
1 3

DOI 10.1007/s00340-014-5954-3
Appl. Phys. B (2015) 118:61–67

Plasmonic characteristics in nanoscale graphene 
resonator‑coupled waveguides

Hua Lu 

Received: 11 July 2014 / Accepted: 24 October 2014 / Published online: 4 November 2014 
© Springer-Verlag Berlin Heidelberg 2014

devices, such as optical switches [3–5], optical buffers [6], 
wavelength demultiplexers [7], absorbers [8], rulers [9], 
resonators [10], optical amplifiers [11], filters [12–14], 
solar cells [15] and sensors [16], have been experimen-
tally demonstrated and numerically simulated. Graphene, 
a two-dimensional single layer of carbon atoms arranged 
in a honeycomb lattice, has exhibited many unique and 
fantastic properties in electronics since its successful fabri-
cation [17, 18]. Recently, optical responses were observed 
in graphene-based structures such as the optical saturable 
absorption and broadband polarization [19, 20]. As an 
overlap between graphene physics and plasmonics, gra-
phene plasmonics (GPs) has attracted extensive attention 
and been investigated in several graphene architectures 
[21–27]. GPs is regarded as a promising technology for 
strong light-matter interactions due to the special behav-
iors like novel metals [28]. Most importantly, SPPs gener-
ated in graphene exhibit the favorable characteristics that 
make graphene a remarkable alternative to metal-based 
plasmonics such as extreme electromagnetic confinement, 
relatively low dissipative loss and dynamic tunability by 
changing the doping level via the electrostatic or chemi-
cal gating [29, 30]. Recently, the manipulation of optical 
features for GPs has been concentratively studied [11, 22, 
24, 28, 31–42]. For example, Vakil et al. [21] found that a 
flake of graphene with spatial inhomogeneous and nonu-
niform conductivity patterns acted as a one-atom-thick 
platform for infrared metamaterials and transformation 
optical devices. Christensen et al. numerically investigated 
the plasmonic interaction and hybridization in neighboring 
aligned ribbons [12]. Wang et  al. [31] showed that mon-
olayer graphene arrays possessed fascinating properties of 
beam control due to the coupling between graphene sheets 
and proposed the graphene plasmonic coupler [33]. Xu 
et al. presented that a guided-wave resonance in monolayer 

Abstract  In this paper, we numerically and theoretically 
investigate the propagation of surface plasmon polaritons 
in a graphene-based resonator-coupled waveguide system, 
consisting of a monolayer graphene ribbon coupling to two 
graphene sheets. The resonance wavelength of this system 
can be easily tuned by adjusting the chemical potential and 
the width of the graphene ribbon. Both resonance band-
width and spectral transmission characteristics of the struc-
ture strongly depend on the coupling distance and overlap 
length between the graphene ribbon and graphene sheets. 
The structural symmetry is found to be another essential 
parameter. The presented results may pave the way toward 
the dynamic control of light propagation in graphene-based 
structures and the realization of tunable graphene-based 
optoelectronic devices.

1  Introduction

Surface plasmon polaritons (SPPs), electromagnetic waves 
trapped on the metal-dielectric surface and coupled to the 
free electron oscillations in the metals, are regarded as one 
of the most promising technologies to realize the ultracom-
pact photonic devices because of the ability to overcome 
the diffractive limit of light [1, 2]. A large number of SPP 
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graphene was efficiently excited by an etched diffractive 
grating on a silicon layer and used to create a sharp notch 
on the transmission spectrum [32]. Gan et al. [38] numeri-
cally and theoretically investigated the excitation of SPPs 
in doped graphene sheets with a coupling prism and the 
switching effect in a graphene array [24]. Martin-Moreno 
et al. showed an interesting propagation and scattering of 
GPs in the graphene sheet with cracks [39], as well as the 
influence of the GP reflection phase on graphene ribbon 
resonators [40]. Chen et  al. [41] experimentally demon-
strated the plasmonic properties of an epitaxial quasi-free-
standing monolayer graphene and found the strong plas-
mon reflection at the steps between the SiC terraces. These 
unique features make graphene an excellent candidate for 
highly tunable plasmonic and optoelectronic devices at ter-
ahertz and infrared frequencies.

In this paper, we numerically and theoretically investi-
gate the plasmonic propagation and resonant features in a 
nanoscale graphene resonator-coupled waveguide. This 
plasmonic graphene system is composed of two guided-
wave graphene sheets coupled with a controllable graphene 
nanoribbon. It is found that plasmonic resonance and trans-
mission spectral features possess the strong dependence 
on the chemical potential and width of the graphene rib-
bon as well as the geometrical symmetry. The coupling 
strength and overlap length between the graphene ribbon 
and graphene sheets also determine the transmission spec-
tral response. These results may find potential applications 
in nanoscale mid-infrared plasmonic and optoelectronic 
devices, especially wavelength-selective components.

2 � Structure and model

As shown in Fig.  1a, the proposed graphene system con-
sists of a monolayer graphene nanoribbon and two gra-
phene sheets embedded in dielectric layer (with permittiv-
ity εr). A small gap g exists between graphene ribbon and 
graphene sheets. To facilitate effective SPP coupling, an 
identical overlap length d is set near the two sides of gra-
phene nanoribbon. The graphene nanoribbon width is W. In 
our configuration, the light is only impinged from the left 
port of the graphene sheet. The highly confined transverse 
magnetic (TM)-polarized SPP wave will be supported and 
propagate in the graphene sheet, which acts as a guided-
wave element [21]. The monolayer graphene in terahertz 
and infrared regions can be described with a complex-val-
ued surface conductivity δg, which is governed by the Kubo 
formula [37] containing the intraband and interband con-
tributions. It is related to the chemical potential μc, pho-
ton frequency ω, reduced Planck’s constant ħ, Boltzmann’s 
constant kB and temperature T. In the mid-infrared fre-
quency range, the intraband transition contribution of the 

graphene dominates [31]. Under the condition of μc ≫ kBT, 
the surface conductivity can be reduced to a Drude-like 
form [22, 31],

Here, e is the electron charge and τ stands for the 
momentum relaxation time due to the carrier intraband 
scattering. In our study, the physical parameters about the 
graphene are rationally set as μc  =  0.15  eV, T  =  300  K 
and τ =  0.5  ps [31]. For the purpose of numerical simu-
lation, the graphene is treated as an ultrathin film layer 
with a thickness of Δ. The equivalent relative permittivity 
is dependent on the thickness and given by εg  =  1+iσg/
(ωε0Δ) [21, 31]. Here, Δ is not the real thickness of gra-
phene and reasonably set to be 1  nm [21, 31, 32]. For a 

(1)σg(ω) =
ie

2µc

π�2(ω + iτ−1)
.
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Fig. 1   a Schematic diagram of the graphene-based plasmonic reso-
nator-coupled waveguide system with two graphene sheets and a gra-
phene ribbon. The monolayer honeycomb lattice depicts the micro-
scopic feature of the graphene. The inset shows the cross-section 
diagram of the graphene structure. The SPP wave is excited from the 
left port and denoted by the red arrow. b Theoretical and numerical 
results of the real part of effective refractive index neff for the SPP 
mode supported by the freestanding monolayer graphene with differ-
ent chemical potentials
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monolayer graphene embedded in the dielectric medium, 
the effective refractive index neff of the excited SPP mode 
in the graphene can be described by the dispersion equation 
[33],

Here, η0  ≈  377  Ω is the impedance of air. Figure  1b 
depicts the real part of neff for the SPP mode supported by 
a single graphene layer freestanding in air (εr  =  1). The 
numerical simulations are consistent with the theoretical 
curves obtained from Eq. (2). The numerical results are cal-
culated using the commercial finite-element method soft-
ware COMSOL Multiphysics.

3 � Simulation results and analysis

Plasmonic oscillations emerging in graphene ribbons are 
increasingly acting as one of the most important and prom-
ising effects for the manipulation of optical features in gra-
phene systems [22–24, 32]. The excitation of plasmonic 
resonance in graphene ribbons has been mainly focused 
on graphene ribbon arrays [23, 24, 32]. To further minia-
turize GP devices, we utilize a coupling mechanism to 
realize plasmonic resonance in a single graphene nanor-
ibbon. When the graphene sheets spatially approach each 
other, a strong optical coupling behavior occurs [33, 35]. 
By means of this near-field coupling between the graphene 
sheet and ribbon, the plasmonic resonance of the graphene 
ribbon can be excited in our configuration. The graphene 
ribbon can be treated as a coupled nanoresonator, which 
can be utilized to control the optical spectral response in 
the graphene system. In the study, the geometrical param-
eters of the graphene system are assumed as W = 200 nm, 
d = 40 nm and g = 50 nm. The chemical potential of the 
graphene ribbon is denoted by μc

* and also set as 0.15 eV. 

(2)neff =

√

εr −

(

2εr

σgη0

)2

For the sake of simplicity, the surrounding dielectric of gra-
phene is assumed as εr = 1 [33, 35]. As depicted in Fig. 2a, 
the transmission spectrum of the graphene nanostructure is 
calculated through T = Pout/Pin, where Pout and Pin are the 
output and input powers of the light, respectively. The dis-
tance between the input and output ports is set as 600 nm. 
It exhibits obvious multiple peaks that result from multi-
ple plasmonic resonant modes in the graphene nanoribbon. 
To further verify it, we plot the normalized field distribu-
tions |Hz| at the peak wavelengths (11.625 and 9.2 μm) as 
well as a low-transmission position (10 μm), as shown in 
Fig. 2b–d. It is found that dipole and quadrupole modes are 
established in the graphene ribbon at the transmission peak 
wavelengths (i.e., Mode 1 and Mode 2). The resonance 
induces the light power output from the right graphene 
sheet. However, we cannot observe this performance at 
the low-transmission wavelength, where the graphene rib-
bon is under off-resonance condition. The asymmetric field 
perpendicular to the output graphene layer would not affect 
the calculation of transmission.

The resonance wavelength of the monolayer graphene 
ribbon is dependent on the ribbon width and chemical 
potential [32]. The plasmonic oscillation in graphene rib-
bons can be analyzed by the quasi-static analysis [23, 24, 
32]. Combining with the Drude-like model, we can obtain 
an analytical expression of the resonance wavelength [24],

Here, η is dimensionless constant, which can be deduced 
from the numerical simulations. c is the velocity of light 
in vacuum. For a freestanding graphene ribbon, the intro-
duced factor χ = 1/εr = 1 [22]. In Fig. 3, we calculate the 
wavelengths of the resonance peaks for the different chemi-
cal potential μ*

c and width W of the graphene ribbon in our 
configuration by the numerical modeling and theoretical 
analysis. From the numerical results, the fitting values of η 

(3)�p ≈
2π�c

e

√

εrε0πηW

χµ∗
c

.

Fig. 2   a Transmission spectra 
in the graphene system with 
d = 40 nm, g = 50 nm and 
W = 200 nm. b–d Normalized 
field distributions |Hz| at the 
incident wavelengths of 11.625 
(Mode 1), 10 (off-resonance) 
and 9.2 μm (Mode 2). The 
white arrows denote the input 
direction
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for Mode 1 and Mode 2 are deduced to be 0.378 and 0.237, 
respectively. As shown in Fig. 3a, the resonance peak wave-
length as a function of the chemical potential possesses a 
blue shift for higher μ*

c. The analytical results are in good 
agreement with the numerical modeling. It is worth not-
ing that μ*

c could be controlled by the external electronic 
voltage [21], as shown in Fig. 1a. Successively, we demon-
strate the dependence of plasmonic transmission on μ*

c at 
the fixed wavelength of 10 μm. We find that the transmis-
sion exhibits two maximal values with increasing μ*

c from 
0.1 to 0.38 eV, as shown in Fig. 3b. The plasmonic oscil-
lations in the graphene ribbon contribute to the maximal 
transmission values at μ*

c  =  0.128 and 0.2  eV, as shown 
in the insets of Fig. 3b. These results can be explained in 
terms of the resonant condition, which can be reasonably 
described as: 2Re (kSPP)W +  θ =2  mπ [27, 40]. Here, m 
is a natural number and stands for the order of the reso-
nant mode, and θ is the additional phase shift from the edge 
ends of the graphene ribbon. In practice, the graphene with 
a finite size has two edge types (zigzag and armchair) [43]. 
Although the electronic spectrum would be modified by the 

microscopic structure of graphene edges, plasmonics is the 
collective excitation of total electronic charges [42]. More-
over, the microscopic details of the graphene edge (zigzag 
or armchair) play a role only for the configurations with the 
sizes smaller than 10–20 nm [39]. Here, we also neglect the 
influence of different graphene edges, even though it may 
produce a certain modification for the SPP coupling. Com-
bining the Drude-like model with the dispersion equation, 
the propagation constant of the SPP mode in a monolayer 
graphene can be derived as

Here, the real part of kSPP is inversely proportional to the 
chemical potential and operating wavelength. Thereby, the 
larger chemical potential corresponds to the shorter wave-
length for a certain resonant mode. The imaginary part 
of kSPP representing the loss of plasmonic mode is also in 
contrast to the chemical potential, which contributes to the 
ascending maxima for the larger chemical potential in the 
graphene ribbon, as can be seen in Fig. 3b.

(4)kSPP ≈
8π3
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Fig. 3   a Numerical modeling and analytical results of the resonance 
wavelength as a function of the chemical potential μ*

c in the biased 
graphene ribbon. b Transmission values at the wavelength of 10 μm 
in the graphene system with different μ*

c. The insets show the field 
distributions |Hz| for maximal transmission values at μ*

c = 0.128 and 
0.2 eV. Here, d = 40 nm, g = 50 nm and W = 200 nm. c Numerical 

and analytical results of the resonance wavelengths versus the ribbon 
width W. d Transmission versus the different W at the wavelength of 
10 μm. The insets depict the field distributions |Hz| for transmission 
peaks with W = 150, 236 and 322 nm. Here, d = 40 nm, g = 50 nm 
and μ*

c = 0.15 eV
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According to the resonant condition, the graphene rib-
bon width W is also an important factor to determine the 
plasmonic resonance wavelength. The numerical results 
in Fig.  3c show that the resonance peak wavelength has 
a red shift with increasing W. The numerical modeling is 
in accordance with the analytical results obtained from 
Eq.  (3). Figure  3d depicts the transmission at the operat-
ing wavelength of 10 μm for different ribbon widths. Three 
maxima observed in the insets of Fig.  3d correspond to 
three different plasmonic resonant states. From the reso-
nant condition, the theoretical separation between the 
adjacent maxima can be derived as ΔW = λ/(2neff). Thus, 
ΔW is ~88 nm at the wavelength of 10 μm. The obtained 
separation ΔW =  86  nm agrees well with the theoretical 
result. Because of the raised loss for a larger ribbon width, 
the maximal value decreases with the increase of W, as can 
be seen in Fig. 3d.

For the resonator-coupled waveguide system, the cou-
pling strength plays a crucial role in the tailoring of the 
resonant features [44]. In the graphene system, the cou-
pling distance g controls the coupling strength between the 
graphene ribbon and graphene sheets. The larger g corre-
sponds to the weaker coupling strength [33, 35]. Figure 4a 
shows the transmission spectra for different coupling dis-
tances in the graphene configuration with W  =  236  nm, 
d = 40 nm and μ*

c = 0.15 eV. A larger coupling distance 
induces a higher quality factor (narrower spectral band-
width), while a reducing peak transmission. The quality 
factor of the resonator-coupled waveguide can be obtained 
from Q = λ0/Δλ, where λ0 and Δλ are the central wave-
length and full-width at half-maximum (FWHM) of the 
transmission peak, respectively. There exists a trade-off 
between the peak transmission and quality factor, as shown 
in Fig. 4b. The adjustment of the coupling distance offers a 
convenient scheme to control the quality factor of the plas-
monic resonant response. The peak transmission becomes 
low enough when g  >  80  nm, which is attributed to the 
nanoscale field confinement of mid-infrared SPP waves in 
the graphene [33, 35]. The dispersion and loss in the gra-
phene give rise to the asymmetric profile and the trans-
mission peak less than unity. Without considering the two 
factors, the transmission features near the resonance wave-
length of the graphene ribbon can be analyzed by using 
coupled-mode theory and simply described as T =  (κω)2/
[(ω-ω0)

2  +  (κω  +  κi)
2] [44]. Here, ω is the incident fre-

quency and ω0 represents the resonance frequency of gra-
phene ribbon. κi and κω stand for the decay rates of the field 
due to the loss in the graphene ribbon and the power escape 
into the graphene sheets from the graphene ribbon, respec-
tively. If coupling to graphene sheets were the only decay 
pathway for the ribbon power (i.e., κi  =  0), the spatially 
coupling distance g would enable the realization of a high 
quality factor while retaining a fixed peak transmission. 

However, the decay channel κi possesses nearly invariable 
as only g is changed, while the decay rate κω will inten-
sively decrease when g increases. The on-resonance trans-
mission accordingly decreases. Meanwhile, the FWHM of 
the resonance peak Δλ  ≈  4πc(κω  +  κi)/ω0

2 will decrease 
with κω. Thus, the quality factor of the resonance peak 
increases for the larger g, as shown in Fig.  4b. The plas-
monic oscillation based on the graphene structure enables 
the realization of the tunable nanoscale mid-infrared filter-
ing and switching elements.

It is worth noting that the system loss includes the gra-
phene intrinsic loss and coupling waveguide loss. Due to 
the oscillation of the SPP wave in the graphene ribbon, it 
is difficult to obtain the graphene intrinsic loss in the sys-
tem. Despite this, the following method may provide a fea-
sible way. According to the dispersion relation of the gra-
phene, the propagation constant of the plasmonic wave can 
be approximated as: kspp = k0[2πħ2εr(ω + iτ−1)]/(η0e

2μc). 
Here, k0 is the wave vector of light in vacuum. The gra-
phene absorption derives from the imaginary part of kspp. If 
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τ−1 is assumed to be small enough, thus, the obtained loss 
would mainly result from the waveguide coupling. Thus, 
the intrinsic loss could be achieved by subtracting the cou-
pling loss from the total loss. The similar operation was uti-
lized to study the effect of metal intrinsic loss on transmis-
sion features in metal waveguides [10].

Subsequently, we study the influence of the overlap 
length d on the resonant transmission characteristics. 
In the structure, the parameters are set as W  =  236  nm, 
g = 50 nm and μ*

c = 0.15 eV. It is shown in Fig. 5a that d 
will affect the performance of the SPP transmission. Due 
to the decrease of the coupling decay rate κω, the transmis-
sion peak goes down with the decrease of d. The resonant 
coupling of the graphene ribbon nearly disappears when 
d  =  0  nm. When d is adjusted from 0 to 50  nm, mean-
while, the resonant position remains unchanged due to 
the fixed width of the graphene ribbon. To investigate the 
dependence of the transmission on the broken symmetry 

of graphene coupling, we redefine the length of the over-
lap between the graphene sheets and graphene ribbon, as 
depicted in the inset of Fig. 5b. The asymmetric degree is 
defined as δd =  d1–d2. Here, the parameters are assumed 
as W  =  236  nm, g  =  50  nm, d1  +  d2  =  80  nm and 
μ*

c = 0.15 eV. It is found that the resonant transmission is 
suppressed when the geometric symmetry is broken.

4 � Conclusions

In conclusion, we have numerically and theoretically inves-
tigated the plasmonic resonant effect and propagation char-
acteristics in a nanoscale graphene waveguide system con-
sisting of a monolayer graphene nanoribbon coupled with 
two guided-wave graphene sheets. The physical parameters 
such as the chemical potential and width of the graphene 
ribbon can effectively control the plasmonic spectral per-
formances. The coupling strength between the graphene 
ribbon and graphene sheets determines the peak transmis-
sion and quality factor of the plasmonic resonance. The res-
onance transmission is also dependent on the coupling sym-
metry and the overlap length between the graphene ribbon 
and graphene sheets. We believe that these results could 
provide a new way toward the realization of nanoscale mid-
infrared spectral control and graphene plasmonic devices, 
especially the wavelength filtering and switching elements.
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