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a  b  s  t  r  a  c  t

Unprecedented  physical  properties  make  graphene  a very  promising  plasmonic  candidate  material  from
the terahertz  to mid-infrared  frequencies.  However,  a theoretical  model  for  graphene  plasmon  cavi-
ties  has  not  been  fully  established.  In this  work,  we  analyse  the  graphene  surface  plasmon  polaritons
supported  on  silicon  carbide  or  metallic  cavities.  We  derive  an  analytical  expression  for  the  dispersion
relation  of graphene  plasmon  waves  in a multilayer  system,  providing  a  useful  tool  to  illustrate  the depen-
dence  on  the  cavity’s  geometric  properties.  The  results  show  that  the  analytical  description  can  precisely
predict  the  excitation  of  cavity  graphene  plasmon  waves.  Complete  absorption  can  be  achieved  under
certain  parameters,  which  can  be predicted  precisely  using  two  Fabry–Pérot  models.  We  further  show
that  the  interaction  of surface  plasmon  polaritons  with  surface  phonon  polaritons  can  be  used  to  tune
ensing
etamaterials

the  cavity  resonances.  The  tunability  of  the  Fermi  energy  and the  geometric  parameters  of  the cavities
make  for  flexible  system  design.  High  enhancement  (∼4000)  and  extraordinary  compression  (∼�0/400)
of  graphene  plasmon  waves  are  also  realized  under  certain  conditions.  These  findings  make  this  an  ideal
setup  for molecular  sensing,  pushing  the  potential  for  enhanced,  broadly  tunable  spectroscopy  into  the
mid-infrared,  while  also  offering  distinct  advantages  for integrated  optics.

© 2018  Elsevier  Ltd. All  rights  reserved.
. Introduction

Surface plasmon polaritons (SPPs) arise due to collective oscilla-
ions of free charge carriers in conductors [1,2] and have attracted
ignificant interest for overcoming the diffraction limit [3–5]. Since
raphene was experimentally demonstrated in reference [6], it has
ormed one of the most active areas of research in nanoscience
nd related technologies due to its unprecedented physical proper-
ies [7–9]. In particular, it constitutes a promising two-dimensional
2D) plasmonic material for terahertz (THz) to mid-infrared (MIR)
pplications [7,10–15]. Compared to the noble metals, graphene
as a low carrier concentration, and graphene plasmons (GPs) are
hus relatively long-lived and exist at low frequencies [16–19],

hile the 2D nature of this material leads to highly confined GPs
ith short wavelengths [20–22]. In addition, the carrier concentra-
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tion may  be precisely controlled by electrical gating and/or surface
doping to permit the existence of GPs along the sheet [10,17].

Despite these impressive advantages, efficiently exciting such
plasmonic waves is still challenging due to the large momentum
mismatch between the incident light and GPs. Grating coupling
[23,24] (where GPs are excited by diffraction effects owing to the
grating periodicity), cavity coupling [25,26] (where light scatters
off cavity ridges to excite localised modes), near-field coupling
[27–30], and excitation by scattering from random structures [31]
are widely used schemes to achieve phase matching. Among these,
grating coupling and cavity coupling are particularly convenient
because as well as assisting the coupling between SPPs and inci-
dent light, these structures also can be used as a gate electrode to
tune the resonance frequency over a wide spectral range, thereby
allowing the system to act as a very tunable optical filter.

Assuming that interband transitions can be ignored, the disper-
sion relation of the plasmon waves is given by [10,20,23,26]
kspp(ω) = ��2�0(�1 + �2)
e2EF

(
1 + i

ω�

)
ω2, (1)
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Fig. 1. (a) Schematic of a SiC grating-cavity-assisted GP excitation. The incident light
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s  transverse magnetic polarized in air, where �,  W,  L, and h are the period, ridge
idth, trench length, and height of the grating, and � is the incident angle. (b) Sketch

f  the standing waves of GP resonances with height dependence.

here kspp is the in-plane wavevector of the plasmon, �  is the
educed Plank constant, �0 is the permittivity of free space, e is
he electronic charge, EF = �vF (�n)1/2 is the Fermi energy mea-
ured from the Dirac point, vF ≈ 106m/s is the Fermi velocity in
raphene, n is the sheet carrier density, ω is the angular frequency
f the wavelength of interest, � is the carrier relaxation time, which
s linked to the carrier mobility 	 via the equation � = 	EF /evF , �1
nd �2 are the relative permittivities of the materials in the infinite
alf-spaces above and below the graphene sheet.

The dispersion relationship of a plasmonic wave in a continuous
onolayer of graphene thus depends on the materials above and

elow the graphene film, as well as the properties of the graphene
ayer itself. For cavities such as the one shown in Fig. 1a, Eq. (1) pre-
icts the existence of standing waves which have been observed
10,20,23,26]. One important feature of these investigated cavities,
owever, is that they have very deep (>0.5 �m)  trenches h, so that
he materials below the cavities have little impact on this relation-
hip. Hence, Eq. (1) provides a good approximation of the behaviour.
his is not the case for a shallow cavity. Here, we explore the depen-
ence of the dispersion relationship on the height of the cavity in
uch systems.

Surface phonon polaritons (SPhPs), similar to SPPs, result from
he coupling of the electromagnetic field to the collective lattice
ibrations of polar dielectrics at infrared frequencies [2,32]. Silicon
arbide (SiC) is an exemplary polar dielectric supporting sub-
iffraction confinement of light via the excitation of SPhP modes

33–37]. Because of the energy scale of optical phonons, such SPhP

odes can be stimulated within this spectral range, referred to
s the Reststrahlen band, which is bound by the longitudinal (LO)
nd transverse optic (TO) phonon frequencies. In the Reststrahlen
Today 12 (2018) 283–293

band, polar dielectrics act similarly to an optical metal but with
much lower optical losses due to the long phonon scattering life-
time [33] compared to their plasmonic counterparts. More recently,
active modulation of the permittivity (and consequently the SPhP
resonances) in nanostructured SiC has been realized by using the
coupling of photo-injected carriers and optic phonons [38,39], and
by using phase change materials [40]. All of these advantages, as
well as high thermal, mechanical and chemical stability, make SiC
highly suitable for a range of applications in MIR  photonics.

In this paper, we  explore the dependence of the dispersion
relationship on the height of the cavity, and explore the coupling
between SPhPs and GPs. We  derive an analytical expression for the
dispersion relation of the GP waves in a multilayer system, pro-
viding a useful tool to show the influence of the materials below
the cavity on the dispersion relationship. We  consider a system
comprising a single layer of graphene and a SiC cavity (see Fig. 1).
The scattering from the sharp edges of the cavity overcomes the
large mismatch between the GPs and the incident light. The absorp-
tion properties and field distributions of this system in the infrared
range are investigated using the finite element method (FEM) uti-
lizing COMSOL Multiphysics. The results show that the derived
analytical description of the dispersion relation of the GPs can pre-
cisely predict the excitation of the cavity GP waves, while Eq. (1)
fails for systems with shallow cavities. Additionally, results shows
complete absorption can be achieved under certain parameters,
which can be predicted precisely using a Fabry–Pérot model in the
horizontal direction for GPs and a Fabry–Pérot model in the verti-
cal direction for gap SPhPs. This means that the interaction of the
SPPs and SPhPs can be used to tune the cavity resonances. High
enhancement and extraordinary compression of GPs are realized
under certain conditions. We  further provide results for different
doping levels and different substrates. Under normal incident exci-
tation, only antisymmetric plasmon modes are excited because of
the symmetry of the system. To excite symmetric plasmon modes,
we adopt oblique incidence to break the system symmetry. Finally,
a potentially simpler and more realistic configuration is outlined.

2. Methods

In our calculations, we model the graphene as a 2D continuous
sheet characterized by its in-plane electrical conductivity 
g. Such
conductivity can be expressed as 
g = 
intra + 
inter, where 
intra and

inter refer the contributions from the intraband and interband
transitions of electrons in graphene, respectively. Within the local
random-phase approximation model [7,41,42], they are given by
[14]


intra = 2ie2kBT

��2(ω + i/�)
ln

[
2 cosh

(
EF

2kBT

)]
, (2)

and


inter = e2

4�

[
1
2

+ 1
�

arctan
(
�ω − 2EF

2kBT

)

− i

2�
ln

(
(�ω + 2EF )2

(�ω − 2EF )2 + (2kBT)2

)]
,

(3)

where kB is the Boltzmann constant, T is the temperature, and
all other symbols have their usual meaning. In our calculations,
T = 300 K and 	 = 10, 000 cm2/(Vs) (thus, EF = 0.64 eV) are used. In
Fig. 2b we  plot the conductivity of graphene under different doping
conditions at MIR  wavelengths.

For polar dielectrics, the dielectric function employing a Lorentz

oscillator model reads

�(ω) = �∞

(
1 + ω2

LO − ω2
TO

ω2
TO − ω2 − iω�

)
, (4)
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Fig. 2. (a) Geometry of a three-layer system consisting of a thin layer II sandwiched
between two  infinite half spaces I and III with an interface between media I and
II  characterized by a complex surface conductivity 
g (representing graphene or,
more generally, any conducting 2D material). (b) Real (solid) and imaginary (dashed)
parts of the conductivity of graphene in air under different doping conditions. (c)
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eal and imaginary parts of the refractive index of bulk SiC around its Reststrahlen
and, which is bound by the LO and TO phonon frequencies. The inset shows the
bsorption of a plain SiC substrate.

hich has a pole at the TO phonon frequency ωTO and a zero-point
rossing at ωLO. Fig. 2c shows the refractive index (the absorption
s given in the inset) of SiC [43] for �∞ = 6.56, ωLO = 969.9 cm−1,

TO = 797 cm−1 and � = 4.76 cm−1.

. Results and discussion

This section is structured as follows: in Section 3.1, we derive the
ispersion relation for the GP waves in multilayer systems. In Sec-
ion 3.2, we excite the standing waves using the Fabry–Pérot cavity
ffect in the horizontal direction, compare the predictions from the
erived dispersion relation and the simulation results using FEM,
nd discuss the influence of the materials below the cavity on the
ispersion relationship. In Section 3.3, we explore the cavity height-
ependence of GPs, present the vertical Fabry–Pérot cavity effect,

nd discuss the coupling between SPhPs and SPPs in this system. In
ection 3.4, we further report the high enhancement and extraor-
inary compression of the GPs. In Section 3.5, we  present examples
nder different doping levels. In Section 3.6, we  demonstrate the
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possibility of exciting symmetric plasmon modes at oblique inci-
dence. In Section 3.7, we compare the effects of different substrates.
In Section 3.8, we  outline the potentially simpler and more realistic
configuration.

3.1. Graphene plasmons in multilayer systems

We consider the most general three-layer system consisting of
alternating conducting and/or dielectric films with non-source-free
boundary conditions, as illustrated in Fig. 2a: Firstly, layer II, a slab
of thickness t, is sandwiched between two infinitely thick claddings
(layers I and III). The relative permittivities and permeabilities are
�i and 	i, respectively, where i = 1, 2, 3 represent materials I, II and
III, respectively, and 	i is equal to 1 for non-magnetic materials.
Secondly, a complex surface conductivity 
g is used to describe the
property of the interface between media I and II. Hence, one can
identify it as a I-G-II-III system, where I, II and III represent metal
or dielectric materials, and G represents a 2D material (graphene in
this example). In such a system, each single interface may  sustain
bound SPPs or SPhPs depending on the configuration. It is worth
noting that previously studied metal-insulator-metal structures,
insulator-metal-insulator structures, insulator-excitonic material-
insulator structures, and insulator-insulator-insulator structures
including 2D materials can be regarded as special cases of this
system [2,44,45].

Since we  are only interested in the lowest-order GP modes
here, we  begin by looking for the general transverse magnetic
(TM) solution. Using the coordinate system of Fig. 2a, we write the
wavenumber of GPs as ˇ, which corresponds to the component
of the wavevector in the direction of propagation (x-direction). In
source-free regions of space, the GP magnetic fields and electric
fields can be expressed by the following sets of equations

Hy =

⎧⎪⎪⎨
⎪⎪⎩

Aeiˇxe−k1z (z > t/2)

Ceiˇxek2z + Deiˇxe−k2z (−t/2 < z < t/2)

Beiˇxek3z (z < −t/2)

, (5a)

Ex =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

iA
1

ω�0�1
k1eiˇxe−k1z (z > t/2)

−iC
1

ω�0�2
k2eiˇxek2z + iD

1
ω�0�2

k2eiˇxe−k2z

(−t/2 < z < t/2)

−iB
1

ω�0�3
k3eiˇxek3z (z < −t/2)

, (5b)

Ez =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

−A
ˇ

ω�0�1
eiˇxe−k1z (z > t/2)

C
ˇ

ω�0�2
eiˇxek2z + D

ˇ

ω�0�2
eiˇxe−k2z

(−t/2 < z < t/2)

−B
ˇ

ω�0�3
eiˇxek3z (z < −t/2)

, (5c)

where k0 is the wavenumber in free space (k0 = ω/c = 2�/�0, �0 is
the free-space wavelength, c is the speed of light in vacuum), A, B, C
and D are the field amplitudes satisfying the boundary conditions,
ki ≡ ki,z, denotes the z-components of the wavevectors in the three
materials, which reads k2

i
= ˇ2 − k2

0�i for i = 1, 2, 3.
By applying the boundary conditions, the following require-

ments should be satisfied at the interfaces between non-magnetic
{
E1

x = E2
x , H1

y − H2
y = −
gE2

x at z = t/2

E2
x = E3

x , H2
y = H3

y at z = −t/2
. (6)
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olving this system of linear equations results in an implicit expres-
ion for the dispersion relation linking ˇ, t, and ω via

−2k2t = k2/�2ı + k1/�1

k2/�2ı − k1/�1

k2/�2 + k3/�3

k2/�2 − k3/�3
, (7)

here

 = 1 + i
g

ω�0�1
k1. (8)

he impact of the material not in contact with the graphene layer
s fully considered in the derived dispersion relation, which will
how a significant distinction for shallow cavity assisted structures.
t should be noted that Eq. (7) is valid for both real and complex
i. The considered system represents a variety of configurations
nder some assumptions, such as 
g = 0. Additionally, this expres-
ion implies that  ̌ cannot be written in an explicit form. We note
hat when t is large enough, Eq. (1) is a good approximation of Eq.
7). Finally, the GP magnetic and electric fields are obtained from
qs. (5a–5c)

A = D
2k1/�1ı

k1/�1ı + k3/�3
e(k3−k1)t/2

B = D

[
k1/�1ı − k3/�3

k1/�1ı + k3/�3
e(k2−3k1)t/2 + e(k1+k2)t/2

]

C = D
k1/�1ı − k3/�3

k1/�1ı + k3/�3
e−k1t

. (9)

The in-plane wavevector of the GP, ˇ, is a complex number
ith the real and imaginary parts determining the GP wavelength,

spp = 2�/Re{ˇ}, and the propagation length, Lspp = 1/(2 · Im{ˇ}). To
nvestigate the properties of GPs, the effective refractive index (ERI)
f the GP defined by the following equation is used

eff = ˇ

k0
. (10)

n the following section,  ̌ will be written as kh
spp (where kh

spp =
eff k0) to explicitly show the height dependence of the wavevector
f the GPs. We  should bear in mind that in most cases, we expect
trong field confinement and long propagation length.

.2. Graphene plasmon cavity

The plasmonic waves in graphene have extremely high field
onfinement, which enable us to build devices with dimensions
ell beyond the diffraction limit. However, to excite the GPs with

 free-space optical wave is still very challenging due to the large
ifferences in wavevector. Here we use one of the most widely used
chemes – scattering from the sharp edges of cavities, as shown in
ig. 1a, to provide the necessary additional momentum and effi-
iently facilitate the excitation, whilst we consider the cavity as
art of a periodic structure (i.e. a grating that is convenient for
xperiments and numerical simulations). It is worthwhile noting
hat scattering by defects (sharp ridges, in our case) generates a
road spectrum of wavevectors, in which a solution to the following
oupling condition can be easily found

h
spp(�0) = 2�

�0
sin(�) + K. (11)

ere kh
spp is the wavevector of the GPs, � is the incident angle, and K

s the compensated wavevector generated from the scattering pro-
ess. The superscript h is explicitly used to stress the dependence
f the dispersion relationship on the height of the cavity in Fig. 1a.

or a normal incident wave (� = 0◦), kh

spp(�0) = K .
Although the wavevector mismatch is overcome by scattering,

he condition for establishing standing waves in the cavity needs
o be satisfied, because GPs are excited from both edges and the
Today 12 (2018) 283–293

forward and backward launched waves must constructively inter-
fere. The cavity length L needed for free-space wavelength �0 is
determined by a Fabry–Pérot equation

ı� + R(kh
spp(�0))L = m�, m = 0, 1, 2, 3. . .,  (12)

where ı� is the phase shift and the integer m denotes the resonance
mode order. In this paper, the tangential component of the electric
field at the edges needs to vanish as a consequence of the elec-
tric field boundary conditions, resulting in a phase shift of −� for
the plasmon waves. Fig. 1b shows the height-dependent standing
waves of the GPs supported on the cavity.

For a TM wave, the plasmonic waves in graphene are excited
when the cavity length L matches Eq. (12) and the optical energy
is dissipated due to the Ohmic loss while the plasmonic wave
propagates in the graphene monolayer. At normal incidence, the
GP waves originated from the two  edges of the cavity are out-of-
phase, and thus, antisymmetric plasmon modes associated with
odd-mode order in Eq. (12) can occur. At oblique incidence, the
in-phase plasmons can be excited from two  edges, and thus, the
plasmons with even-mode order can be excited. Here we  simulate
the optical response of the structure shown in Fig. 1 using FEM.
Unless specified, the incident light is TM polarized and incident
from the air side, normal to the surface. Our study [26] shows that
the ridge width does not change the essence of the proposed theory
used to precisely predict the excitation of cavity GP waves, and that
the ridge width does have influence on the excitation efficiency of
the graphene absorption. To obtain a high efficiency for this work,
we have fixed the ridge width at 2 �m.

To validate our theory we begin by considering the short grat-
ing height case. In the simulation, incident wavelengths and cavity
lengths are in the range 10 �m → 13 �m and 0.1 �m → 2.5 �m,
respectively, with a grating height fixed at 0.15 �m.  The SiC
substrate is infinitely thick below the grating to switch off the trans-
mission channel and simplify the analysis. Fig. 3a shows the ERI for
different values of the incident wavelength �0 obtained from Eq.
(7), where media I and II are air, and medium III is SiC (in Fig. 2a).
One striking feature is the abrupt change of the ERI with incident
wavelength around 10.5 �m.  This can be understood by noting the
change of the refractive index of SiC. It can be seen that real and
imaginary parts of ERI decrease dramatically at first and then slowly
with increasing incident wavelength, when �0 > 10.5 �m.  The ERI
obtained from Eq. (1) is also shown in Fig. 3a (solid lines). The
difference between these two results shows the essential distinc-
tion between the calculations with and without considering the
influence of the material below the cavity.

We calculate the whole absorption (PW
abs

, representing the sum
of the absorption of the SiC grating and the graphene layer) of a
SiC grating with graphene sheet present versus the trench length
(L) and the incident wavelength (�0) shown in Fig. 3b, when
W = 2�m, h = 0.15 �m.  The strong absorption peaks around the SiC
LO frequency are mainly due to the excitation of SPhPs in the SiC
grating [26]. Graphene layer absorption (PG

abs
) in the SiC grating

plus graphene structure is also shown in Fig. 3c. The appearance
of the absorption peaks in the low absorption region of the Rest-
strahlen band for certain cavity lengths, shown in Fig. 3b and c,
is evidence of the excitation of the GP. The electromagnetic field
is concentrated on the graphene layer and the plasmon modes are
antisymmetric plasmon standing waves at normal incidence. These
findings have similarities with published work on the excitation of
GP modes using a grating or cavity [25,26]. However, because the
cavities used in those works are very deep, Eq. (1) is sufficient to
predict the peak positions for these systems. To show how Eqs. (7)

and (1) contrast, both equations are used to theoretically predict
the absorption peak positions in our system, as shown in Fig. 3c.
The remarkable agreement between the results from Eq. (7) (com-
pared with the ones from Eq. (1), indicated by the black dashed
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Fig. 3. (a) Real and imaginary parts of the ERI for different values of the incident
wavelength �0 obtained from both Eqs. (7) and (1), where media I and II are air,
medium III is SiC, EF = 0.64 eV, and h = 0.15 �m.  (b) Under TM polarized normal
incident light, whole absorption (PW

abs
) for the SiC grating plus graphene structure

versus the trench length (L) and the incident wavelength (�0), when W = 2	m, and
h  = 0.15 �m.  (c) Graphene layer absorption (PG

abs
) for the same structure used in (b).

The yellow and black curves indicate a fit to a Fabry–Pérot model for a phase shift
of  −� (see Eq. (12)) using Eqs. (7) and (1), respectively.
Today 12 (2018) 283–293 287

curves) and the ones from the numerical simulation indicates that:
(i) the material below the cavity has a distinct influence on the dis-
persion relationship of the plasmonic wave on the graphene layer
when the cavity is shallow, and (ii) the localized cavity modes are
excited by the scattering from the cavity edge rather than by diffrac-
tion effects owing to the grating periodicity [26,46], since the peak
position does not change with varying � (for a fixed cavity length,
see reference [26] for more details).

To reveal the mechanism of the cavity height dependence of the
dispersion relationship in our system, we  investigate the system
by varying the cavity height for a fixed wavelength �0 = 12 �m,  as
shown in Fig. 4. The ERI against the grating height is calculated
using Eq. (7) shown in Fig. 4a. We  find that the real and imaginary
parts of the ERI begin to drop drastically until the height reaches
0.3 �m.  After h exceeds sizes larger than 0.5 �m, the difference
between the ERIs calculated from different equations is negligible.
This is because when h is large (h > 0.5 �m here), Eq. (1) is a good
approximation of Eq. (7), which means now kh

spp depends only on
the material directly above and below the suspended graphene (in
this case, air). These findings are demonstrated more clearly by the
good agreement between the analytical results from Eq. (7) and
those from the FEM simulations for the SiC grating plus graphene
structure as shown in Fig. 4b. The field distribution for different
peaks shows that antisymmetric modes are excited. We  empha-
size again the dependence of �h

spp on the cavity height, in contrast
to previous works. In Fig. 4c and d, we plot the near-fields for two
systems with the same geometry, with the only exception being the
different cavity heights (h = 0.032 �m and h = 0.284 �m),  showing
that we are able to excite two different modes by only varying the
cavity height. This is pictorially shown in Fig. 1b. We  also show the
near-field distribution for another pair of systems with the same
geometry, except for differences in the trench length (L = 1.03 �m
and L = 2.07 �m)  in Fig. 4d and e. These findings enable us to tune
the cavity resonances by varying the geometric parameters. Specif-
ically, the cavity height can be used to tune the wavelength of the
plasmonic waves on the graphene. The tunability of these geomet-
ric parameters make this system very versatile.

To further confirm these findings, Fig. 5a shows the graphene
absorption varying with cavity length (for a fixed wavelength
�0 = 12 �m).  The peaks at integer multiples of L/�h

spp correspond
to the standing waves of the GPs as indicated by the near-field dis-
tribution plots in Fig. 5b–e. The peak position does not change for
different values of the grating period because of the independence
of the excitation of the localized cavity modes on the grating effect.
Comparison of the predictions from Eqs. (7) and (1) demonstrates
that the former provides more accurate results.

3.3. Simultaneous excitation of graphene plasmon cavity modes
and vertical SiC Fabry–Pérot cavity modes

The above work derives the dispersion relation of GP waves in
multilayer systems, confirms the influence of the materials below
the cavity on the dispersion relationship, and demonstrates the
Fabry–Pérot cavity effect in the horizontal direction. In this part
we explore the vertical property of the system. In Fig. 4b, it is
worth noting that the absorption is weak (<15%) when the cav-
ity is very shallow, although becomes stronger as the cavity height
h increases. Considering the fact that in this region of the spectrum
SiC acts, to a good approximation, as a perfect electric conductor
(PEC), it would seem that Fabry–Pérot resonances could be achieved
in the vertical direction of the cavity for certain parameters.

To prove this hypothesis, in Fig. 6a, we  investigate the whole

absorption of the complete system, the SiC absorption and the
graphene absorption varying with the cavity height h (for a fixed
wavelength �0 = 12 �m and trench length L = 1.06 �m).  Note that
all curves in Fig. 6a present stationary periodic oscillation behavior,
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Fig. 4. (a) Real and imaginary parts of the ERI from Eqs. (7) and (1) against the grating height (h) for TM polarized, normal incidence light at a fixed wavelength �0 = 12 �m,
where  media I and II are air, medium III is SiC, and EF = 0.64 eV. (b) Graphene layer absorption (PG

abs
) for the SiC grating plus graphene structure versus the trench length (L)

and  the grating height (h). The blue and back curves indicate a fit to a Fabry–Pérot model for a phase shift of −� (see Eq. (12)) when using Eqs. (7) and (1), respectively. (c–e)
Near-field distribution of Ez for three cases marked as points A, B, and C in (b). (c) A second-order mode with h = 0.032 �m and L = 1.03 �m. (The zoom-in view is given as
well.)  (d) A first-order mode with h = 0.284 �m and L = 1.03 �m.  (e) A second-order mode 

dependence of the standing waves supported on the cavity. The electric field is normalise

Fig. 5. (a) Graphene absorption for different geometric parameters (h and L) of the
SiC  grating. Predictions of peak positions obtained from Eq. (7) are indicated by
the  vertical, colorized, dashed lines. Predictions from Eq. (1) are also given. (b–e)
The peaks correspond to standing waves of the GPs as indicated by the near-field
p
(
g

w
t
h

1
i

lots of Ez for peaks A (h = 0.1 �m and L = 0.8 �m),  B (h = 0.2 �m and L = 0.97 �m),  C
h = 0.3 �m and L = 1.04 �m),  and D (h = 0.3 �m and L = 2.04 �m). The electric field
oes to zero at the boundaries meaning the plasmon modes must be antisymmetric.

hich is also verified by the perfect linear relation of the peak posi-
ions shown in Fig. 6b. The period is about 4.574 �m,  which equals

alf of the effective wavelength in the cavity (�0/R(NSPhP

eff
)/2 =

2/1.3131/2 = 4.569 	m. The definition of NSPhP
eff

and details of
ts calculation will be provided later.). This is understood by noting
with h = 0.284 �m and L = 2.07 �m. The electric field distribution verifies the height
d to the incident field magnitude. Different colorbars are used.

that there are SPhP modes excited on the cavity walls as indi-
cated by the electromagnetic fields in Fig. 6c–h. Similar to gap
SPPs [47], for sufficiently small gap widths, the SPhPs associated
with the two  cavity walls interact with each other and form sin-
gle gap modes, in which the fundamental symmetric eigenmode
exhibits an even symmetry of the normal field component, Ex as
shown in Fig. 6c–e, and odd symmetry of the tangential electric field
component, Ez as shown in Fig. 6f–h. Similarly, these gap modes
can be termed as gap SPhPs, although they are more accurately
described as slot wave-guide modes, having the ability to achieve
strong mode confinement together with relatively low Ohmic dissi-
pation. Similar to the wavelength and the propagation length of gap
SPPs, the wavelength and the propagation length of gap SPhP are
defined as �SPhP = 2�/Re{ˇSPhP} and LSPhP = 1/(2 · Im{ˇSPhP}), respec-
tively, where ˇSPhP = NSPhP

eff
· k0 is the in-plane wavevector of the

gap SPhP and NSPhP
eff

is the ERI of the gap SPhP. ˇSPhP can be calcu-
lated using Eq. (7). In our case, we assume that 
g = 0	S, t = 1.06 �m,
medium I and III are SiC, and medium II is air.

The curves in Fig. 6a divide into two  parts, as shown by the
grey dashed line. When the cavity height is smaller than 24.95 �m
(left part in Fig. 6a), it is observed that complete absorption can be
achieved in the system for certain cavity heights. This indicates the
critical coupling condition is satisfied [48], and a standing wave is
formed. This can be understood by noticing that the reflection of
the front of the graphene film can be completely cancelled by the
leaked wave from the cavity formed by the graphene layer and back

mirror (the bottom material). Meanwhile, the graphene absorption
(even 72% is achievable) dominates the whole absorption of the
system. Fig. 6c–e shows clearly that the standing waves are formed
in the vertical direction of the cavity. Thus, the Fabry–Pérot cavity
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Fig. 6. Vertical Fabry–Pérot Cavity Model. (a) Whole absorption, SiC absorption, and graphene layer absorption of the SiC grating plus graphene structure (with W = 2 �m and
L  = 1.06 �m)  as functions of the grating height at incident wavelength of �0 = 12 �m.  (b) Peak positions of these three types of absorptions. The peak positions for the three
types  of absorptions coincide. The peaks are periodically spaced as a function of the grating height. The inset shows the schematic of an air slab sandwiched between two
infinite half spaces (SiC), which is a special case of the structure in Fig. 2a. Gap SPhPs are generated in this structure. The distributions of x- and z-components of the electric
field  (Ex and Ez , respectively) corresponding to the points marked A, B, and C in (a) and (b) are shown for h = 2.13 �m (c and f), h = 25 �m (d and g), and h = 79.9 �m (e and h).
The  same colorbar is used for each component, while the scales in (e and h) are half of the ones used in (c), (d), (f), and (g). The peaks correspond to standing waves of the gap
S -field plots of Ex in (c–e). The fundamental symmetric gap SPhP eigenmode propagating
a e in (a) indicates a boundary, after which the graphene absorption is smaller than the SiC
a
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Fig. 7. (a) High intensity (E2) distribution for the first complete absorption peak
at  h = 2.13 �m and L = 1.06 �m marked as point A in Fig. 6a. Distribution of the
intensity along the gray dashed line at the center of the cavity is given as well. The
enhancement around the graphene layer in this case is about 4000. (b) Intensity (E2)
distribution of the extraordinary compressed plasmonic waves trapped in the cav-
PhPs  supported in the vertical direction of the SiC cavity as indicated by the near
long  the z-axis supported by the cavity is clearly seen in (c–h). The gray dashed lin
bsorption.

ypothesis in the vertical direction is verified. When the cavity
eight is larger than 24.95 �m (right part in Fig. 6a), complete
bsorption of the system cannot occur, and the SiC absorption
ecomes the main part of the whole absorption in the system. The

ncreasing SiC absorption is mainly due to the increasing area of the
iC walls in the cavity. Because of the increase of the SiC absorption,
he intensity of the reflected waves from the bottom decreases, and
hus reduces the excitation efficiency of the plasmonic modes on
he graphene. Meanwhile, the reflection of the front of the graphene
ayer cannot be completely cancelled, and consequently complete
bsorption cannot be achieved. All three absorptions approach
onstant values (the constant values of the total system absorption,
he SiC absorption and the graphene absorption are about 70%,
5% and 15%, respectively) when the cavity height is significantly
about five times) larger than half the characteristic propagation
ength of the gap SPhP (LSPhP/2 =76.4 �m).  Because in this case

ost of the energy of the gap SPhPs is absorbed by the cavity walls.
he proposed configuration can achieve an efficient coupling of
hotons to GPs and gap SPhPs, as well as provide strong coupling
etween GPs and gap SPhPs, for the development of future devices.

.4. High enhancement and extraordinary compression of
raphene plasmons
In Fig. 7, we show the intensity distributions for two  spe-
ial cases. This figure reveals that the most striking features
re the strong intensity (the highest enhancement is ∼4000 in
ity with h = 0.032 �m and L = 1.03 �m marked as point A in Fig. 4b. The compression
factor of �0/h in this case is 375.

Fig. 7a) when the complete absorption in the system occurs, and
the extraordinary confinement (the compression factor is 375 in
Fig. 7b) of the electromagnetic field. In Fig. 7a, the extremely high
field enhancement is compressed on the graphene layer providing
high potential for applications in molecular sensors. This is in con-
trast to the grating system in the aforementioned references [26,46]
where the field enhancement is limited. Fig. 7b shows the ability

for trapping GPs in an extremely small gap. This confinement can
be even stronger when using a much shallower cavity. However,
the graphene absorption will get smaller with the reduction of h,
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Fig. 8. (a) Graphene layer absorption for different Fermi energies (EF) and trench
lengths (L) of the SiC grating when h = 0.2 �m,  W = 2.0 �m,  and �0 = 12 �m.  Predic-
tions of peak positions from Eq. (7) are indicated by the vertical, colorized, dashed
lines. Predictions from Eq. (1) are also given. (b–d) The peaks correspond to standing
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Fig. 9. (a) Graphene layer absorption against the trench length (L) under a TM polar-
ized oblique incidence at a incident angle of � = 30◦ for fixed geometric parameters
�0 = 12 �m,  h = 2 �m,  and W = 2.0 �m.  The insets are the schematic of a configuration
with a metallic substrate and a zoom-in plot of the third peak shown by the blue
dashed line. Predictions of peak positions obtained from Eq. (7) are indicated by the
vertical dashed lines. (b–e) The peaks correspond to standing waves of the GPs as
indicated by the near-field plots of Ez (here normalised to the incident field magni-
tude) for peaks A (L = 0.54 �m), B (L = 1.06 �m),  C (L = 1.61 �m), and D (L = 2.135 �m).
The peaks predicted by vertical black lines correspond to antisymmetric plasmon
modes as shown in (c) and (e), while the ones predicted by red lines correspond to
aves of the GPs as indicated by the near-field plots of Ez for peaks A (EF = 0.44 eV and
 = 0.71 �m),  C (EF = 0.84 eV and L = 1.19 �m), and D (EF = 0.84 eV and L = 2.41 �m).
he near-field for peak B (EF = 0.64 eV and L = 0.97 �m)  can be found in Fig. 5c.

hen h is small enough (in the case of Fig. 6a, h < 2.13 �m).  Thus, we
eed to balance the confinement and the intensity of the field, when
e try to design the system. Another interesting feature is that the

ntensity distribution for the complete absorption case shown in
ig. 7a is different from the one shown in Fig. 7b. This is because
he intensity has two contributions, the x- and z-components of
he electric field. The x-component contribution is dominated by
he vertical Fabry–Pérot effect, while the z-component contribu-
ion is dominated by the horizontal Fabry–Pérot effect. In Fig. 7a,
oth contributions are strong, which can be clearly seen in Fig. 6c
nd f. However, in Fig. 7b the z-component contribution dominates
he intensity. Interestingly, the energy in Fig. 7b is mainly trapped
n the cavity.

.5. Electrostatic tuning of the graphene plasmons

Plasmonic modes are particularly appealing in graphene due to
he ultra-broad and fast tunability of the Fermi energy via chemical
oping or electrical doping. Optical gaps of up to 2 eV (which corre-
ponds to EF∼ 1 eV) can be achieved [49]. Thus, the peak positions
n the absorption spectra can be tuned by electrical or chemical
oping. Fig. 8a shows graphene absorption with different Fermi
nergies for a normal TM incidence. Fig. 8a shows the trench length
orresponding to each peak increases with the increase of the Fermi
nergy. This is because the GP wavelength goes up as the Fermi
nergy rises. This paves the way to build cheap, reliable, ultra-fast
nd highly tunable optical modulators. The predictions from Eq.
1) and the ones from Eq. (7) indicate again that the latter equation
eveals the cavity height dependence of the dispersion relation. The
ear-field plots of Ez for peaks marked as A–D are given in Fig. 8b–d
nd Fig. 5c.

.6. Symmetric plasmon modes excited at oblique incidence
The previous discussions only consider the normal TM inci-
ence, where only antisymmetric modes are excited in the cavity.
nder a TM polarized source at oblique incidence, it is expected that
the symmetric plasmon modes as shown in (b) and (d). (f) Near-field plots of Ez for
peak D for five grating periods. The pink dashed box showing the position of the plot
in  (e).

the incident light breaks the symmetry of the system, and conse-
quently stimulates symmetric plasmon standing waves. In Fig. 9,
we show the properties of our system under this case for a fixed
incident wavelength and fixed geometric parameters. Compared
with Fig. 5a, Fig. 9a exhibits additional absorption peaks corre-
sponding to the symmetric plasmonic modes, when the incidence
angle is fixed at 30◦ with varying the trench length. The predictions
from Eq. (7) shown as black dashed lines and red dashed lines in
Fig. 9a, agree well with the simulation results. The peaks predicted
by vertical black lines correspond to antisymmetric plasmon modes
confirmed by Fig. 9c and e, while the ones predicted by red lines
correspond to the symmetric plasmon modes confirmed by Fig. 9b
and d. It is worth noting that the GP modes of different cavities in
the same grating structure are out-of-phase due to the oblique inci-
dence, clearly indicated by the near-filed of peak D for five grating
periods in Fig. 9f.

3.7. Comparison between SiC and metallic substrates

The substrate of the configuration we considered previously is
SiC, which acts, to a good approximation, as a PEC at the frequencies
of interest. However, it is expected that there is still some difference
between SiC and the PEC model.

In this part, we  study the effects of different substrates by
changing the substrate material of the configuration shown in

Fig. 10a. In Fig. 10b, we show the graphene absorption of the
system with different substrates for fixed incident wavelength
and fixed geometric parameters under the normal TM incidence.
The results show that the simulations with the PEC model and
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Fig. 10. (a) Schematic of a configuration with different substrates. (b) Graphene
layer absorption as a function of the grating trench length (L) when h = 2.0 �m,
W  = 2.0 �m,  and �0 = 12 �m.  Predictions of peak positions obtained from Eq. (7) are
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Fig. 11. (a) Schematic of a realistic configuration with a dielectric material (n is its
refractive index.) filling in the cavity. (b) Graphene layer absorption as a function
of  the trench length (L) of the SiC grating for different values of the refractive index
(n) of the cavity, when h = 0.2 �m, W = 2.0 �m,  and �0 = 12 �m.  Predictions of peak
positions obtained from Eq. (7) are indicated by the vertical dashed lines. Predictions
from Eq. (1) are also given by the vertical dash-dot lines. The green curve has been
offset. (c-d) The near-field plots of Ez for peaks A (L = 0.612 �m)  and B (L = 1.252 �m)
marked in (b). (e) Graphene absorption for different shapes of the cavity edge, when
L  = 1.06 �m,  h = 2.0 �m, and W = 2.0 �m.  The shape of the cavity edge is rounded
with radius R as shown in the inset. The green and blue lines represent results with
ndicated by the vertical black dashed lines. (c–f) The near-field plots of Ez for dif-
erent substrates shown in (b). The trench length L = 1.115 �m is for (c) and (e–f),
hile L = 1.063 �m is for (d).

etallic materials (aluminium [50] and gold [51] here) give the
ualitatively same behaviour. The behaviour is modified for the
ystem with SiC. This can be understood by viewing the optical
roperties of SiC and the metallic materials. We  find that metallic
aterials, compared with SiC, acts more like a PEC at the frequen-

ies of interest. It is also worth noting that the whole absorption
f the system (not shown) with SiC substrate is much higher than
he other three cases. One the other hand, there is a little difference
etween the prediction from Eq. (7) and the peak position for PEC
odel. This is because in this work we do not consider the near-field

istribution around the sharp edges shown in Fig. 10c. Fig. 10d–f
hows the near-field distribution of other cases. Additionally, based
n the derived equations in this study, we could predict the most
ppropriate range of the permittivity for the substrate that may
elp generate the strongest electric fields on the graphene surface.

.8. Extension toward applications

All scenarios considered until this point are free-standing
raphene layer and spaced by air cavities that served to simplify
iscussion and our understanding of the modes. We  consider now
impler and more realistic configurations. First, we  fill the cavity
ith a dielectric medium with the refractive index n, shown in

ig. 11a, which can be easily achieved by deposition of oxides or
n organic layer.

As an example, we analyse the modes exhibited by peak A and
eak B shown in Fig. 11b. As expected, the peak positions agree with
he predictions from Eq. (7) shown in Fig. 11b, while the predictions
btained from Eq. (1) are not precise. Clearly, there is a small differ-
nce between the simulated results from FEM and the predictions
rom Eq. (7). This is because, although a phase shift of −� is always
sed to get a fit of Fabry–Pérot model, there should be small dif-
erence between the phase shift for different configurations, which
an be found by looking at the near-field around the edges. A sur-

rising feature is that the predictions from Eq. (7) remains very
ood as the number of the peaks increases, while the ones from Eq.
1) become worse. This can be understood by noting that the addi-
ional length between peak A and peak B is one GP wavelength (as
R  = 0.005 �m and R = 0.010 �m,  respectively. The red line shows the result under the
sharp edges of the cavity.

shown in Fig. 11c and d), and the difference between the simulated
peak positions and their predictions from Eq. (7) remains the same.
This feature is also found in Figs. 5 and 8. This finding confirms the
precision of Eq. (7). In addition, by comparing the results under dif-
ferent n (as shown in Fig. 11b), we find that when the refractive
index of the cavity increases, the difference between the results
from Eqs. (7) and (1) reduces, and the graphene layer absorption
decreases.

Apart from the refractive index of the cavity, the shape of the
cavities also has an influence on the graphene surface plasmon. We
obtained graphene absorptions under rounded edges of the cav-
ity, as shown in Fig. 11e. The resonances under rounded edges are
redshifted with respect to the sharp edges case, and the shift get
larger with the increase of the radius R. This is because the effective
trench length increases. Also, new peaks appear due to the different
reflection at the edges.

We foresee experimental demonstrations of the existence and

manipulation of the cavity modes in such simple geometries. Their
extraordinary confinement and strong enhancement could make
the system as an ideal interface for sensing and integrated optics.
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. Conclusions

In conclusion, we have analysed the surface plasmon polaritons
upported on graphene cavities made of SiC or metallic cavities.
n analytical expression for the dispersion relation of GP waves

n a multilayer system have been derived. This simple analytical
xpression is a useful tool showing the cavity height dependence
f the dispersion relationship of the GPs. Complete absorption
f the system can be achieved under certain parameters, which
an be predicted precisely using two Fabry–Pérot models. One
abry–Pérot model is in the horizontal direction for GPs, while the
ther one is in the vertical direction for gap SPhPs. The interac-
ion of the SPPs and SPhPs can be used in order to tune the cavity
esonances. The tunability of Fermi energy and geometric param-
ters of the cavities, along with the substrate, make the design
f this system very flexible. High enhancement and extraordinary
ompression of GPs have also been realized under certain condi-
ions. Under oblique incidence, symmetric plasmon modes have
een excited. Plasmon cavity modes make this an ideal system for
olecular sensing and integrated optics.
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