U, i.e.,

Phys. Chem. Chem. Phys., 2024, 26, 4011-4020 | 4015
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Fig. 4 Refractive index n of n-InAs under a magnetic field B = 3 T. (a) In x direction, (b) in y direction and (c) in z direction.

by treating it as a plane-symmetric tensor. The dielectric con-
stant can be approximated by

gex 0 O ne 0 0
ip=U"¢-U=| 0 ¢, 0 |= 0 nU2 0
0 0 e 0 0 n?

Fig. 4 shows the equivalent refractive index for n-InAs under a
3 T magnetic field, for the x, y, and z directions. As shown in
Fig. 4(a) and (b), in the x(n,,) and y(n,,) directions, the refractive
index fluctuates sharply. The analysis in Fig. 4 reveals a
fluctuation in the refractive index along the midpoint line,
indicating the impact of the magnetic field, which induces
material anisotropy and dispersion.>>> Specifically, the mag-
netic field, aligned with the z-axis, solely influences the dielec-
tric constant in the x-y plane, affecting the dielectric function
tensors &y, and ¢,,. Consequently, this magnetic field has no
impact on the refractive index n,, in the z-direction, resulting
in a constant refractive index irrespective of the magnetic
field strength, as shown in Fig. 4(c). This observation highlights
the anisotropic and dispersive nature of the material induced
by a magnetic field, which has implications for its optical
properties.

To demonstrate the ability of the complete metasurface
array to act as an angle sensor, we first demonstrate the
absorption and emission response from reciprocal and non-
reciprocal metasurfaces with or without broken symmetry
varying with the incident angle for metasurface design no. 1.
Because the substrate is sufficiently optically thick, the trans-
mission is zero (7(6) = 0). The absorption «(f) and emission &(6)

4016 | Phys. Chem. Chem. Phys., 2024, 26, 4011-4020

as functions of the incident angle 6 can be calculated as
follows:*

and

where R is the reflectivity. As simulated in Fig. 5, for the
reciprocal metasurface «(0) = ¢(0) = a(—0) = &(—0), for the
nonreciprocal metasurface «(f) # &(—0), and for the non-
reciprocal with nonsymmetric metasurface, o(0) # &(—0).
In our design, the incident light is TM polarized because no
nonreciprocal effect can be created using light without T™M
polarization. An external magnetic field B is applied along the
grating Z-axis, which corresponds to the Voigt geometry. In our
design, A is set to be sufficiently large so that only one specular
reflection occurs. The metasurface consists of a reciprocal
material, symmetric in the k, space, ie., o(k) = o(—k.).>®
Accordingly, the resonance angle is symmetric with respect to
the normal, i.e., 0 = 0°. This results in «(0) = &(0) = a(—0) = &(—0)
and a detailed balance is satisfied, as shown in Fig. 5(a) and (b).
Fig. 5(a) shows the case in which no external magnetic field B is
applied and the metasurface is mirror-symmetric (g, = g,). The
absorption and emission curves follow each other and overlap
perfectly, as shown in Fig. 5(b). As soon as an external magnetic
field is applied to a magneto-optic material InAs, the photonic
band structure in the k, space exhibits asymmetry, i.e., w(k,) #
o(—ky). Therefore, the resonance condition is not symmetric

This journal is © the Owner Societies 2024
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Fig. 5 Comparison of reciprocal and nonreciprocal angle sensors in terms of absorption as a function of polar angle or angle of incidence. (a) Schematic
of one of the proposed optical metasurfaces used as an angle sensor. The angle sensor comprises an n-InAs metasurface and a uniform layer on a metal
(Al). Light propagation is in the y-direction while the sensor is periodic in the x-direction, (b) showing typical absorption and emission profile in case of
reciprocal metasurface. (c) A magnetic field (B) is applied in the Z-direction (red arrow) in a Voigt configuration (non-reciprocal metasurface) and (d)
corresponding absorption and emission profile in case of non-reciprocal metasurface.

with respect to 0 = 0° and the detailed balance is violated.
Fig. 5(c) illustrates the condition in which an external magnetic
field is applied in the Z-direction and the gap between two
consecutive InAs grooves is the same (g; = g,). The absorption
and emission are no longer symmetric with respect to 6 = 0°
and the absorption occurs at a particular angle in the entire
range from +50° to —50°, as shown in Fig. 5(d). The resonance

Absorption

-60 -40 -20 0 20 40 60
Polar Angle (deg.)

Fig. 6 Absorption as a function of polar angles for all non-reciprocal
optimized designs in Tables 1-4 for the following angles: —50°, —46°,
—33°, —20°, —6°, 6°, 20°, 33°, 40° and 50°.

This journal is © the Owner Societies 2024

can also be explained by the coupled mode theory, according to
which the critical coupling condition is achieved when the
intrinsic loss rate (y;) equals the external loss rate (y.).*>”

Then, we perform the same calculations on absorption
as a function of the polar angle for the nine meta-surfaces in
Tables 1-4. As illustrated in Fig. 6, each metasurface has
different resonance angles and is optimized at 13 um in the
atmospheric window. Combining all nine proposed metasur-
face designs into an array allows the determination of the
incoming radiation direction and camouflage as the emission
direction is different from the incoming radiation direction.
Fig. 6 shows the absorption versus polar angle for all nine
metasurfaces listed in Tables 1-4 for the following angles:
—50°, —46°, —33°, —20°, —6°, 6°, 20°, 33°, 40° and 50°.

4. Conclusion and outlook

We propose a set of nonreciprocal metasurfaces made of
magneto-optic InAs materials in an array to detect the direction
of incoming radiation and camouflaging due to o(w,0,p) #
&(w,0,p) followed by a nonreciprocal system. We designed
and optimized nine metasurfaces working at different polar
angles of —50°, —46°, —33°, —20°, —6°, 6°, 20°, 33°, 40° and 50°.
The absorption bands in all cases showed greater than 80%
absorption. A system such as this can conceivably be used for
solar-energy harvesting system efficiency and thermal manage-
ment. Using our design, nonreciprocal thermal emitters that
are viable for practical applications can be constructed.

Phys. Chem. Chem. Phys., 2024, 26, 4011-4020 | 4017
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The promising capabilities of non-reciprocal metasurfaces
open exciting avenues for advancing solar light harvesting and
radiative cooling technologies.’®>° In the realm of solar light
harvesting, the distinctive absorption and emission profiles
of non-reciprocal metasurfaces offer a unique advantage. By
strategically designing metasurfaces that preferentially absorb
sunlight from specific angles and emit thermal radiation in a
controlled manner, these surfaces can significantly enhance
the efficiency of solar cells. The non-reciprocal nature allows for
tailored absorption characteristics, addressing variations in
incident angles throughout the day and optimizing energy
capture. Moreover, in the domain of radiative cooling, non-
reciprocal metasurfaces present an innovative approach for
modulating thermal emissions. These metasurfaces can be
engineered to enhance the radiative cooling efficiency by
exploiting the asymmetry between absorption and emission
profiles. This has the potential to create surfaces that selectively
emit thermal radiation to cold outer space, even in the presence
of solar irradiance, facilitating passive cooling without the need
for energy-intensive mechanisms. Research on non-reciprocal
metasurfaces could explore multifunctional designs that
simultaneously enhance solar light harvesting and radiative
cooling. Integrating these surfaces into energy-efficient systems
has the potential to revolutionize sustainable energy practices
by improving the performance of solar cells and enabling
passive cooling solutions. As we delve into these possibilities,
the interdisciplinary applications of non-reciprocal metasur-
faces are poised to redefine the landscape of renewable energy
technologies.
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