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Polar dielectrics are important optical materials enabling the subwavelength manipulation of light in infrared due to
their capability to excite phonon polaritons. In practice, it is highly desired to actively modify these hyperbolic phonon
polaritons (HPPs) to optimize or tune the response of the device. In this work, we investigate the plasmonic material, a
monolayer graphene, and study its hybrid structure with three kinds of hyperbolic thin films grown on SiO2 substrate. The
inter-mode hybridization and their tunability have been thoroughly clarified from both the band dispersions and the mode
patterns numerically calculated through a transfer matrix method. Our results show that these hybrid multilayer structures
are of strong potentials for applications in plasmonic waveguides, modulators and detectors in infrared.
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1. Introduction
Polar dielectric crystals can show hyperbolic disper-

sion characters in infrared arising from their ionic resonance
driven by external electromagnetic (EM) fields, such as hav-
ing anisotropic dielectric constants with sign difference.[1] On
their surfaces with air, bounded phonon polaritons could be
excited in the resonance state. Like hyperbolic metamaterials,
light with large wavevectors or high energy density state can
propagate inside these kinds of natural indefinite anisotropic
materials.[2,3] Many interesting phenomena and related tech-
nological applications can be inspired by these special mate-
rials as subwavelength imaging,[4] sensing engineering,[5] or
enhanced light radiation.[6] However, like plasmonic behav-
iors of noble metals in the visible regime,[7,8] it is hard to ac-
tively control or modify the EM properties of a hyperbolic di-
electric once the device is fabricated. In practice, activity or
tunable function is often desired in order to optimize or mod-
ulate the device performance, particularly when considering
the narrow band phonon resonance nature of polar dielectrics.
For this aim conductive materials with variable charge den-
sities through optical pumping or electric doping have been
adopted in the design of reconfigurable plasmonic devices.[9]

Among them, graphene due to the relatively low damping
loss and wideband response has attracted great attention as a
key variable component, especially in the heterostructures of
graphene–hexagonal boron nitride (hBN) composite in recent
years.[10,11] Electron oscillations in graphene and ionic vibra-
tions in polar dielectrics can produce plasmon–phonon hybrid
modes. This hybrid structure, regarded as an advanced ver-

sion of two-dimensional (2D) metamaterials, can absorb the
virtues of both the hyperbolic dielectric and graphene by offer-
ing more freedoms to manipulate infrared waves and thus cre-
ate new functional optical devices.[12–14] It has been pointed
out that graphene on a plasmonic dielectric substrate will pos-
sess larger carrier mobility than on a normal insulator such
as SiO2.[15] In principle, reconfigurable plasmonic devices
or functionalities in infrared can be anticipated applying this
hybrid structure plus the additional features of low-loss and
wideband.

In this work, we systematically investigated three kinds
of graphene–hyperbolic heterostructures including graphene–
hBN, graphene–aluminum nitride (AlN) and graphene–zinc
oxide (ZnO), which all show strong electron–phonon cou-
pling resonance in the mid-infrared regime. Among these hy-
perbolic components, hBN has attracted most attentions due
to the low loss and high field confinement that are promis-
ing for subwavelength device applications.[16] Here, we give
more comprehensive discussions on the field patterns and their
propagation features associated with the hybrid coupling with
graphene, especially when the properties of graphene are var-
ied. For AlN and ZnO their semi-conductor and optoelectron-
ics properties have been widely investigated in the field of ma-
terial science,[17,18] while their EM characteristics on surface
plasmon polartitons (SPPs), in particular hybridizing with an-
other plasmonic layer are less discussed. It is scientifically and
also practically instrumental to explore their optical features
as potential plasmonic material candidates for novel photonic
phenomena or functionalities.

For graphene–hBN heterostructure, we examine the hy-
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brid polaritions in two different hyperbolic regions (Rest-
strahlen bands) and show that the propagation characteristics
could be tuned by controlling the Fermi level. These two hy-
perbolic regions correspond to very different localized mode
patterns. For the hybrid structure with AlN or ZnO constituent,
which only has one hyperbolic resonance spectrum, our calcu-
lation shows that highly confined hybrid phonon–plasmonic
modes could be achieved with proper damping parameters.
Considering their optoelectronic properties, in particular for
ZnO, more versatile or controlling features may be expected
in a graphene–semiconductor hybrid system. Since the elec-
tric properties of the graphene layer can be vividly modified
e.g., by applying a gate voltage[19] or optical pumping,[20] the
hybrid plasmonic properties in principle could be tuned in both
amplitude and wavelength. Hyperbolic responses of the po-
lar crystals are usually narrow band and the hybrid combina-
tions of different constituents proposed here may afford the
options to realize the desired functionality in different spec-
trum regimes.

2. Theoretical model
The multilayer hybrid topology investigated here is

air/graphene/hyperbolic material (hBN, AlN, ZnO) /SiO2 sub-
strate. The graphene layer we used is a monolayer sheet and
treated as a 2D infinite material. The structure is infinite in the
xy plane (Fig. 1) with the illumination of a p polarized plane
wave. In Fig. 1, the middle grey region (−d < z < 0) repre-
sents the hyperbolic layer and the top (bottom) region is air
(SiO2 substrate). Here we employ the standard transfer matrix
method[21] to derive the reflection coefficient r of the hybrid
structures. For our 2D structures the magnetic field along the
y-axis direction can be expressed as

Hi = [ai exp(ikz
i zi)+bi exp(−ikz

i zi)]exp(ikx
i x) , (1)

where the variable i= 1, 2, 3 stands for the region of air, hyper-
bolic layer, and SiO2, respectively. kz

i and kx
i are the wavevec-

tor components along the z and x axes, respectively. They sat-
isfy the dispersion relation kz2

i /εx
i +kx2

i /ε
z
i = ω2/c2, where εx

i

and ε
z
i are dielectric permittivity along the x and z axes, re-

spectively. ai and bi are the coefficients of the incident and
reflected waves, respectively. From the boundary continuity
condition, we have the in-plane wavevector kx

1 = kx
2 = kx

3 = kx.
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Fig. 1. (color online) Schematic of the hybrid structure in our calcula-
tion. The graphene monolayer (red) is sandwiched by top air and bottom
hyperbolic layer (thickness d) grown on the SiO2 substrate. This two-
dimensional composite structure is infinity along the y-axis direction.

The coefficients of the wave components in different re-
gions are connected by a matrix equation(

a1
b1

)
=𝑀

(
a3
b3

)
, (2)

where the transfer matrix 𝑀 is the product of three parts

𝑀 =𝑀12𝑃12𝑀23. (3)

In Eq. (3), 𝑀12 (𝑀23) represents the interface transfer matrix
between regions 1 and 2 (regions 2 and 3) and 𝑃12 represents
the propagation matrix in region 2, i.e., the hyperbolic layer.
These matrices can be deduced by Maxwell’s equations and
boundary continuity conditions, defined by[21,22]
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)
, (5)

𝑃12 =

(
e−ikz

2d 0

0 e ikz
2d

)
, (6)

where d is the thickness of the hyperbolic layer, ε0 is vacuum
permittivity, σ is the conductivity of graphene, and ω is angu-
lar frequency.

According to Eq. (2), we can calculate the reflection coef-
ficient r = b1/a1. The eigenmode in a non-dissipative system

will be excited for a vanishingly small incident wave (a1 ≈ 0).
In this case the poles of r at real kx and ω give rise to the
dispersion curve of the heterostructure.[16]

The conductivity σ of monolayer graphene in the infrared
range is modeled using the local random phase approximation
(RPA) expressed by[23,24]

σintra =
ie2kBT

π h̄2(ω + iτ−1
g )

(
EF

kBT
+2ln(e−EF/kBT +1)

)
,

σinter =−
ie2

4π h̄
ln

∣∣∣∣∣2EF− (ω + iτ−1
g )h̄

2EF +(ω + iτ−1
g )h̄

∣∣∣∣∣,
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σ = σinter +σintra, (7)

where e is electron charge, h̄ is reduced Planck constant, kB

is Boltzmann constant, T is temperature, EF is the Fermi
energy of graphene sheet, and τg is the electron relaxation
time. The total conductivity σ is contributed by both interband
(σinter) and intraband (σintra) conductions. The Fermi level
of graphene layer can be tuned by many methods,[25] among
which the most straightforward way is to apply a gate volt-
age. The electron relaxation time τg as a function of carrier
mobility µ , Fermi energy EF, and Fermi velocity VF is writ-
ten by τg = µEF/(eV 2

F ). In calculation we use VF = 106 m/s
and µ = 1000 cm2·V−1·s−1 for a low-doping graphene. Ac-
cordingly, EF = 0.5 eV and τg = 100 fs, which are used in the
literature.[26] The dielectric properties of the SiO2 substrate
are taken from Ref. [27]. According to these parameters the
SiO2 substrate will also contribute a phonon resonance near
1130 cm−1, but which is neglected in our consideration due to
its weak amplitude compared with the hyperbolic components
of interest.

3. Results and discussion
3.1. With the hBN hyperbolic layer

Here the hyperbolic layer is assumed to be single crys-
tal and the uniaxial direction is aligned parallel to the z-axis
(Fig. 1). For hBN, the in-plane and out-of-plane dielectric
functions can be described by the Lorentz model[28]

εh,⊥(‖) = ε∞,⊥(‖)+ ε∞,⊥(‖)
ω2

LO,⊥(‖)−ω2
TO,⊥(‖)

ωTO,⊥(‖)−ω2− iωγ⊥(‖)
, (8)

where ⊥(‖) represents the direction perpendicular (parallel)
to the c-axis (or the z-axis in Fig. 1) of the optical crys-
tal. The EM material parameters used in our calculation are
given in Table 1. The calculated dispersions for hBN crys-
tals are plotted in Fig. 2(a). As a typical Vander Waals crys-
tal, hBN’s phonon resonances are anisotropic and have differ-
ent eigenfrequencies for the in-plane and out-of-plane oscilla-
tions. As a consequence, it has two hyperbolic regions shown
in Fig. 2(a), the type-I region with Re(ε⊥)> 0 and Re

(
ε‖
)
< 0

in 780–830 cm−1 (shaded green) and the type-II region with
Re(ε⊥) < 0 and Re

(
ε‖
)
> 0 in 1370–1610 cm−1 (shaded or-

ange). The real part of permittivity changes the sign in these
two regions. In Fig. 2(b), we plot the hyperbolic isofrequency
curves for these two bands at 800 cm−1 (left) and 1500 cm−1

(right), respectively. These straight dispersion features at high
wavevectors corresponding to uniform group velocity vectors
are very important for subwavelength lensing applications.[29]

It is seen that at 800 cm−1 group and phase velocities of light
traveling in hBN will propagate in the opposite directions, i.e.,
behaving as the back-forward wave.
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Fig. 2. (color online) Relative permittivity spectra (a) and isofrequency
band dispersion (b) of hBN. The two shaded areas in panel (a) indi-
cate the type I (green) and type II (orange) hyperbolic regions of hBN.
Curves in panel (b) plot the corresponding isofrequency curves in these
two regions at 800 cm−1 (green) and 1500 cm−1 (orange), respectively.

Table 1. Material parameters used in our calculation. Here ε∞ is the
high frequency dielectric constant. ωLO and ωTO are the longitudinal-
optic (LO) and transverse-optic (TO) phonon resonance frequencies,
respectively. γLO and γTO are the damping constants of LO and TO
phonon resonances, respectively. These parameters are obtained from
the previous publications.[16,30,31]

ε∞ ωLO/cm−1 ωTO/cm−1 γLO/cm−1 γTO/cm−1

hBN
⊥ 4.87 1610 1370 5 –
‖ 2.95 830 780 4 –

AlN
⊥ 4.53 912 670 6 9
‖ 4.72 890 610 8 11

ZnO
⊥ 3.7 589 409 3 3
‖ 3.78 575 384 3 3

For the hybrid structure, we consider a 100-nm-thick hBN
thin film as the hyperbolic layer. The resonant surface modes
can be determined by the poles of the reflection coefficients
and the mode dispersion patterns of the hybrid structure are
obtained by plotting the imaginary part of the reflection co-
efficient r.[27,32] The results are given in Fig. 3 for the type-I
region and in Fig. 4 for the type-II region. To better under-
stand the mode characters, we also plot the field profiles of the
modes at some frequency points as labeled in the dispersion
patterns by dots. Figure 3(a) shows a monotonously increas-
ing band curve for a free-standing graphene monolayer. The
bounded mode pattern at 1700 cm−1 is plotted in Fig. 3(b) ex-
hibiting a spatially symmetrical field distribution.

Figure 3(c) gives the dispersion diagram of the hBN film
corresponding to the type-I band. Two distinct features are ob-
served: (i) the Poynting vector S and the in-plane wavevector
kx point towards opposite directions, which means that in this
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band the waves have negative phase velocity;[33] (ii) the first
waveguide mode (node) has an integer index m = 1 which cor-
responds to an asymmetrical field distribution, for example as
shown in Fig. 3(d). These two results are closely correlated
to the hyperbolic dispersion features of the hBN constituent
(see the green curve in Fig. 2(b)). More specifically, the min-
imum available value for the kz component of the hBN film
determines the lowest order number of the waveguide modes.

For the type-I band, it has a cutoff wavenumber starting from
ω/c, while it has no such a limit for the type-II band. Thus,
as shown in Figs. 4(a) and 4(d), the first waveguide mode for
the type-II band has an integer index m = 0. Different index
number m corresponds to different mode pattern, following the
characteristic equation δ1+δ2+2kz

2d = 2mπ , where δ1 and δ2

are the reflection phase shifts of the top and bottom interface
of the hyperbolic film, respectively.
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Fig. 3. (color online) Dispersions and field distributions of the modes for the free-standing graphene monolayer and the type-I band
of the graphene–hBN heterostructure. The dispersions for (a) graphene (EF = 0.5 eV), (c) hBN and (e) their hybrid structure. (b),
(d), (f). The field profiles of the modes of graphene, hBN and their hybrid structure at ω = 1700 cm−1, 800 cm−1, and 800 cm−1,
respectively. The corresponding frequency positions in the left dispersion figures are indicated by red dots. The black lines in the field
patterns profile the hyperbolic layer and the red line indicating the graphene sheet.

When covered by a graphene monolayer, as shown in
Fig. 3(e), the dispersion branches of the hyperbolic film shift
towards the right-hand. At ω = 800 cm−1, the momentum kx

of the mode changes from 6.8×104 cm−1 to 10.2×104 cm−1,
as denoted by the red dots in Figs. 3(c) and 3(e), meaning the
reduction of the plasmon wavelength λp = 2π/kx. The mode
field patterns are slightly modified as shown in Figs. 3(d) and
3(f). This wavelength can be calculated through the equation
describing the poles of reflection coefficient. Neglecting high
orders of kx for simplicity, one could have the change of plas-
mon wavelength ∆λ induced by graphene.[13]

∆λ =
λg,p

πd
εx

2
1− ε

x
2ε

z
2
. (9)

In Eq. (9), the graphene plasmon wavelength λg,p is approx-
imately proportional to its Fermi energy and an external gate
voltage may be applied to control the plasmon wavelength of
the hybrid structure. But in this case, the near-field coupling
between the localized modes of graphene and the hyperbolic
layer is weak due to their mismatch in the field patterns, al-
though they match in frequencies and wavenumbers. In this
sense their existences effectively modify each other’s dielec-

tric background rather than direct mode coupling.
For the type-II band, as shown in Fig. 4(a), the hyperbolic

layer also possesses an infinite number of waveguide modes
but with positive phase velocity. As addressed above, it takes
the zero order waveguide mode (m = 0) as the first mode. The
field distributions for the first two modes at 1500 cm−1 are
plotted in Figs. 4(c) and 4(g), which show nearly symmet-
ric and asymmetrical field patterns for these two modes, re-
spectively. For the hybrid structure, the first hBN’s waveg-
uide branch is smoothly coupled with the graphene mode
(Fig. 4(b)) due to their common symmetric patterns. This
trend is evidenced from the field patterns at the frequency
points of 1500 cm−1 (Fig. 4(d)), 1600 cm−1 (Fig. 4(f)), and
1700 cm−1 (Fig. 4(h)), which show a mode transition from
hBN’s waveguide to hybrid and then graphene’s SPP modes.
Because graphene has a much wider SPP band, the frequency
range for the hybrid mode is solely determined by the fea-
tures of the hyperbolic layer. For the hybrid structure, the dis-
persion curve shifts towards left side compared with the pure
hBN film. At ω = 1600 cm−1, the momentum kx changes from
6.56×105 cm−1 to 1.96×105 cm−1 after introducing the top
graphene sheet.
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Fig. 4. (color online) Dispersions and mode patterns of the type-II band of the graphene–hBN heterostructures. The dispersion
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(1500 cm−1), (e) E (1600 cm−1), and (g) G (1500 cm−1) labeled in panel (a). The Ex distributions corresponding to the color points
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In the above, we discuss the dispersion relationship with
the real momentum kx. Generally when there exists material
loss, this momentum should be a complex number with cer-
tain imaginary part κ . In the dispersion figures, the real and
imaginary parts of the momentum correspond to the x-axis co-
ordinate and the width of the bright lines, respectively.[16] Us-
ing numerical method (Lumerical Mode Solutions, with the
same model and material parameters) to solve the eigenmode
of the structure, we obtain the complex wavevectors at differ-
ent Fermi energies for the free-standing graphene, as shown
in Fig. 5(a). The loss in graphene can be controlled by in-

creasing Fermi energy at high frequency. The real and imag-
inary wavevectors for a 100-nm-thick hBN film are plotted in
Fig. 5(b), which shows strong loss at frequencies approaching
ωLO. The dispersion curves of graphene–hBN heterostructure
was plotted in Fig. 5(c) at different EF. With a small Fermi
energy (EF = 0.1 eV), no hybrid mode exists in this band.
The hybridized plasmon-phonon modes appear when EF is en-
hanced to 0.3 eV (blue) and 0.5 eV (green). Its wavelength
shifts larger by raising the Fermi energy of graphene. The
wavenumber of the bounded wave is significantly reduced due
to the smooth transition from hBN’s lossy phonon resonance
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mode to graphene’s SPP mode which has a far smaller damp-
ing factor near ωLO. It is interestingly noted that the loss fac-

tor κ is effectively suppressed when hybridization happens, in
particular at frequencies near ωLO.
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Fig. 5. (color online) Real (kx) and imaginary (κ) part momentums of the bounded modes in graphene (a), hBN (b) and the hybrid structure
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In order to characterize the polariton propagation, the
propagation velocities Vg (= dω/dk) and the decay time of
HPPs τ (= L/Vg, L is the propagation length and equals 1/κ)

are calculated at different EF. As shown in Fig. 5(d), the ve-
locity is about one percent of light speed in vacuum. The prop-
agation length is about tens of micrometers (not shown in the
figure) and the decay time τ is about two picoseconds which is
two orders larger than the ordinary plasmons in silver.[34] Due
to this significant improvement in plasmon propagation length
and lifetime, the highly confined low loss graphene–hBN het-
erostructure is promising as a core component in nanophotonic
devices.

3.2. With the AlN hyperbolic layer

AlN is a wide band gap semiconductor, and has many im-
portant applications in high-efficiency optoelectronic and laser
devices. It has the similar phonon resonance features with
hBN, but characterized by different equation. In the multi-
layer structure air/graphene/AlN/SiO2, the dielectric function
of AlN layer is described by[30]

εh,⊥(‖) = ε∞,⊥(‖)
ω2

LO,⊥(‖)−ω2− iωγLO,⊥(‖)

ωTO,⊥(‖)−ω2− iωγTO,⊥(‖)
. (10)

The parameters are given in Table 1. In our architecture,
the c-axis of the AlN film is assumed to be in-plane aligned,
which is experimentally achievable by epitaxial growth.[35]

Both of the dielectric functions are Lorentz model for phonon

crystals,[36] but AlN has a slight different from the hBN. AlN
only has one hyperbolic region in 610–670 cm−1 as shown in
Fig. 6(a) (shaded orange). When the frequency increases be-
yond the hyperbolic region, both the in-plane and out-of-plane
permittivity become negative, which is different from the hBN
case.
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Fig. 6. (color online) Relative permittivity spectra of AlN (a) and ZnO
(b). The c-axis of the crystals for AlN and ZnO is assumed to be in
plane and out of plane, respectively. The dielectric functions of these
two materials are described by Eq. (10). The hyperbolic regions are
highlighted by the orange and green colors, respectively.
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Using the same method described above, we calculate
the dispersion relationship of the hybrid structure, shown in
Figs. 7(a) and 7(b). The film thickness is set to be 200 nm.
The damping constant of AlN is larger than hBN, which leads
to relatively broader resonance line with less amplitude con-
trast. Here logarithmic scaling has been used for clear ob-
serving. For AlN, we observe different orders of HPP modes
in the hyperbolic region (i.e., 610–670 cm−1), but only the
lowest zero order is strong due to the loss issue. In addition,
we also observe another dispersion curve corresponding to a
metallic SPP-like mode above this hyperbolic region, where
AlN is fully negative in permittivity. The two bright mode

lines in Fig. 7(a) have asymptotic values about 820 cm−1 and
855 cm−1 at large wavenumber, whose field patterns are plot-
ted in Figs. 7(c) and 7(e) at 800 cm−1 and 880 cm−1, respec-
tively. The symmetrical waveguide and surface mode charac-
teristics are clearly elaborated by these two figures. Here, the
center of the zero order waveguide mode shifts closer to the
bottom SiO2 side due to the asymmetry of the background di-
electrics. It is interesting to see that the top SPP-like mode ex-
hibits a negative slope for frequency above 855 cm−1 at large
wavevectors, which may be used for applications such as slow
waves.[37]
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Fig. 7. (color online) Dispersions and mode patterns of the AlN and graphene-AlN. The dispersion curves (a) without and (b) with
graphene. The Ex distributions corresponding to the color points (c) C (800 cm−1) and (e) E (880 cm−1) labeled in panel (a), and the
Ex distributions corresponding to the color points (d) D (800 cm−1) and (f) F (950 cm−1) labeled in panel (b).

When a graphene layer is introduced on the top of the
structure, both modes are modified due to their effective cou-
pling with the SPP mode of graphene. After hybridization,
the wavevector of the original lower waveguide mode is re-
duced. For example, the mode at 800 cm−1 shifts from
8.2×10−4 cm−1 to 5.2×10−4 cm−1 accompanied by a slight
upward movement of the field distribution shown in Fig. 7(d).
On the other side, the original SPP-like mode disappears at
ω < 900 cm−1 and a new hybrid mode above 900 cm−1 comes
out, shown in Fig. 7(b). Figure 7(f) plots the field distribution
of this hybrid mode at 950 cm−1.

The influence of the material loss issues is investigated
and the results are given in Figs. 8(a) and 8(b) without and
with graphene, respectively. For the lower waveguide mode,
the imaginary part of the mode wavevector is effectively sup-
pressed by introducing a top graphene layer, in particular for
the region near the resonance frequency ωLO, where κ has a
nearly ten times reduction. This result is consistent with the
results described above for the graphene–hBN hybrid. This
is associated with the low loss properties of graphene in this
frequency range.
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Fig. 8. (color online) Dispersion curves of graphene–AlN heterostructure with real and imaginary parts of wavevector, (a) without graphene
and (b) with graphene. The Fermi energy EF is set to be 0.5 eV.

3.3. With the ZnO hyperbolic layer

ZnO is a commonly used semiconductor sharing many
properties with GaN and has been considered as a low-cost
replacement to other materials for blue LEDs. Taking the
free carriers and anisotropy into account, the dielectric func-
tion model of wurtzite ZnO can be expressed as the same as
AlN.[31] However, we use a moderate damping constant when
the single crystal ZnO is fabricated. In our calculation, the
ZnO thickness is set to be 300 nm. In Figs. 9(a) and 9(b), we
use a damping constant 3 to compute the dispersion curves.
The band features are quite similar as those for the type-I

band of the hBN film except that ZnO has a lower frequency
band. Introduction of the graphene layer will change the di-
electric background of the bounded modes and thus modify
their dispersion. As example, it shifts from 6.8×104 cm−1 to
7.2× 104 cm−1 at 400 cm−1. In addition, we found that if a
larger damping constant is used (e.g., γ = 7), the high intensity
curves become broader and the high order modes will disap-
pear totally. The calculation shows that loss will be a key fac-
tor to influence the application of ZnO-based heterostructures.
But for some specific applications such as thermal-radiation
light source or thermophotovoltaic system, loss may be not a
serious issue.
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Fig. 9. (color online) Dispersions of graphene–ZnO heterostructure, (a) without graphene and (b) with graphene. (c), (d) The corre-
sponding field profiles labeled by the red dots in panels (a) and (b) at ω = 400 cm−1, respectively.

4. Conclusion

We have studied the features of the HPPs and SPPs in
graphene covered hyperbolic materials (hBN, AlN, and ZnO)
based on the dispersion spectrum. hBN has the excellent
property to form highly confined plasmons with low loss. In
graphene–hBN heterostructure, hybrid polaritons combining

the advantages of both constituents (i.e., low loss, tunability,
wide band) have been illustrated. The phonon–polartiton res-
onances of wurtzite AlN and wurtzite ZnO covering differ-
ent infrared frequencies have their own special applications.
Besides controlling the Fermi energy of graphene, the loss
in these materials can be also suppressed by improving the
crystallographic qualities of the crystals. But it may not be
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an issue for applications such as light harvester or sensor.
These hyperbolic materials supporting unique bulk waves are
also useful for applications in subwavelength devices acting as
spontaneous emission enhancement, super black-body thermal
radiation,[38] and so on. Their electromagnetic coupling with
a graphene monolayer gains more freedoms to modulate their
functionalities, which is often highly desired for practical ap-
plications. Our results are meaningful for both scientific and
practical purposes on the aspects of efficient subwavelength
manipulation of infrared light.
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