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Abstract
Sub-wavelength metasurface designs can be used to artificially engineer the spectral thermal
signature of an object. The real-time control of this emission can provide the opportunity to
switch between radiative cooling (RC) and thermal camouflage functionalities. This
performance could be achieved by using phase-change materials (PCMs). This paper presents a
sub-wavelength dynamic metasurface design with the adaptive property. The proposed
metasurface is made of vanadium dioxide (VO2) nanogratings on a silver (Ag) substrate. The
design geometries are optimized in a way that both narrowband and broadband mid-infrared
(MIR) emitters can be realized. At low temperatures, insulating VO2 nanogratings trigger the
excitation of Fabry–Perot mode inside the grating and surface plasmon polaritons at the
metal–dielectric interface with an emission peak located in the MIR region to maximize the RC
performance of the design. As temperature rises, the PCM transforms into a metallic phase
material and supports excitation of Wood’s anomaly and localized surface plasmon resonance
modes. Accordingly, the thermal signature is adaptively suppressed.

Keywords: thermal camouflage, metasurface, phase-change materials,
surface plasmon polaritons, Wood’s anomaly resonance

(Some figures may appear in colour only in the online journal)

1. Introduction

In nature, self-adaptions are a defensive strategy used by
creatures to conceal their appearance and fit in with their sur-
roundings. Camouflage, also known as cryptic coloring, is the
name of this act to conceal the location, identity, and move-
ment. While visual camouflage occurs in the visible regime,
the blackbody (BB) radiation in the infrared region is a sec-
ondary way to identify and track an object. Thermal camou-
flage (TC), an ability to suppress or manipulate the emission
from a surface, is the common contour measure to hide from

∗
Authors to whom any correspondence should be addressed.

thermal cameras’ eyes [1, 2]. Two common approaches are
described in the literature for controlling the radiant intensity
of objects to realize TC. The first one is based on controlling
the surface temperature or their surrounding environment [3,
4], while the second approach is based on modifying the sur-
face emissivity of objects by using special material [5–8] and
sub-wavelength metasurface designs [9–15]. Compared with
the first approach, which requires supplementary cooling and
heating devices, surface emissivity control is a more conveni-
ent and robust approach to tailoring the thermal emission. The
simplest design to achieve TC is metallic foils with near-zero
thermal emissivity values in the infrared region. However, a
metallic sheet is a non-selective design that reflects the inside
heat radiation and causes thermal imbalance. Therefore, a wise
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design requires a selective thermal emission to cool the design
radiatively while keeping the thermal signature at low values.
Generally, thermal cameras operate in two regions; the mid-
wave infrared (MWIR, 3–5 µm) and the long-wave infrared
(LWIR, 8–14 µm), which are atmospheric transmission win-
dows, where photons can propagate with minimal attenuation.
That is why thermal cameras operate either in the MWIR
or LWIR regions. Moreover, in between, we have a non-
transmissive spectral range called non-transmissive infrared
region (NTIR) (5–8 µm) [16, 17]. Modifying the inherent sur-
face emissivity of an object by using engineered nanoanten-
nas could place the BB radiation in the NTIR region and
suppress the MWIR and LWIR signatures [9–11]. Besides
this passive modification, achieving dynamic control is the
desired functionality in TC. This could be accomplished using
phase-change materials (PCMs) such as samarium nickel
oxide (SmNiO3) [18], antimony trisulfide (Sb2S3) [19], vana-
dium dioxide (VO2) [20–24], germanium antimony tellur-
ide (GST) [25], and Ge2Sb2Se4Te1 (GSST) [26]. Among the
PCMs materials, VO2 is a particularly promising candidate
for the studies conducted on TC technology. It has a rapid
phase change from room temperature to 90 ◦C and has a
phase-transition temperature of 68 ◦C [20, 21]. While these
materials, in the bulk form, have non-resonant/non-selective
optical response, their integration with metasurface structures
such as metal–insulator–metal (MIM) structures, all metallic
structures, and gratings can offer the desired selectivity [21,
27–30]. Therefore, different tunable thermal emitters are pro-
posed by utilizing a multilayer metal–dielectric–metal micro
pyramid structure with VO2 spacers [27], inserting a GST
interlayer between the top gold nanodisks and bottom gold
layer as an MIM configuration [28, 29], and using an ultrathin
VO2 interlayer embedded within the grating [30]. However,
the above-mentioned emitters are multilayer configurations
and the cavity-based design sensitivity to the incidence angle
makes them ineffective under oblique angle conditions.

Herein, we propose a simple facile route to obtain a PCM-
based metasurface nanoantenna emitter to realize tunable con-
trol of TC. This performance is realized due to the shift of
emission peaks between the neighboring windows as VO2

temperature varies from 25 ◦C (insulator phase) to 90 ◦C
(metal phase), causing it to operate with high emission within
the NTIR region to actively dissipate heat. When the VO2 lies
in the metal phase, by changing the dimensions of the grating,
the optical response of the design can be tuned from a nar-
rowband to a broadband thermal emitter in the NTIR region.
Moreover, a possible IR sensor’s detectability of the struc-
ture is calculated using power calculations over the selected
spectra.

2. Design methodology, operation principle, and
simulation results

Any object with a temperature above zero Kelvin emits its
heat as radiation. On the earth, with its nominal temperature,
this radiation is mainly located in the infrared region. In the

Figure 1. (a) Different detection scenarios of an object.
(b) Schematic illustration of the proposed tunable thermal emitter
based on phase change material VO2. The absorption contour plot as
a function of wavelength for constant width and thickness of VO2

grating (w= 3500 nm, t= 800 nm) versus periodicity for the
(c) cold state and (e) hot state. The absorption contour plot as a
function of wavelength for constant width and period
(w= 3500 nm, p= 5000 nm) versus thickness of nanograting for
the (d) cold state and (f) hot state.

meantime, the atmosphere has selective transmissive win-
dows (MWIR and LWIR), where photons can propagate with
minimal attenuation. That is why thermal cameras operate
either in the MWIR or LWIR regions. Moreover, we have a
non-transmissive spectral region called NTIR, see figure 1(a).
Based on the targeted application, the emission spectra of the
design can be engineered accordingly. If the goal is radiat-
ive cooling (RC), the MWIR and LWIR ranges are preferred
regimes where photons can propagate toward space with min-
imal capturing in the earth’s atmosphere. However, from TC
perspective, the emission spectra should be placed in the NTIR
range to hide an object from thermal cameras as well as sus-
tain its RC performance. Although objects have inherently
non-selective BB emissions, it is possible to manipulate their
spectral radiation using nanoantennas such as sub-wavelength
metasurfaces. The proposed metasurface in this work is shown
in figure 1(b). The unit cell of the emitter consists of a PCM
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nanograting antenna made of VO2 on top of a thick silver (Ag)
substrate.

The electromagnetic characteristics of the proposed emit-
ter are achieved through a finite difference time domain-based
software package. These simulations are carried out in a two-
dimensional (2D) environment, and the structure is normally
illuminated by an x−polarized uniform plane wave propagat-
ing along the −z direction. The boundary conditions for the x
and z directions are periodic (to calculate the coupling effect
between the neighboring meta-atoms) and perfectly matched
layers (to evaluate absorptivity). In the simulations, the spec-
tral refractive index of VO2 grating is extracted from [20],
and the Ag substrate is taken from the Johnson and Christy
database [31].

The absorption/emission response of the design is numer-
ically evaluated at two extreme states, cold (25 ◦C) and hot
(90 ◦C). Essentially, the optical response of the proposed
metasurface can be manipulated by two main factors; (a) the
filling fraction (w/p) and (b) the thickness (t) of the grat-
ing. To evaluate these factors, the absorption contour plots
(in both cold and hot states) are extracted for periodicity
and thickness sweeps under normal illumination of the TM-
polarized plane wave, see figures 1(c)–(f). In the cold state,
the absorption response has three main resonance modes. The
first and third modes have less dependency on periodicity
but linearly redshift as the thickness of the grating increases.
Contrarily, the spectral position of the second mode is inde-
pendent of the grating thickness and gradually increases with
the periodicity of the design. Moreover, this resonance could
only be excited in specific periodicity values ranging below
5.5 µm. When it comes to the hot state, as these panels imply
(figures 1(e) and (f)), the response is a single-mode resonator
with its peak located within the NTIR region. Based on the
choice of p and t, this emitter could be either narrowband
or broadband, as shown in figures 1(e) and (f). While the
periodicity causes a semi-linear shift in the absorption peak,
the thickness effect is more like broadening the peak sig-
nal. Thus, upon phase transmission, the operation principle of
the nanoantenna emitter significantly changes. The physical
mechanisms behind this operation will be discussed later.

To design an adaptive TC nanoemitter, we need to engin-
eer emission response between the atmospheric windows. To
suppress the thermal signature of an object upon temperature
rise, the emission spectrum of the nanoantenna should shift
from the LWIR region to the NTIR region. Taking these cri-
teria as our goal, geometrical optimizations are carried out to
design both narrowband and broadband emitters. As shown in
figures 2(a) and (b), both emitters have a multi-band absorp-
tion response in the cold state. Essentially, in lower tem-
peratures with lower emissive power values, the multi-band
response provides an efficient cooling performance through a
broad spectral range. However, as the temperature rises, the
VO2 layer undergoes a phase transition, and the emission peak
moves toward the NTIR region to suppress the LWIR signa-
ture from the object. While the broadband emitter has a bet-
ter cooling performance, its thermal signature (in the MWIR
and LWIR regions) is higher than that of the narrowband one.

Figure 2. Dependency of the absorption spectrum of the proposed
nanoantenna emitter on the variation of the temperature from 25 ◦C
to 90 ◦C: (a) narrowband emitter (w= 3800 nm, t= 750 nm,
p= 7400 nm) and (b) broadband emitter (w= 3400 nm,
t= 1050 nm, p= 4000 nm). (c) Calculated average
emission/absorption under normal incidence obtained via integration
of the absorption spectra with respect to the wavelength at different
regions (including MWIR, NTIR, and LWIR regions) for 25 ◦C,
68 ◦C, and 90 ◦C temperatures for the narrowband and broadband
emitters. Angular absorption response of the metasurface design for
different incident angles (hot state); (d) contour plot and (e) 2D plot.

Thus, the choice of the emitter should consider the trade-
off between RC and thermal signature mitigation. For a bet-
ter qualitative comparison, the average emission/absorption of
three distinct states of cold, transition, and hot are extracted in
theMWIR, NTIR, and LWIR regions for both narrowband and
broadband emitters (figure 2(c)). In the narrowband design, the
temperature rise has triggered the suppression of both MWIR
and LWIR signatures while maintaining the RC performance.
Similar trends can be found in the broadband nanoantenna
but with larger amplitudes due to broader spectral response.
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Therefore, the proposed metasurface rationally adapts itself
to the background temperature through simultaneous thermal
signature reduction and NTIR RC enhancement. From a prac-
tical point of view, a camouflage design should sustain its
operation against threats from all directions. In other words,
themetasurface should hold its spectral response at wide view-
ing angles. For this purpose, the angular absorption response
of the metasurface design through an incidence angle range
of 0◦–40◦ is investigated. Based on the contour plot depicted
in figure 2(d), the absorption peak of the broadband design in
the hot state stayed inside the NTIR region within the whole
field of view while keeping its MWIR and LWIR signatures
almost intact (this effect will be discussed later). This could
be visualized from the 2D plot given in figure 2(e). According
to the above-mentioned discussions, the proposed metasurface
design is an adaptive camouflage structure. However, the ques-
tion is how it adapts its operation under temperature-variant
conditions.

The physical origin of the resonance modes is required to
be explored to answer the question. For this aim, the mag-
netic field (H-field) and power absorption density profiles
have been extracted along the cross-section of narrowband and
broadband designs for both cold and hot states, see figures 3
and 4. The results are investigated for the normal incidence
of the transverse magnetic (TM)-polarized wave. The calcu-
lated field and absorption density profiles for the narrowband
design in the cold (at 8.5 µm) and hot (at 7.6 µm) states are
considered in figures 3(a) and (b), respectively. In the cold
state (figure 3(a)), the magnetic field is dominantly confined
in the grating, demonstrating the formation of a standing wave
leading to the excitation of Fabry–Perot (FP) mode. This con-
finement can also be observed from the absorption density pro-
file, while the main contribution of the absorption is due to
the loss inside the dielectric grating. However, in the hot state,
the VO2 grating turns into a lossy metallic layer, forming a
metal–metal gating configuration. According to figure 3(b),
the H-field and absorption density profiles dramatically dif-
fer from those provided for the cold state. Unlike the H-filed
and absorption profiles in the cold state, the field distribution
in the hot state is dominantly concentrated at the top region of
the grating leading to light absorption around this region. This
phenomenon can also be justified by looking at the absorption
density profile in the hot state. Considering the metal–metal
grating architecture and H-field profile, the behavior can be
explained based on Wood’s anomaly phenomenon. The res-
onance wavelength of a Wood’s anomaly absorber (WAA),
experiencing a normal incidence, can be explained as follows
[32, 33];

λWA
res =

p√
i2 + j2

√
εgrating

εgrating + 1
(1)

where p is the periodicity of the design, i and j are integer
values (the grating orders for the reciprocal lattice vectors)
and εgrating is the permittivity of VO2 in our case. The for-
mula implies that in a WAA, the resonance wavelength is
irrespective of the grating thickness (see figure 1(f) for the

Figure 3. Absolute values of the total magnetic field and power
absorption density on the x− z plane obtained for one unit cell at the
dominant resonance wavelength of the narrowband design
(w= 3800 nm, t= 750 nm, p= 7400 nm) in the (a) cold state and
(b) hot state when the structure is normally illuminated by an
x−polarized uniform plane wave propagating along the −z
direction.

region of interest shown by the dashed line in which the grating
thickness values are between 500 nm and 800 nm) and width
and it is defined by the grating periodicity and permittivity.
Therefore, considering the fact that εVO2 ≫ 1, the periodicity
is the main factor that defines the resonance wavelength, as
can be seen from figure 1(e) for the grating periodicity around
7.4 µm. Therefore,Wood’s anomaly phenomenonmainly con-
tributed to the absorption resonance wavelength of the pro-
posed narrowband absorber in the hot state. It should also be
noted that Wood’s anomaly phenomenon works well when the
grating design acts as an isolated nanoantenna (smaller filling
factor). In other words, increasing the filling factor dimin-
ishes this phenomenon due to the fact that adjacent unit cells
cause mutual coupling between nanoantennas, which affects
the overall absorption response. Therefore, this effect loses its
contribution to the broadband design.

In the following, the magnetic field and absorption density
profiles have been extracted along the broadband design cross-
section for both cold and hot states, see figures 4(a) and (b).
Back in figure 2(b), it can be seen that, in the cold state, we
have two main resonant peaks located at 4.2 µm and 7.1 µm.
The field profile in figure 4(a) demonstrates the formation of
a standing wave, leading to the excitation of FP mode. Sub-
sequently, the absorption density profile at 4.2 µm (figure 4(a))
represents light harvesting inside the VO2 grating, confirming
the excitation of FP mode. Moreover, the field distribution
at the longer resonance wavelength of 7.1 µm reveals the
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Figure 4. Absolute values of the total magnetic field and power
absorption density on the x− z plane obtained for one unit cell at the
dominant resonance wavelength of the broadband design
(w= 3400 nm, t= 1050 nm, p= 4000 nm) in the (a) cold state
and (b) hot state.

excitation of surface plasmon polaritons (SPPs) at the metal–
dielectric interface. The absorption density profile given in
figure 4(a) reflects the excitation of SPPs at the Ag–VO2

interface as the main responsible for the light absorption.
In particular, surface plasmon resonance wavelength (λSPP

res )
excited by a metal–dielectric configuration can be expressed
by [34];

λSPP
res =∓ p

m

√
εmetal.n2eff
εmetal + n2eff

(2)

where p is the periodicity, m is the diffraction order, and neff is
the effective refractive index of the SPPmode (a value between
air and grating indices). Considering the IR operation range,
it can be assumed thatεmetal ≫ n2eff, it simplifies the formula
to λSPP

res = p
mneff. As a result, the resonance wavelength has a

linear relation with the periodicity, which is in line with our
findings for the first mode, as explained in figure 1(c). Another
factor in defining the resonance wavelength is neff. While this

parameter is directly proportional to the grating width, it can
also be manipulated by the grating thickness [35]. This is due
to the fact that the SPP fields exponentially decay within the
grating region and thickness values, comparable with the SPP
decay lengths, can tune the absorption resonance response.
Therefore, taking all into consideration, in the cold state, FP
and SPP are responsible resonance modes.

In the hot state, the main resonance wavelength is located
at 6.45 µm, where the transition of the VO2 grating results in
a metal–metal configuration. In this scenario, as presented in
figure 4(b), the magnetic field is mainly concentrated within
the groove, leading to the constitution of localized surface
plasmons and then light absorption at the grating walls. The
corresponding absorption density profile further demonstrates
the nature of this resonance as localized surface plasmon res-
onance mode. This is in contrast to the narrowband design,
where Wood’s anomaly mainly contributed to the absorption
resonance.

Additionally, the design keeps its robustness at a wide view-
ing angle and the resonance stays inside the NTIR region
within the whole field of view as seen in figures 2(d) and
(e). In general, the optical path length of the light inside a
bulk medium is equal to kz cω t, where kz represents the z com-
ponent of the wavevector and t is the layer thickness. In an
isotropic medium with a permittivity of ε, kz = ω

c

√
ε− sin2θ,

where θ is the incidence angle. In the proposed design, the
material is highly dispersive at the resonance wavelength and
ε≫ sin2θ.Therefore, the kz and consequently, the optical path
is weakly sensitive to the angle of incidence.

The calculated infrared signatures of the nanoantenna emit-
ter for both narrowband and broadband designs are shown in
figure 5. The results are calculated by considering the radiation
energy emitted from the normal direction up to 5 km in the cold
and hot states of the VO2 nanograting. The thermal emittance
(TE(T,λ)) of the nanoantenna emitters over the BB radiator
[TE(T,λ) = BB(T,λ)× εemitter (T,λ)] with and without con-
sidering the atmospheric transmission spectrum [Tatm (λ) =
1− εatmosphere (λ)] (i.e. TE(T,λ) and TE(T,λ)×Tatm (λ)) are
investigated for each design at both insulating and metallic
phases (cold and hot states). From figures 5(a) and (b), it
is observed that the IR signatures of the narrowband design
(dashed lines) represent a significant reduction in comparison
to the BB radiation (light-colored areas) in the atmosphere.
While the IR signatures are reduced within the atmospheric
windows, the structure can cool itself more efficiently at the
range of 5–8 µm, as seen from the solid lines. Compared to the
narrowband emitter, it is observed that the broadband design
(figures 5(d) and (e)) acts better in RC within the NTIR region
but imposes largerMWIR and LWIR signatures. Next, the per-
formance of this metasurface on the average emission of a BB
radiator (as an extreme case) is investigated. This is accom-
plished using the following definition:

εave (T) =

´ λ2

λ1
TE(T,λ)dλ´ λ2

λ1
BB(T,λ)dλ

=

´ λ2

λ1
εemitter (T,λ)BB(T,λ)dλ´ λ2

λ1
BB(T,λ)dλ

(3)
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Figure 5. Comparisons among the emitted power densities at different temperatures including BB radiation, atmospheric transmissivity,
and the proposed structure response obtained by considering the effect of the atmospheric transmission spectrum. The spectral radiant
emittance of (a) the narrowband emitter in the cold state (25 ◦C) and (b) in the hot state (90 ◦C) (c) detected emitted power versus
temperature at different intervals including 3–5 µm, 5–8 µm, and 8–14 µm for the narrowband design. The spectral radiant emittance of
(d) the broadband emitter in the cold state and (e) in the hot state (f) detected emitted power versus temperature at different intervals
including 3–5 µm, 5–8 µm, and 8–14 µm for broadband design.

Table 1. Comparisons of proposed PCM-based metasurface nanoantenna emitter and previous published works.

References Utilized PCM Structure configuration Tunability Sensitivity to the incidence angle

[22] VO2 hBN patches and periodic VO2 blocks on a silicon film × ×
[26] GSST Combining the inner and outer elliptical cylinders × ×
[27] VO2 Multilayer micro pyramid structure with VO2 spacers 3 0◦–60◦

[29] GST MIM tri-layer 3 0◦–25◦

[30] VO2 VO2 interlayer embedded within the grating 3 ×
This work VO2 Single layer of VO2 grating on Substrate 3 0◦–40◦

where BB(T,λ) is the BB emission and εemitter (T,λ) is the
surface emissivity of the proposed metasurface-based nanoan-
tenna emitter. The results obtained via equation (3) for both
narrowband and broadband designs are extracted for a tem-
perature range of 25 ◦C–55 ◦C and 70 ◦C–90 ◦C, as shown in
figures 5(c) and (f). For the narrowband design, the normalized
emitted power in MWIR, NTIR, and LWIR ranges are almost
temperature-independent with a value below 0.3. In the broad-
band emitter case, the LWIR, NTIR, andMWIR signature sup-
pressions are not as effective as the narrowband design. How-
ever, its RC performance is stronger due to its broader spectral
response. The discontinuity of the emitted power versus tem-
perature between 55 ◦C and 70 ◦C, corresponding to the trans-
ition region of VO2 material with a hysteresis behavior, is due
to the fact that theVO2 material is effectively in a state between
dielectric and metallic phases. Therefore, the permittivity data

cannot bemodeled appropriatelywhere the emitted power ana-
lysis within this specific range is skipped. In the end, a compre-
hensive comparison of the proposed PCM-based metasurface
nanoantenna emitter with prior works in terms of structure
configuration, tunability, and sensitivity to the incidence angle
is investigated in table 1. It is seen that the proposed PCM-
based emitter is capable of providing tunable thermal manage-
ment throughout a wide viewing angle.

3. Conclusions

This paper demonstrates an adaptive metasurface thermal
emitter suitable for TC functionality. The design can sustain
its camouflage performance throughout a wide viewing angle,
making it a facial structure for real applications. The results
of this study can serve as a beacon for the design of future
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smart coatings that can adapt themselves to surrounding envir-
onments without the need for an external control mechanism.
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