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Abstract: Thanks to the conductive thermal metamaterials, novel functionalities like thermal
cloak, camouflage and illusion have been achieved, but conductive metamaterials can only control
the in-plane heat conduction. The radiative thermal metamaterials can control the out-of-plane
thermal emission, which are more promising and applicable but have not been studied as
comprehensively as the conductive counterparts. In this paper, we theoretically investigate
the surface emissivity of metal/insulator/metal (MIM, i.e., Au/Ge/Au here) microstructures, by
the rigorous coupled-wave algorithm, and utilize the excitation of the magnetic polaritons to
realize thermal camouflage through designing the grating width distribution by minimizing the
temperature standard deviation of the overall plate. Through this strategy, the hot spot in the
original temperature field is removed and a uniform temperature field is observed in the infrared
camera instead, demonstrating the thermal camouflage functionality. Furthermore, thermal
illusion and thermal messaging functionalities are also demonstrated by resorting to using such
an emissivity-structured radiative metasurface. The present MIM-based radiative metasurface
may open avenues for developing novel thermal functionalities via thermal metasurface and
metamaterials.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Artificial thermal metamaterials, albeit inheriting with blemishes like inhomogeneity and singu-
larity, has fueled the discovery and invention of unprecedented novel phenomena, mechanisms
and functionalities, like thermal cloaking, concentrating, reflecting, refracting, reversing, camou-
flaging, illusion, etc [1–10]. Most devices tune the in-plane heat conduction along predesigned
plate with particular thermal conductivity tensors based on the transformation thermotics or
scattering cancellation techniques [11–14]. However, two long-standing challenges remain
formidable. One is the stringent inherent requirement of inhomogeneous parameters for the
perfect tunability of heat conduction, and the other is loss of efficacy when the targets are detected
from the out-of-plane direction. Trying to fix this, a general illusion thermotics strategy have
been proposed to realize conductive camouflage in hemispherical space by maintaining perfect
external camouflage and creating internal split illusions. However, for practical purpose, a
radiative scheme, rather than a conductive one needs more attention [15–26].
In the radiative scheme, when observed by an infrared (IR) camera, an upwardly projected

cross section of a target can be detected based on the preset emissivity and its real temperature.
According to the working principle of an IR camera, the observed temperature is based on
the detected radiation from the target surface, which include three parts, i.e., target radiation,
environment reflection radiation, and air radiation. The detected temperature-dependent radiation
luminance Lλ is [27]

Lλ = ελLbλ(To) + ρλLbλ(Ta) = ελLbλ(To) + (1 − αλ)Lbλ(Ta), (1)
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where To and Ta are the target temperature and air temperature, and ελ, ρλ, and αλ are the surface
emissivity, reflectance and absorptivity, and Lbλ is the radiation luminance of blackbody. The
first term on the right hand is the surface spectral radiation luminance, and the second term is the
reflected environment spectral radiation luminance. The detected surface illuminance is [27]

Eλ = A0d−2[τaλLλ + εaλLbλ(Ta)], (2)

where A0 is the minimum viewing area of the target, d is the distance between the IR camera and
the target, τaλ and εaλ are the air spectral transmittance and emissivity. The radiation power is
Pλ = AREλ and the corresponding signal voltage is Vs = AR

∫
∆λ

Eλφλdλ where AR is the lens
area of the IR camera and φλ is the spectral response function (SRF). The observed temperature
is then interpreted into cloud or contour figure based on the signal voltage (integrated radiation
power) in certain working wavelength range, such as 2∼5 µm or 8∼13 µm. Outside these two IR
windows, the IR radiation is strongly attenuated due to the absorption and scattering effect by the
CO2 and H2O vapor in the air [28].

Understanding such working principle of an IR camera, we can find that, to generate equivalent
pseudo detected temperature for thermal camouflage, one way is to maintain the temperature
close to the ambient, and the other way is to change the surface emissivity. Comparably,
since the surface temperature is not easy to maintain, the latter one attracts more attentions
recently, and several radiative camouflage devices have been achieved [29–31]. Most of them
are achieved by tuning the surface emissivity, absorptivity, and reflectivity based on specific
phase-change materials, surface nanostructures, external optical, mechanical or electrical stimuli
[32–36]. Actually, surface metal/insulator/metal (MIM) grating microstructures, including
1D/2D binary gratings and photonic crystals, have been comprehensively studied to tune the
surface emissivity by employing the mechanism of surface plasmon/phonon polaritons (SPPs) or
magnetic polaritons (MPs) for increasing applications like thermophotovoltaic (TPV) system,
near-field microscopy and spectroscopy, and polarization manipulation [37–49]. Compared to
the conductive counterparts, the dimensions of the MIM structures are usually in the µm scale,
thus the temperature modulation based on MIM can be more flexible with high resolution.

Fig. 1. Schematic for the radiative metasurface for thermal camouflage. A heat source
on a plate is observed in an IR camera by interpreting the surface radiation energy into
temperature field. With MIM structure engineering, a uniform temperature field is observed
and the real heat source is thermally camouflaged.
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Is it possible to extend the radiative MIM structures to achieve the out-of-plane counterpart
functionalities of the conductive thermal metamaterials? If feasible, we can tune the surface
radiation pixel by pixel or point by point. As shown in Fig. 1, when a heat source is located on a
plate with non-uniform temperature distribution, we may still observe a uniform temperature
field from an IR camera as long as the plate surface is predesigned with proper MIM structures.
To examine this feasibility is the exact motivation behind this study. Note that, because MPs are
insensitive to direction by nature in stark contrast to SPPs [50], MIM structures are more suitable
for thermal camouflage, illusion and messaging. In this paper, we propose a general strategy to
design radiative metasurfaces with different surface emissivity by controlling the MIM grating
structures via tuning MPs, so as to realize these functionalities. The rigorous coupled-wave
algorithm (RCWA) method is used to calculate the surface emissivity of the surface with varying
MIM grating structures. The LC circuit model is applied for further discussions on the related
mechanisms.

2. Methodology

The schematic of the proposed 1D MIM microstructure in a unit cell is shown in Fig. 2(a).
The grating ridge is made of gold (Au) and germanium (Ge) patches with their thicknesses
of d1 = 0.05 µm and d2 = 0.2 µm. The periodic arrays of patches are deposited on an opaque
gold substrate with the thickness of d3=0.5 µm, so that the transmittance can be neglected. The
period Λ is fixed as 3.8 µm, and the grating width w is tuned to control the surface radiation for
desired emissivity. Such MIM microstructures can be fabricated with nanoimprint, interference
lithography, and electron-beam lithography techniques [42]. The RCWA program is used to
calculate the wavelength-dependent reflectance Rλ and transmittance Tλ with considering a
total of 101 diffraction orders. According to Kirchhoff’s law, the wavelength-dependent surface
emissivity is obtained as ελ = 1−Rλ−Tλ. For 1D MIM structures in this work, all diffracted
waves lie in the x-z plane, so that MPs can be only excited for transverse magnetic (TM) waves.
Consequently, only the thermal emission for TM waves is considered here. Note that, such a
strategy can be easily generalized to a more universal application by constructing a 2Dmetasurface
which supports MPs for both TM and TE waves [51].

The emissivity spectra with varied grating widths are shown in Fig. 2(b). With the increase of
grating width from 0.9 µm to 1.4 µm, the emissivity peak is red-shifted from ∼7 µm to ∼14.8 µm,
while the emissivity intensity increases from 0.78 to 0.98. Furthermore, we find the lower and
upper bounds for the grating widths are 0.7 and 1.65 µm, whose emissivity spectrum peaks are
less than 8 µm or much higher than 13 µm and the infrared radiation power integrations in this
range can be neglected. These peaks originate from MPs supported by the MIM structure, which
refer to the strong coupling of the magnetic resonance in the MIM structures with the external
EM fields [51]. The MPs resonance wavelength can be predicted by the inductor-capacitor (LC)
circuit theory, and Fig. 2(c) gives the equivalent LC circuit for the MIM structure, in which the
arrows point out the direction of electric currents. In the LC circuit model, Lm = 0.5µ0wd2/l,
denotes the parallel-plate inductance separated by the intermediate Ge layer, where µ0 is the
permeability of vacuum and l is the patch length in the y direction. Cg = ε0d1l/(Λ − w) is the
capacitance of the gap between the neighboring grating ridges, where ε0 is the permittivity
of vacuum. Cm = c1εGeε0wl/d2 refers to the parallel-plate capacitance between two layers
induced by the Ge layer, where c1=0.19 is a numerical factor which considers non-uniform
charge distribution, and εGe = 16 is the dielectric function of Ge [52]. Because the drifting
electrons also contribute moderately to the total inductance in this MIM structure, and the kinetic
inductance is expressed as Le = −w/(ω2defflε0ε′Au), where ω is the angular frequency, ε′Au is
the real part of dielectric function of Au which can be obtained from the Drude model where
the detailed parameters are taken from Ref. [53], and deff is the effective thickness for electric
currents in the Au patch layer as deff = δ for δ < d2, and deff = d2 otherwise, where the power
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Fig. 2. (a) Schematic for the single Au/Ge/Au MIM structure, in which a thin-layer Ge
spaces Au grating and Au substrate. The MIM structure is deposited at the center of the
period Λ. The grating width w is screened from 0.9 µm to 1.4 µm and the corresponding
surface emissivity spectra are plotted in (b) where the wavelength range is 6∼16 µm. (c)
Equivalent LC circuit model for the fundamental MP mode of the single MIM structure. (d)
EM field distribution at the MP resonance wavelength of 8.39 µm.

penetration depth δ = λ/4πκ with λ the incident wavelength and κ the extinction coefficient of
Au. Then, the impedance of a single MIM structure can be expressed as [39,43]

Zsingle =
iω(Lm + Le)

1 − ω2(Lm + Le)Cg
+ iω(Lm + Le) −

2i
ωCm

. (3)

Then, by zeroing Zsingle, resonance wavelengths of λR = 8.38, 10.25 and 13.0 µm can be obtained
for w= 0.9, 1.1 and 1.4 µm, respectively, which match well with the RCWA results. According to
Lenz’s law, due to the time-varying magnetic field in the y direction, an oscillating current can
be produced which endows the MIM structure with the diamagnetism by generating a reversed
magnetic field. In order to elucidate the underlying mechanism, Fig. 2(d) presents the magnetic
field distribution at the MP resonance wavelength of 8.39 µm. The white lines denote the profile
of the MIM structure. The contour shows the magnetic field intensity in the y direction, i.e., |Hy |

2.
It can be observed that, the strong magnetic field is confined in Ge layer which demonstrates the
excitation of MPs and corresponds to the emissivity peak in Fig. 2(b).

3. Results and discussion

Let us now focus on the integrated radiation power (calculated by thermal emission for TM
waves) in the working wavelength range 8∼13 µm which is directly related to the observed
temperature in the IR camera and differs greatly due to the frequency shift of the emissivity
peak. Initially, a certain real temperature distribution is pre-generated, as shown in Figs. 3(a)
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and 4(a). The temperature curve in Fig. 3(a) is the center line of Fig. 4(a). The dimension of
the Si plate is 200 mm× 200 mm× 5 mm, and the size of the central 15 Watt heat source is 5
mm× 5 mm. All the surfaces are immersed in the air with natural air convective coefficient
of 2 W/(m2·K) at room temperature of 20 °C. As a result, the maximum temperature along
the center line is 392.1 K and the boundary is at 381.7 K. To camouflage the heat source via
emissivity engineering, we divide the surface into M×N unit cells (101× 101, here), and we
deposit different MIM structures on each unit cell. For an emitter with a finite length along the
axis of strips where the Stefan-Boltzmann’s law does not apply [54], the absorption cross section,
which is calculated through considering the total scattering fields, is required to characterize its
emission property. These considerations have limited effects on the performance evaluation, but
vastly increase the difficulty of predesign. In this work, the emitter has a period of 3.8 µm which
is far less (∼50 times) than the strip length of a unit cell. This makes it reasonable to regard the
unit cell as a 1D structure. Due to the invariance of the environment, geometry configuration
and experimental setup, the air temperature and spectral transmittance/absorptivity, viewing
cross-sectional area, distance, solid angle and lens area, thus we only consider the integrated
surface radiation power and neglect the dependence of SRF for simplification hereinafter, which
is enough for the proof-of-concept demonstration. According to the Planck’s law, the integrated
radiation power is calculated as [55]

P =
∫ λ2

λ1

ελEbλdλ =
∫ λ2

λ1

ελ
C1λ

−5

eC2/(λTo) − 1
dλ, (4)

where C1 = 3.743×10−16 W·m3 and C2 = 1.4387×10−2 m·K are the two Planck constants. Though
the local temperature of each unit cell is different, we tune the spectral emissivity of each cell to
make their integrated radiation power at the same/approximate level. Therefore, a same observed
temperature distribution can be detected in the IR camera. We screen the grating width of each
unit cell to maintain the standard deviation (STD) σ of all the integrated radiation power as

minimum as possible by σ =
√∑k=M×N

k=1 (Pk − P̄)
/
(M × N). Figure 3(b) shows the integrated

radiation power variation of five typical unit cells along the center line of the plate with different
grating widths. It is seen that higher temperature corresponds to higher radiation power in general.
To quantify one desired radiation power Pd that all the unit cells can achieve with selected grating
width (emissivity), we decrease the Pd gradually and calculate the corresponding STD until the
STD is the minimum. Using this method, Pd is quantified as Pd = 72.403 W/m3, and the widths
of these unit cell are selected one by one denoted by the vertical dash lines in Fig. 3(b). The
observed temperature curve is shown in Fig. 3(c) according to the Stefan-Boltzmann law and
the preset constant surface emissivity of the IR camera is the average value of the all the unit
cells. Compared with Fig. 3(a), it is seen that the observed temperature is much uniform and
the STD is only 0.144. The grating width distribution of all the unit cells is shown in Fig. 3(d),
and it is seen that the width in the center is the smallest, and the width fluctuates from the
center to the boundary. The distribution of the selected emissivity for all the unit cells and the
observed temperature for the whole plate is seen in Figs. 4(b) and 4(e). It is seen that the observed
temperature is uniform and the real heat source is camouflaged in the background, demonstrating
the thermal camouflage function by such emissivity engineering.

Based on the observed uniform temperature, we can further engineer the local surface emissivity
to realize thermal illusions and thermal messaging. We randomly select four rectangular subareas
to possess much larger local emissivity than the remaining surface. For this end, we take
advantage of the LC circuit theory to reversely predesign the patch width of the MIM structure
for a certain resonance wavelength, and combine them to compose a multi-band MIM structure
(perfect emitter hereinafter), as shown in Fig. 5(a). Such perfect emitter structure is composed
by multiple MIM gratings with 8 widths (w1=0.9, w2=0.95, w3=1, w4=1.05 w5=1.1, w6=1.2,
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Fig. 3. (a) Temperature distribution along the center line of the simulated plate with the
heat source located at the center. The standard deviation (STD) is σ = 2.714. (b) Integrated
radiation power with varied grating width of five typical points in (a). A proper radiation
power is selected by minimizing the STD of the integrated radiation power of all points
on the simulated plate. The corresponding grating widths of the typical five points can be
quantified as the vertical dash lines denote. (c) Observed pseudo temperature converted
from the integrated radiation power in the infrared camera. The observed temperature is
much uniform with a small STD σ = 0.144. (d) Grating width distribution of all the points
on the simulated plate with the same quantifying method in (b).

w7=1.3, and w8=1.4 µm) of 1D single MIM structure and the layer thickness is maintained the
same as previous single MIM structure. The spectral emittance of the perfect emitter is given
in Fig. 5(b). Clearly, the emittance spectrum shows a plateau with the value of around 0.9 in
the 8∼13 µm range even under different incident angles. Such angular insensitivity enables the
similar detected temperature when the IR camera is rotated with respect to the normal direction.
To explain the broad-band high emittance, Figs. 5(c)–5(e) give the magnetic field distribution at
the MP resonance wavelengths of 8.25, 10.12 and 12.73 µm, respectively. In Fig. 5(c), it can be
seen that, at 8.25 µm, the left top MIM of the perfect emitter shows a strong confined magnetic
field in Ge layer, indicating that the emittance peak at 8.25 µm is attributed to the MPs of left
top MIM unit. Also, the emittance peak at 12.73 µm is attributed to the MPs of right bottom
MIM unit, of which the magnetic field distribution is shown in Fig. 5(e). While in Fig. 5(d), it
can be seen that, there exist high confined magnetic fields in two MIM units simultaneously,
which mean that the high emittance at 10.12 µm is due to the MPs of two MIM structures. In a
word, the high multi-band emittance of the perfect emitter is attributed to the hybridization of
separated MPs in the multiple MIM units. We also can understand this by the equivalent LC
circuit for the multiple MIM structure. For a multiple MIM structure consisting of several MIM
subunits, the enhanced electromagnetic field in one subunit is strongly confined without coupling
to other subunits when MPs are excited, so that each MIM subunit behaves as an isolated unit [56].
Therefore, the total impedance of the multiple MIM structure can be expressed using the parallel

LC model as 1
Zmultiple

=
N∑
j

1
Zsingle,j

, where Zsingle,j (obtained by Zsingle in Eq. (3)) is the impedance of

the j-th subunit (j= 1, 2,. . . , N, where N is the total number of subunits) to predict the multiple
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Fig. 4. Demonstration of thermal camouflage, illusion and messaging functionalities. (a)
Original temperature field of a plate with a heat source in the center. An obvious hot spot
exists in the temperature field. (b-d) Surface emissivity distribution for different applications.
(e) The hot spot is camouflaged and a uniform temperature is observed instead, demonstrating
the thermal camouflage functionality. (f) Four separated hot spots emerge on the basis of the
uniform temperature field in (e), demonstrating the thermal illusion functionality. (g) The
heat signature of “HELLO” is observed on the basis of the uniform temperature field in (e),
demonstrating the thermal messaging functionality.

resonant peaks [57]. It can be seen that, any subunit having a zero impedance, i.e., Zsingle,j = 0,
enables the total impedance of the multiple MIM structure to be zero, i.e., Zmultiple = 0. With
the perfect emitter in four separated rectangular subareas, four hot spots emerge in Fig. 4(f)
from the uniform pseudo temperatures in Fig. 4(e), which implies that not only the original heat
source is camouflaged, but also four illusion heat sources are generated to further confuse the
observers. This is the thermal illusion functionality. Further, if we arrange the selected subarea
distribution, we can further realize the thermal messaging. For instance, as shown in Fig. 4(g),
the heat signature of “HELLO” emerges by properly engineering the surface emissivity and local
microstructure on the plate. It is perceived that more letters, graphs, and information can be
realized through the same strategy.
The primary idea in this paper is to engineer the surface emissivity distribution to realize

thermal camouflage, illusion and messaging functionalities. Although these functionalities have
been realized in static conductive thermal metamaterials, they have not been achieved in the
dynamic radiative thermal metasurfaces based on the MIM structures. The performance of
the present functionalities can be further improved if we can construct a larger database of the
optional surface emissivity with varied MIM widths. Thus, the integrated power according to
Eq. (4) can be varied larger, which enables to camouflage the hot spot with a larger temperature
difference in respect to the whole temperature field. One may ask how much difference thermal
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Fig. 5. (a) Schematic for the multiple MIM structure with 8 different widths (perfect
emitter hereinafter). The period and the thickness of each layer are maintained the same.
(b) Emission spectrum for the perfect emitter at different incident angles. (c)-(e) EM field
distribution of the perfect emitter at the MP resonance wavelength of 8.25, 10.12 and 12.73
µm, respectively.

convection and radiation will make to the original temperature field. Taking the center unit in
Fig. 4(e) as an example, the heat flux transferred by thermal conduction, convection, and radiation
are 0.44 W, 7.9 × 10−4 W, and 1.87 × 10−4 W, respectively. It is because that the temperature
difference between the plate and the ambient air is not that large, so that the proposed thermal
camouflage performance will be maintained even with consideration of thermal convection and
radiation. Moreover, the current study is demonstrated by the 1D MIM structure, and we can
generalize this strategy through 2D MIM metasurfaces to achieve more universe functionalities.
It is expected that the proposed 1D MIM structures and the validated strategy can provide hints
and inspirations for further optimization and practical application. We can also extend to MIM
structures of other materials, say refractory materials like tungsten, for very high temperature
applications [39].

4. Conclusions

In summary, we demonstrate the feasibility of radiativemetasurfaces to realize thermal camouflage,
illusion and messaging by structuring the surface emissivity through MIM microstructures. The
surface emissivity of the Au/Ge/Au gratings are calculated by the RCWA algorithm with varied
grating width, which generate the MIM database for surface microstructure optimization. The
proper grating width distribution is quantified by minimizing the temperature standard deviation
(STD) on the whole plate. Using this strategy, the hot spot in the original temperature field is
removed and the observed temperature field is much uniform, which can realize more satisfying
thermal camouflage effect, compared with the conductive thermal metamaterials. Further, a
perfect emitter is designed by stacking multiple MIM structures, whose emissivity is much larger
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and broader in the 8∼13 µm and insensitive to the incident angles. The underlying mechanism
for the broad emission spectrum is ascribed to the excitation of the multiple MPs which can
be demonstrated by the equivalent LC theory. By properly arranging the distribution of the
perfect emitter, thermal illusion and thermal messaging functionalities are also demonstrated.
The present may open avenues for developing novel thermal applications via thermal metasurface
and metamaterials.
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