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We propose a black phosphorus-silicon carbide (BP-SiC) metasurface with in-plane structural symmetry that can
act as both a nearly perfect anisotropic absorber and tunable polarized source of mid-infrared (MIR) radiation.
The metasurface is a periodic array of square SiC patches integrated with a BP flake at the top and separated from
a bottom reflector by a BaF, spacer. We first use analytical calculations and numerical simulations to study the
hybridization of the anisotropic plasmons of BP with isotropic phonons of SiC. We also analyze the in-plane
characteristics of the resulting hybrid modes of the BP/SiC heterostructure and the BP-SiC metasurface. It is
then demonstrated that the proposed metasurface can serve as a nearly perfect anisotropic absorber of MIR
radiation with highly selective and omnidirectional features. It is also shown that the metasurface can be used as
a polarized MIR source with tunable temperature, which is determined by the thermal equilibrium between the
matter and radiation. The suggested design holds promise for artificial coatings that can tune the blackbody

thermal signatures, MIR sensing, and highly directional in-plane transportation of the MIR energy.

1. Introduction

Thermal emission by hot objects is an incoherent phenomenon that
was explained more than a hundred years ago. According to Planck’s
law [1], an ideal blackbody incoherently emits a continuous spectrum of
electromagnetic radiation, the shape of which is determined solely by
the temperature of the blackbody; increasing this temperature in-
tensifies the emission and blueshifts the peak emission wavelength.
Kirchhoff’s law of heat radiation requires that the spectral directional
emissivity e(1, T, Q) of a body (quantifying the efficiency of its thermal
emission as compared to a blackbody) is equal to the spectral directional
absorptivity A(4, T,Q). It is, therefore, possible to engineer the temporal
and spatial coherence of thermal radiation by the thoughtful selection
and patterning of the body’s material. The realization of this concept
about two decades ago led to the experimental demonstration of
temporally and spatially coherent thermal emitters [2,3]. Since then,
various methods of controlling and manipulating thermal emission
based on photonic structures [4], such as photonic crystals [5] and
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nearly perfect metamaterial/metasurface absorbers (PMAs) [6-8], have
been developed. They have found many useful applications, including
radiative cooling [9], thermophotovoltaic conversion [10], and thermal
camouflaging [11,12]. It has also been demonstrated that incandescent
metasurfaces with control over the polarization of their MIR thermal
emission can prove useful in spectroscopic applications [13].

In addition to the classification based on the control over the spec-
trum, polarization, and directivity of the emitted radiation,
metastructure-based thermal emitters are also classified according to the
material of their building blocks. Several types of plasmonic meta-
structures, including metal-insulator-metal structures [6,14] and
metallic gratings [15], have demonstrated the capacity to control ther-
mal radiation thanks to their support of surface plasmon polaritons
(SPPs). Phononic metastructures predominantly composed of polar di-
electrics [16], such as SiC [2,3,17-24] and hexagonal boron nitride
(hBN) [25-27], are another class of thermal emitters that generate MIR
radiation due to the support of hyperbolic phonon polaritons and surface
phonon polaritons (SPhPs) in the Reststrahlen band of hBN and SiC.
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Such metastructures are composed of either unpatterned layers of polar
materials [17,18,27] or micrometer-thick resonators on a polar [3,
19-23] or silicon substrate [24]. While thermal emitters based on
plasmonic nanostructures are ultrathin due to the nanoscale confine-
ment of the incident light, functional phononic resonators in two-port
metasurfaces must be thick enough to enable sufficiently strong
light-matter interaction.

The dynamic tunability of plasmonic and phononic thermal emitters
further broadens the scope of their practical applications. It is achieved
via the integration of the emitters with thermally tunable phase-change
materials, such as GesSboTes (GST) [18] and vanadium dioxide (VO5)
[28,29], or gate-tunable semiconductors such as InAs [30]. Alternative
tunable material is graphene, which can be used in plasmonic meta-
surfaces as gate-tunable infrared sources [11]. By integrating graphene
with phononic metasurfaces based on polar semiconductors, such as SiC
[31,32] or hBN [33], one alters their absorptive and emissive properties
via the hybridization of the graphene SPPs with phonon polaritons of SiC
or hBN. Moreover, one can create a nonvolatile tunable MIR thermal
emitter by integrating GST to a silicone carbide (SiC) film or a SiC-based
metasurface [18].

The emitters considered so far generate isotropic thermal radiation
due to the isotropy of their constituent materials, whereas the genera-
tion of polarized radiation demands structures with in-plane asymmetry
[3,13,26]. Here, we propose a black phosphorus (BP)-integrated SiC
metasurface with in-plane symmetry to achieve nearly perfect aniso-
tropic absorption and thermal emission with tunable characteristics.

BP is a notable member of the two dimensional materials family with
outstanding electrical and optical properties. It has a tunable direct
bandgap ranging from 1.51 eV for a monolayer BP to 0.59 eV for a five-
layer BP, high hole mobility of the order of 10,000 cm? V! s~ (for a
monolayer BP), and a thickness-dependent absorption coefficient
exhibiting linear dichroism between perpendicular in-plane directions
[34,35]. This feature implies that — unlike graphene — BP supports SPPs
with dispersions dependent on the direction of propagation [36,37].
These unique properties render BP a great material for infrared opto-
electronics [38].

The naturally weak interaction of thin BP films with light can be
enhanced by nanopatterning BP flakes grown on a dielectric substrate.
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This method allows one to fabricate thin BP films with infrared ab-
sorption coefficients of up to 35% [39]. The back-coating of the resulting
films with an optically thick reflector further yields strong absorption
resonances in the infrared range [40-42]. The absorption of BP films is
also enhanced by their integration with appropriately designed and
aligned metallic [43-46] or dielectric [47-49] gratings via critical
coupling. Furthermore, BP metasurfaces can be integrated with func-
tional materials like graphene [50,51] for the enhancement of their
absorptive responses. Despite a great deal of research efforts in this field,
no study on BP-SiC PMAs and thermal emitters with in-plane structural
symmetry and the ability to change polarization and spectral properties
has been done so far, to the best of our knowledge.

In this paper, we propose a new type of SiC metasurface composed of
square SiC patches covered by a BP flake and separated from an optically
thick mirror by a dielectric layer. Through analytical and numerical
calculations, we first analyze how the SPP-SPhP hybridization affects
the in-plane characteristics of the guided modes supported by a BP/SiC
heterostructure and the corresponding BP-SiC metasurface. It is then
examined how the hybrid SPP-SPhP modes result in the nearly perfect
anisotropic absorption of the metasurface. Finally, it is demonstrated
that the BP-SiC PMA can act as a MIR source with tunable thermal
features.

2. Theory

Schematic of the proposed BP-SiC PMA is shown in Fig. 1(a). Here AC
and ZZ stand for the armchair and zigzag crystallographic directions of
BP. The top metasurface is composed of periodically arranged SiC square
patches of width w = 100 nm, thickness t = 150 nm, and lattice constant
p = 130 nm. The patches are covered with an unpatterned BP flake and
separated from an optically thick bottom reflector by a BaF5 spacer layer
with thickness t; and refractive index 1.3 <ng; < 1.42 [52]. The
room-temperature dielectric constant of SiC is given by the Lorentz
model [53].
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Fig. 1. (a) SiC metasurface covered with a thin BP film and its unit cell without BP (inset), (b) permittivity of SiC with the Reststrahlen band boundaries shown by
vertical dotted lines, and (c) real and (d) imaginary parts of optical conductivity of a 3-layer BP for T = 300K and different chemical potentials.
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where @; = 974cm™! (A; =10.27pm), or = 797cm™! (Ar = 12.54um), T
= 4.5cm™!, and &, = 6.6. Fig. 1(b) shows that SiC can support SPhPs
within the Reststrahlen band 4, < 1 < Ar, where Re(gsic) < 0.

When the photon energy is below the bandgap of bulk BP (0.3eV), i.
e. A > 4.132um, the two components of optical conductivity of N-layer
BP are given by the Drude model [35-37].
iD;

=——  j=ACorZZ 2
ﬂ'(w*”l’r]/fl)’] COr k) ( )

oj(w,T)

where D; = 7e2 3"V | n;/m is the Drude weight, n; and n?, are the electron
density and the jth effective mass component of the ith conduction
subband,
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where 1 = 10 meV, 7AC(eV.AY) = 0.364¢ — 1.384, yAC(eV.A") =
2.443¢, + 2035, y(eV.A) = 2071¢ + 5896, &(eV) = 0712 +

0.919, 1 (eV.A%) = 2.699¢; + 1.265, 7% (eV.A”) = 0.9765¢; + 2.51,

and ¢; = cos [ir/(N + 1)]. The electron density of the ith subband is also
given by

kgT —E;
n; = (m?cmizz)l/zﬁln{l +exp('ukRT ') } , (@)

where p is the chemical potential, E;j(eV) = 0.58¢; + 0.505 is the
minimum energy of the i-th conduction sub-band, and n = >V, n;.

The real and imaginary parts of 6a¢c = o, and 677 = oy of a 3-layer BP
flake are plotted in Figs. 1(c) and (d) for y = 0.1eV (n = 6.4 x 10'?
cm~2) and y = 0.2eV (n = 3.28 x 10'3 cm~2), respectively. Their values
are in fair agreement with the recently reported experimental data [54].

Before investigating the absorption characteristics of the BP-SiC
PMA, we analytically analyze the dispersion and in-plane modal prop-
erties of the hybrid SPP-SPhPs supported by an unpatterned BP/SiC
heterostructure. We do this by taking the electric field of the modes in
the form of

E(x,y,2,1) = P00y

E &+, z<0
ESCetscs 4 ESCoascs <z <t 5)
E e G 7>¢
where
i
E. = (Ei,nEi,w iq_(ﬂinx +ﬁ‘in>»)> , (6a)
; i qsi if,gsic —p*
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and where q, = \/ﬁz - 8aﬂ37 qs = \/ﬁ2 - esﬂﬁ, gsic = ﬁz - esmﬂﬁ, ﬂz =
B+ B2, and By = w/c.
By applying the boundary conditions at z = t, after some algebra we

find the dispersion relation of the guided hybrid modes supported by the
air/BP/SiC/sub structure to be of the form

A
tanh(gsict) = B 7

where coefficients A and B can be obtained from Ref. [55].

Photonics and Nanostructures - Fundamentals and Applications 50 (2022) 101020

To calculate the temperature of the BP-SiC metasurface from the heat
balance equation, we relate its spectral radiance to the spectral direc-
tional emissivity as

2 . -1
SR(L,T,Q) = e, T, Q) Y7 [cxp(zn-h‘> - 1} 7 ®)

2 AT

where Q is the solid angle. By neglecting conduction and convection
and assuming the steady state of the metasurface, we can equate the
input power Py, supplied to it to the total power irradiated by the met-
asurface. This allows one to find the equilibrium temperature of the
metasurface for a fixed input power from the equation

P, = Q////SR(/L T,Q)cosfdQ  dA, 9)
where dQ = sinddfdg and ¢/ is the surface area of the metasurface.

3. Results and discussion

3.1. Hybrid SPP-SPhP modes of BP/SiC heterostructure

To understand the in-plane features of the resonant modes of the
proposed PMA, we first analyze the dispersion and modal characteristics
of the hybrid SPP-SPhP modes supported by a BP/SiC heterostructure.
The dispersions of the SiC SPhPs, the BP SPPs, and the BP/SiC SPP-SPhPs
for ¢, = & = 1 are plotted in Fig. 2.

Owing to the optical isotropy of SiC, the dispersion of SPhPs sup-
ported by a thin SiC film is the same along the x and y directions [Fig. 2
(a)]. On the other hand, the natural anisotropy of BP makes this van der
Waals material support highly anisotropic SPPs, the x and y dispersion
branches of which significantly differ [36,37]. This asymmetry is evi-
denced by Figs. 2(b) and (c), where By>Py for the supported modes. The
latter feature makes the excitation of the y-propagating modes more
challenging than the excitation of the x-propagating modes. It is also
seen that the wavenumbers of the BP SPPs of a given frequency are
reduced with the chemical potential.

Comparison of the red, blue, and black curves in Fig. 2 illustrates that
the hybridization of the BP SPPs with the SiC SPhPs creates the aniso-
tropic guided modes of the BP/SiC heterostructure. The blue curves in
Fig. 2(b) and 2(c) also show that the hybrid modes can exist within the
Reststrahlen band in both x and y directions for either value of the
chemical potential, while for 4 < 12.5 pm and p = 0.2 eV they are sup-
ported only for x direction. Consequently, as we shall see later, the
x-propagating modes of the BP-SiC PMA with y = 0.2eV create absorp-
tion resonances for the transverse magnetic waves below 12.5um [Fig. 4
(a)]. Moreover, support of the hybrid anisotropic modes is practical for
directional guiding purposes [56], as we further elaborate in the
following.

Another tool for analyzing the modal features of the hybrid SPP-
SPhPs is the FDTD simulation of their in-plane propagation away from
the exciting electric dipole. We set a dipole 10 nm on top of the struc-
ture’s surface and monitor the electric field of the excited modes in the
plane that is 5 nm below the source [57]. Fig. 3 shows the results of
numerical simulations for five absorption peaks marked with black ar-
rows in Fig. 4.

In agreement with the previous reports [58], Figs. 3(a;)— 3(as) show
the propagation of anisotropic SPPs of BP — at small angles relative to
the x-axis for shorter wavelengths and almost along the x-axis for longer
wavelengths. The coupling of the BP SPPs with the SiC phonons change
the topology of the modes, as evidenced by Figs. 3(by)-(b4) for the three
wavelengths within the Reststrahlen band of the BP/SiC structure [54].
Since SiC acts as a low-loss and high-index dielectric at long wave-
lengths, the modes supported by the unpatterned BP/SiC structure start
diverting more and more from the x-axis and also weakening with the
wavelength [Fig. 3(bs)].

Once BP is transferred onto the SiC metasurface, the canalization of
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Fig. 2. Dispersions of (a) isotropic SPhPs supported by a 150-nm-thick SiC film and [(b) and (c)] anisotropic SPP-SPhPs supported by BP/SiC heterostructure (solid
blue curves) for (b) 4 = 0.1eV and (c) 4 = 0.2eV. Dashed black curves in (b) and (c) are the dispersions of anisotropic SPPs of a suspended BP flake. Dotted pink lines

are the edges of the Reststrahlen band.
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Fig. 3. Density plots of log,,|E| for electric field E of dipole-excited (a;)-(as) anisotropic SPPs of suspended BP, hybrid anisotropic SPP-SPhPs of (b;)-(bs) BP/SiC

heterostructure, and (c;)-(cs) BP-SiC metasurface. See text for details.

the hybrid modes is considerably improved [Figs. 3(c1)-(cs)]. The modes
now propagate predominantly in the x direction while being strongly
localized in the y direction. This makes the BP-SiC metasurface very
appealing for highly directional guiding and in-plane transportation of
the MIR energy.

3.2. Anisotropic absorption of BP-SiC PMA

As mentioned earlier, so far only a few groups have demonstrated
nearly perfect anisotropic absorption by nanopatterning BP flakes
[40-42] and their integration with metallic [43-46] or dielectric grat-
ings [47-49]. One can also increase the functionality of a PMA by
coupling an anisotropic BP metasurface to an isotropic graphene sheet
and thereby hybridizing the SPPs of the two structures [50,51]. This
subsection analyzes the absorption properties of the proposed BP-SiC
PMA that emerge due to the hybridization of the SPPs and SPhPs of its
two functional materials.

Fig. 4 shows the FDTD-simulated absorption spectra (A =1—-R-T
where T = 0) of the BP-SiC metasurface with t; = 2um. The metasurface
is illuminated by normally incident transverse magnetic (TM) and
transverse electric (TE) waves, which are polarized along the x and y

axes, respectively.

Figs. 4(a) and (d) show that the absorption spectra of the TM and TE
waves in the absence of the BP flake (dotted brown curves) are the same
due to the in-plane symmetry of the SiC metasurface. The addition of the
BP flake leads to several notable differences. First, the absorption reso-
nances are strongly modified inside the Reststrahlen band due to the
hybridization of the anisotropic SPPs of BP and the isotropic SPhPs of
SiC (cf. the solid blue and dashed red spectra with the dotted brown
spectrum). Second, these resonances for the TE and TM polarizations are
slightly tunable within the Reststrahlen band through modifying the
chemical potential [as seen from the insets in Figs. 4(a) and (b)].
However, for y = 0.2eV an additional resonance (as compared to the
response of the bare SiC metasurface) appears inside the Reststrahlen
band for each polarization. Besides, for y = 0.1eV, a nearly perfect TE
absorption resonance inside the Reststrahlen band of the metasurface is
red-shifted with respect to the w/o BP case. Third, further investigations
prove that the absorption spectrum of the BP-SiC metasurface with y = 0
is almost identical to that of the w/o BP case. Forth, there are strong
absorption peaks for the TM waves and y = 0.2eV outside of the Rest-
strahlen band [see the solid blue spectra in Fig. 4(a)] while no peaks
appear in this region for the lower values of u [see the dashed red
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Fig. 4. Absorption spectra of SiC PMA (dotted brown curves) and BP-SiC PMA with ¢, = 2um, u = 0.2eV (solid blue curves) and y = 0.1eV (dashed red curves)
excited by normally incident (a) TM and (d) TE waves. Horizontal green lines show A = 0.9, vertical dotted lines are the edges of the Reststrahlen band, and the
vertical arrows mark the resonance wavelengths of the solid blue spectra discussed in Fig. 3. The density plots (b;_3), (¢1_3), (e1_3), and (f;_3) are top and side views of
normalized mode profiles at resonance wavelengths. Dashed squares in the top-view profiles show the SiC patch; dashed rectangles in the side-view profiles show the
spacer and the SiC film that are located at —2ym < z < 0 and 0 < z < 0.15um, respectively. The electric field of the top-view mode profile is monitored at the plane z

= 0.15um of the BP flake shown by the dashed-black lines in the side-view profiles.

spectrum in Fig. 4(a)] and the TE waves [see Fig. 4(d)]. Such an active
tuning can be achieved by gating [59]. It should also be noted that the
pronounced absorption peaks for 1 > 12.5um in Fig. 4(a) come from the
excitation of the BP/SiC heterostructure modes traveling in the x di-
rection [Fig. 2(c)]. These results suggest that the proposed BP-SiC
metasurface may be a key element of polarized and highly selective
MIR absorbers and thermal emitters. Note that in contrast to bulk ab-
sorbers with the out-of-plane uniaxial anisotropy [60-62], our meta-
surface employs an unpatterned anisotropic 2D material integrated with
a functional SiC grating. This feature enables gating of the BP flake and
makes the metasurface response a hybridization of the plasmonic and
phononic responses of BP and SiC due to the increased light-BP inter-
action. Moreover, it is noteworthy that there are metastructures that can
efficiently absorb incident waves, such as a one-dimensional periodic
array of metallic cylinders covered with a dielectric medium [63,64] and
a single-layer array of bi-anisotropic inclusions [65]. Considering the
fabrication simplicity and the ability to absorb MIR radiation > 90% for
normal and oblique incidences, the performance of the suggested BP-SiC
metasurface can be considered as high as the performances of the met-
asurfaces reported in Refs. [63-65].

The nature of the absorption resonances can be seen from the electric
and magnetic field profiles of the respective excited modes plotted in
Figs. 4(by), (cj), (ep), and (f;). The profiles correspond to the four wave-
lengths shown by the arrows in Figs. 4(a) and (d). The anisotropic nature
of the resonances is evidenced by the top views of |E|: the TM waves in
Figs. 4(b1) and (c;) predominantly excite the hybrid modes in the
x-direction, whereas the TE waves in Figs. 4(e;) and (f;) predominantly
excite modes in the y-direction. As further evidenced by the side views of
|[E| in Figs. 4(bg), (c2), (e2), and (f2), the electric field of the modes is
mostly localized in the BP-SiC region regardless of the polarization of the
excitation wave. Finally, Figs. 4(bs), (c3), (e3), and (f3) show that the
magnetic field is both confined to the spacer layer and strongly

enhanced between the adjacent unit cells. This is a clear indication that
the excitation of propagating hybrid SPP-SPhPs is the cause of the nearly
perfect absorption resonances of the BP-SiC PMA.

The angular response of the proposed BP-SiC PMA is shown in Fig. 5.
One can see that the PMA’s absorption of TM waves is omnidirectional,
as the absorption at the target resonances exceeds almost 80% for
relatively large angles of incidence [Figs. 5(a) and (b)]. It is also seen
that the width of the target resonance outside of the Reststrahlen band
reduces with 0. The PMA’s absorption remains omnidirectional for TE
waves, and its bandwidth grows with the incidence angle [Figs. 5(c) and
(d)]. Note that, similar to other studies [41,42,44,46-49], here we as-
sume that the incident and reflected waves have the same linear po-
larization. However, owing to the in-plane anisotropy of the BP, there is
a possibility of manipulating the polarization of the reflected light using
the suggested BP-SiC PMA [66,67]. Furthermore, metasystems
composed of BP-SiC and other polar van der Waals materials can also be
emplyed for selctive and efficient near-field radiative heat transfers
[68].

Fig. 6 shows that, by increasing the spacer thickness from 2 to 3um,
one can selectively decrease the amplitudes of the absorption resonances
below 50% for both polarizations inside the Reststrahlen band, while
keeping the amplitudes of the TM peaks outside of this band as high as
almost 90%. On the other hand, thinning the spacer down to 1 ym re-
duces the absorption of the PMA for TM polarization to almost 50%.
Therefore, 2 um is the optimal spacer thickness for which the absorption
of the metasurface exceeds 90% for both polarizations.

3.3. BP-SiC PMA as a tunable MIR source

As aforementioned, according to Kirchhoff’s law, the spectral
directional emissivity ¢(4, T, Q) of an object must be equal to its spectral
directional absorptivity A(4,Q,T). Therefore, by considering A(4, T, Q) =
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€(4,T,Q) and using Egs. (8) and (9), which were obtained by neglecting
the conduction and convention processes, we can analyze the thermal
characteristics of the BP-SiC thermal emitters. The results presented in
Fig. 7 are obtained based on numerical simulations for the emission in
the normal direction (¢ = 0). The device is assumed to be in a vacuum,
so that the input power is fully converted to heat and leads to the in-
crease in the device temperature [Fig. 7(a)]. Moreover, considering the
optical conductivity of BP at different temperatures in the calculations
proves that the absorption/emission spectra of the BP-SiC PMA

negligibly depends on the temperature.

The spectral radiance of TM waves at T = 400°C and the equilibrium
temperatures of a blackbody, the SiC PMA, and the BP-SiC PMA are
shown in Figs. 7(b) and (c), respectively. As expected, at the wave-
lengths of perfect absorption of the SiC PMA and the BP-SiC PMA, they
can also thermally emit infrared radiation as efficient as a blackbody.
The comparison of the solid blue, dotted brown and solid black curves in
Fig. 7(b) also show that the spectral radiance can be selectively tuned via
the chemical potential of BP. Therefore, small input powers (e.g., Py, =
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Fig. 7. (a) Schematic of numerical experiment, [(b) and (d)] spectral radiance (SR) of blackbody, BB (solid black curves), SiC PMA (dotted brown curves), and BP-SiC
PMA with y = 0.2eV (solid blue curves) and y = 0.1eV (dashed red curves) at T = 400°C for TM and TE polarizations at § = 0, and [(c) and (e)] corresponding

equilibrium temperatures versus input power.

17mW) result in much higher equilibrium temperatures of the SiC PMA
(397°C) compared to a blackbody (103°C) [cf. the dotted brown and
solid black curves in Fig. 7(c)]. The equilibrium temperature of the TM
polarized emission can be also conveniently tuned via the chemical
potential of BP. For example, Tsic pma = 397°C and Tgp_sic PMA 4=0.2¢v

= 283°C for P;; = 17mW, as seen from Fig. 7(c).

For TE polarization, the spectral radiance plots and the equilibrium
temperatures of the SiC PMA and the BP-SiC PMA are compared with
those of a blackbody in Figs. 7(d) and (e). You can see that the PMA can
be as effective emitters as a blackbody at the resonance wavelengths.
Moreover, for small input powers, PMAs yield much higher equilibrium
temperatures than those achievable with a blackbody. However, these
temperatures are not tunable for the TE waves. Consequently, the pro-
posed BP-SiC PMA with an in-plane structural symmetry can act as a
polarized MIR source with tunable characteristics.

As mentioned above, normal incidence absorption spectrum of the
BP-SiC PMA was employed to calculate SR and the equilibrium tem-
perature. By considering the angular response of the structure with y =
0.2eV, we plot its equilibrium temperature as a function of the input
power in Fig. 8(a). As expected, the trends of the curves for TM and TE
waves resemble those in Figs. 7(c) and (e). Furthermore, in agreement
with the omnidirectionality of the metasurface absorption, the consid-
eration of the angular response is seen to reduce the powers needed to
achieve the equilibrium temperature.

Finally, Fig. 8(b) shows that the metasurface absorption can be
enhanced at wavelengths outside of the Reststrahlen band, even for
small y, by increasing the number of the BP layers. This becomes evident
when the dotted black spectra (N =5,y = 0.1eV) and the dashed green
spectra (N =10, u = 0.1eV) are compared with the solid blue one (N
= 3,u = 0.2eV).

4. Conclusion

We have designed a new BP-SiC PMA with highly selective, anisotropic,
and omnidirectional characteristics. Numerical simulations showed that
the PMA is capable of absorbing TM- and TE-polarized MIR waves with
efficiency exceeding 80% for oblique incidence up to 55° angle. This effi-
ciently can be improved by increasing the number of the BP layers. Ac-
cording to analytical and numerical calculations, it was also found that the
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Fig. 8. (a) Equilibrium temperatures of BP-SiC metasurface for N = 3, y =
0.2eV (TM - blue curve, TE - red curve) and blackbody (BB - black curve) versus
the input power calculated by considering the angular response of the meta-
surface. (b) Normal incidence TM absorption spectra of BP-SiC PMA for N = 3,
u = 0.2eV (solid blue curve), N = 5, u = 0.1eV (dotted black curve), and N =
10, 4 = 0.1eV (dashed green curve) with t;, =2 pum.
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anisotropic absorption of the PMA owes its existence to the excitation of
propagating hybrid SPP-SPhPs of the PMA. The simulated spectral radiance
and equilibrium temperature of the PMA further showed that, despite its in-
plane symmetry, the BP-SiC PMA can act as a polarized and tunable source
of MIR radiation. We believe that the proposed metasurface can find ap-
plications in active tuning of thermal radiation, MIR sensing and also highly
directional in-plane transportation of the MIR energy.
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