International Journal of Heat and Mass Transfer xxx (2016) XXxX—XXX

Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier.com/locate/ijhmt

Perfect mid-infrared absorption by hybrid phonon-plasmon polaritons in
hBN/metal-grating anisotropic structures

Bo Zhao, Zhuomin M. Zhang *

George W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA, USA

ARTICLE INFO ABSTRACT

Article history:

Received 30 June 2016

Received in revised form 29 August 2016
Accepted 21 October 2016

Available online xxxx

A nanostructure based on periodic metal gratings and hexagonal boron nitride (hBN) films is proposed
here. As a phononic two-dimensional (2D) material, hBN has two Reststrahlen bands with natural hyper-
bolic responses. Magnetic polaritons (MPs) in metal gratings can couple with hyperbolic phonon polari-
tons (HPPs) in hBN to create hybrid hyperbolic phonon-plasmon polaritons, resulting in perfect or near-
perfect absorption. It is found that the majority of the power absorbed by the hybrid polaritons is dissi-
pated in the hBN film with a unique tunable location-dependent absorption profile. Meanwhile, out of the
hyperbolic region, optical phonons in hBN can couple with MPs in gratings to yield resonance absorption.
The radiative properties and dissipation profiles are calculated based on rigorous coupled-wave analysis,
which has been extended to include anisotropic materials, to elucidate the mechanisms of the perfect and
near-perfect absorption. This work reveals the possibility of using 2D materials and nanostructures to
achieve unique radiative properties for applications such as energy harvesting, radiative cooling, and
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1. Introduction

Perfect electromagnetic absorption is of critical importance in
applications such as energy harvesting, radiative cooling, and pho-
todetection applications [1-8]. Different kinds of metamaterials
and nano/microstructures have been proposed to achieve perfect
absorption by utilizing various resonance modes. Among them
are gratings that can support surface plasmon polaritons (SPPs)
[9,10] or surface phonon polaritons (SPhPs) [11], metal/dielectric/
metal structures and deep metal gratings that can enable magnetic
polaritons (MPs) [12-19], nanoparticles and nanoantennas that
can create localized surface plasmon polaritons (LSPPs) [20], and
hyperbolic metamaterials that can empower hyperbolic modes
and epsilon-near-zero modes [21-23]. These resonances or modes
can couple with incident light and capture the energy of the inci-
dent waves efficiently [24]. Besides these metamaterials and
nanostructures, two-dimensional (2D) materials such as graphene
and black phosphors offer enormous novel ways to create electro-
magnetic resonances because of their unique plasmonic properties
[25,26]. Various nanostructured resonators and ribbons using 2D
materials have been demonstrated to support localized surface
plasmon resonances [27-29]. However, with an atomically thin
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thickness and relatively short light-matter interaction path, it is
difficult to achieve perfect absorption in standalone 2D material
nanostructures.

A promising way is to combine 2D materials with nano/
microstructures. Recent studies suggest that 2D materials covered
nano/microstructures and metamaterials can provide a new route
to achieve perfect absorption. Using a hybrid structure with a mono-
layer graphene covered on a metal grating, Zhao et al. [30-32]
demonstrated strong absorption through excitation of SPPs and
MPs. Piper and Fan [33] utilized critical coupling in graphene/
photonic crystals hybrid structures to achieve perfect absorption.
Zhu et al. [34] used a similar mechanism to construct angle-
selective perfect absorbers consisting of graphene and a chalco-
genide layer atop a mirror. Plasmonic optical nanoantennas with
different shapes can also be hybridized with 2D materials to capture
light efficiently [35,36]. While 2D plasmonic materials and semi-
conductors have been studied extensively because of their potential
applications in microelectronic, optoelectronic, and photonic
devices [37], few studies have yet explored the potentials of using
phononic 2D materials to achieve perfect absorption through cou-
pling with nano/microstructures, especially for hBN that is a hyper-
bolic material. Considering that hBN can endure a temperature of
1500 °C in air [38], accomplishing strong absorption or emission
bands in the infrared region with hBN films holds great significance
for high-temperature energy harvesting applications [7].
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Nomenclature

area, m?

trench width, m

capacitance, F

speed of light in vacuum, m/s

hBN film thickness, m

electric field, V/m

magnetic field, A/m

grating height, m

V-1

index for layer number

wavevector in vacuum, 1/m
wavevector, 1/m

inductance, H

lateral dimension of gratings, m
diffraction order in the x- or y-direction
index

(directional-hemispherical) reflectance
reflection coefficient

total length, m

length in the y-direction, m

time, s

volume, m3

local power dissipation density, W/m>
spatial coordinates, m

impedance, Q
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Greek symbols

o directional (spectral) absorptance
B propagation angle, deg

v variable defined in Eq. (5), V/m

Y damping coefficient, cm™!

€ dielectric function

& permittivity of vacuum, F/m

0 polar angle, deg

A grating period, m

10 permeability of vacuum, H/m

g index or electrical conductivity, S/m
¢ azimuthal angle, deg

x variable defined in Eq. (5), V/m
& index

] polarization angle, deg

Q) angular frequency, rad/s
Superscripts

inv inverse

ord ordinary

r reflection

t transmission

Subscripts

[l out-of-plane or the z-direction
1 in-plane or the x- or y-direction
L IL Il  regions defined in Fig. 2

Ag silver

a,b indexes

eff effective

inc incidence

LO longitudinal optical phonon mode
D, q indexes

TO transverse optical phonon mode
tot total

Hyperbolic materials refer to uniaxial materials whose axial
(extraordinary) and tangential (ordinary) permittivities have oppo-
site signs. The isofrequency surfaces obey a hyperbolic shape
instead of a closed sphere for common isotropic materials. Subse-
quently, these materials can support propagating modes with very
large tangential wavevectors that possess unique applications in
sub-wavelength imaging [39-41] and heat transfer [42-45]. Own-
ing to its optical phonon vibrations, hBN naturally possesses two
mid-infrared Reststrahlen bands that have hyperbolic response
[46,47]. Because of the hyperbolicity, hBN films support multiple
orders of low-loss hyperbolic phonon-polariton (HPP) waveguide
modes [48,49] that can potentially be utilized to achieve perfect
absorption. However, since the lateral wavevectors of these modes
are much larger than the magnitude of the wavevector in vacuum,
HPPs cannot be excited directly by the incident waves from vac-
uum. Thus, hybridizing hBN with periodic structures can possibly
match the wavevectors required by HPPs and achieve strong
absorption induced by phonons. Furthermore, hBN exhibits
inverted hyperbolic response since the phonon vibrations are in
perpendicular crystallographic directions [47], making it an ideal
material to explore the basic coupling phenomena between hyper-
bolic materials and other resonances such as plasmonic polaritons
in nano/microstructures.

This work reports a numerical investigation of the possibility to
achieve perfect and near-perfect absorption in a hybrid structure
consisting of an hBN film and a metal grating. The strong coupling
between HPPs in the hBN film and plasmonic resonances in metal
gratings are explored. An anisotropic rigorous-coupled wave anal-
ysis (RCWA) algorithm is implemented to calculate the absorp-
tance of the hybrid structure and the local power dissipation

density. The geometric effects are evaluated to further elucidate
the mechanism of the perfect or near-perfect absorption.

2. Numerical modeling and theory
2.1. Anisotropic rigorous-coupled wave analysis (RCWA)

The geometric arrangement of the hBN/metal grating hybrid
structure is illustrated in Fig. 1. The 1D grating is made of silver
(Ag) with a period A in the x-direction and extends infinitely in
the y-direction. Its trench width is b and height is h. The thickness
of the covered hBN film is denoted as d. The substrate of the grating
structure is also Ag and assumed to be semi-infinite. In reality, a Ag
film whose thickness is much greater than the photon penetration
depth can be deposited on another supporting substrate. Thus, the
directional (spectral) absorptance of the structure, o, can be

Fig. 1. Schematic of the hBN/metal grating hybrid structure, where the Ag grating
period, height, and trench width are A, h, and d, and the thickness of the hBN is d.
The LC circuit model is overlaid on the hybrid structure.
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calculated by « =1 — R, where R is the directional-hemispherical
reflectance of the whole structure that can be calculated using
RCWA.

RCWA has been widely used in modeling the radiative proper-
ties of periodic structures. However, most available RCWA algo-
rithms are for isotropic materials only. Built on the success of the
isotropic RCWA for one-dimensional (1D) gratings first proposed
in 1981 [50], several groups expended the formulation to include
to anisotropic materials beginning in the 1990s. Glytsis and Gay-
lord [51] formulated RCWA for 1D anisotropic gratings, but the
algorithm may have convergence issues for highly conducting
metal gratings because of the way that Fourier factorizations were
calculated. The algorithm with the correct Fourier factorization
rules was later reformulated by Li [52,53]. Continuous efforts have
been devoted and more general algorithms have been formulated
to consider 2D arbitrary lattice configurations and permittivity
tensor [54-56]. However, most of these works are intended to
solve impressively general problems and thus are very complex
and formidable to be implemented. The present study provides
an easy-to-implement algorithm that allows the modeling of a
2D multilayered periodic structure made of biaxial materials with
a diagonal permittivity tensor. This algorithm is an extension of the
public accessible isotropic RCWA code developed by the authors’
group [57]. The key features are summarized in the following with
selected equations to emphasize the differences from the original
RCWA.

Fig. 2 illustrates the numerical model of a general 2D anisotro-
pic multilayered periodic structure, which is a more general case
than the structure shown in Fig. 1. The periodicity is characterized
the periods in the x- and y-directions, A, and A,, respectively. Each
layer in the structure can be a 2D pattern/grating, 1D grating or a
continuous film by adjusting the lateral dimensions I, and I, as long
as Iy < Ay and [, < Ay. In the schematic, the first layer is a 2D grat-
ing and the rest are thin films. The medium where the wave is inci-
dent from, the intermediate layers (total N layers), and the semi-
infinite substrate can be categorized as Region I, II, and III, respec-
tively, as indicated in the schematic. The structure in Fig. 1 is a spe-
cial case that has a periodicity only in the x-direction and only one
grating layer in Region II. The incident medium is usually vacuum
or a lossless dielectric and thus is treated as isotropic with a dielec-
tric function ¢. The incident wave is assumed to be linearly polar-
ized plane wave with an electric field E;j,.. The plane of incidence
indicated in transparent gray color is the plane defined by the inci-
dent wavevector Kinc = (Kxinc, Ky.inc, kzinc) and the z-axis. A polar
angle 6 (the angle between K;,c and the z-axis) and azimuthal angle
¢ (the angle between the x-axis and the plane of incidence) are

Reglon 1l substrate

N 4—--—-—-—————\—;;-

Fig. 2. [llustration of the numerical model for general 2D periodic multilayer
structures consisting of anisotropic materials. The structure in Fig. 1 is a special case
that has a grating layer in Region II with a periodicity only in the x-direction.

used to depict the direction of ki, Polarization angle v is defined
as the angle between the electric field and the plane of incidence.

In Region I, the electric field is a superposition of the incident
and reflected fields, expressed in the same way as in the isotropic
RCWA [9], viz.

Ei = Einc exp(ikyincX + ikyincy + ikzincZ) + ZZE exp(ikymX

+ lky'ny lkz mn ) (1)

The time-harmonic term, exp(—iwt), with @ being the angular fre-
quency, is omitted hereafter. The second term on the right-hand
side of Eq. (1) is the summation of the reflected waves. Note that
E;,, is the complex amplitude of the (m, n) order reflected wave
whose transverse wavevector components are determined by the

Bloch-Floquet condition [51]:

21
kx.m = l<x,inc + mAi
! (2)
kyn = Kyinc + nz—n
y,n y,inc Ay

where m and n denote the diffraction orders in the x- and y-direc-
tions, respectively, and they can take both positive and negative
integers. The z-component of the (m,n) order wavevector is

K-, — Ik, aki=kK, +K,
P 3)

z,mn
. 2 2 2 2 2 2
iKym Tk — ki, ek <k + k5,

where ko = w/co is the wavevector (magnitude) in vacuum with ¢
being the speed of light in vacuum.

In each layer of Region II, both the electromagnetic field and the
dielectric function are expressed as Fourier series based on the
periods in the x- and y-directions. The materials of each layer are
assumed to be nonmagnetic and thus the dielectric function of
the layer can be described by a location-dependent permittivity
tensor

Ejx 0 0

gxy) =0 &y 0 4
0 0 &z

wherej=1,2,...Nis an index denoting the layer number. Generally,

e=¢ +1i¢” is a complex number with ¢ and ¢” being its real and
imaginary part, respectively. The electric and magnetic fields can
be expressed as

EII ZZan
H, = i\/gZZYmH(Z) exp(ikemX + iky ny)
0m n

The unknowns y,,,(z) and v,,(z) can be related by the following
equations based on Maxwell's equations, V x E; —iou,Hy =0
and V x Hy + iweoeEy = 0, where py and ¢ are the permeability
and permittivity of vacuum, respectively:

}’ o pq) + kOVx.mn

aXy.mn kyn "PV}’DQ ) b
oz ](0 ZZ gord

exp(ikymX + ikyny)

5)

Z,m-p,n—q

8Xx mn Kxm <I<X'pyy pq ky~q yx-pq)
- =" _ k

0z kO ;; 8?‘}% —p.n—q Oyy.,mn (6)
67) mn k : ko}’x‘

(;Z - kLon (kx'mxy'm” - ky,nXX_mn) - ZZ ginv =

p X,M—p,n—q

6?x.1nn kx,m N ko,{y g

0z - To (kX'me'm" N ky‘”/(xm” ZZ ;fn1\1,1—p,n—q
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where p and q are the summation indices. The superscripts ord and
inv indicate the coefficients of the Fourier series for ¢ and its
inverse, respectively, and the expressions are similar to those pre-
sented in [58]. The inverse of the dielectric function is used for
the sake of fast and guaranteed convergence according to the Four-
ier factorization rule [52]. Note that different dielectric function
components are used in Eq. (6) to deal with anisotropic (uniaxial
or biaxial) materials. When all three components of the dielectric
tensor are equal, Eq. (6) degenerates to the isotropic scenario
presented in [58].

The substrate (Region III) in general can be a biaxial medium. A
transmitted plane wave (forward-propagating wave) in this region
with an parallel wavevector (km, ky.») can have two different Kk

zmn*
If the electric field is E;,, = (Ej nn: Ey > Exmn). then based on

Maxwell’s equations [59], one obtains

2 12 t\2 ¢
SIII.xko - ky_n - (kz_mn) kx.mky.n kx.m kz_mu E;.,m,
2 12 t 2 ¢ t —
kym k}’-" 81”-}’k0 - kx.m - (kz.mn) k}'-ﬂ kz.mn Ey-m” =0
t ¢ 2 12 2 ¢
kxmk; mn Ky nk mn emzko — Ky — Ky zmn
(7

To have nontrivial plane-wave solutions, the determination of the
matrix has to be zero and, subsequently, four solutions can be

obtained. Two solutions of k;mn that correspond to the two forward

propagating waves [53] are used to express the electric field in
Region III as

Ei= >3 > Ev P €XP (ikemx + ik 1y + 1K 12 8)

m n ¢g=12

in which
<3|1Ly’<§ — ke — (kfu.mn)Z) ("381111 —ke — k;.n) ~ky, (kfr.z.mn)z

pa.mn = Nﬂ,mn kx.mky,n (kfy,z_mn )2 - kx.mky,n (S[Il‘zké - kim - k;n)

2
kX-mk;nk:J.z,mn - k"Jlesz,mn (8111-}"(3 - kim - (kfr.z.mn> )
9)

is the polarization vector for the electric field with diffraction order
(m,n)and g =1 or 2 is the index for the two forward propagating
waves. Note that N, is a coefficient that normalizes p -

The magnetic field for Region I and III can be obtained from the
electric field based on the Maxwell’s equation. The complex coeffi-
cients in Eq. (5) are then solved through matrix manipulations by
matching the tangential component of the electric and magnetic
field between adjacent layers. Once the coefficients are solved,
the reflectance, transmittance, as well as the field distributions in
each layer can be obtained. Note that if the substance is isotropic
like the structure to be discussed in this work, the field expression
in Eq. (8) will be the same as for isotropic RCWA [58]. In this case,
the only difference between the isotropic and anisotropic RCWA
exists in Eq. (6). A MATLAB code has been developed based on
the above-discussed algorithm. A test case was conducted using
a structure shown in Fig. 1 with A=4pum, b=300nm,
h=1.76 pum, and d = 30 nm. The structure is 1D and thus diffraction
order n is set to zero. The maximum m is set to 71 based on a con-
vergence test and the calculated absorptance spectrum agrees with
that calculated using a finite-difference time-domain (FDTD) com-
mercial software (Lumerical Solutions, Inc.). However, RCWA is at
least one order of magnitude faster than the FDTD software to
model 1D grating structures [9].

The absorptance obtained from 1 — R is for the whole structure
including the hBN film and the Ag grating. To illustrate the local
absorption profile inside the structure, the local power dissipation
density (in W/m?) can be calculated based on [60]

w(x,y,z) = %Re{—iwsoiE . E*}

] /! /! U
= 5000 (&EL + &I, + ¢|E. ) (10)
in which E is the complex electric field obtained from RCWA. The
absorptance of a certain volume or layer can be calculated by the
ratio of the absorption inside the volume over the incident power
[30,31]:

oy [ o(x,y,z)dv (1)

0.5C0&0|Einc|*A cos 0

The denominator is the incident power on area A at a polar angle 6.
Using Eq. (11), the absorptance inside the hBN film and the grating
can be separately retrieved.

2.2. Hyperbolic phonon-polaritons in hBN films

The real and imaginary parts of the dielectric function of hBN
are shown in Fig. 3. The two mid-infrared Reststrahlen bands due
to the optical phonon modes are evident. The in-plane phonon
modes (wro, =1370cm™! and wo, =1610cm™') and out-of-
plane phonon modes (wro =780 cm ™' and wjo; =830 cm ™) con-
tribute to the in-plane (E lies in the x-y plane, denoted by 1) and
out-of-plane (E parallel to the optical axis or the z-direction,
denoted by ||) dielectric functions, respectively [49]:

Wi — Wip
8 = (1 Ml —— (12)
To.e — e

where ¢=|,L. The other parameters used are &, =2.95,
7 =4 cm !, &, =4.87,and y, =5cm™!. Since the damping coef-
ficients y are rather small, the dielectric function becomes negative
between the TO and LO phonon modes, making the in-plane and
out-of-plane dielectric functions of hBN possess opposite signs in
either Reststrahlen band. In the lower-frequency Reststrahlen band,
g =¢<0 and ¢ =¢ =¢, >0, hBN has Type-l hyperbolicity,
while in the higher-frequency Reststrahlen band, &, = ¢, <0 and
¢, >0, hBN holds Type-II hyperbolicity [47]. Meanwhile, in the
two regions with hyperbolicity shown by the shaded areas on
Fig. 3, loss is negligibly small except near the band edge as indicated
by the imaginary part.

The hyperbolic regions allow waves with unbounded wavevec-
tors to propagate as can be seen from the isofrequency surface for
an uniaxial medium whose optical axis lies in the z-direction [45]:
ik K o?

—t == (13)

g &1 Co
where Kk = (ky, ky, k;) represents the allowed wavevector. If loss is
neglected, at frequencies where the material possesses hyperbolic-
ity, Eq. (13) becomes a hyperboloid and hence both k, and k, can
theoretically be infinitely large. Note that Eq. (13) is for extraordi-
nary waves or transverse magnetic (TM) waves, which are the pri-
mary interest here. For transverse electric (TE) waves, the
isofrequency surface becomes a sphere described by
|k|?> = &, w?/c2, thus hBN behaves the same as an isotropic material
with the ordinary dielectric function. For k, =0, Eq. (13) can be
drawn in k,—k, plane as shown in Fig. 4. For both Type-I and
Type-II regions, at very large |k|, the allowed wavevectors approach
the asymptotic lines described by k, = tk./—¢, /¢ (neglecting
loss). In this case, the Poynting vector (i.e., energy propagation
direction of the polaritons) is orthogonal to the isofrequency curve.
The polariton propagating angle is defined as the angle between
the Poynting vector and the z-axis and is approximately equal to
[39-41]
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Fig. 3. In-plane (ordinary) and out-of-plane (extraordinary) dielectric functions of
hBN: (a) the real part and (b) the imaginary part. The two hyperbolic regions are
shaded and marked with the corresponding type of hyperbolicity.

(a) Type-Il hyperbolicity (b) Type-I hyperbolicity

Fig. 4. Isofrequency curves for (a) Type-II and (b) Type-I hyperbolic regions. S
represents the Poynting vector and g is the angle between S and the z-axis.

&

B(w) = arctan ( —si) (14)

Eq. (14) suggests that at a given frequency, there exists a unique
propagation direction inside the hyperbolic material at sufficiently
large lateral wavevectors.

For an hBN film, HPPs are supported in the two Reststrahlen
bands or hyperbolic regions. Their dispersion can be obtained from
the reflection coefficient of TM waves for an hBN film of a thickness
d suspended in vacuum:

r— i + (1 — T — 1’21)7'23 exp(2ikz_2d)
o 1- 121123 exp(2ik272d)

(15)

where indexes 1 and 3 are vacuum and 2 indicates the hBN film. The
reflection coefficients between the vacuum and hBN or vice versa
are given by

Eib €ia
kz b kz a

Tab =g, €la (16)
kz‘b kz,a

where a=1 or 2 and k,;, = (&, ,k% — 8L‘b/32/8“7b)1/2 with b being 1, 2
or 3 is the z-component of the wavevector in hBN or vacuum. For
vacuum, one can set ¢, = g, = 1. The poles of Eq. (15) indicate the
dispersion of HPPs in hBN films that can be seen by the bright bands
from the contour plots of the imaginary part of r in ky—w space [49],
as shown in Fig. 5(a) and (b) for a 30 nm-thick hBN film in the
frequency ranges near the higher and the lower hyperbolic regions,
respectively. Multiple orders of HPPs exist in both hyperbolic
regions and more orders are excited with thicker hBN films.
Alternatively, when k,> ko, the dispersion based on
1 — 31123 exp(2ik,,d) = 0 can be approximated by [48]

ki) =g/~

_ I
=4 o (17)

1

{pn + 2 arctan ( _SHSL>:|
where integer p indicates the order of the HPPs. The plus and minus
signs are chosen respectively for the higher and lower hyperbolic
bands based on the shape of the dispersion curves [49]. The predic-
tion from Eq. (17) is overlaid on the contour plot as broken lines in
Fig. 5 with the corresponding p. Note that p = 1 yields negative k, in
the lower hyperbolic region and thus is not shown. Clearly, Eq. (17)
provides a convenient description of HPPs and will be referred to in
later discussions. Since the HPPs have sufficient large wavevectors,
Eq. (14) is valid and thus different orders of HPPs at the same fre-
quency have the same energy flux propagation direction, as will
be further demonstrated.

1650
1600

1550

Wavenumber, v (cm'1)
@
=
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0 50 100 150 200
Dimensionless wavevector, k,/k,

850
840 1§
8301
820
8107
800

Wavenumber, v (cm'1)

790

780
0 50 100 150 200
Dimensionless wavevector, k,/k,

Fig. 5. Contour plot showing Im(r) based on Eq. (17) of a 30-nm-thick suspended
hBN film in vacuum near (a) the higher-frequency (Type-II) hyperbolic region and
(b) the lower-frequency (Type-I) hyperbolic region. The bright bands indicate high
values or poles of Im(r). The predictions from Eq. (17) are overlaid as broken lines.
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3. Results and discussion
3.1. Perfect and near-perfect absorption

Fig. 6 shows the absorptance spectra of plain gratings (dashed
lines) and hBN-covered Ag gratings (solid lines) calculated based
on the anisotropic RCWA algorithm for TM waves. Unless specified
otherwise, the wave is incident normal to the x-y plane and the
plane of incidence is set as the x-z plane. Since the considered
structures are one-dimensional gratings and the electric field for
TM waves is in the x-direction; therefore, 0= =¢=0° and
ky =0. The dielectric function of Ag is calculated using a Drude
model [14]. Throughout the modeling, the parameters are set as
A=4pum, b=300nm, and d=30nm, while h are allowed to
change. Such grating geometries can create excitations of MPs in
the infrared region as demonstrated before [14], but A and b can
be other values to make MPs in the infrared. In Fig. 6(a)-(c), h is
1.76 pm, 2.4 pm, and 0.88 pm, respectively. One absorptance peak
can be identified on each plain Ag grating spectrum, and this peak
is caused by the excitation of MP resonances [14]. MPs are formed
by the coupling of the local resonance inside a micro/nanostructure
and the external electromagnetic waves [14,61]. Upon excitation,
MP resonance induces an oscillating current loop that can result
in strong dissipation, as indicated by the absorptance peaks. In
Ag gratings, a high absorptance peak due to MP relies on an effi-
cient coupling between the surface waves on the trench walls that
can be achieved only when the trench is very narrow [ 14]. Thus, for
trench width b = 300 nm, the absorptance peaks for plain Ag grat-
ings are far from unit in Fig. 6. High absorptance is difficult to
achieve with thin hBN films either, as demonstrated by the absorp-
tance spectrum of a suspended 30-nm hBN film in Fig. 6(a). Only a
small absorptance peak at wro , is obtained, since no HPPs can be
excited with propagating waves in air. However, after covering the
hBN film on the Ag grating, perfect absorption (o =1) and near-
perfect absorption (o =0.99) can be achieved at v=1436cm™'
and v=818.7cm™! as shown in Fig. 6(a) and (b), respectively.
These two high absorptance peaks fall in the hyperbolic regions
of hBN, while the absorption peak (o =0.94) at v=1333cm™', as
shown in Fig. 6(c), is slightly below the higher-frequency hyper-
bolic region. High absorptance or emittance has important applica-
tions in thermophotovoltaics, photodetection, and radiative
cooling. The origin of these high absorption peaks and other peaks
on the spectra will be elucidated in the following.

Fig. 7(a) and (b) exhibit the absorptance contours for plain and
hBN-covered gratings, respectively, with respect to the wavenum-
ber and grating height. Two bright branches due to excitation of
MPs show up in Fig. 7(a). The fundamental MP modes, correspond-
ing to the lower branch, can be predicted using the inductor-
capacitor (LC) circuit model [62-64] by considering inductance
from the grating trench, Lag, and capacitance from the vacuum
region inside the trench, C, as has been previously investigated
[14]. The resonance condition can be obtained from the natural fre-
quency of the equivalent LC circuit by zeroing the imaginary part of
the total impedance. The predicted resonance conditions are
shown in Fig. 7(a) as round markers, giving a good agreement with
RCWA calculation. The upper branch correspond to higher-order
MP and will not be discussed further [65]. After the hBN is covered
as seen in Fig. 7(b), the fundamental resonance branch has a
noticeably different shape compared to Fig. 7(a). A disconnection
close to wro occurs and high absorptance is achieved inside the
two hyperbolic regions as well as at frequencies that are slightly
lower than wro ;. The spectra presented in Fig. 6 are representa-
tives of the high absorptance in different frequency ranges
achieved at specific grating heights. Note that the hyperbolic
regions are indicated between two white horizontal lines. The
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Fig. 6. Absorptance spectra of plain Ag gratings and hBN-covered Ag gratings:
(@) h=1.76 um, (b) h=2.4 um, and (c) h =0.88 pm. The default parameters in the
present study are A = 4 um, b =300 nm, and d = 30 nm. The absorptance spectrum
of a suspended 30-nm-thick hBN film is also shown in (a).

fundamental modes can be predicted by adding Z;gy in the LC cir-
cuit, as shown in Fig. 1. However, Z,gn takes different formula in
different frequency ranges.

The frequency-dependent impedance of hBN can be obtained
from Znpy = S/(0Aes), Where S is the length along the current path,
0 = —iwee is the electrical conductivity, and A is the effective
cross-section area [61]. Similar to the case for graphene-covered
Ag gratings [30,31], the hybrid structure possess an electric field
in the trench that is very similar to the electric field when MPs
are excited in plain gratings. Thus, only the part of hBN that across
the trench opening participates in the LC circuit, i.e., S = b. The pen-
etration depth of the electric field in hBN is much greater than d
and thus Aef = sd, where s is the length in the y-direction that
can be set to unity for one-dimensional gratings. Meanwhile, the
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Fig. 7. Absorptance contours of (a) plain Ag gratings and (b) hBN-covered Ag
gratings in terms of frequency and the grating height. The other parameters are the
same as for Fig. 6. The predictions from the LC circuit model are shown as round
markers on both plots. The two hyperbolic regions are between the horizontal
white lines in (b).

electric field near the trench opening in hBN is dominated by its
x-component [30,31], indicating that the conductivity should be
evaluated based ¢, of hBN. The real part of Zypy is the resistance
and it is negligibly small in the frequency regions of interest. The
imaginary part of Z,gy can be positive or negative since ¢, takes
different signs depending on the frequency range, meaning that
hBN can serve as a capacitor or inductor [62,63]. In the upper
hyperbolic region, ¢, is negative due to the in-plane phonon vibra-
tions as shown in Fig. 3(a), and hBN acts like an inductor across the
trench opening with an inductance

)

- 18
gole, [*w?sd (18)

Lipn =
On the other hand, outside the higher-frequency hyperbolic region,
¢, is positive and hBN provides a capacitance

~ gosdle,

Chen 2.b

(19)
Egs. (18) and (19) can be obtained based on Zypy.
After all the elements in the circuit are known, the resonance

frequency can be obtained as v = (2nco\/Lthmt)71 [32]. In the
upper hyperbolic region, Lygny and Lag are in parallel, yielding
Lot = LagLnan/(Lag + Lign) and Cioe = C. The total inductance is
reduced by hBN compared to plain gratings and thus the funda-
mental resonance in the hybrid structure shifts to frequencies
higher than those in plain gratings as shown in Fig. 6(a). Outside
the hyperbolic region, G,y and C are connected in parallel, yielding
Liot = Lag and Cior = C + Cppn. This makes the total capacitance lar-
ger, shifting the MP resonance to lower frequencies, as demon-
strated in Fig.6(b) and (c). The LC model (round markers)
matches the RCWA simulation very well, as shown in Fig. 7(b).

The good agreement justifies that the fundamental resonance is a
coupled resonance, which has some unique features depending
on the frequency range as discussed next.

3.2. Hybrid phonon-plasmon polaritons and tunable location-
dependent absorption

Fig. 8 shows the local power dissipation profile at the perfect-
absorption peak shown in Fig. 6(a), which lies in the high-
frequency hyperbolic region, where Fig. 8(a) displays a zoomed-
in view of the hBN film and the unit of the contour scale for w is
MW/m?>. For Fig. 8(b), w is multiplied by a factor of 10 to show
the dissipation near the surface of the Ag groove clearly. For exam-
ple, at the trench bottom, the actual value is w ~ 0.019 MW/m? in
Ag. In the calculation, the magnitude of the incident electric field is
1 V/m. It can be seen that dissipation is mainly at the surface of the
grating, similar to previous observations of metal gratings at MP
resonances [30-32]. The absorption in the hBN film is much stron-
ger than in the grating. The maximum w in hBN is 2.4 MW/m?,
which exceeds the upper limit of the scale bar. The absorptance
of the hBN film can be obtained by integration using Eq. (11) as
0.91, suggesting that most of the incident power is absorbed by
the hBN film instead of the grating.

As can be seen from Fig. 8(a), the dissipation profile follows a
zigzag path in the hBN film that is symmetric about the middle
of the trench, indicating that the power is nonuniformly absorbed
in the film. This dissipation profile is a unique feature of the HPP
waveguide modes [39-41]. Due to the diffraction of the grating,
electric fields with large wavevectors are generated and they excite
the hyperbolic polaritons in the hBN film. The polaritons predom-
inantly initiate from the two corners of the grating because of the
highly concentrated electric field therein that is about 50 times
that of the incident waves. The polariton rays propagate inside
the film with a fixed angle of p=65.7° as described by Eq. (14)
and experience a total internal reflection on the top surface of
the hBN film [40]. The predicted angle matches Fig. 8(a) well, even
though loss is neglected Eq. (14). Furthermore, the period of the
zigzag pattern in the x-direction can be derived as 2dtan  based
on the wavevector of the polaritons. It should be noted that

0.8

05 0 0.5
X (um)

Fig. 8. Local power dissipation density at v=1436cm™' corresponding to the
perfect-absorptance peak in Fig. 6(a): (a) zoomed-in profile showing the details
inside the hBN film, (b) the dissipation profile (enlarged by one order of magnitude)
of the structure. The scale bar for w is in MW/m® with an upper limit 1 MW/m?,
beyond which w is displayed with white color. Note that the x and z scales are
readjusted to show the profile clearly but the propagation angle g is distorted.
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multiple orders of HPPs are excited simultaneously at the reso-
nance frequency due to grating diffraction. For a specific frequency,
according to Eq. (17), the wavevectors of the multiple HPPs form an
arithmetic  progression  with a common  difference
Aky = (/d)\/—¢ /¢.. Thus, these HPPs produce an interference
pattern with a spatial period 27/Ak, [40], which is the same as
the above-obtained period in real space, providing a complemen-
tary way to understand the periodic zigzag pattern. Due to the
weak loss of hBN, these HPPs dissipate power as they propagate
inside the film and gradually vanish. The weak loss of hBN enables
a long propagation length that is an advantage of hBN in subd-
iffractional focusing and imaging applications over other hyper-
bolic metamaterials constructed with metallic nanowires or
metal/dielectric multilayers [39-41]. The unique directional prop-
agation of the polaritons allows multiple reflections and long light-
matter interaction distances, giving rise to the strong absorption in
hBN.

Fig. 9 illustrates a similar local power dissipation profile, which
corresponds the high-absorptance resonance at v=_818.7 cm™! (in
the lower hyperbolic region) in Fig. 6(b). The dissipation in hBN is
again much stronger than in Ag, reaching 8 MW/m? at the two cor-
ners of the grating and 84% of the incident power is dissipated in
hBN with a zigzag dissipation pattern with g = 72.4°. Due to higher
loss at this resonance, the HPPs can only survive a relatively
shorter propagation distance. Based on the above analysis, the dis-
sipation profile at the perfect and near-perfect absorption in
hyperbolic regions possesses both features of a MP and HPPs
and, thus, these resonances are hybrid hyperbolic phonon-
plasmon polaritons formed by strong coupling between plasmonic
MP in the metal grating and HPPs in the hBN film.

The scenario of the near-perfect absorption at v=1333 cm™
shown in Fig. 6(c) is different from the above discussion since it
is not in the hyperbolic regions. Fig. 10(a) shows the dissipation
profile at this resonance. Here, the absorption in the hBN film is
concentrated within the portion that is across the trench opening
of the grating. The scale bar is nonlinear beyond 0.5 MW/m? to
show the dissipation profile in the grating is again due to the exci-
tation of MP [30,31]. Using Eq. (11), one can obtain the absorptance
of hBN to be 0.72, which is more than 3 times of the value in the Ag
grating (i.e., 0.22). The main reason for this high absorptance is an
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Fig. 9. Local power dissipation density at v =818.7 cm™! corresponding to the high
absorptance peak in Fig. 6(b): (a) zoomed-in profile, (b) the dissipation profile
(enlarged by one order of magnitude) of the structure. The scale bar is in MW/m>
with an upper limit 1 MW/m?, beyond which w is displayed with white color.
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Fig. 10. (a) Local power dissipation density at v=1333 cm™! corresponding to the
near-perfect absorption peak in Fig. 6(c). The scale bar is in MW/m? with an upper
limit 0.5 MW/m?, beyond which w is displayed with white color. (b) Local power
dissipation density profile of the top (z=0nm), the middle (z=15nm), and the
bottom (z =30 nm) of the hBN film.

enhanced electric field near the trench opening when a MP is
excited; this is very similar to the high absorptance in graphene-
covered metal gratings [14,30,31]. Since the electric field strength
decays gradually away from the trench opening, w becomes pro-
gressively smaller in hBN film as illustrated in Fig. 10(b), showing
the dissipation profiles at different height in the film. At the bot-
tom of the hBN film, w shows two spikes at the two corners of
the grating due to the highly concentrated electric field therein.
This strong electric field is also important to the zigzag dissipation
profile of the hyperbolic phonon-plasmon polaritons as discussed
before. Therefore, the strong absorption is a result of hybrid
phonon-plasmon polaritons. Here the hBN film provides additional
capacitance in the LC circuit that pushes the resonances to lower
frequencies.

3.3. Other effects

The general effect of the geometric parameters can be under-
stood using the above-mentioned LC circuit model. For example,
when d is increased from 30 nm, the inductance of hBN calculated
from Eq. (18) will decrease in the upper hyperbolic region and push
the coupled resonances to higher frequencies, and vice versa in the
frequency range that hBN is a capacitor. However, there exist some
flat bright bands in the two hyperbolic regions as shown in Fig. 7
(b) that cannot be explained by the LC circuit. These resonances
are HPPs excited by the electric field with large wavevectors due
to grating diffraction. When HPPs are coupled with the MP in grat-
ing at a certain grating height, the hybrid polaritons push the
absorptance higher compared to the absorptance of uncoupled
hyperbolic polaritons at other grating heights. These flat bands
are discrete and become sparser in frequency when the d becomes
larger, though not shown here, indicating that the hyperbolic pho-
non polaritons are excited at specific frequencies instead of the
whole hyperbolic regions. This is very different with the scenario
where the structure is not periodic since continuous high wavevec-
tors can be created [41]. Therefore, the hBN film thickness, the
grating height, as well as the trench width, can all be used to con-
trol the excitation condition of the hybrid hyperbolic phonon-
plasmon polaritons. Since the propagation angle of the HPPs
depends on the frequency, these geometry parameters can be used
to manipulate the location of the absorption in hBN films. Further-
more, the excitation of hybrid polaritons is insensitive to the inci-
dent direction up to about 45°. For example, calculations show that
when the incidence angle is changed to 30°, the high-absorptance
peaks shown in Fig. 6(a)-(c) shift slightly to 1430cm™!,
819.7 cm~!, and 1331 cm™!, respectively, with the corresponding
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absorptance being 0.99, 0.98, and 0.93. The propagation direction
of the HPPs of the first two hybrid polaritons is in consistent with
the slightly changed resonance frequencies.

Practical experiments may have some discrepancies with the
theoretical ideal structure. For example, fabricated metal gratings
may not be perfectly flat and leave a vacuum gap between hBN film
and grating. However, such an imperfection may not significantly
alter the results since no identifiable difference are found in the
three spectra shown in Fig. 6 when a 1-nm gap between hBN
and metal gratings is present, though not shown here. Meanwhile,
the corners of the fabricated grating may not be as sharp as the
ideal case, and thus the electric field would be expected to be
somehow weaker around the grating edges. Such gratings may still
be able to concentrate an electric field that is strong enough to
launch a strong HPP in hBN and achieve high absorption, but the
excited polariton may be less distinguishable with lower spatial
contrast [41]. The above-discussed unique properties enabled by
the hybrid hBN film and grating nano/microstructures have poten-
tial applications in sub-wavelength imaging [41] and surface-
enhanced Raman spectroscopy [66]. Considering that gratings
made of high-temperature materials like tungsten [9] and SiC
[61] also support MPs, the design presented here could be used
to build stable perfect absorbers or spectral selective emitters for
high-temperature applications [7].

4. Conclusions

This work demonstrates perfect and near-perfect absorption in
hBN/metal grating hybrid anisotropic structures due to hybrid
phonon-plasmon polaritons. The hybrid polaritons can be
explained with an LC circuit model in which hBN behaves as either
an inductor or capacitor depending on the frequency range. In the
two hyperbolic regions of hBN, HPPs strongly couple with localized
MPs, forming hybrid hyperbolic phonon-plasmon polaritons and
boosting the absorptance. The majority of the power is dissipated
inside the hBN film with a tunable location-dependent absorption
profile. Outside the hyperbolic regions, the optical phonons in hBN
can strongly couple with MPs and hBN dissipates significant power
because of its intrinsic loss and the strong electric field produced
by MP resonances. The height of the grating, the trench width, as
well as the hBN film thickness, can be used to tune the perfect
and near-perfect absorption to different frequencies. This work
reveals the possibility of using hyperbolic 2D materials to achieve
perfect absorption and sheds light on a new route to construct
hybrid structures with unique radiative properties for sub-
wavelength imaging and high-temperature energy harvesting.
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