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Bi-tunable asymmetric light transmission (AT) and nearly perfect resonant absorption functionalities are achieved
by a Lorentz-reciprocal metamaterial for the operation at the mid-infrared (MIR) wavelengths and transverse
magnetic polarization. The bi-tunable metamaterial with bi-functional features and a total thickness of 1.8 μm
is based on an hBN/graphene/hBN heterostructure that is bounded by a Ge grating on the upper side and a hybrid
VO2∕Au grating on the lower side. Through analytical calculations, we first investigate how the dispersion char-
acteristics of the high-β hyperbolic phonon polaritons of hBN can be controlled and hybridized through the
insulator (i-VO2) to metal (m-VO2) transition of VO2 in a bare hBN∕VO2 heterostructure. Then, at the absence
of graphene and owing to the support of the hybridized high-β modes, a broad and efficient AT with forward-
to-backward contrast exceeding 40% is obtained by numerical calculations for the i-VO2 case, as the first
functionality of the structure. Moreover, it is found that for the m-VO2 case, the device is no longer transmittive
and a nearly perfect resonant absorption response, as the second functionality, is observed for backward
illumination. Finally, by introducing multilayer graphene into the structure and considering the intermediate
states of VO2 in the calculations, the bi-tunable transmission and absorption characteristics of the device are
investigated. We believe the designed metamaterial is well-suited for MIR optical diodes, sensors, and thermal
emitters. © 2019 Optical Society of America

https://doi.org/10.1364/JOSAB.36.001607

1. INTRODUCTION

Asymmetric light transmission (AT) [1–4] is known as the differ-
ence in transmission between forward and backward illumination
(i.e., opposite directions) of a reciprocal electromagnetic device.
It has been an active research topic due to its potential applica-
tions in integrated photonic systems for communications and
information processing, such as directionally sensitive beam split-
ting [5], multiplexing [6], and optical interconnections [7].
Breaking the spatial inversion symmetry [1,2] and the time re-
versal symmetry [3,4] are two approaches that can be employed
to achieve a strong forward-to-backward transmission contrast for
an optical system. For the former case, the transmission of non-
polarized and circularly/linearly polarized light through a device

is Lorentz-reciprocal and can be realized in diverse structures,
such as waveguides [8], chiral/achiral metamaterials [1,9,10],
metallic gratings with/without slits [5,6,11,12], metamaterials
based on hyperbolic hole arrays [13], and graphene-based meta-
materials [14–17]. Moreover, the combination of diffraction or
subwavelength gratings with one- or two-dimensional photonic
crystals [2,18,19] and hyperbolic metamaterials (HMMs) [20]
can also lead to the observation of AT. For photonic crystal struc-
tures, the so-called dispersion–diffraction mechanism takes the
lead, while the excitation of high-β modes with propagating/
non-propagating features is responsible for the observation of
AT while using HMMs.

Nearly perfect absorption is another distinguished aspect of
photonic structures (including metamaterials) and plays a key
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role in many applications, such as photodetectors, photovol-
taics, sensing, and spectroscopy [21]. To realize nearly perfect
absorption, reflectance is suppressed by matching the effective
impedance of the metamaterial to that of the incident medium.
Simultaneously, transmittance may be eliminated by introduc-
ing another metallic plate acting as a mirror [21,22]. Based on
this mechanism, plasmonic/phononic absorbers operating in
the visible to the lower frequency ranges with resonators of a
different geometrical pattern have been designed and investi-
gated comprehensively [23], including hexagonal boron nitride
(hBN)- [24,25], graphene- [26,27], transition-metal dichalco-
genide-based [28,29] absorbers and metasurfaces [30,31]. hBN
is a natural hyperbolic material in the mid-infrared (MIR)
region and is capable of supporting sub-diffractional volume-
confined hyperbolic phonon polaritons (HP2s) for transverse
magnetic (TM) polarization [32–34].

Combining the HP2s of hBN with surface plasmons polar-
itons of graphene (SP2s) in graphene/hBN heterostructures
leads to the support of hybrid plasmon–phonon polaritons,
called SP3 and HP3 modes [35]. Because of the presence of
graphene, dynamic tuning of the hyperbolic phonons of hBN
is achievable by electrostatic gating in the resulted heterostruc-
tures. This feature makes the graphene/hBN systems a platform
to achieve a new class of tunable waveguides [36,37] and light
absorbers [38]. Vanadium dioxide (VO2) can be another dis-
tinguished candidate for the dynamic tuning ofHP2 modes. As
a phase change material, VO2 exhibits a dramatic change in its
complex refractive index due to a reversible insulator-to-metal
transition (IMT) near room temperature. This material can be
a promising building block in tunable or reconfigurable meta-
material light absorbers, switches, and modulators [39–42]. As
a material with nonlinear optical response under high-power
operation, VO2 can also be realized in devices with AT char-
acteristics [43,44]. Very recently, the hybridization between the
HP2 modes of hBN and the IMT of VO2 (i.e., hybrid
HP2-IMT modes) has been experimentally investigated in
hBN∕VO2 heterostructures [45,46]. It has been found that
the HP2s of hBN are insensitive to external stimuli and, there-
fore, by varying the temperature of the heterostructures, it is
possible to dynamically tune the spectroscopic phonon
resonances of hBN in both reststrahlen (RS) bands. The RS
bands are categorized as RS-I and RS-II regions in which
hBN with εh � diag�εt , εt , εz� acts as a natural hyperbolic
material with Type-I (εz < 0, εt > 0) and Type-II (εz > 0,

εt < 0) hyperbolicities [32]. Therefore, the gate tunable feature
of SP2 modes in graphene and the thermally tunable IMT char-
acteristic of VO2 provide us two degrees of freedom for the
dynamic bi-tuning of the hybrid modes (called HP3-IMT
modes) in graphene∕hBN∕VO2 heterostructures.

In this paper, we first analytically—by obtaining the TM
dispersion relations and transmission characteristics of the
hybrid modes using the transfer matrix method (TMM)—
investigate how the phase transition of VO2 affects the mode
dispersion of the hyperbolic phonon polaritons of a bare hBN
film; i.e., hybrid HP2-IMT modes are examined. Using finite
difference time domain (FDTD) calculations [47], we then de-
sign a metamaterial composed of a film of hBN that is covered
on the upper side by a Ge grating and on the lower side by a
hybrid grating composed of VO2∕Au that is placed on an
Al2O3 substrate. The numerical calculations reveal that the de-
vice presents AT characteristics for the dielectric phase of VO2

and exhibits a nearly perfect resonant absorption feature for
backward illumination for the metal phase of VO2; i.e., a
bi-functional characteristic is observed. Next, considering mul-
tilayer graphene in the calculations, the dispersion properties of
hybrid HP3-IMT modes of a bare hybrid hBN∕graphene∕
hBN∕VO2 (HGH∕VO2) heterostructure are investigated.
Finally, in the presence of a multilayer graphene, the bi-tunable
feature of the above-mentioned design (i.e., HGH∕VO2

bounded by the gratings) is investigated numerically for the
different values of the chemical potential of graphene (μ)
and intermediate states of IMT of VO2 in the calculations.
To the best of our knowledge, this is the first study on the ana-
lytical and numerical investigations HGH∕VO2-based systems
with bi-tunable and bi-functional characteristics.

2. PHYSICAL MODEL

As mentioned above, the building block component of the final
metamaterial device is a bi-tunable heterostructure composed
of graphene, hBN, and VO2; i.e., HGH∕VO2. A schematic of
the HGH∕VO2 system is illustrated in Fig. 1(c). Figure 1(b)
shows an hBN∕VO2 (HV) layered structure that provides us
thermally switchable/tunable hybrid HP2-IMT modes. A bare
film of hBN with thickness th is also depicted in Fig. 1(a) as the
elementary system. An Al2O3 substrate is considered for all
these structures (shown in the schematics), and the upper clad-
ding medium is air. The final metamaterial device is composed
of an HGH heterostructure that is bounded by a Ge grating

Fig. 1. (a) and (b) Schematics of a film of hBN with thickness th and a hBN∕VO2 heterostructure on an Al2O3 substrate, respectively. The
thickness of the VO2 film is tV . (c) Schematic of an hBN∕graphene∕hBN∕VO2 multilayer system. (d) Drawing of the metamaterial device under
our consideration. As shown in this panel, the building block component of the device is a HGH heterostructure that is bounded by a Ge grating on
the upper side and a hybrid VO2∕Au grating on the lower side that is placed on an Al2O3 substrate.
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with geometrical parameters of PB, l B , and tB on the upper
side, as well as a hybrid grating composed of alternating Au
and VO2 layers with periodicity PA and Au width of l A with
thickness tV on the lower side. The whole metamaterial device
is placed on an Al2O3 substrate that makes our design more
feasible for practical purposes [the schematic is shown
in Fig. 1(d)].

The structures shown in Fig. 1(a) have been thoroughly in-
vestigated in the literature [36–38], thus we start with the
derivation of HP2-IMT modes of the hBN∕VO2 structure.
In our derivations, th and tV denote the thickness of the hBN
and VO2 layers, respectively, and εV is the permittivity of VO2

that is taken from experimental data reported by Ref. [39].
Considering the y component of the magnetic field as

Hy�z�

�

8>>>><
>>>>:

Ae−qA�z−th∕2�, z > th∕2
h1e−qhz � h2eqhz , −th∕2≤ z ≤ th∕2
V 1eqV �z�th∕2� �V 2e−qV �z�th∕2�, −tV − th∕2≤ z ≤ −th∕2
SeqS �z�th∕2�, z < −tV − th∕2

,

(1)

and applying the boundary conditions for TM polarization
[37], we arrive at the following dispersion relation of the hybrid
HP2-IMT modes of the HV structure that is bounded by ma-
terials with εA and εS :

tan h�qV tV � �
−Γh � m2ΓS

ΓhΓS − m2

: (2)

Here, Γh � qV εt
εV qh

ΓS � qV εS
εV qS

, m2 � m1−eqhth
m1�eqhth , m1 �

e−qhth �εAqhqAεt
−1�

εAqh
qAεt

�1
,

qh �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εt�β2 − εzβ20�∕εz

p
, qi �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2 − εiβ

2
0

p
�i � A,V , S�,

β � kx , and β0 � ω
c , and εh � diag�εt , εt , εz� is given by [32]

εm � ε∞,m ×
�
1� ω2

LO,m − ω2
TO,m

ω2
TO,m − ω2 − iωΓm

�
, m � t , z, (3)

where ε∞,x � 2.95, ε∞,z � 4.87, ωLO,x � 1610 cm−1

(≡6.2 μm), ωTO,x�1370 cm−1 (≡7.3 μm), ωLO,z�830cm−1,
ωTO,z � 780 cm−1, Γx � 4 cm−1, and Γz � 5 cm−1. It is
noteworthy that for the case of removing the VO2 film in
the above calculations, Eq. (2) reduces back to the well-known
dispersion relation of HP2 modes supported by a film of hBN
of thickness th [36] that is schematically shown in Fig. 1(a).

To be able to obtain the dispersion relation of the
HGH∕VO2 structure [shown schematically in Fig. 1(c)], the
presence of the graphene multilayer should be accounted for
in the calculations. Taking Hy similarly to the one used in
Eq. (1) and applying TM boundary conditions, we arrive at
the following dispersion relation of the bi-tunable HP3-IMT
modes supported by an HGH∕VO2 heterostructure:

tan h�qV tV � �
−Γh � m5ΓS

ΓhΓS − m5

, (4)

where m5 � m4−eqhth
m4�eqhth , m4 �

αg qh
εx

�m3�1
αg qh
εx

�m3−1
, m3 � m1�1

m1−1
, and

αg � Ngσg
iωϵ0

, and Ng denotes the number of graphene layers in
the multilayer graphene shown in Figs. 1(c) and 1(d) (Ng � 1

represents a single layer graphene). The optical conductivity of
the graphene (σg � σintrag � σinterg ), which is a function of fre-
quency and temperature, can also be shown as [48]

σintrag �ω,T � � e2

4ℏ
i
2π

�
16kBT
ℏΩ

ln

�
2 cosh

�
μ

2kBT

���
,

(5a)

σinterg �ω,T � � e2

4ℏ

�
1

2
� 1

π
arctan

�
ℏΩ − 2μ

2kBT

�

−
i
2π

ln
�ℏΩ� 2μ�2

�ℏΩ − 2μ�2 � �2kBT �2
�
, (5b)

with Ω � ω� iτ−1; e is the electron charge, kB is the
Boltzmann constant, τ is electron relaxation time, and ℏ is
the Plank constant over 2π. In the case of removing graphene
from the calculations (i.e., αg → 0), Eq. (4) reduces back to
Eq. (2). Moreover, the relaxation time of graphene is taken
to be τ � 1 ps in our calculations in this paper.

TMM is another analytical approach that we use to inves-
tigate mode hybridization and understand how the high-β hy-
brid HP3-IMT modes (HP2-IMT modes) can be strongly/
weakly transmitted through the bare HGH∕VO2 system
(hBN∕VO2 structure). By taking the appropriate form of
Hy in each medium and applying the TM boundary condition
at each interface, we arrive at I � jtj2 as an analytical relation
for electromagnetic light transmission through the considered

heterostructures, with t � 1∕M 11 and M �
hM 11

M 12

i
�

M −1
A �M h1M −1

h2��M h3M −1
h4��MV1M −1

V2�MS . Here,

MA �
�
−ikA∕εA ikA∕εA

1 1

�
, MS �

�
−ikA∕εA

1

�
,

(6a)

Mh1 �
�
−ikh∕εx ikh∕εx

1 1

�
,

Mh2 �
�
−eikhth∕2 e−ikhth∕2

eikhth∕2 e−ikhth∕2

�
, (6b)

Mh3 �
�

−1 1

1� αg 1 − αg

�
,

Mh4 �
�
−ikheikhth∕2∕εx ikhe−ikhth∕2∕εx

eikhth∕2 e−ikhth∕2

�
, (6c)

MV 1 �
�
−ikV ∕εV ikV ∕εV

1 1

�
,

MV 2 �
�
−ikV eikV tV ∕εV ikV e−ikV tV ∕εV

eikV tV e−ikV tV

�
: (6d)

3. RESULTS

Investigation of the dispersion characteristics and the hybridi-
zation of HP2 modes of hBN with IMT of VO2 gives us a fair
insight into the thermal switching of the hyperbolic phonon
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polaritons of hBN by phase transition of VO2. Note that here
we choose th � 600 nm, tV � 200 nm, and εA�Air � 1, and
εS�Al2O3

is taken from Ref. [49]. Moreover, the results are pre-
sented within the RS-II band of hBN, i.e., 6.2–7.3 μm. Here
we refer to the results related to the metal and insulator phases
of VO2 as m-VO2 and i-VO2, respectively. It is noteworthy
that, following Ref. [39], the corresponding temperatures of
the i-VO2 and m-VO2 phases are assumed to be 300 K and
358 K, respectively, and the results are presented for normal
incidence of light. For the FDTD calculations [47], the
material data are used for Ge and Au, and graphene is defined
as a 2D sheet with the optical conductivity provided by Eq. (5).
Moreover, VO2 and hBN permittivities are introduced to the
software as data files. Furthermore, an unit cell with periodic
boundary condition in the X direction and a perfectly matched
layer along the Z axis are employed, and the structure is excited
by a broadband plane wave.

The dispersion characteristics ofHP2 modes supported by a
film of hBN [the structure schematically shown in Fig. 1(a)]
have been investigated in detail in recently published papers
(see, e.g., Ref. [36]). However, in Figs. 2(a) and 2(b), we illus-
trate them in black curves for ease of comparison with the hy-
brid modes. For the structure depicted in Fig. 1(b), the hybrid
HP2-IMT modes are presented in blue [Fig. 2(a)] and red
[Fig. 2(b)] lines for the i-VO2 and m-VO2 cases, respectively.
As seen from the dispersion curves, the effect of the presence of
VO2 leads to the redshifting of the original HP2 modes while
not distorting the hyperbolic nature of the modes. This is in
agreement with the recently reported results [45,46]. To get

more insight into the propagation of the hybrid modes inside
the HV heterostructure [shown in Fig. 1(b)], TMM-calculated
TM-polarized light transmissions for metal and insulator
phases of VO2 are illustrated in Figs. 2(c) and 2(d), respectively.
Since the thickness of the considered film of hBN in the cal-
culation is taken as 600 nm, the unpatterned hBN film is fairly
transmittive inside the RS-II band for normal incidence.
Therefore, for the i-VO2 case, the HV structure can perfectly
transmit light for normal incidence [see Fig. 2(c)], while, as
observed from Fig. 2(d), due to the reflective/absorptive nature
of VO2 in the metallic phase, transmission of the HV structure
is quite low for normal incidence. In perfect agreement with the
dispersion curves of the hybrid HP2-IMT modes shown in
Figs. 2(a) and 2(b), Figs. 2(c) and 2(d) also highlight the point
that the HV heterostructure is capable of supporting high-β
propagating hybrid modes with transmittive characteristics
in the Z direction.

After getting insight into the propagation characteristics of
the hybrid modes supported by the bare HV system, now we
investigate AT and the nearly perfect resonant absorption fea-
tures of the metamaterial shown in Fig. 1(d) in the absence of
graphene. At this stage, we focus only on the switching char-
acteristic of VO2 from insulator to metal phases. It should be
noted that here, T F and T B denote transmission through the
device at normal illuminations in the �Z and −Z directions,
respectively. By taking the grating parameters shown in
Fig. 1(d) as PB � 4 μm, l B � 3 μm, PA � 3 μm, and l A �
1.5 μm in the calculations (leading to the fundamental recip-
rocal lattice wavevectors of magnitude GA � 2π∕PA and
GB � 2π∕PB), we investigate the AT of the grating-bounded
metamaterial in the absence of graphene in the second RS band
of hBN. By these choices and employing the grating law
(2π∕λ sin�θ� � β� nGA,B), GA and GB can couple normally
incident light (θ � 0) to a high-β hybrid HP2-IMT mode that
can be propagating/evanescent inside hBN (as a natural hyper-
bolic material) with a transverse wavevector located inside the β
ranges corresponding to high/low transmission in Fig. 2(c).
Here, θ is the angle of incident light with respect to the
�Z∕−Z direction for forward/backward illumination, and
n � �1,�2,…. Similar to the mechanisms leading to AT
for the metallic hyperbolic metamaterials [20], there are two
conditions responsible for achieving asymmetric transmission.
First, to enable the coupling of the wave incident on the meta-
material from side A (B) to an outgoing wave on side B (A)
(having tangential wavevector βout), GA and GB must satisfy
the condition jGA − GB∕nj � βout < β0. Second, to reach a
lower transmission in the backward direction than in the back-
ward one at a desired wavelength, GB and 2GB must be placed
inside low-transmission regions (jtj2 < 0.05) in Fig. 2(c). The
resulting forward and backward transmissions through the
i − VO2 grating-bounded hBN for normal incidence are shown
in Fig. 3(a) by the solid and dashed blue lines, respectively.

As shown in Fig. 3(a), there is a noticeable difference
between light transmission for forward and backward illumina-
tions for the i-VO2 case in the RS-II band of hBN for which
T F ,max is observed at λ � 6.6 μm. At this wavelength, the cor-
responding values of GA and GB are 2.2β0 and 3 × 1.34β0, re-
spectively, which leads to βout � 0.86β0 and fully follows the

Fig. 2. (a) and (b) TM dispersion of hybrid HP2-IMT modes sup-
ported by the hBN∕VO2 heterostructure shown in Fig. 1(b) with th �
600 nm and tV � 200 nm for the i-VO2 [solid blue lines in (a)] and
m-VO2 [solid red lines in (b)] cases. For ease of comparison, the
dispersion ofHP2 modes of the bare hBN (th � 600 nm) of the struc-
ture shown in Fig. 1(a) is shown as black lines in these panels. (c) and
(d) TMM-calculated TM-polarized light transmission, in a logarith-
mic scale, as a function of wavelength and normalized wavenumber
for the structure shown in Fig. 1(b) for the i-VO2 and m-VO2 phases.
The results are illustrated in the RS-II band of hBN.
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aforementioned conditions for achieving AT with T F > T B .
On the other hand, for the m-VO2 case, a negligible portion
of light can transmit through the structure due to an increase of
reflection (from the VO2∕Au hybrid grating) for the forward
illumination and an increase of absorption for the backward
one. The asymmetric transmission factor (ATF) of the device,
which can be defined as jT F − T Bj × 100%, is illustrated in
Fig. 3(c) for both the i-VO2 andm-VO2 cases by the solid blue
and solid red lines, respectively. It is seen that the ATF of the
device can reach 40% for the dielectric phase of VO2 and it is
switched to almost zero values once the structure is heated up to
85°C at the m-VO2 phase. Near-field mode profiles of light
passing through the i-VO2 metamaterial for forward and
backward illuminations at λ � 6.6 μm are also presented in
Figs. 3(d) and 3(e), respectively. It is seen from the mode pro-
files that supporting HP2-IMT polariton rays inside hBN,
which resemble those HP2 modes of a bare film of hBN
[32,33], is responsible for the general response of the device.

In agreement with Figs. 3(a) and 3(b), in Figs. 3(f ) and 3(g)
we investigate the absorption features of the structure depicted
in Fig. 1(d) (without graphene) for the opposite directions of
illumination and the insulator and metal phases of VO2.
Figure 3(f ) shows that for the i-VO2 case, backward absorption
(AB) is stronger than the forward one (AF ) for λ > 6.8 μm.
Further investigations into the results prove that the excitation

of hyperbolic modes inside hBN are mostly responsible for the
absorption of the structure for backward illumination, while for
forward illumination, lossy modes of the insulating VO2 take
the lead for absorption for λ < 6.8 μm. For the m-VO2 case,
the absorptive feature of the device is more interesting. In this
case, as shown in Fig. 3(g), for forward illumination the struc-
ture is mostly non-absorptive and negligibly transmittive [see
Fig. 3(b)], since the hybrid VO2∕Au grating acts as a reflector
layer. On the other hand, for backward illumination, due to
the strong confinement of the high-β low-propagating hybrid
HP2-IMT modes inside the hBN layer, the device presents a
nearly perfect absorption resonance at 6.8 μm. Consequently,
by comparing the dashed blue and dashed red lines shown in
Figs. 3(f ) and 3(g), it is understood that there is a 50% increase
in the backward resonant absorption of the device once the
phase of VO2 is switched from insulator to metal, and thus
nearly perfect absorption is obtained. Therefore, representing
the AT attribute for the i-VO2 case and the nearly perfect res-
onant absorption feature for the m-VO2 case gives the device a
bi-functional characteristic beneficial for some practical pur-
poses. To obtain more insight into the nature of the nearly per-
fect resonant absorption feature of the device for the m-VO2

backward illumination, we investigate how the hBN and VO2

layers contribute to total absorption of the metamaterial
(see Fig. 4).

Fig. 3. Transmission and absorption characteristics of the device shown in Fig. 1(d) (in the absence of graphene) for PB � 4 μm, l B � 3 μm,
PA � 3 μm, and l A � 1.5 μm for two insulating and metal phases of VO2 and normal incidence. (a) and (b) Forward (solid line) and backward
(dashed line) transmission of the grating bounded metamaterial for the i-VO2 and m-VO2 phases. (c) ATF of the device for both the i-VO2 (solid
blue line) and m-VO2 (solid red line) cases. Near-field mode profiles for (d) forward and (e) backward illuminations at λ � 6.9 μm. Forward (solid
line) and backward (dashed line) absorption of the device for the (f ) i-VO2 and (g) m-VO2 cases are also shown.
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Figure 4(a) illustrates total absorption (solid red line) and
contributions of the hBN layer (dashed–dotted red line) and
the hybrid VO2∕Au grating layer (dotted red line) to the total
absorption of the metamaterial for forward illumination. In
agreement with the above-mentioned points, since the hybrid
VO2∕Au grating layer is mostly reflective for the metallic phase
of VO2, total absorption is less than 10% for forward illumi-
nation. Therefore, light is generally absorbed inside the hybrid
VO2∕Au grating for this case. In support of this statement, it is
observed from the mode profiles shown in Figs. 4(b) and 4(c)
that jEj and jHj are almost concentrated in the VO2 layers.
Note that in the mode profiles shown in Fig. 4, hBN and hy-
brid VO2∕Au grating layers are placed in the −0.3 < z �μm� <
0.3 and −0.5 < z �μm� < −0.3 regions. In contrast to the for-
ward illumination, it is seen in Fig. 4(d) that for the m-VO2

backward illumination, absorption in hBN (dotted red line) is
the most contributed portion in total absorption value (dashed
red line), while the share of the VO2∕Au hybrid grating
(dashed–dotted red line) is less noticeable. For simplicity,
the absorption portion of the VO2∕Au hybrid grating is labeled
as VO2 in Figs. 4(a) and 4(b). jEj and jHj mode profiles—
shown at λ � 6.9 μm (wavelength of the nearly perfect reso-
nant absorption)—support the latter claim [see Figs. 4(b) and
4(c)] and verify this point that support of the hybridHP2-IMT
polariton rays in the hBN layer takes the lead for the observa-
tion of the nearly perfect absorption feature, as shown in panels
Figs. 4(e) and 4(f ).

As we schematically illustrated in Fig. 1(d), the HGH
heterostructure is the building block component of our final

metamaterial design. The design is composed of an unpat-
terned HGH heterostructure that is bounded by the Ge grating
on the upper side and the hybrid VO2∕Au grating on the lower
side and is placed on top of an Al2O3 substrate. In addition to
having the bi-functional feature, another advantageous charac-
teristic of this design is its bi-tunable attribute. This attribute is
provided by the gate tunable capability of graphene and the
thermally switchable/tunable feature of VO2. It is noteworthy
that graphene can also be tuned by external thermal stimuli;
however, our calculations prove that this effect is not as effective
as the gating feature for tuning the optical response of the
metamaterial device under our consideration here. To be more
specific, by taking T � 300 K and 358 K in the optical
conductivity of graphene, we have examined analytical and
numerical results shown in Fig. 5 and observed negligible
differences.

After obtaining sufficient insight into the effect of the
metal–insulator switching feature of VO2 on the transmission
and absorption attributes of the device, we are now at the stage
to investigate the effect of the presence of graphene in the cal-
culations. It has been theoretically/experimentally proved that
in graphene/hBN heterostructures, monolayer graphene can ef-
ficiently impact the dispersion characteristics of theHP2 modes
of an hBN film with thickness of up to 300 nm [35]. In this
case, hybrid HP3 and SP3 modes can be supported, respec-
tively, inside and outside of the hBN RS bands. Therefore,
to obtain the most effective efficiency of the device—i.e., to
achieveHP2-SP2 coupling together with a fair absorption of the
hBN film—we consider the thickness of each hBN layer in the
HGH structure as 300 nm, so the total thickness of the struc-
ture is th ≅ 600 nm [check th in Fig. 1(c)]. Taking μ � 0.5 eV
(otherwise stated) and considering a multilayer graphene
(Ng � 10) in the following calculations, the dispersion
characteristics of the HP3-IMT modes supported by the
HGH∕VO2 heterostructure for the i-VO2 and m-VO2 cases
are illustrated in Figs. 5(a) and 5(b). Note that dispersion of
the modes of the bare hBN (solid black lines), i-VO2 HV (solid
blue lines), and m-VO2 HV (solid red lines) structures are re-
shown in Figs. 5(a) and 5(b) for ease of comparison. Moreover,
the dispersion of the hybrid HP3-IMT modes [obtained by
Eq. (4)] is illustrated as solid pink lines for both the i-VO2

and m-VO2 cases in Figs. 5(a) and 5(b). As it is observed from
these panels, the presence of multilayer graphene has a notice-
able effect on the modes’ dispersion. This gives us the oppor-
tunity for effective tuning of the hybrid modes supported by
the HGH heterostructure via the gating feature of graphene.

When considering graphene in the numerical calculations, it
is understood that the presence of graphene keeps the strength
of the resonant transmission response of the metamaterial
[shown in Fig. 1(d)] for forward illumination, as we compare
the solid blue line in Fig. 5(c) to the one presented in Fig. 3(a),
while keeping T B very low. This leads to achieving almost 40%
of the ATF at λ � 6.45 μm, as shown in Fig. 5(d). Moreover,
by comparing the solid blue line (with graphene) and solid
black line (without graphene) in this figure, it is understood
that the presence of graphene can considerably tune the
ATF of the designed metamaterial through modifying μ.
Figure 5(e) illustrates the ATF of the device as a function of

Fig. 4. In agreement with Fig. 3(g), (a) and (d) present total absorp-
tion [solid line in (a) and dashed line in (d)], the hBN contribution in
total absorption (dotted lines), and absorption in the hybrid VO2∕Au
grating (dashed–dotted line) for forward and backward illumination,
respectively. (b), (c) jEj and (e), (f ) jHj profiles of the hybrid
HP2-IMT modes at λ � 6.9 μm.
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the wavelength and chemical potential of graphene for the
i-VO2 case. It is observed that, (i) in agreement with
Fig. 5(d), increasing the chemical potential of the graphene
layers leads to the blueshifting of the maximum value of the
ATF inside the RS-II band of hBN, and (ii) the ATF of the
device can reach 45% for μ ∼ 0.2 eV. As discussed above, sup-
porting nearly perfect resonant absorption for the m-VO2 case
is another eye-catching feature of our design. Figure 5(f ) proves
that the resonant absorption response can be dynamically
tuned, within the wavelength region around 6.8 μm, via modi-
fying the chemical potential of graphene.

Instead of the switching effect for the insulator and metal
phases of VO2, it is also possible to take into account for
the dynamic phase evolutions of the IMT of VO2 by consid-
ering the intermediate states in the calculations. If we consider
the insulating and metal phases of VO2 as i-VO2 (room tem-
perature, α � 0 and εins) andm-VO2 (T � 358 K, α � 1 and
εmet), the permittivity of the intermediate states (εinter) can be
described by employing a Lorentz–Lorenz effective medium
model as [41]

εinter − 1

εinter � 2
� α

εmet − 1

εmet � 2
� �1 − α� εinsul − 1

εinsul � 2
, (7)

where α is the metallic fraction coefficient. Consequently,
by taking different values of α in the calculations, it is
possible to dynamically investigate the effect of IMT evolution
on the transmission and absorption features of the designed
metamaterial, see Figs. 5(e) and 5(h).

4. CONCLUSION

We have analytically examined the hybridization of high-β hy-
perbolic phonon polaritons of hBN with IMT of VO2 in a bare
hBN∕VO2 heterostructure for both i-VO2 and m-VO2 phases
and TM polarization; i.e., the support of HP2-IMT modes.
Based on the understanding of hybridized high-β modes
of the system, we have numerically designed a bi-functional
metamaterial composed of film of hBN bounded by Ge and
hybrid VO2∕Au gratings for operation in the MIR range.
The bi-functional metamaterial enables broadband and effi-
cient AT with ATF exceeding 40% for the i-VO2 case, while
for the m-VO2 case it exhibits nearly perfect resonant absorp-
tion for backward illumination (and also almost zero transmis-
sion for both directions of illumination). In other words, the
i-VO2 case has practical use for AT, while the m-VO2 case can
be employed to achieve nearly perfect resonant absorption.

Fig. 5. Bi-tunable characteristics of the metamaterial. (a) and (b) are the same as Figs. 2(a) and 2(b) while the dispersion of the HP3-IMT modes
(solid pink lines) supported by the structure shown in Fig. 1(c) are also illustrated for Ng � 10, μ � 0.5 eV, and τ � 1 ps. (c) Forward (solid blue
line) and backward (dashed blue line) transmission of the device for the i-VO2 case. (d) ATF of the metamaterial with (solid blue line) and without
(solid black line) the presence of multilayer graphene. (e) ATF as a function of the chemical potential of graphene and wavelength for the i-VO2 case.
(f ) Tunable feature of backward absorption of the device for them-VO2 case, without graphene (dashed red line), and with the presence of graphene
for μ � 0.3 eV (solid pink line), μ � 0.5 eV (dashed pink line), and μ � 0.7 eV (dashed–dotted pink line). (g) ATF of the i-VO2 metamaterial as a
function of metallic fraction coefficient (α) and wavelength. (h) Backward absorption of them-VO2 metamaterial is depicted for different values of α.
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Consequently, the thermal counterpart of our design is mainly
responsible for the switch between AT and nearly perfect
absorption functionalities. It is noteworthy that obtaining AT
by employing the high-β modes of hBN as a natural hyperbolic
material can also be a practical advantage over achieving AT
using those modes supported by HMMs [20]. Moreover, we
have analytically examined HP3-IMT modes in a bare hBN∕
graphene∕hBN∕VO2 heterostructure. Then, by embedding
multilayer graphene into the above-mentioned grating-
bounded design—i.e., the HGH heterostructure bounded by
the Ge and VO2∕Au gratings—and considering the intermedi-
ate states of VO2 in the calculations during IMT, bi-tunable
AT (ATF exceeding 45%) and resonant absorption character-
istics via changes in μ of graphene have been achieved. The
findings presented in this paper can be realized in practice,
being beneficial for MIR sensing (e.g., see Refs. [50,51]),
optical isolation [3], and thermal emission (see, e.g., Ref. [25]
and the references therein) applications.
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