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Abstract: Thermal camouflage, which is used to con-
ceal objects in the infrared vision for confrontation with
infrared detection in civilian or military applications,
has garnered increasing attraction and interest recently.
Compared with conductive thermal camouflage, that is to
tune heat conduction to achieve equivalent temperature
fields, radiative thermal camouflage, based on emissivity
engineering, is more promising and shows much supe-
riority in the pursuit of dynamic camouflage technology
when resorting to stimuli-responsive materials. In this
paper, we demonstrate the emissivity-engineered radia-
tive metasurface to realize dynamic thermal camouflage
functionality via a flying laser heat source on the metal-
liquid-crystal-metal (MLCM) platform. We employ a rig-
orous coupled-wave algorithm to calculate the surface
emissivity of Au/LC/Au microstructures, where the LC-
orientation angle distribution is quantified by minimizing
the emitted thermal energy standard deviation through-
out the whole plate. Emissivity engineering on the MCLM
platform is attributed to multiple magnetic polariton reso-
nance, and agrees well with the equivalent electric circuit
analysis. Through this electrical modulation strategy, the
moving hot spot in the original temperature field is erased
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and a uniform temperature field is observed in the infra-
red camera instead, demonstrating the very good dynamic
thermal camouflage functionality. The present MLCM-
based radiative metasurface may open avenues for high-
resolution emissivity engineering to realize novel thermal
functionality and develop new applications for thermal
metamaterials and meta-devices.

Keywords: thermal camouflage; mid-infrared; metasur-
face; liquid crystal; nanophotonics; magnetic polariton.

1 Introduction

The dynamic structural colors in the skin of chameleons
and cephalopods enable them to blend into the background
environment adaptively, thus they are known as the cam-
ouflage masters in the natural world [1-3]. The active color-
changing feat stems from the chromatophore pigment cells
and reflective cells which can operate under mechanical
actuation of radial muscle and function as spectral filters
to absorb and reflect visible light. The sophisticated archi-
tecture of the dynamic color-changing system has inspired
the engineering of various adaptive artificial materials
and devices, like optoelectronic displays, soft robots, and
camouflage systems, and their working spectra have been
extended beyond the visible light with many civilian and
military applications [1-5]. Among them, thermal cam-
ouflage, with the aim of concealing objects from infrared
(IR) imaging, has attracted increasing attention, and can
be used to incapacitate IR detection [6-12]. Note that any
object will radiate thermal energy whenever and wherever,
thus concealing target thermal radiation for thermal cam-
ouflage is tremendously challenging.

According to the Stefan-Boltzmann law, there are two
ways to tune the thermal radiation energy for thermal cam-
ouflage. One way is to change the target temperature as
close as possible to approximate the background tempera-
ture when their surface emissivities are comparable, and
the other way is to change the target surface emissivity to
generate the same amount of emitted thermal energy as the
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background. As a result, thermal camouflage can be sorted
into conductive camouflage and radiative camouflage.

Conductive thermal camouflage tunes the in-plane
heat conduction along a predesigned plate with aniso-
tropic thermal conductivities for achieving an equivalent
temperature profile as in a homogeneous plate outside
the devices. The transformation thermotics theory and the
scattering cancellation technique are frequently adopted to
design such thermal metamaterials with stringent require-
ments of the thermal properties, like thermal conductivity
and specific heat [13-24]. For the fabrication of thermal
conductive metamaterials, compromise tactics are usually
employed by trading off the desired performance for the
fabrication feasibility, e.g. stacking the alternative-layered
structures based on the effective medium approximation
theory [6-8], special design of bilayer structures [9, 22,
23], or engineering phonon/defect-phonon scattering in
the microscale material system by defect engineering [24],
holey engineering [25], or phonon engineering [26-28].
Moreover, the in-plane heat conduction is easy to control,
but sometimes hard to use in practice. For instance, though
perfect thermal cloaking, camouflage, illusion functions
have been achieved on plates in previous studies, we can
easily observe the targets from the out-of-plane direction
(z plane). Trying to fix this, a general illusion thermotics
strategy has been proposed to realize conductive camou-
flage both in the x-y plane and the z plane, by maintain-
ing perfect external camouflage and creating internal
split illusions [6, 7]. Based on general illusion thermotics,
the concept of encrypted thermal printing was proposed
recently and shows the possibility to achieve a dynamic
thermal illusion [8]. Conductive camouflage devices are
usually excessively large to warp the target, which further
limits their applications. Another key defect of most con-
ductive camouflage is the static characteristic that once
the structure and materials are designed and manufac-
tured, the pursued thermal camouflage performances no
longer function or are maintained when the target moves
or the ambient environment changes.

In contrast, radiative camouflage is more promising
for practical purposes since the radiative properties mainly
depend on surface characteristics with broad applicabil-
ity, whether the surfaces are flattened or curved, smooth
or rough, rigid or flexible [29-32]. Thermal radiation can
be tuned in the spectral, spatial, and polarization domains
via surface emissivity engineering by nanostructures like
gratings, multilayer structures, photonic crystals, meta-
materials, metasurfaces, etc. [33-43]. However, most of
these techniques also only suitable for static thermal
camouflage. Once the structures have been laid down, it
is difficult to dynamically tune the thermal emission from
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the nanostructured surfaces. To date, only a very limited
number of studies report dynamic thermal camouflage due
to the stringent requirement and challenging implementa-
tion [1]. Fortunately, dynamic control of thermal radiation
can be achieved by introducing responsive materials that
can change their thermal radiation under external stimuli
like electrics, magnetics, heat, mechanics, etc. [30-37].
These stimuli-responsive materials enable us to achieve
dynamic thermal camouflage to pursue the final goal like
camouflage masters in nature. Compared to other external
stimuli, electrical modulation is more flexible, fast, and
reliable, thus attracting more attention recently, and has
been successively applied onto quantum wells, graphene,
biomimetic materials for thermal camouflage applications.
Among these possibilities, nematic liquid crystals (LCs), as
a family of stimuli-responsive materials, also show great
potential for electrically controlling thermal radiation due
to their inherently high optical anisotropy, low power con-
sumption, easy controllability of LC particle orientation,
sub-millisecond response time, and high compatibility with
almost all optoelectronic materials [44—48]. LCs can also be
integrated into metal-insulator-metal gratings, in which the
insulator layer is composed of LCs, to construct a dynamic
platform that powerfully combines the physics flexibility of
a metal-insulator-metal framework and precise tunability
of LCs, with applications like waveguides, filters, and reso-
nators [49, 50]. Nevertheless, such a dynamic platform has
never been explored for thermal camouflage feasibility.

In this paper, we propose a general strategy to dynam-
ically tune the thermal emission from a metal-liquid-
crystal-metal (MLCM) radiative metasurface for dynamic
thermal camouflage. The rigorous coupled-wave algorithm
(RCWA) method is employed to calculate the surface emis-
sivity with varying the director-axis orientation angle of
LCs. The MCLM unit cells can be controlled independently
to achieve different amounts of thermal radiation energy,
and the orientation angles and emissivities of the whole
metasurface are screened by achieving the same amount
of thermal radiation energy for the same detected temper-
ature, though at different real temperatures. A more vivid
demonstration is presented on the MCLM metasurface
when a flying laser heat source is moving on the bottom
of the MLCM platform; a uniform detected temperature
field is maintained by the proposed strategy, verifying the
dynamic thermal camouflage performance.

2 Results and discussion

The schematic of the proposed MLCM microstructure
is shown in Figure 1. The grating ridge is made of gold
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Figure 1: Schematic of the metal-liquid-crystal-metal (MLCM)-based
metasurface architecture, in which the liquid crystal (LC) layer with a
thickness of 0.2 um is underneath the gold thin layer with thickness
of 0.01 um, respectively.

The orientation angle 6, of the crystals in liquids can be adjusted by
the input voltage dynamically.

(Au) and LC patches with thicknesses of d,=0.01um and
d,=0.2 um. The periodic arrays of patches are deposited
on an opaque Au substrate with a thickness of d,=0.5
um, so that the transmittance can be neglected. The
period A is fixed as 3 um, and the grating width w is set
as 2.4 um.

The dielectric function of gold is modeled by the
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LC layer is given by e, . = , inwhiche =4

g,cos’f+e sin’0
and ¢ =2 refer to the permittivities for light polarized
parallel and perpendicular, respectively [49, 50]. The
¢, exhibits independence of frequency and only relies
on the director axis orientation angle 6, . with respect
to the wavevector [51]. The RCWA method, developed to
numerically solve the Maxwell equations for determining
the radiative properties of periodic structures, is used to
calculate the wavelength-dependent reflectance R, and
transmittance T, with considering a total of 101 diffraction
orders [52]. According to Kirchhoff’s law with an opaque
substrate, the wavelength-dependent surface emissivity is
obtained ase,=1-R,.

The emissivity spectra with varied orientation angles
from 0° to 90° in the wavelength range from 6 um to 20
pum are shown in Figure 2A. It can be seen that with the
linear increase of orientation angle from 0° to 90°, the
peak of the emissivity spectrum is red-shifted from ~8.7
pum to ~11.8 um, and the emissivity intensity also increases
from 0.81 to 0.98. These peaks originate from magnetic
polaritons (MPs) supported by the MLCM structure, dem-
onstrated by the magnetic field distribution at the MP
resonance wavelength. Note that MPs cannot be excited
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for transverse electric waves for one-dimensional micro-
structures [53, 54], the electric fields of which are paral-
lel to the groove direction. Therefore, only transverse
magnetic waves are considered here. Here, MPs refer to
the strong coupling of the magnetic resonance in MLCM
structures with external electromagnetic fields, corre-
sponding to high surface emissivity. It is noteworthy that
the emissivity range can be further expanded for better
performance via optimization in terms of structure and
material, for example, choosing LC E7 with a broader
tunable permittivity range (8H=19 and ¢ =5) in different
directions [55, 56]. Figure 2B presents the magnetic field
distribution at 8.7 um with 6, .= 0°. The white lines denote
the profile of the MLCM structure. The contour shows the
magnetic field intensity in the y direction, i.e. |Hy]?. It can
be observed that the strong magnetic field is confined in
the LC layer, which demonstrates the excitation of MPs
and corresponds to the high emissivity peak in Figure 2A.
As we know, MPs resonance wavelengths can also be
predicted by an inductor-capacitor circuit theory [57-59].
According to Lenz’s law, due to the time-varying magnetic
field in the y direction, an oscillating current can form a
loop which endows the MLM structure with diamagnet-
ism, via generating a reversed magnetic field. In order to
further demonstrate the excitation of MPs, Figure 2C gives
the equivalent circuit for the MLCM structure, in which the
arrows point out the direction of electric currents. In the
equivalent circuit model, L _, expressed as L _=0.5
u,wd,/l where u is the permeability of vacuum and I is
the patch length in the y direction, denotes the parallel-
plate inductance separated by the intermediate LC layer.
C,=¢,d|l/(A-w) refers to the capacitance accounting for
the gap between the neighboring Au ridges, where ¢ is
the permittivity of vacuum. C_=ce, £ wl/d, is the parallel-
plate capacitance between two layers because of the exist-
ence of the LC layer, where ¢,=0.2 is a numerical factor
that considers non-uniform charge distribution. Drifting
electrons also contribute much to the total inductance in
this MLCM structure, and the kinetic inductance is calcu-
lated from L, =-w/(w’d e €, ), where w is the angular
frequency, ¢ is the real part of the dielectric function of
Au which can be obtained from the Drude model, and d
is the effective thickness for electric currents in the Au
0, 0<d
dZ

depth 6 =A/4mk, with A the incident wavelength and « the
extinction coefficient of Au. So the total impedance of this
inductor-capacitance circuit can be expressed as [57-59]:

2

layer as d = , where the power penetration
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Figure 2: Emissivity spectra, physical explanations, and directional dependence of the MLCM metasurface.

(A) Rigorous coupled-wave algorithm (RCWA)-predicted emissivity spectra in terms of wavelength and orientation angle. (B) Magnetic field
distribution at 8.7 um when 6, =0°. (C) Equivalent inductor-capacitor circuit model for the metal-liquid-crystal-metal (MLCM) structure
with the arrows denoting the direction of electric currents. (D) Emissivity spectra with varied orientation angles from 0° to 90°. The circles
show the predicted values of resonance wavelengths by the equivalent circuit model. (E) Convergence of emissivity as a function of highest
diffraction order at wavelength of 10 um. (F) Dependence of emissivity spectra on the detecting angle 6, when 6, =30°.

Then, the MP resonance condition can be solved
by setting Z  =0. Using the equivalent circuit theory,
for example, resonance wavelengths at 6, .=0°, 45° and
90° can be obtained as A,=8.3 um, 9.5 um and 11.7 pum,
which match well with the RCWA results of 8.7 um, 9.8
um and 11.8 um, as shown in Figure 2D, strongly demon-
strating the excitation of MPs. The accuracy of the RCWA
method depends solely on the number of terms in the
field space-harmonic Fourier expansion, which can be
directly obtained by the highest diffraction order [60].
Therefore, one can validate the results by simply investi-
gating the effects of the highest diffraction order [61-64].
As shown in Figure 2E, the emissivity changes within

0.6% when the highest diffraction order increases from
50 to 70, demonstrating that the highest diffraction order
of 50 (corresponding to a total of 101 diffraction orders) is
enough for accurate calculation. The emissivity spectra
in Figure 2F are maintained even when the detected
plane is rotated by 0, =60°, which verifies good angle
independence.

The integrated radiation power in the working wave-
length range 8~13 um differs greatly due to the wave-
length-shift of the emission peak. Such series of different
emissivity spectra and their corresponding orientation
angles of LCs, acting as the basic database, allow us
to flexibly tune the surface with a certain temperature
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distribution to achieve the desired pseudo temperature
for dynamic thermal camouflage. A flying laser is pumped
onto the bottom of a 100 mm x100 mm x5 mm silicon
plate to generate dynamic temperature distributions, as
shown in Figure 3A. All the surfaces are naturally cooled
with a constant convective heat transfer coefficient of
2 W/(m?K) at a room temperature of 293 K. The laser point
is moving with a total input power P__ of 10 watt and

a radius R of 5 mm at a velocity v of 1 mm/s. The peak
heat flux intensity g ,=2P__/(%R?. The mathematical

total!
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description of the non-uniform circular heat source
. (x=vt=x)+(y-y,)’
is q(x,y, t)=q0[1— °R2 :

circular region with radius R. Here, x and y denote
the x-coordinate and y-coordinate, respectively, within the
plate domain, ¢ is the time, and (x,, yo) is the coordinate of
the start point. With movement of the laser heat source,
the temperature profile on the top surface of the silicon
plate will change dynamically, and now we aim to ther-
mally camouflage the moving heat source from the above
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Figure 3: Radiative liquid crystal (LC)-based metasurface design process for thermal camouflage.

(A) Schematic of the demonstration setup, in which a moving heat source is achieved by a flying laser point, and an IR camera is used to
detect the top surface temperature of a silicon plate. (B) Real and detected temperature curve along the x-axis of the simulated plate with
the moving heat source at 10 s. (C) Integrated radiation power with varied orientation angle of five typical unit cells along the x-axis at this
moment. A proper radiation power is selected by minimizing the standard deviation (STD) of the integrated radiation power of all unit cells
on the simulated plate. The corresponding orientation angles of the typical five unit cells can be quantified as the vertical dash lines denote.
(D) Optimized orientation angle distribution and (E) corresponding emissivity distribution throughout the simulated plate at this moment.
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IR camera dynamically. The real temperature is obtained
by finite-element method (FEM) simulations. For simplifi-
cation, the laser heat source only moves along the x-axis
and thus the y-coordinate is zero. The start point can be
adjusted at will, and here the coordinate of the start point
is (=30, 0) mm. In the FEM simulations, all the surfaces are
immersed in air with a natural air convective coefficient of
2 W/(m?- K) at a room temperature of 293 K.

At t=10 s, the laser heat source moves to (=20, 0)
mm; the temperature profile along the x-axis is shown in
Figure 3B and the 3D temperature field is shown in Figure
4A. The real temperature curve in Figure 3B is obtained
by transient FEM simulations. It is seen that the location
with projected by the laser heat source has the maximum
temperature, and due to the asymmetry, the tempera-
ture profile is not symmetric in terms of the y-axis. The
maximum temperature along the centre line is 298.71 K
and the boundary is at 295.66 K. To thermally camouflage
the heat source with emissivity engineering, we divide the
top surface into M x N unit cells, and on each unit cell, we
deposit different MLCM structures with different LC ori-
entation angles. According to Planck’s law, the integrated
radiation power is calculated as:

13 13 (W
pP= L e,E, di= L e, 7&/&%)_1@ (

Real temperature

Angle distribution

DE GRUYTER

where C,=3.743x107* W -m’ and C,=1.4387x10?m - K are
the two Planck constants. Figure 3C shows the integrated
radiation power variation of five typical unit cells along
the x-axis of the plate with different orientation angles. It
is seen that the integrated radiation power shares similar
dependence on the orientation angles and higher tem-
perature (blue square) corresponds to higher radiation
power in general. The detected temperature is obtained
by interpreting the equivalent integrated power in Figure
3C over the area-averaged emissivity according to Planck’s
law. Though the local temperature of each unit cell is dif-
ferent, we tune the emissivity one by one to make the inte-
grated radiation power of all the unit cells at the desired
same/approximate level of P, as denoted by the dash line
in Figure 3C, which can be detected at the same pseudo
temperature in the IR camera, and thermal camouflage
is achieved. We screen the orientation angle in each unit
cell to maintain the standard deviation (STD) o of all the
integrated radiation power as minimum as possible by

o= \/ Zk:MXN(Pk -P, )/(M x N). To quantify P,, we decrease

k=1
the P, gradually and calculate the corresponding STD
until the STD is the minimum globally. By such a method,
the P, is quantified as P,=46.267 W/m?, and the orienta-
tion angles of all the unit cells are selected one by one,
denoted by the vertical dash lines in Figure 3C. The
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Figure 4: Demonstration of dynamic thermal camouflage via the radiative liquid crystal (LC)-based metasurfaces, including the real
temperature, angle distribution, and the detected temperature at 10 s, 30 s, and 50 s.



DE GRUYTER

specific orientation angles throughout the plate at this
moment are shown in Figure 3D, and the corresponding
emissivity distribution is shown in Figure 3E. It is seen
that the distributions of the orientation angles and the
corresponding emissivity fluctuate from the heat source
region to the boundary. In particular, the orientation
angles of the heat source region are relatively small, with
relatively low emissivity, otherwise the integrated radia-
tion energy may be hard to be consistent with that at the
boundary region. By pre-setting a constant surface emis-
sivity in the IR camera as the average emissivity value of
the all the unit cells, the detected temperature field can be
obtained according to the Stefan-Boltzmann law and the
temperature curve along the x-axis is shown in Figure 3B.
Compared with the real temperature curve, the observed
one is much more uniform and the temperature deviation
is within 0.4 K, demonstrating the successful erasing of
the heat source from the IR image.

To demonstrate the dynamic thermal camouflage, we
move the laser heat source from the start point (30, 0)
mm with a constant velocity at 1 mm/s along the x-axis.
The temporal temperature fields at 10 s, 30 s, and 50 s are
shown in Figure 4. It is seen that the hot spot is moving
along with the laser heat source naturally, and although
the laser heat source is circular, the local temperature
field is not symmetric in terms of the circular centre. This
is because of the residual effect of heat conduction by the
moving heat source. Following the above explained algo-
rithm, the temporal orientation angle distributions at the
corresponding time steps are also shown in Figure 4. The
relatively low orientation angles in the heat source region
are clearly illustrated, from which we also can identify the
moving of the heat source. Due to the same reason for the
asymmetric temperature field, the angle distribution is
also asymmetric in terms of the circular centre. The high-
light is seeing the detected temperature field at different
time steps. It is seen that although the real temperature
fields are not uniform from which we can identify the laser
heat source easily, what we can see from the IR camera
is only a uniform temperature and we cannot identify the
heat source any more, demonstrating dynamic thermal
camouflage.

The primary idea in this paper is to engineer the
surface emissivity distribution to realize dynamic thermal
camouflage functionality. The performance of the present
functionalities can be further improved, such like the uni-
formity of the detected temperature, if we can construct
a larger database of the optional surface emissivity with
varied orientation angles, or resort to a broader tunable
permittivity range. The present method is also effective
for larger plates, a higher input power, more complicated
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moving paths, etc. We can also extend to MLCM structures
of other materials, e.g. refractory materials like tungsten,
for very high temperature applications.

3 Conclusion

In summary, we demonstrate the feasibility of a radia-
tive MLCM metasurface consisting of Au/LC/Au grat-
ings to realize thermal camouflage by structuring the
surface emissivity. Owing to the excitation of MPs sup-
ported by the grating, its emission spectrum exhibits a
high peak with high tunability through tuning the ori-
entation angle of LCs. The emission spectra of the Au/
LC/Au gratings are calculated by the RCWA algorithm
with varied LC orientation angles, which generate the
MLCM database for surface microstructure optimization.
The proper orientation angle distribution is quantified
by minimizing the temperature standard deviation on
the whole plate. Through this strategy, the hot spot in
the original temperature field is erased and the observed
temperature field is much more uniform with a tempera-
ture difference deviation as low as £0.4 K. A uniform tem-
perature rather than the non-uniform real temperature is
detected, which can be used to mislead the IR camera for
thermal camouflage functionality. The present radiative
LC-based metasurface may open avenues for emissivity
engineering to realize more novel thermal functionalities
and develop new applications for thermal metamaterials
and meta-devices.
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