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Abstract
Polaritons in anisotropic van der Waals materials (AvdWMs), with either hyperbolic or elliptical
topologies, have garnered significant attention due to their ability of field confinement and many
useful applications in in-plane polariton nanophotonics, including directional guiding,
canalization, and hyperlensing. Here, we obtain the dispersion relation of hybrid surface
plasmon polaritons (SPPs) supported by a parallel-plate waveguide composed of an AvdWM, as
an example tungsten ditelluride, that is coupled with a graphene layer. Through analytical
calculations and numerical simulations, we first investigate the impact of losses on the modal
characteristics of SPPs supported by the AvdWM. We then show that the coupling of the
anisotropic layer to a graphene sheet in a parallel-plate waveguide heterostructure allows one to
control the in-plane propagation and dispersion topology of the hybrid SPPs by changing the
spacer thickness and the graphene chemical potential. Moreover, it is found that owing to the
different coupling regimes, this anisotropic-isotropic SPPs hybridization can enhance the
propagation length and spatial localization of the guided modes. We believe this approach can
lead to the realization of vdW heterostructures with improved functionalities for in-plane and
out-of-plane infrared nanophotonics.

Supplementary material for this article is available online
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1. Introduction

Polaritons with in-plane hyperbolic or elliptic momentum
topology (i.e. with hyperbolic or elliptic isofrequency con-
tours (IFCs) in the momentum space) have been employed
for studying a wide variety of exotic optical phenomena.
Some examples include topological transitions [1], direc-
tional, unidirectional, and asymmetric guiding [1–11], canal-
ization [11, 12], the enhancement of local density of states and
planar hyperlensing [13], negative refraction [4], and super-
Coulombic atom–atom interactions [14]. Polaritons exhibit-
ing in-plane anisotropy were first realized in uniaxial metas-
urfaces (characterized by unequal components of the in-plane
effective permittivity tensor) made of plasmonic materials,
such as Ag [2–4] and graphene [1]. The subsequent employ-
ment of hexagonal boron nitride (hBN) supporting phonon
polaritons with an out-of-plane hyperbolic response [15, 16]
showed that uniaxial hBN-based metasurfaces can also
guide polaritonic rays with the in-plane hyperbolic topology
[17, 18].

There are two factors limiting the capability of uniaxial
metasurfaces: fabrication inaccuracies due to the imperfec-
tions of the lithography processes and the limitations in the
momentum space imposed on the hyperbolic regime by the
finiteness of the meta-atom size. To overcome these limita-
tions, plasmonic van der Waals (vdW) materials with an in-
plane anisotropic response, most notably black phosphorous,
have been theoretically suggested to naturally sustain hyper-
bolic polaritons in the infrared spectral range [6–13, 19–22].
It has been later shown experimentally that the surface of
α-phase molybdenum trioxide (α-MoO3), which is a well-
known member of the vdW material family, can support
the propagation of anisotropic phonon polaritons in the mid-
infrared range [23–27]. Infrared nanoimaging and nanospec-
troscopy of α-MoO3 disks demonstrated that phonon polari-
tons with elliptic and hyperbolic in-plane dispersions can
exist in the Reststrahlen band of α-MoO3. It was also found
that the wavelengths of the anisotropic phonon polaritons of
α-MoO3, while being up to 60 times smaller than the respect-
ive photon wavelengths, are comparable to the wavelengths
of graphene plasmon polaritons [28–30] and boron nitride
phonon polaritons [16]. The in-plane polaritonic anisotropy is
further enhanced in vdW heterostructures such as hBN/black
phosphorus (BP) [31], where the BP anisotropic response
hybridized with the hBN phonons and where one can observe
topological transitions of the hybrid modes within the second
Reststrahlen band of hBN [11]. This approach offers an addi-
tional degree of freedom for controlling the propagation of
in-plane anisotropic polaritons in lithography-free planar vdW
heterostructures.

In contrast to uniaxial metasurfaces, natural hyperbolic
materials possess stronger electromagnetic confinement and
a more divergent photonic density of states [19, 20]. More
importantly, their hyperbolic regime can be extended to the
mid-infrared and terahertz frequencies, which correspond to
molecular vibrations and thermal radiation [32]. While this
feature is highly beneficial for chemical sensing and heat
management, the fixed position of the α-MoO3 Reststrahlen

band severely limits its technological applications. One way
of overcoming this issue is to chemically switch the phononic
response of α-MoO3 by engineering the α-MoO3 crystal
through intercalation with metallic Sn, Co, and Cu [33] or
hydrogen [34]. This method has been recently used to demon-
strate that the intercalation of Na atoms in α-V2O5 produces
a large spectral shift of the Reststrahlen bands of this vdW
semiconductor while opening up a route to engineering the
response of its phonon polaritons [35]. Another way of real-
izing spectral tunability relies on the recent observation of
topological transitions from the hyperbolic to elliptical IFCs
of twisted α-MoO3 bilayers, occurring for a certain ‘magic’
twist angle of the layers [36, 37]. Despite the impressive
progress in the field of in-plane hyperbolic phonon polari-
tons of vdW materials, the natural hyperbolic surface plas-
mon polaritons (SPPs) have not been observed until very
recently [38].

Semimetal WTe2 is a layered material with a pronounced
anisotropic in-plane electromagnetic response [39]. Thin films
made of WTe2 host a wide range of remarkable electronic
properties, such as extremely high mobility [40] and tunability
of the carrier density by electrostatic gating [41, 42] and Mo
doping [43]. Reflection measurements on bulk WTe2 crystals
revealed temperature-dependent anisotropic bulk plasma fre-
quencies with optical scattering rates as low as 0.25 cm−1 at
6 K [39, 44]. Moreover, the in-plane anisotropy of WTe2 was
also investigated by angle-dependent and polarized Raman
spectroscopy [45].Most recently, far-infrared absorption spec-
troscopy has provided the first experimental evidence that thin
films of WTe2 can support SPPs with the in-plane hyperbolic
topology in the wavelength range from 16 to 23 µm [38]. This
study demonstrated topological transitions from the elliptic
to hyperbolic regime by mapping the IFCs of plasmons and
revealed the strong temperature dependencies of the SPPs fre-
quency and anisotropy. However, there is a lack of research in
the literature on the investigation of how the hybridization of
SPPs of an anisotropic vdW material (AvdWM), e.g. WTe2,
and isotropic SPPs of graphene can improve functionality of
the leaded heterostructure.

In this paper, we first obtain the dispersion relation and
transmission coefficient of hybrid anisotropic-isotropic SPPs
supported by a parallel-plate waveguide composed of an
AvdWM and graphene. Taking WTe2 parameters in the
calculations—as an experimentally realized vdW material
with in-plane hyperbolic responses—the impact of the losses
on themodal characteristics of SPPs supported by the AvdWM
is firstly examined via pure analytical and numerical calcula-
tions. We then investigate how the coupling of the anisotropic
layer to a graphene sheet in a parallel-plate waveguide het-
erostructure leads to a control on the in-plane propagation and
dispersion topology of the hybrid SPPs by changing the spacer
thickness and the graphene chemical potential. Moreover, it
is found that due to different coupling regimes, hybridiza-
tion of anisotropic-isotropic SPPs can enhance the propaga-
tion length (PL) and spatial localization of the guided modes.
Consequently, the functionalities of the vdW heterostructure
for the in-plane and out-of-plane infrared nanophotonics can
be improved.
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2. Theory

One of the primary goals of this study is to investigate how the
presence of losses affects the modal features of the AvdWM
(figure 1(a)) analyzed in [38]. We also aim to explore if
the presence of a graphene layer in a AvdWM/spacer/G/sub
parallel-plate waveguide structure, where ‘G’ and ‘sub’ stand
for graphene and substrate, can enhance these features. It is
assumed that the AvdWM is separated from the graphene sheet
located on a substrate by a dielectric spacer of thickness l
(figure 1(b)). Following the previous studies [46, 47], we begin
our analysis by deriving an exact dispersion relation of the
hybrid guided modes supported by the considered parallel-
plate waveguide structure. This relation will then be used to
plot the dispersion curves and calculate the IFCs of the modes,
which will provide valuable information for interpreting the
results of the numerical simulations. Note that the considered
structure can also be investigated by alternative approaches
like coupled mode theory [48, 49].

In what follows, we take the two components of the
anisotropic optical conductivity tensor of AvdWM, σ− =

diag(σxx,σyy,0), to be given by [19, 38]

σjj (ω,T) =
i
π

Djj

(ω+ i Γ)
+

i
π

ωSjj
(ω2 −ω2

b + iωη)
, (1)

where j= x, y, Djj and Sjj are the spectral weights, ωb is the
interband resonance frequency, and Γ and η are the scatter-
ing widths of the intraband and interband transitions, respect-
ively. The parameter values here are borrowed from [38] at
T= 10K. The real and imaginary parts of σxx and σyy are plot-
ted in figure 1(c). The hyperbolic dispersion region that is
highlighted in gray is seen to span from ω = 426.7 cm−1 to
ω = 622.9 cm−1.

The frequency and temperature dependencies of the optical
conductivity of the graphene sheet, σg = σintra

g +σinter
g , are

modeled by the expressions [50]

σintra
g (ω,T) =

e2

4ℏ
i
2π

16kBT
ℏΩ

ln

[
2 cosh

(
µ

2kBT

)]
, (2a)

σinter
g (ω,T) =

e2

4ℏ

[
1
2
+

1
π
arctan

(
ℏΩ− 2µ
2kBT

)
− i
2π

ln
(ℏΩ+ 2µ)2

(ℏΩ− 2µ)2 +(2kBT)
2

]
, (2b)

where −e is the electron charge, ℏ is the reduced Plank con-
stant, kB is the Boltzmann constant, Ω= ω+ iτ−1, τ is the
electron relaxation time, assumed to be 0.3 ps, and µ is the
chemical potential.

To obtain the dispersion relation of the supported guided
modes in a rather general case, we consider the spacer
to be a uniaxial anisotropic medium of permittivity ε− =

diag(εt,εt,εz). In this case, the electric field inside the spacer
is a linear combination of ordinary (o) and extraordinary (e)

waves, and the electric field in the entire structure is given
by [51]

E(x,y,z, t)

= ei(βxx+βyy−ωt)

×


E−eqs(z+l/2), z<−l/2
Eo

+e
qoz+Eo

−e
−qoz+Ee

+e
qez+Ee

−e
−qez, |z|< l/2

E+e−qa(z−l/2), z> l/2

(3)

where

E± =

(
E±x,E±y,±

i
qa,s

(βxE±x+βyE±y)

)
, (4a)

Eo
± = Eo

± (βy,−βx,0) , (4b)

Ee
± = Ee

±

(
∓ iβxqe

εtβ0
,∓

iβyqe
εtβ0

,−β0 −
q2e
εtβ0

)
, (4c)

and where qa =
√

β2 − εaβ2
0 , qs =

√
β2 − εsβ2

0 , qo =√
β2 − εtβ2

0 , qe =
√

(εt/εz)
(
k2 − εzβ2

0

)
, β2 = β2

x +β2
y , and

β0 = ω/c. By applying the boundary conditions at z=±l/2
[52] and after some algebra, we arrive at the dispersion rela-
tion of the guided hybrid plasmonic modes supported by the
AvdWM/spacer/G/sub structure in the form

tanh(qel) =−A/B, (5)

where coefficients A and B are given in the support-
ing information (available online at stacks.iop.org/JPD/54/
455102/mmedia).

As a complementary approach to analyze our structure, we
use the transfer matrix method to calculate its transmissivity
for different wavenumbers of the incident light. Considering
the incident, reflected, and transmitted electric fields as E+,i,
E+,r, and E−,t in the calculations we arrive at the following
matrix equation

E+x,i

E+y,i

E+x,r

E+x,r

=M

(
E−x,t

E−y,t

)
. (6)

Finally, the transmission coefficient of the AvdWM/spacer/
G/sub structure can be obtained as (for the details of the deriv-
ations and definition of theMmatrix please see the supporting
information file)

T=
|E−x,t|2 + |E−y,t|2 + |βxE−x,t+βyE−y,t|2/q2s
|E+x,i|2 + |E+y,i|2 + |βxE+x,i+βyE+y,i|2/q2a

. (7)

It can be readily verified that, taking σg → 0 in equations (5)
and (7) and the corresponding relations mentioned in the sup-
porting information file, we arrive at our previous results for
the guided modes of an AvdWM placed on a uniaxial aniso-
tropic thin film of hBN [11].
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Figure 1. Schematics of (a) AvdWM/sub and (b) AvdWM/spacer/G/sub structures and (c) components of WTe2 conductivity (as an
experimentally realized AvdWM) along the x and y axes; the conductivity dispersion agrees with the data of [38]. Shaded in gray is the
region of hyperbolic dispersion.

3. Results and discussion

In section 3.1, we analyze the modal characteristics of the
anisotropic SPPs supported by a AvdWM/sub structure at
ω = 424 cm−1 and ω = 562 cm−1 in the presence of losses in
AvdWM. The two frequencies of interest correspond to the σ-
near-zero and hyperbolic topologies, respectively. The modal
features are examined for the low-loss (or, strictly speak-
ing, lossless) and lossy cases. For the mode profiles that are
obtained using finite difference time domain (FDTD) calcu-
lations [53], for numerical convergence, the low-loss scen-
ario corresponds to σjj = 0.1σ ′

jj+ iσ ′ ′
jj (that can well present

single or multilayers ofWTe2). For the lossy scenario, the con-
ductivity (σjj = σ ′

jj+ iσ ′ ′
jj) is taken from [38] and shown in

figure 1(c). However, in the analytical calculations related to
the IFCs, σ ′

jj = 0 for the lossless scenario. In section 3.2, the
effect of the graphene layer, leading to the coupling of the
graphene SPPs to the AvdWM SPPs, is investigated for two
frequencies in the low-loss and lossy cases. Finally, the dis-
persion curves, PL, and localization length (LL) of the hybrid
modes are analyzed for a wide range of frequencies. Note
that, the low-loss and lossy scenarios for graphene and WTe2
in section 3.2 are similar to the ones applied for WTe2 in
section 3.1; i.e. regarding the low-loss scenario, for the FDTD
calculations related to the mode profiles, σjj,g = 0.1σ ′

jj,g +
iσ ′ ′

jj,g and for the analytical calculations related to the IFCs
and figure 7, σ ′

jj,g = 0. Moreover, for the FDTD calculations
related to all top- and side-view mode profiles, a z-polarized
electric dipole is located at x= y= 0, 10 nm away from the
AvdWM layer, and the top-view mode profiles are calcu-
lated in a plane which is 5 nm away from the surfaces of
the structures. Note that both graphene and WTe2 have been
modeled using their corresponding surface conductivity in the
FDTD calculations. Moreover, for our results in this study, the
spacer layer and the substrate are considered to be an isotropic
medium with refractive index of 1.5 (KCl can be mentioned
as the material example in this regard). It is worth mention-
ing that hBN can be another practical material for the spacer
layer. Further investigations (results not illustrated) show that
by considering hBN as the spacer layer (εt = 4.27 and εz = 6
for the range of frequency in our study), the reported results in

Figure 2. Modal characteristics of σ-near-zero SPPs supported by
(a1)–(c1) low-loss and (a2)–(c2) lossy AvdWM/sub structures at
ω = 424 cm−1; panels (ai), (bi), and (ci) represent the IFCs, top
views, and side views of Ez, respectively. The real and imaginary
parts in (a2) are shown with solid blue and dashed red curves,
respectively. The dashed horizontal lines in (ci) show the position of
the WTe2 sheet.

section 3.2 and the main concluded points still remain valid.
Moreover, it should be noted that the IFCs in figures 2–5 and
figure 8 are obtained based on equation (5) and panels (a)–(d)
of figure 7 are plotted using equation (7).

3.1. Modal characteristics of SPPs of AvdWM/sub structure

In the previous study [38], the ohmic losses of AvdWM were
neglected and their effect on mode propagation remained
unexamined. Therefore, we first investigate the effect of losses
on the IFCs of SPPs supported by the AvdWM/sub structure
at ω = 424 cm−1 and ω = 562 cm−1.

The IFC of the SPPs supported by the lossless AvdWM/sub
structure at ω = 424 cm−1 is shown in figure 2(a1) and agrees
well with the results of [38]. The imaginary part of the IFC in
this case is negligible and, therefore, not shown in the figure.
Because σ ′ ′

yy ∼ 0 (thus σ ′ ′
xx ≫ σ ′ ′

yy) at the considered fre-
quency (see figure 1(c)), the IFC has an anisotropic elliptic
or σ-near-zero topology that favors mode propagation in the x
direction. Figures 2(b1) and (c1) show the top and side views
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Figure 3. The same as in figure 2 but for ω = 562 cm−1.

of Ez. In agreement with the IFC plot, figure 2(b1) shows mode
canalization in the x direction, which is confirmed by the value

of tan−1

(
±
√∣∣∣σ ′ ′

yy

σ ′ ′
xx

∣∣∣) or tan−1
(∣∣∣ q ′

x
q ′

y

∣∣∣) [8 , 10].

The IFC corresponding to realistic ohmic losses differs con-
siderably from the low-loss scenario. The dashed red curve in
figure 2(a2) shows that the supported anisotropic SPP in this
case is characterized by large β ′ ′

x,y. The propagation of SPP
is, therefore, more canalized in the x direction, yet attenuates
faster than in the low-loss case (cf figures 2(b1) and (b2)). The
side view of Ez indicates that the localization of SPPs to the
surface of AvdWM strengthens with losses (cf figures 2(c1)
and (c2) considering the scale difference).

According to figure 1(c),
∣∣σ ′ ′

yy/σ
′ ′
xx

∣∣≈ 2 and
σ ′ ′

xxσ
′ ′
yy < 0 at ω = 562 cm−1. Therefore, the IFC and the

top-view of Ez of the low-loss SPPs have hyperbolic shapes
(figures 3(a1) and (b1)). In the presence of losses, the structure
supports SPP with large values of β ′ ′

x,y and the respective
IFC is noticeably different (figure 3(a2)). The comparison
of figures 3(b1) and (b2) shows that the losses considerably
reduce the in-plane PL of the SPPs. Therefore, WTe2 can find
potential application in light absorbers based on AvdWMs
[54]. Like figure 2, the side-viewmode profiles in figures 3(c1)
and (c2) show that the supported SPP is strongly localized for
both low-loss and lossy cases.

The analysis of modal characteristics of the AvdW-
M/sub SPP at another frequency in the hyperbolic region,
ω = 424 cm−1, is presented in supplementary information.
According to figure S2, while the hyperbolic response at this
frequency is stronger than the response observed at 562 cm−1,
the SPPmodal characteristic still considerably modified by the
presence of losses.

3.2. Hybrid guided modes of AvdWM/spacer/G/sub
heterostructure

As we have seen in the previous section, the modal features
of SPPs supported by the AvdWM/sub structure are strongly
affected by the ohmic losses in the thin films of lossy Avd-
WMs. We will now investigate how the presence of graphene
in the AvdWM/spacer/G/sub parallel= plate waveguide struc-
ture (figure 1(b)) can enhance the modal characteristics of the

Figure 4. Modal characteristics of σ-near-zero SPPs supported by
(a1)–(c1) low-loss and (a2)–(c2) lossy AvdWM/spacer/G/sub
structures at ω = 424 cm−1. Panels (ai), (bi), and (ci) show IFCs,
top views, and side views of Ez, respectively. The solid blue (solid
black) and dashed red (dashed green) curves in (a2) are the real and
the corresponding imaginary parts of the outer (inner) IFCs. The
dashed and solid horizontal lines in (c1) and (c2) show the AvdWM
film and graphene, respectively.

supported hybrid SPPs. The graphene sheet and the spacer
layer in the structure give us µ and l as two degrees of free-
dom to control themodal features of the supported anisotropic-
isotropic hybrid SPPs. Unless stated otherwise, it is assumed
that µ= 1eV and l= 200 nm. The analysis of a similar struc-
ture with l= 20nm can be found in supporting information.

Figure 4(a1) shows the IFC of the hybrid SPP supported by
the AvdWM/spacer/G/sub structure in the low-loss scenario
at ω = 424 cm−1. Its comparison with figure 2(a1) shows that
the hybridization of the AvdWM SPP with the graphene SPP
yields an additional branch of the IFC. The outer branch is seen
to be flatter with respect to the βy axis, as compared to the ICF
of theAvdWM/sub SPPs in figure 2(a1). Thismakes the SPP of
the AvdWM/spacer/G/sub structure more canalized toward the
x direction than in the case when the graphene sheet is absent.
This point is clearly observed once figures 2(b1) and 4(b1) are
compared. Therefore, the presence of graphene affects the in-
plane pattern of SPP propagation.

The solid-blue contour in figure 4(a2) shows that the ohmic
losses considerably modify the outer branch of the IFC while
also resulting in large values of β ′ ′

x,y shown by the dashed
red curve. The shape of the dashed green curve, correspond-
ing to the solid black inner contour, indicates that this contour
is less affected by losses than the outer one. The comparison
of figures 2(b2) and 4(b2) shows that the SPP in the AvdW-
M/spacer/G/sub structure propagates further and with stronger
canalization than in the AvdWM/sub structure. Therefore, the
presence of graphene partially mitigates the effect of ohmic
losses.

The modal features of the SPP supported by the AvdW-
M/spacer/G/sub structure at ω = 562 cm−1 are presented in
figure 5. As we know, in this case the AvdWM/sub structure
supports an SPPwith hyperbolic dispersion. Consequently, the
outer branch of the IFC in the figure is a somewhat modified
hyperbolic dispersion branch while the inner branch is fully
due to the plasmon-plasmon hybridization. This conclusion
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Figure 5. The same as in figure 4 but for ω = 562 cm−1.

is confirmed by the comparison of figures 3(a1) and 5(a1).
The fact that the inner branch is mostly oriented along the
βy axis makes the SPP in figure 5(b1) feature both the direc-
tional propagation of the hyperbolic SPPs in figure 3(b1) and
the strong canalization in the x direction. The same conclu-
sion can be drawn for ω = 476 cm−1 by comparing the mode
profiles in figures S2(a1), (b1) and S3(a1), (b1) in supporting
information.

Figure 5(a2) illustrates the impact of losses on the branches
of the IFC at ω = 562 cm−1. The blue (black) curve shows
β ′

x,y and the red (green) curve shows the corresponding β
′ ′
x,y

of the outer (inner) IFC branch. Because the outer branch
corresponding to small β ′ ′

x,y is mostly inclined along the βx
axis, the hybrid SPP propagates predominantly in the y direc-
tion (figure 5(b2)). The comparison of figures 3(b2) and 5(b2)
shows that the presence of graphene noticeably increases the
PL of the guided mode and significantly changes its propaga-
tion direction.

The side-views of the mode profiles in figures 4(ci) and
5(ci) show the extent of localization of the guidedmodes inside
the spacer and their characteristic decay lengths in the air and
substrate. It should be noted that by analyzing the side-view
YZ mode profiles it is understood that the supported guided
modes are also highly localized in this plane. As we will see
in figure 8(c), this localization is stronger than in the case of
AvdWM SPPs.

The top-view mode profiles shown in figure 6 for the low-
loss and lossy structures at 562 cm−1 show how the chemical
potential of graphene affects the propagation direction of the
guided modes. The resemblance of figures 3(bi)–6(ai) indic-
ates that the features of the hybrid SPPs of the AvdWM/spacer-
/G/sub structure with low µ are similar to those of the SPPs
guided by the AvdWM/sub structure. The increase of µmodi-
fies the propagation direction and increases the PL of the SPPs
(figures 6(bi) and (ci)).

So far, we have only investigated the modal characterist-
ics at single frequencies. Hereinafter, we analyze the disper-
sion of the hybrid SPPs in the presence (figure 7) and absence
(figure 8) of losses.

Let us first neglect the ohmic losses and use equation (7)
to visualize the dispersion of SPPs supported by the Avd-
WM/sub structure and the AvdWM/spacer/G/sub structure

Figure 6. Top-view of Ez-field profiles of hybrid SPPs supported by
(a1)–(c1) low-loss and (a2)–(c2) lossy AvdWM/spacer/G/sub
structures for ω = 562 cm−1 and different values of the chemical
potential of graphene.

Figure 7. SPP dispersion in lossless (a) AvdWM/sub structure and
(b)–(d) AvdWM/spacer/G/sub structure with t= 200nm for
different values of chemical potential of graphene. Dashed
horizontal lines bound the hyperbolic dispersion region of the
AvdWM, where σ ′ ′

xxσ
′ ′
yy < 0.

with different values of µ. The respective density plots are
presented in figure 7. In agreement with the results of [38],
the AvdWM/sub structure supports the propagation of hyper-
bolic SPPs only along the x direction (figure 7(a)). The cal-
culations show that the AvdWM/spacer/G/sub structure does
not support hybrid SPPs when µ= 0.05eV (the density plot is
not shown). The increase of µ to 0.1eV yields two additional
SPP branches for ω < 300 cm−1 without affecting the disper-
sion of the AvdWM SPPs (figure 7(b)). This is a weak hybrid-
ization regime, which occurs for chemical potentials below
0.4 eV and is characterized by a simple blueshift of graphene
SPP branches with µ. The strong hybridization regime is real-
ized for µ > 0.45eV when the coupling between the isotropic
graphene SPPs and the anisotropic AvdWM SPPs noticeably
transforms the dispersion of the hybrid guided modes. The
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Figure 8. Modal characteristics of SPPs of AvdWM/sub structure
(dashed black curves) and AvdWM/spacer/G/sub structure (solid
blue, dashed red, and dotted green curves) with l= 200nm in the
presence of losses: (a) frequency dispersion, (b) PLx/λx, (c) LL in
micron, and (d) FOMx. Dashed horizontal lines are the boundaries
of the hyperbolic dispersion region of the AvdWM. The solid pink
curve in (a) represents the light-line of the substrate.

strong hybridization regime is characterized by two distinct
anticrossings in the SPP dispersion, which are clearly visible
for µ= 0.5eV in figure 7(c) and become less pronounced for
µ= 1eV in figure 7(d). A similar analysis of the dispersion
characteristics of the lossless hybrid SPPs for l= 20nm is
given in supporting information (figure S7).

As we have seen, ohmic losses is an impediment to aniso-
tropic guiding characteristic of the considered AvdWM. It
was found that introducing graphene into the AvdWM/spacer-
/G/sub structure can significantly increase the PL and reduce
the LL of the guided modes. We now—taking real values
of ω and complex values of β in the calculations based on
equation (5)—analyze the dispersion of these two lengths and
the figure-of-merit (FOM) in the x direction for the AvdW-
M/sub and AvdWM/spacer/G/sub structures using the follow-
ing definitions [55]:

PLx = 1/(2β ′ ′
x) , (8a)

λx = 2π/β ′
x, (8b)

LL=
1
2

(
1

|Re qa|
+

1
|Re qs|

)
, (8c)

FOMx =
PLx/λx
LL(µm)

. (8d)

Figure 8(a) shows the dispersion of SPPs supported by the
AvdWM/sub and AvdWM/spacer/G/sub structures in the pres-
ence of losses. The comparison of the shape of the dashed

black curve with figure 7(a) shows that losses dramatically
alter the dispersion of the AvdWM/sub SPPs in the hyperbolic
region. This conclusion does not hold for low-loss graphene
SPPs, as it was demonstrated for thin metallic films [56]. In
full agreement with the IFC plots and the results of figure 7,
one can also see that adding a graphene sheet to the structure
yields an additional branch in the SPP dispersion. Regardless
of µ, the first dispersion branch of the hybrid SPPs with β ′

x <
1.5× 10−6m−1 resembles the dispersion of the AvdWM/sub
SPPs inside the hyperbolic region. The situation is different
for the second dispersion branch with β ′

x > 1.5× 10−6m−1.
This branch is like the dispersion in figure 7(b) outside of the
hyperbolic region only in the weak hybridization regime when
µ= 0.1eV (dotted green curve). However, if the hybridization
is strong (µ= 0.5 or 1eV), the dispersion curves are strongly
modified by the losses.

The normalized PL, LL in micron, and FOM of the hybrid
SPPs in the AvdWM/sub and AvdWM/spacer/G/sub struc-
tures are plotted in figures 8(b)–(d). The presence of graphene
is seen to increase the normalized PL for both dispersion
branches. The comparison of the SPP dispersion in the Avd-
WM/sub structure (dashed black curve) with the dispersion
branches of the hybrid SPPs shows that graphene also reduces
the mode localization for the first branch and increases it for
the second one. Consequently, FOMx values of the first branch
of the hybrid SPPs of the AvdWM/spacer/G/sub system pos-
sess similar values of the AvdWM/sub SPPs, as observed from
figure 8(d). On the contrary, the FOMx values of the second
branch of the hybrid modes are considerably larger than the
ones of AvdWM/sub SPPs, both inside and outside of the
hyperbolic region, especially for the case of µ= 0.5eV. As a
result, in addition to providing two additional degrees of free-
dom in controlling the anisotropic SPPs of the AvdWM, the
presence of graphene leads to considerable enhancement in
their in-plane modal features. It is noteworthy that in addi-
tion to improving the in-plane characteristic of the suppor-
ted guided modes, it is also possible to increase out-of-plane
functionalities of a metasurface composed of meta-toms of
AvdWM, by its integration to a graphene layer as proved in
[54]. Further analysis shows that the reduction of the spacer
thickness to l= 20nm makes the guided anisotropic modes
exist at larger β ′

x and with greater values of FOMx as com-
pared to figure 8(a) (see figure S8 in the supplementary inform-
ation and the discussion that follows). This increases the fab-
rication complexity by requiring a smaller patterning for mode
excitation compared to the case of l= 200 nm. Another point
that should be highlighted here is that more investigations
proves the conclusions made here for figure 8 are also valid
for T= 300 K (see figure S9 in the supporting information).

4. Conclusion

To conclude, via analytical calculations and numerical simu-
lations, we have examined hybrid anisotropic-isotropic SPPs
supported by a parallel-plate waveguide composed of an
AvdWM and graphene. Taking parameters of WTe2 as an
experimentally realized plasmonic material with infrared
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in-plane hyperbolic response, we first investigated IFCs and
propagation and localization characteristics of SPPs of the
AvdWM. Then, it was examined that how modal characterist-
ics and topology of the anisotropic SPPs can be modified once
a graphene sheet was coupled to theAvdWM in a parallel-plate
waveguide configuration.We showed that this coupling allows
one to tune the modal features and dispersion topology of the
supported hybrid SPPs by changing the graphene chemical
potential and the spacer layer thickness. It was also shown that
owing to the different coupling regime, the propagation and
localization characteristics of the hybrid modes are improved
compared to the features of the isolated AvdWM SPPs. The
proposed strategy can lead to the realization of functional vdW
heterostructures for in-plane and out-of-plane infrared nano-
photonics.
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