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We theoretically study a graphene-based plasmonic waveguide composed of graphene, hexagonal boron
nitride and active layer heterostructure, which can gate the transmission of a surface plasmon polariton
(SPP) localized near the interface between the active layer and graphene. When a gate voltage is applied
above a certain critical value, the charge-density modulation in the quasi-2D electron gas formed in the
inversion layer can induce a local plasmon resonance. Since the local plasmon resonance is strongly cou-
pled to the SPP, it can suppress the transmission of the SPP. The main advantage of our device lies in
the sharpness of the switching line shape, since the operation manifests the underlying resonance phe-
nomenon. By taking the active layer to be the p-type Si(100) layer, we calculate the propagation length of
the SPP with varying gate voltage. We show that the wavelength of the SPP is reduced to approximately
1/100 of that of an incident light and the propagation length of the SPP is significantly reduced by a factor
of approximately 20 upon switching. This ensures that our plasmonic waveguide can operate effectively
as a plasmonic switch for the SPP.

DOI: 10.1103/PhysRevApplied.11.034074

I. INTRODUCTION

Recent technological advances in dynamically con-
trolling the plasmon properties of photoactive materials
have played an important role from data processing and
transmission to energy harvesting [1–6]. Surface plasmon
polaritons are electromagnetic excitations propagating at
the interface between a dielectric and a metal, evanescently
confined in the perpendicular direction. These electromag-
netic surface waves arise due to the coupling of the elec-
tromagnetic fields in the dielectric to the charge-density
fluctuations on the metal surface. Since their wavelengths
are typically much shorter than that of an incident light,
they have been successfully applied to the subwavelength
optics in microscopy and lithography beyond the diffrac-
tion limit [7–11]. Photonic devices have great advantages
over electronic ones due to the fast operation speed. How-
ever, large device size has remained as an obstacle for
practical purpose. Hence the SPP can provide a break-
through for miniaturization of photonic devices. Extensive
studies have been performed to investigate the SPP dis-
persion relations for various waveguide structures both
theoretically and experimentally [12–15]. For practical
photonic device applications, high-Q-factor of the SPP
is required and hence much efforts have been taken to
increase the Q factor such as optimizing waveguide geom-
etry and adopting low-loss materials [16]. In order to
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control the SPP in a subwavelength photonic device, var-
ious methods have been proposed such as optical controls
using heat, gate voltage, and light [1–6]. Since the cou-
pling strength between the SPP and external fields such
as gate voltage is relatively weak, they usually require
high switching voltage and long channel length. Moreover,
slow switching time typically shown in previous experi-
ments is a great challenge to overcome in order to achieve
high-speed information processing.

Graphene, a 2D sheet of carbon atoms placed on the
honeycomb lattice, has attracted a lot of theoretical and
experimental attention due to its superior physical prop-
erties such as high mobility, elastic, thermal, and optical
properties [17–21]. The optical absorption rate of graphene
has exhibited a universal value of πα ∼= 2.3% in the visible
and near-infrared region, where α denotes the fine struc-
ture constant. This broadband absorption characteristic has
been utilized for the graphene-based photodetectors and
modulators [22,23]. In addition, the graphene plasmonic
effects have been investigated for different applications
ranging from light modulation to biological and chemical
sensing [24–31]. It has been shown that the dispersion rela-
tion of a plasmonic slab waveguide is tuned by graphene
contact and the spatially modulated doping in graphene
tubes can modify the plasmonic band structure [32,33].
The 2D nature and high mobility of graphene have enabled
an enhanced light-matter interaction and fast photode-
tection [34–36]. In this paper, we study the plasmonic
waveguide, which controls the transmission of an incident
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FIG. 1. Schematic of our plasmonic waveguide. Hexagonal
boron nitride film is used as a gate dielectric material for
graphene. The active layer is taken to be a p-type semiconductor
with high mobility for sharp switching line shape such as p-type
silicon. The SPP propagates along the z axis.

light by switching the coupling of the SPP localized at the
graphene-semiconductor interface. The schematic of our
device is illustrated in Fig. 1. Hexagonal boron nitride (h-
BN) film is used as a gate dielectric material for graphene.
Graphene-based electronic devices are actively developed
in order to utilize the excellent electrical conduction char-
acteristics of graphene. However, most of the experimental
results do not show a dramatic increase in device effi-
ciency as compared to theoretical prediction. As a van
der Waals material, h-BN has performed well as a per-
fect substrate material for graphene, which can support
the high mobility of graphene similar to the level of the
suspended graphene flake [37]. The active layer is taken
to be a p-type semiconductor with high mobility in order
to achieve a fast switching. The energy band diagram of
the plasmonic waveguide is shown in Fig. 2. The top gate
is separated from the graphene layer by an air gap [38].
The air gate structure is devised to control electrically the
Fermi energy of the graphene layer. Since we do not intend
to confine the electromagnetic field of the surface plas-
mon polariton by the top metal gate, it is not required to
fully cover the top surface of the graphene layer. Hence it
only partially impedes the optical access to the graphene
layer by the experimentally ingenious design of the air
gate structure. By utilizing the double-gate geometry with
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FIG. 2. Energy band diagram of the plasmonic waveguide.
Graphene is separated from the top gate by an air gap. The top-
gate voltage Vt can control the Fermi energy of graphene and the
bottom-gate voltage Vb can modulate the electrostatic potential
energy profile in the inversion layer.

both the top and bottom gate, one can control the Fermi
energy of graphene by varying the top-gate voltage Vt. The
electrostatic potential energy in the p-type semiconductor
is spatially modulated by varying the bottom-gate voltage
Vb, which leads to band bending. The operating principle
of our device is as follows. When the negative bottom-
gate voltage is applied below a certain threshold value, an
inversion layer appears within the depletion region of a p-
type semiconductor and quasi-2D electron gas is formed
in the inversion layer. By lowering the bottom-gate volt-
age further, one can increase the total number of electrons
in the 2D electron gas and spatially modulate the electron
number density as well. Above a certain critical voltage,
it can induce a local plasmon resonance in the inversion
layer. Due to the strong coupling of the SPP to the local
plasmon resonance, the transmission of the SPP is strongly
suppressed in our plasmonic waveguide.

In spite of high electron mobility, GaAs has the exper-
imental implementation challenge of overcoming surface
depletion due to Fermi-level pinning at the surface. Hence
we choose the p-type Si(100) as an active layer. For the
experimentally available set of parameters, we calculate
that for an incident light with midinfrared wavelength
λ = 8 μm, the wavelength of the SPP is reduced to
approximately 1/100 of that of an incident light. Upon
approaching the threshold voltage, the propagation length
of the SPP has been dramatically reduced by a factor of
approximately 20 upon switching. Hence our plasmonic
switch can effectively gate the transmission of the SPP
by applying a gate voltage. Since the gating operation
reflects upon the underlying resonance phenomenon, our
plasmonic waveguide demonstrates much sharper switch-
ing line shape in comparison to the other devices [27].
Recently it has been experimentally demonstrated that a
pumped laser pulse can modulate the carrier density by
about 6% in the ITO and nanoantennae hybrid structure
[6]. For the future application to all-optical plasmonic
switch, our device has sharpness characteristic, which is
operative to such a modest density modulation.

II. THEORY FOR GRAPHENE-BASED
PLASMONIC SWITCH

We investigate the physical properties of the SPP in
our plasmonic waveguide. The magnetic field in the
transverse magnetic (TM) mode of our waveguide is
described by �H(x, y, z) = H̃(x) exp [i(kzz − ωt)] ŷ, which
propagates along the z axis with frequency ω and wave
number kz. It satisfies the following nonuniform wave
equation [11,39]:

∂2H̃
∂x2 − 1

ε(ω, x)
dε(x)

dx
∂H̃
∂x

− [
k2

z − k2ε(ω, x)
]

H̃ = 0,

(1)
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(a) (b) FIG. 3. (a) Electron number densities
n(x) are plotted as a function of −x
for EF = 0.2, 0.3 eV. (b) The real parts
of dielectric permittivities Re [ε(x)] are
plotted as a function of −x for EF =
0.2, 0.3 eV.

where k represents the wave number of the incident
light in free space and ε(ω, x) the relative permittiv-
ity at frequency ω as a function of position x. The
impedance of a waveguide is defined by Z = Ez/Hy
with Ez = [i/kε(ω, x)]

(
∂Hy/∂x

)√
μ0/ε0. The dimension-

less impedance Z(x) in units of
√

μ0/ε0 obeys the follow-
ing nonuniform wave equation, which is written as

∂Z
∂x

+ ik
[

1 − ε(ω, x)Z2 − k2
z

k2ε(ω, x)

]
= 0. (2)

In our plasmonic waveguide, we take the p-type semi-
conductor as an active layer, whose relative permittivity
ε(ω, x) is spatially modulated by applying the bottom-
gate voltage. According to the Drude model, ε(ω, x) in the
active layer depends on the local plasma frequency ωp(x)
as follows:

ε(ω, x) = ε∞ − ω2
p(x)

ω(ω + iν)
, (3)

FIG. 4. The real part of impedance change at the top of the p-
type Si(100) substrate as a function of the Fermi energy EF in
units of |Z0| for λ = 8 μm. It demonstrates a dramatic increase
of Re(	Z) above E∗

F
∼= 0.21 eV.

where ωp(x) depends on the local electron number den-
sity n(x) through ωp(x) = √

n(x)e2/m∗
cε0 with m∗

c being
the effective mass for conductivity and ε∞, ν represent-
ing the high-frequency relative permittivity and the plasma
damping rate of the active layer, respectively.

Now we explain how to obtain the spatial dependence
of the electron number density n(x) for a given Fermi
energy EF of the quasi-2D electron gas. In the semi-
conductor quantum-well heterostructures, the translation
symmetry along the x axis is explicitly broken and hence
the bulk symmetry-related ellipsoidal electron and hole
pockets are split into distinct groups with different sets
of effective masses depending on the crystal plane of
the semiconductor. An electron confined in a quantum
well described by the potential energy V(x) satisfies the
following Schrödinger equation:

− �2

2mxμ

d2
iμ(x)
dx2 + [

V(x) − Eiμ
]

iμ(x) = 0, (4)

FIG. 5. Electric field strength E at the gate dielectric-
semiconductor interface as a function of the Fermi energy EF
for λ = 8 μm. At the critical value of E∗

F
∼= 0.21 eV, E ∼=

1.0 MV/cm.
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(a) (b) FIG. 6. (a) The wavelength of the SPP
is plotted as a function of EF in units
of λ. The wavelength λp of the SPP
shows a nonmonotonic dependence on
EF , as it passes through the critical
value. But it remains to be on the order
of approximately 1/100 of that of an
incident light. (b) The ratio of the prop-
agation length to the wavelength of the
SPP is plotted as a function of EF . One
can notice that 4π lp/λp is significantly
reduced by a factor of approximately 21
upon switching at E∗

F
∼= 0.21 eV com-

pared to the value at EF = 0.15 eV.

where mxμ represents the effective mass along the x axis
for the μth group with the distinct set of effective masses
and the index i denotes the ith electric subband. The
electrostatic potential �(x) = −V(x)/e satisfies the Gauss
law:

d2�(x)
dx2 = e

εs
[n(x) − p(x) + Na] , (5)

where εs, n(x), p(x) represent the dielectric permittivity
of the semiconductor, the electron number density, and
the hole number density, respectively, and Na the dop-
ing concentration of acceptor impurities. One can assume
that p(x) is negligibly small within the depletion region
[40]. For the low-energy electric subband strongly local-
ized to the gate dielectric-semiconductor interface, the
electrostatic potential energy is well approximated by
V(x) = eEx for x > 0 with an infinite potential barrier at
x = 0. The electric field strength E is determined self-
consistently. The energy eigenfunction of the ith sub-
band in the μth group is written by Airy function with
normalization constant Niμ such that 
iμ(x) = NiμAi(x̃iμ),
where the dimensionless coordinate x̃iμ = x/aμ + si with
si being the ith zero of the Airy function and aμ =
[
�2/

(
2mxμeE)]1/3 [40]. The energy eigenvalues are given

by Eiμ = − (
eEaμ

)
si. At temperature T, the electron num-

ber density n(x) is written as

n(x) =
(

kBT
π�2

) ∞∑

i=1

∑

μ

nvμmdμ ln
[
1 + e(EF−Eiμ)/kBT

]

× N 2
iμAi2

(
x/aμ + si

)
, (6)

where mdμ and nvμ represent the density-of-state effec-
tive mass with mdμ = √myμmzμ and the degeneracy of
the μth group, respectively. From Eq. (5), one can show
that the electric field at near x = 0 is given by the

following formula:

E = e
εs

∫ Wd

0
dx′ [n(x′) + Na

]
, (7)

where the width of the depletion region becomes max-
imum in the strong inversion regime such that Wd ∼=(
2εsEg/e2Na

)1/2 with Eg being the energy gap of the
semiconductor. We solve the coupled equations of Eqs. (4)
and (5), which is called the Schrödinger-Poisson equation.
For practical applications, we choose the p-type Si(100)
as an active layer with the following set of parame-
ters: εs = 11.7, Na = 1.0 × 1015 cm−3, ml = 0.98me, mt =
0.19me, m∗

c = 0.26me, and Wd = 1.36 μm. At room tem-
perature, the electron mobility μe for high purity sili-
con can reach about 1400 cm2/Vs at low doping and
hence one can estimate that the plasma damping rate
ν = e/(m∗

cμe) ∼= 4.2 × 1012 Hz. For Si(100) substrate, the
six symmetry-related ellipsoidal electron pockets are split
into the following two groups: For μ = 1, (mx, my , mz) =

FIG. 7. |Ez(x)| is plotted as a function of x for two values of
EF = 0.1, 0.25 eV. Here |Ez(x)| is normalized by the value at
graphene. For EF > E∗

F , |Ez(x)| exhibits a sharp deviation from
the field profile for EF = 0.1 eV due to the resonant coupling to
the local plasmon resonance inside the p-type Si(100) layer.
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FIG. 8. S(EF) is plotted as a function of EF for two values of
plasma damping rate ν = 4.2 × 1012, 6 × 1012 Hz. The sharp-
ness of switching is measured by Q factor, which is given by
Q = EFM/	EF . Here S(EF) has a maximum value at EFM and
	EF represents the FWHM. The black solid line describes S(EF)

for ν = 4.2 × 1012 Hz and Q ∼= 58. The red dashed line describes
S(EF) for ν = 6 × 1012 Hz and Q ∼= 41.

(ml, mt, mt) with nv = 2 and for μ = 2, (mx, my , mz) =
(mt, mt, ml) with nv = 4 [41].

By numerically solving the Schrödinger-Poisson equa-
tion, we obtain E = 1MeV/cm for EF = 0.2 eV and E =
1.6 MeV/cm for EF = 0.3 eV. In Fig. 3(a), the solid
(dashed) curve describes the electron number density n(x)
as a function of −x for EF = 0.2 eV(EF = 0.3 eV). In
Fig. 3(b), the real part of dielectric permittivity Re [ε(x)] is
plotted as a function of −x in the solid (dashed) curve for
EF = 0.2 eV(EF = 0.3 eV). One can notice that for EF =
0.3 eV, Re [ε(x)] becomes negative for certain regions of
x. At the critical value of E∗

F , a transition occurs locally
from dielectric to metal, where the real part of local dielec-
tric permittivity changes sign. When EF increases above
a critical value of E∗

F , Re [ε(x)] crosses to zero at two
positions x = x1, x2 in the inversion layer, which induces
a local plasmon resonance. This significantly increases the
impedance of the active layer, since the dominant con-
tribution to the impedance change comes from the term

−ik2
z / [kε(ω, x)] in Eq. (2) and becomes singular at x =

x1, x2 [11]. At the top of the active layer, the real part of the
impedance change 	Z = Z(0) − Z0 from the bulk value
Z0 is obtained as follows:

Re(	Z) = Re
[
− ik2

z

k

∫ 0

−L
dx

1
ε(ω, x)

]
∼= πk2

z

kε∞

∑

i=1,2

∣∣∣∣
d ln n
dxi

∣∣∣∣

−1

,

(8)

where Z0 = (i/ε∞)
√

k2
z /k2 − ε∞ and we assume that ω �

ν and L > Wd. We numerically calculate Re(	Z) as a
function of the Fermi energy EF for λ = 8 μm. Figure 4
demonstrates a dramatic increase of Re(	Z) above E∗

F
∼=

0.21 eV.
Now we want to show that the transmission of the SPP

is suppressed due to the coupling to the local plasmon res-
onance above E∗

F . The impedance Z(x) is a continuous
function of x except for the graphene layer. The bound-
ary conditions for Hy(x) and Ez(x) at the graphene layer
yield the following boundary condition for the impedance:

Z−1(d+) − Z−1(d−) = σ
(ω)

ε0c
, (9)

where d is the thickness of the h-BN layer, Z(d+) repre-
sents the impedance right above the graphene layer, and
Z(d−) the impedance right below the graphene layer. Here
Z(d+) is described by the impedance of air, which is writ-
ten by Z(d+) = −(i/ε0)

√
k2

z /k2 − ε0. In the terahertz and
midinfrared regime, the optical conductivity of graphene
σ
(ω) is well described by the following formula:

σ
(ω) = e2εF

π�2

i
ω + iτ−1 , (10)

where the Fermi energy of graphene is given by εF =
�vF

√
πn with n and vF being the electron number den-

sity and the Fermi velocity, respectively. For the exfoliated
graphene, it is experimentally demonstrated that vF ∼=
106m/s, μe ∼= 104 cm2/Vs, and τ = μeεF/

(
ev2

F

)
[17].

(a) (b) FIG. 9. (a) For the fixed value of εF =
0.4 eV, λ/(4π lp) is plotted as a func-
tion of EF for three different values
of electron mobility of graphene μe =
104, 5 × 103, 2 × 103 cm2/Vs. (b) The
corresponding function S(EF) is plotted
as a function of EF for three different
values of electron mobility of graphene.
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(a) (b) FIG. 10. (a) The wavelength of the SPP is
plotted as a function of EF in units of λ

for εF = 0.2, 0.3, 0.4 eV. One notices that λp
increases with the increase of εF at the fixed
EF . (b) The ratio of the propagation length
to the wavelength of the SPP is plotted as a
function of EF for εF = 0.2, 0.3, 0.4 eV. One
clearly sees that 4π lp/λp increases with the
Fermi energy of graphene below E∗

F .

When the h-BN layer is thick enough to neglect the cou-
pling to the active layer, one can approximate that Z(d−) ∼=
(i/εBN)

√
k2

z /k2 − εBN. In this limit, the dispersion relation
of the SPP is obtained by solving the following equation:

ε0√
k2

z − ε0k2
+ εBN√

k2
z − εBNk2

= 4αεF

�k
1

ω + iτ−1 , (11)

which agrees exactly with the equation obtained by Jablan
et al. [25]. For the fixed frequency ω of an incident light,
one can obtain the complex-valued wave number kz by
solving Eq. (11). The SPPs thus obtained are a type of
surface wave, guided along the interface in much the
same way as light is guided by an optical fiber. Their
wavelengths are much shorter than that of an incident
light. Hence, they can have tighter spatial confinement
and higher local field intensity. Perpendicular to the inter-
face, they have subwavelength-scale confinement. The
SPP propagates along the interface until its energy is lost
either by absorption in the metal or scattering into other
directions. The wavelength of the SPP is given by λp =
2π/Re (kz). The propagation length of the SPP is defined
as the distance for the SPP intensity to decay by a factor of
1/e, which is written as lp = 1/ [2Im (kz)]. Since |kz/k| �
1, the dispersion relation and the propagation length of the
SPP is given by ω = {e2εF/[(ε0 + εBN)π�2]}1/2√Re (kz)

and lp = (ωτ/4π) λp , respectively.

III. NUMERICAL RESULTS AND DISCUSSION

For relatively thin film of the h-BN layer with thick-
ness d 	 λp , the SPP is strongly coupled to the active
layer. For an incident light with midinfrared wavelength
λ = 8 μm and the exfoliated graphene with εF = 0.4 eV,
we calculate the complex-valued wave number kz as a
function of the Fermi energy EF by numerically solving
Eq. (2). The thickness of the h-BN layer has been taken
to be 3 nm, which is thick enough to function as a gate
dielectric [42,43], and that of the p-type Si layer L > Wd.
Recent experiments have demonstrated that for the h-BN
film with thicknesses below 10 nm, the dielectric break-
down voltage increases linearly with the film thickness

and the breakdown electric field remains above 4 MV/cm
[43]. In Fig. 5, the electric field strength E at the gate
dielectric-semiconductor interface is plotted as a function
of the Fermi energy EF for λ = 8 μm. At the critical
value of E∗

F
∼= 0.21 eV, E ∼= 1.0 MV/cm. In Fig. 6(a), the

wavelength of the SPP is plotted as a function of EF . The
wavelength λp of the SPP shows a nonmonotonic depen-
dence on EF , as it passes through the critical value. But
it remains to be on the order of approximately 1/100 of
that of an incident light. This makes graphene a promising
material for practical application to subwavelength plas-
monic devices. In Fig. 6(b), the ratio of the propagation
length to the wavelength of the SPP is plotted as a func-
tion of EF . One clearly notices that 4π lp/λp is significantly
reduced by a factor of approximately 21 upon switching
at E∗

F
∼= 0.21 eV compared to the value at EF = 0.15 eV.

We also confirm that the propagation length of the SPP
is reduced by a factor of approximately 19 upon switch-
ing. In Fig. 7, the electric field profile |Ez(x)| is plotted
as a function of x for two values of EF = 0.1, 0.25 eV.
Here |Ez(x)| is normalized by the value at graphene. For
EF > E∗

F , |Ez(x)| exhibits a sharp deviation from the field
profile for EF = 0.1 eV due to the resonant coupling to the

FIG. 11. The ratio of the propagation length to the wavelength
of the SPP is plotted as a function of EF for three different
values of h-BN thicknesses d = 3, 6, 9 nm at a fixed value of
εF = 0.4 eV.
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(a) (b) FIG. 12. (a) The wavelength of the
SPP is plotted as a function of EF/�ω

in units of λ for λ = 6, 8, 10μm. (b) The
ratio of the propagation length to the
wavelength of the SPP is plotted as a
function of EF/�ω for λ = 6, 8, 10 μm.

local plasmon resonance inside the p-type Si(100) layer.
This demonstrates that our device can effectively operate
as a subwavelength plasmonic switch for the SPP.

As EF goes beyond the critical value E∗
F , the propaga-

tion length lp of the SPP exhibits a dramatic decrease. In
order to estimate the sharpness of switching, we define the
function S(EF) as follows: S(EF) = ∂

[
λ/(4π lp)

]
/∂EF . In

Fig. 8, S(EF) is plotted as a function of EF for two dif-
ferent values of plasma damping rate ν = 4.2 × 1012, 6 ×
1012 Hz. The sharpness of switching is measured by Q
factor, which is defined by Q = EFM/	EF . Here S(EF)

has a maximum value at EFM and 	EF represents the
FWHM. The black solid line describes S(EF) for ν =
4.2 × 1012 Hz. One estimates that Q ∼= 58. The red dashed
line describes S(EF) for ν = 6 × 1012 Hz. One estimates
that Q ∼= 41. In Fig. 9(a), λ/(4π lp) is plotted as a func-
tion of EF for three different values of electron mobil-
ity of graphene μe = 104, 5 × 103, 2 × 103cm2/Vs for the
fixed value of εF = 0.4 eV. One can notice that as μe
decreases, there exists an overall increase in λ/(4π lp).
In Fig. 9(b), the corresponding function S(EF) is plot-
ted as a function of EF for three different values of μe.
It clearly demonstrates that the sharpness of switching
line shape has a negligible dependence on the electron
mobility of graphene for the fixed value of εF . Hence
we confirm that the sharpness of switching line shape
mainly depends on the plasma damping rate ν of the active
layer. In Fig. 10(a), λp/λ is plotted as a function of EF
for εF = 0.2, 0.3, 0.4 eV. One notices that λp increases
with the increase of εF at the fixed EF . For EF < E∗

F ,
this is easily understood from the following formula: ω ∼=
{e2εF/[(ε0 + εBN)π�2]}1/2√Re (kz) ∝ (

εF/λp
)1/2. Hence

λp increases linearly with εF for the fixed frequency ω

as shown in Fig. 10(a). In Fig. 10(b), 4π lp/λp is plot-
ted as a function of EF for εF = 0.2, 0.3, 0.4 eV. One
clearly sees that 4π lp/λp increases with the Fermi energy
of graphene below E∗

F . Below E∗
F , this is easily under-

stood through the following relation: 4π lp/λp ∼= ωτ ∝ εF ,
since τ = μeεF/

(
ev2

F

)
. Hence 4π lp/λp increases linearly

with εF . In Fig. 11, 4π lp/λp is plotted as a function of

EF for different values of h-BN thicknesses d = 3, 6, 9 nm.
There exists only a modest change in the switching line
shape for varying thicknesses. In Fig. 12(a), λp/λ is plotted
as a function of EF/�ω for λ = 6, 8, 10 μm. One notices
that while the critical value of Fermi energy increases
with the decrease of λ, λp/λ decreases with the decrease
of λ. In Fig. 12(b), 4π lp/λp is plotted as a function of
EF for λ = 6, 8, 10 μm. One clearly notices that 4π lp/λp
increases with the decrease of λ below E∗

F .

IV. CONCLUSION

To summarize, we propose a subwavelength plasmonic
waveguide based on graphene, which can effectively gate
the transmission of the SPP by varying gate voltage. As
a van der Waals material, thin h-BN film is chosen to
be a gate dielectric material to support the high mobility
of graphene. For practical applications, we choose the p-
type Si(100) as an active layer. Graphene plasmonics have
practical application ranges from terahertz to midinfrared
regime. For an incident light with midinfrared wavelength
λ = 8 μm, we demonstrate that the wavelength of the
SPP is reduced below 1/100 of that of an incident light.
By applying the gate voltage, the propagation length of
the SPP is reduced by a factor of approximately 20 upon
switching, which exhibits the sharp switching line shape.
Our theoretical results strongly support that our plasmonic
waveguide can effectively operate as a subwavelength
plasmonic switch for the SPP.
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