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Abstract

®

CrossMark

Recently, camouflage technology has attracted researchers’ attention in a large variety of
thermal applications. As a special phase change material (PCM), vanadium dioxide (VO,) is an
excellent candidate for the studies conducted on thermal camouflage technology. VO, has a
transition from the insulator phase to the metal phase with the increase of the temperature. With
regards to this unique feature, VO, can contribute dynamic properties to the camouflage design.
In this paper, a PCM—dielectric based metamaterial mid-infrared adaptive thermal camouflage
nanoantenna is designed to perfectly mimic the atmospheric windows. The adaptive property of
the proposed structure is obtained by using an ultrathin VO, interlayer embedded within the
grating. The spectral responses of the structure are computed using the finite difference time
domain method, and the invisibility of the structure is proved using power calculations in the

different mid-infrared regions.

Keywords: thermal camouflage, mid-infrared, thermal detection, nanoantenna emitter,

metamaterial, vanadium dioxide

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

1. Introduction

According to Plank’s law, objects emit thermal radiation if the
temperature of the structure is above absolute zero [1]. This
thermal radiation can be calculated by the Stefan—Boltzmann
law that indicates the emission from an object is proportional
to the fourth power of the temperature (T*) and the surface
emissivity (¢) [2]. To find the surface emissivity, Kirchhoff’s
law for thermal radiation can be utilized, pointing out that the
absorptivity of an object is equal to its emissivity [3]. For an
ideal blackbody, which is known as a perfect absorber, the

* Authors to whom any correspondence should be addressed.

1361-6463/21/265105+11$33.00

absorptivity therefore the emissivity is unity and, in this case,
the radiation will only be dependent on temperature. For other
objects, surface emissivity varies from O to 1, so the outgo-
ing radiation is a function of both temperature and surface
emissivity [4].

Controlling the thermal emission from an object can be
accomplished using two different approaches called: (a) tem-
perature control, and (b) surface emissivity control [5]. Com-
pared to the first approach that may require supplementary
cooling and heating devices [6], the surface emissivity con-
trol is a rather compatible and robust approach to tailoring
the thermal emission. Accordingly, the best design to prevent
the thermal emission from a hot object in the infrared (IR)
region seems to be a highly reflective structure with near-zero

© 2021 IOP Publishing Ltd  Printed in the UK
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emission and near-unity reflection covering the interior hot
object. However, the blocking of all the wavelengths can cause
a thermal imbalance and lead to heat build-up [7]. Instead
of suppressing all of the emission spectrum, the surface heat
can be selectively emitted in some spectral regions while it
is mitigated in other ranges. These regions are determined
according to atmospheric windows in the IR wavelengths.
Inside the 3 — 12 m spectrum, there are non-transmissive
windows with near-zero transmission such as 4 — 4.2 ym and
5 — 8 um [8], where the atmospheric gases including Nj, O,
CO,, and water vapor can completely absorb the emitted
energy, in a relatively short propagation length. In addition, the
electromagnetic waves due to thermal radiation can propagate
with minimal losses inside the spectrum regions belonging to
atmospheric transmissive windows. That is why thermal cam-
era systems that are used for 24/7 all-weather surveillance
operate either in the mid-wave IR spectral band (3 — 5 pm)
or in the long-wave IR range (8 — 12 ym), while the mid-IR
(MIR) camouflage structures are widely designed to operate
at the non-transmissive windows to hide from thermal ima-
ging systems and cameras [9-12]. The atmospheric transmis-
sion spectrum (Ty,) is related to the atmospheric absorption
by €atm = 1 — Tam, Where they are modeled by considering the
US standard atmosphere compositions at the different vertical
distances [13].

To reach the desired emission spectrum, metamaterials
and metasurfaces made of nano-structured designs are pro-
posed and demonstrated as one of the most effective meth-
ods [14-18] to achieve spectrally selective thermal emitters,
and to reduce the surface emittance as well as the emitted
power from the surfaces. This method constitutes one of the
main optical paths used in the thermal camouflage techno-
logy where the thermal visibility disappears from the selected
working wavelength regions [6] or the emissions in the region
of interests are selectively suppressed.

Besides utilizing optical metasurface architectures,
thermally tunable active phase change materials (PCMs), such
as germanium antimony telluride (GeSbTe or GST) chalco-
genide [19-21], perovskite manganese oxide [22], samarium
nickel oxide (SmNiOj3) [23], and most importantly vana-
dium dioxide (VO;) [24], can be used as an ideal scheme
to control the thermally tuned optical response. The usage
of PCMs with diverse optical properties brings up a unique
solution in different technologies [25]. In particular, due to
the temperature-dependent optical features of the PCM, these
materials are promising candidates for emissivity engineering
applications [26-28]. However, the insulator-to-metal trans-
ition (IMT) temperatures of the PCMs are the forcing factor
that can affect the desired results. For instance, the IMT tem-
peratures of GST and perovskite manganese oxide [21, 22]
are around 150 °C and 10 °C, respectively, and SmNiO;
is becomes gradually more metallic from room temperature
to 140 °C [23]. Therefore, in our design procedure, VO,
with an IMT temperature around 68 °C and rapid change
around this temperature can be an appropriate choice for the
thermal camouflage applications from room temperature to
90 °C [29-32]. Not only that, this matchless switching fea-
ture of VO, results in various applications, such as IR sensors

[33], memristors electronic memories [34], telecommunica-
tion modulators [35], and smart windows [36].

The crystal structure of VO, in the insulator phase (in the
lower temperatures) is a monoclinic, while it turns to tet-
ragonal form and VO, dominantly shows metal properties
after the temperature of ~68 °C. Although this transition is
reversible and provides adaptivity to the temperature vari-
ations [37], a VO, thin layer can partially absorb the incident
light in its metallic phase without showing any wavelength-
selective properties, while the amount of absorption is negli-
gible in the insulator phase. Metamaterials, on the other hand,
are selective absorbers with adjustable (narrow/broad) spectral
responses [38], but they are passive structures with no temper-
ature sensitivity. Therefore, a hybrid design made of metama-
terial absorbers and VO, thin films can provide an opportun-
ity to realize spectrally selective active thermal nanoantenna
emitters.

In this study, a PCM-dielectric based metasurface nanoan-
tenna emitter design is proposed to achieve low observabil-
ity at the MIR region by tailoring the spectral emissivity of
the design. The proposed thermal nanoantenna emitter is com-
posed of a high index dielectric (silicon (Si) in our case) nano-
grating on top of a thick silver (Ag) mirror. An ultrathin VO,
interlayer is embedded within the grating to actively tune its
absorption response. The design geometries are adopted to
place the resonance wavelengths in the atmospheric absorp-
tion windows for thermal camouflage applications. Based on
the position of the VO, layer, the optical response of the design
in the metal phase can be diversely tuned from a narrow-
band to a broadband thermal emitter. Therefore, upon increase
in the surface temperature, the proposed metasurface based
thermal nanoantenna emitter turns into a broadband emitter
with a stronger radiative thermal emission while it compatibly
releases its heat based on the camouflage technology require-
ment. The proposed design has perfect matching with atmo-
spheric absorption windows so that it can efficiently release
its heat without being observed by thermal camera systems.
The detectability of the structure by a possible IR sensor is
calculated using power calculations over the selected spectra.
In addition, due to the hysteresis behavior of VO,, the calcu-
lations are done separately for cooling and heating conditions.

2. Result and discussion

Figure 1(a) is a schematic illustration of the metasurface
design, including nanogratings of Si with a constant refract-
ive index of 3.42 on top of Ag resonator (modeling a metallic
surface). The spectral refractive index of Ag substrate is taken
from the CRC Handbook of Chemistry and Physics [39]. The
period, thickness, and width of the Si are set as p, ¢, and w,
respectively. The commercial finite-difference time-domain
(FDTD) software package (Lumerical FDTD Solutions) [40]
is employed in calculations to seek out optimum geometries
and dimensions. These calculations take place in the 2D sim-
ulation region, where the incident light propagation direction
is chosen as perpendicular to the x — z plane (a uniform plane
wave propagating along the —y direction), and the boundary
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Figure 1. (a) Schematic representation and (b) absorption spectra of
the proposed nanoantenna emitter. Impact of the nanograting
dimensions including (c) the period, (d) width and (e) thickness on
the absorption spectra while each parameter of the structure is kept
at its optimized value besides the variation of the target parameter.

conditions for the x direction are chosen as an anti-symmetric
boundary and perfectly matched layer for the y direction. A
reflection monitor is placed behind the source to integrate the
backscattered field, whereas the transmission monitor is loc-
ated at the front of the source after the structure.

To be invisible to the IR thermal cameras, the resonance
peaks of the nanoantenna emitter should be placed in the high
absorption regions (atmospheric absorption windows). The
design should reflect back the light in the other wavelengths
inside the MIR range. Due to the Ag plate in the bottom of
the structure, the transmission through the design is small
enough to be ignored. Therefore, the only parameter to be

considered in the absorption calculation is the reflection spec-
trum. In the proposed structure, the resonance wavelengths
of the absorption spectrum are dependent on the periodicity,
width, and thickness of the nanograting. Accordingly, tun-
ing, extending, or shifting of the resonances mainly rely on
rational structural design where the geometrical parameters
are optimized in such a way that the occurred resonances in the
absorption spectrum match the atmospheric absorption win-
dows as presented in figure 1(b). Figures 1(c)—(e) represent the
absorptivity versus the wavelength for different geometrical
parameters while each parameter of the structure is kept at its
optimized value besides the variation of the target parameter.
It is observed that three resonances can be excited within the
atmospheric absorption windows while the dimensions are
selected as t = 1600 nm, w = 1700 nm, and p = 1840 nm.

After the optimization of the design, a VO, interlayer is
emplaced as shown in figure 2(a). The VO, is constructed
using experimental refractive index data [24]. The thickness
of the plate is set as #; = 10 nm as a beginning value, and the
impact of its position (d) inside the grating is studied at both
cold (insulator) and hot (metal) states, as shown in figures 2(b)
and (c), respectively. The hot state is when the sample is heated
up to 90 °C and cold state is the room temperature. From the
panel given in figure 2(b), the overall design acts as a narrow-
band dual absorber in the cold state and the position of VO,
layer does not change the spectral responses. This is expected
by considering the fact that VO, has a refractive index close
to Si with a small extinction coefficient in the insulator phase.
Contrarily, in the hot state, the absorption response drastic-
ally changes by moving the position of VO, inside the grating
where it leads to a broader absorption response as well. All
these changes can be more understood by looking at the con-
tour plot given in figure 2(c). At small d; values, where the
VO, layer is in close vicinity of the bottom mirror (design I),
the absorption response resembles that of the insulator phase.
However, as we move away from the mirror (design II), the
bandwidth of the absorption peaks increases. To have a better
visualization, the linear plots of the absorption spectra for two
different cases of d; = 5 nm (design 1), and d; = 1550 nm
(design II) are plotted in figures 2(d) and (e), respectively.
For the d; =5 nm case, the spectra for both insulator and
metal phases are similar with a slight red shift at the resonance
wavelengths. However, in the d; = 1550 nm case, the absorp-
tion peaks at the metal phase have been broadened toward the
adjacent wavelength ranges. Therefore, spectral responses can
be tailored significantly by the position of the VO, interlayer
and the transition between the phases. The spectral responses
of both designs completely match the atmospheric absorption
windows.

In addition, the thickness of the VO, interlayer is studied
as presented in figures 3(a)—(d). According to figures 3(a) and
(c), as the thickness of VO interlayer increases in the insulator
phase, and the amount of absorption of design I and design
II slightly increase where the second and third resonances are
excited efficiently. However, the changes in the insulator phase
are not significant enough to affect the thickness decision.

The main factor in the choice of the thickness is the
behavior of the resonances in the metal phase for both
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Figure 2. (a) Schematic representation of the PCM—dielectric based metamaterial nanoantenna emitter. The contour plots of the absorption
amplitude as a function of VO, position for (b) insulator and (c) metal phase conditions. The absorption spectra of the structure in both the
metallic and insulator phases for two different VO, positions at (d) d; = 5 nm (design I) and (e) d; = 1550 nm (design II).
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Figure 3. Impact of the VO, thickness on the absorption spectrum of design I at (a) the insulator phase, (b) the metallic phase, and on the
absorption spectrum of design II at (c) the insulator phase, (d) the metallic phase.

design I and design II, as shown in figures 3(b) and (d).
Figure 3(b) demonstrates that increasing the thickness of
VO, interlayer causes two important changes in the absorp-
tion response of design I in the metallic phase. First, the
amount of absorption at the third resonance wavelength, as the

most important resonance occurred in the main atmospheric
absorption window, starts decreasing. Second, in addition to
increasing in the amount of absorption at the first and second
resonance wavelengths, these resonances are going to be wider
which causes the exceeding of the absorption bandwidth of
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Figure 4. On resonance electric-field distributions across the proposed PCM—dielectric based metamaterial nanoantenna emitter (design II)
on the x — y plane for (a)—(d) the cold and (e)—(h) hot states when the position of VO interlayer is d; = 1550 nm. The color bar is shown in
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shown as white dashed lines.

Table 1. The absorption resonance wavelengths of the proposed PCM—dielectric based metamaterial nanoantenna emitter (design II) at both

the metallic and insulator phases when the position of the VO interlayer is d; = 1550 nm. Relative shifts are calculated based on the
division of the differences of the resonances to the resonance occurs at the insulator phase (relative shift = (Ametal — Ainsulator) / Ainsulator ) -

Resonance #1 #2 #3 #4
Insulator phase 3.06083 pm 4.06780 pm 5.84938 um 6.53774 pm
Metal phase 3.01811 pm 4.07816 pm 5.86224 pm 6.39659 pm
Relative shift —0.0139 0.0025 0.0021 —0.02159

the corresponding atmospheric windows. Therefore, using a
thicker VO, interlayer more than 10 nm is undesirable for
design L.

Moreover, as seen in figure 3(d), increasing the thickness
of the VO, interlayer reduces the amount of absorption and
broadens the width of the resonance wavelengths of design
II in the metallic phase. The broader response of the second
resonance (as a result of thicker VO, interlayer) can lead
to exceeding the absorption bandwidth of the corresponding
atmospheric absorption, which is undesirable. Therefore, sim-
ilar to the design I, selecting the thickness of VO, interlayer
around 10 nm can be reasonable and desirable based on the
absorption responses of the structure.

To figure out the physical mechanism behind the
aforementioned drastic changes, field distribution analyses,
and absorbed power density calculations are performed at
both metallic and insulator phases of the broadband design

(design II). The associated electric-field results on the x —y
plane including two periods of the structure are depicted in
figures 4(a)—(h). For better visualization, all of the field dis-
tributions are shown in the logarithmic scale. The resonance
wavelengths of the broadband design for both metallic and
insulator cases are also shown in table 1.

As shown in these panels, the electric-field distributions
are drastically changed, upon a phase change. In the insu-
lator phase, the on-resonance field profiles (figures 4(b) and
(c)) at Ag-Si interface show the excitation of surface plas-
mons (SPs). Therefore, the grating design triggers the excit-
ation of SPs and this leads to narrowband light absorptions
in the resonance wavelengths (see figure 2(e)). However, in
the metallic phase (figures 4(f) and (g)), the formation of
standing waves can be seen within the grating design. It can
be anticipated that the absorption mechanism is dominantly
originated from the formation of Fabry—Perot (FP) like cavity
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the (b) Ag—Si nanograting structure with the dimensions given in
figure 1(a).

resonances. Therefore, in the insulator phase, plasmonic mode
is the dominant mechanism while in metallic phase cavity
mode is the main absorption mechanism. In fact, moving from
lossless insulator phase to lossy metal one, a virtual metal—
insulator—metal (MIM) cavity is created in the grating design.
This virtual cavity design supports absorption of the light in
a broad spectral range. That is the reason behind the broad-
ening of the absorption response. When the VO, interlayer is
positioned close to the Ag mirror (design I), this MIM cavity
cannot be formed, and the resonance profile does not change
between two states.

To further investigate mentioned resonances, dispersion
relation of the surface waves supported by unpatterned Ag—Si
planar structure is calculated by using a band structure tech-
nique of the FDTD method. In this band structure tech-
nique, a parameter sweep over the transverse wavevector
is carried out, and frequencies with strong resonances are
searched. Simulated dispersion relation of this multilayer sys-
tem is shown in figure 5(a). Afterward, the same analysis
is performed for the Ag—Si nanograting design, as seen in
figure 5(b). Under normal irradiation, SPs cannot be excited
in a planar metal-dielectric design, while diffraction by sub-
wavelength nanograting can excite the plasmonic modes.
Thus, the differences on dispersion relations of these two
structures provide information about the plasmonic modes
excited in the nanograting design. As shown by dotted lines
in figure 5(b), different from planar structure, two SP frequen-
cies of fip1 and fpy are present in the nanograting design. The
fip1 and fy are located at 55 THz (A = 5.45 um) and 76 THz
(A = 3.95 um), which are in good agreement with the reson-
ance wavelengths of the Ag—Si nanograting design, presented
in figure 1(b).

The above-mentioned statements can be further confirmed
by looking at the power absorption profiles across the cavity
design on the x — y plane at different resonance wavelengths.
The absorbed power density calculations given in figure 6
demonstrate that most of the power is lost inside the Ag sub-
strate at the insulator phase (see figures 6(a) and (b)), while
the most partial amount of the absorption at the metallic phase
is due to the loss inside the VO, interlayer (see figures 6(g)
and (h)). This confirms the proposed mechanisms where the

dominant absorption in the insulator phase was related to SP
excitation on the Ag—Si interface, while it was FP (formation
of a virtual MIM lossy cavity) in the metallic phase.

Based on the obtained results, the proposed design (design
I) can elegantly modulate its response from a narrowband
absorber to a broadband one, upon increasing the temperat-
ure. In the meantime, the positions of the absorption reson-
ance wavelengths are adopted in a way to occur within atmo-
spheric absorption windows. This makes the coated object stay
invisible to the IR thermal cameras and radiatively cool itself
according to Kirchhoff’s law. Therefore, the proposed design
is an adaptive radiative cooling nanoantenna compatible with
thermal camouflage technology.

To verify this capability, emitted power density from the
structure is calculated using thermal emission modeling [24].
The model is demonstrated in figure 7(a). First, due to util-
izing a thick layer of Ag as a substrate, the transmission
can be ignored, and the surface emissivity can be taken
as an absorptivity. Therefore, the surface emissivity can be
written as;

Eeff (T7 >\) = Estructure (T7 /\) =1- Ritructure (T, )\) ) (1)

where egructure (5 A) and Ryucwre (T, A) are considered as the
absorptivity and reflectivity of the proposed nanoantenna emit-
ter dependent on the operating wavelength (\) and absolute
temperature (7)) of the body. Then, the blackbody radiation can
be calculated by the formula given by [41];

2
BB (T, \) = 21 ( i

—1
3 e™pT — 1) , (2)
where h, ¢, and kg are Planck constant, the speed of light in
vacuum, and Boltzmann constant. The thermal emission can
be obtained as a multiplication of (1) by (2) as;

TE(T,\) = ecr (T, \) x BB (T, \). 3)

Taking an integral with respect to the wavelengths over the
region of interest will give the detected optical power density
by the camera as presented in (4);

Al
P= /TE(T,)\)d)\. (@)

A2

In this work, the wavelength intervals are chosen as 3 — 4 um,
4—-42pum,4.2 —-5um,5— 8 pum and 8§ — 12 um according to
the atmospheric windows over the 3 — 12 um. The calculated
detected power densities for the proposed narrowband struc-
ture (design I) are presented in figures 7(b)—(f) in the logar-
ithmic scale. Due to the hysteresis behavior of VO, around
the transition temperature 68 °C, the heating behavior from
insulator to metal and cooling behavior from metal to insu-
lator takes different paths in the transition. To make sure the
design has thermal camouflage in both cases, the calculations
are done separately for cooling and heating conditions. The
intervals 4 — 4.2 um and 5 — 8 um are the regions of interest
that the power emission should be high enough for releasing
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the energy. In those regions, the released power is expected
to be as close as possible to the blackbody radiation so the
build-up energy can be released without causing any risk of
detection by the IR thermal cameras (see figures 7(c) and (e)).
On the contrary, the rest of the intervals are the ones that the
atmospheric windows allow the emission of power. Therefore,
any power released in those regions should be as small as pos-
sible and far away enough from the blackbody radiation for
both cooling and heating conditions that can be observed in
figures 7(b), (d), and (f).

As discussed before, if the placement of the VO, interlayer
is arranged to the top part of the Si (design II), the absorption
response of the structure at the cold state (insulator phase) will
remain almost the same with design I (both designs have sim-
ilar absorption responses in the insulator phase, see the blue
lines in figures 2(d) and (e)). However, the hot state (metal-
lic phase) of design II results in response change from the
narrowband to the broadband one. The broadband response
means a larger thermal power release. Although the reson-
ance peaks become broader in the hot state, they still stay in
the atmospheric absorption windows to prevent any detection
probability by the IR thermal cameras. The calculations of
the detected powers by an IR camera in a logarithmic scale
for the proposed broadband structure (design II) are presen-
ted in figures 8(a)—(e). Figures 8(a), (c), and (e) are the calcu-
lated powers in the non-absorptive intervals where the powers
should place as far as possible from the blackbody radiation.

On the other hand, figures 8(b) and (d) are the regions where
the response of the design should be close to the blackbody
radiation.

The absorption responses and, therefore, the emission
responses of the proposed structure, which are placed over
the blackbody radiation, for both narrowband and broadband
designs (design I and II) in the cold and hot states of the VO,
interlayer are demonstrated in figure 9. For a better compar-
ison, blackbody radiations at 25 °C and 90 °C, the emission
responses of the proposed designs over the blackbody radi-
ations at four different cases, and real emissions of the pro-
posed designs with consideration of atmospheric transmis-
sion spectrum are presented. Both narrowband and broadband
responses are quite similar in the cold state (see figures 9(a)
and (c)). Even though sharp emission peaks are displayed
around 6 pm, the absorption feature of the atmosphere at that
wavelength cancels the aforementioned peak in the real emis-
sion and, therefore, the design becomes invisible in the MIR
region for both designs in the cold state. For the hot state,
the emissions over the blackbody demonstrate different peaks
for the narrowband and broadband designs (see figures 9(b)
and (d)). However, consideration of the atmospheric absorp-
tion windows cancels most of the emission and invisibility of
the design is preserved. It is observed that narrowband design
acts better in comparison to broadband design for thermal
camouflage applications but being a perfect and broadband
absorber within the absorption windows helps more to reduce
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Figure 9. Comparisons among the emitted power densities at different temperatures including blackbody radiation (black solid line),
atmospheric transmissivity for 5 km long transmission path through the atmosphere at the ground level (green dashed-dotted line) over the
corresponding blackbody radiation, the proposed structure without considering atmospheric transmissivity (blue solid line) over the
corresponding blackbody radiation, and the real emission response of the proposed design I and II (red solid line). The emitted power
densities of the proposed narrowband design at the (a) cold state when the temperature is 25 °C and (b) hot state when the temperature is
90 °C. The emitted power densities of the proposed broadband design at the (c) cold state when the temperature is 25 °C and (d) hot state

when the temperature is 90 °C.

the coated targets’ temperature. This leads to thermal balance
and radiative heat exchange between the target and low tem-
perature surrounding.

3. Conclusion

This study demonstrates a thermally tunable nanoantenna
emitter based on a hybrid design made of a metamaterial
absorber and VO, thin film as a PCM for thermal camou-
flage applications. The camouflage capability of the proposed
design is in-depth studied using numerical analyses. It was
found that an ultrathin VO, embedded layer can significantly
tailor the antenna response. In the cold state, the absorption
response is not VO, position dependent and the dominant har-
vesting mechanism is due to the excitation of plasmonic mode
formed in the metal-dielectric interface. On the other hand,
the response in the hot state can be effectively manipulated
from narrowband (design I) to broadband (design II) by chan-
ging the position of the VO, thin film. However, in both cases,
we adopt a design that is precisely matched the atmospheric
absorption windows. Thus, this tunable nanoantenna emitter

releases its heat energy into the atmosphere through the
absorption windows in the spectrum. The power emission sup-
pression is achieved only at the atmospheric windows and the
verification of this behavior is demonstrated with the emitted
power calculations over the selected intervals for both narrow-
band (design I) and broadband (design II) responses. Due to
the hysteresis behavior of the VO,, the calculations are car-
ried out separately under cooling and heating conditions. Cal-
culated power densities demonstrate the superiority of the pro-
posed designs for being utilized in the thermal camouflage
applications.
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