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Surface plasmons in graphene have many promising properties, such as high confinement, low losses, and gatetunability. However, it is also the high confinement that makes them difficult to excite due to their large momentum mismatch with free-space mid-infrared light. We propose to use shaped graphene nano-vacancies to
compensate for the momentum mismatch, revealing its high flexibility in graphene plasmon (GP) excitation
and manipulation. We first examine the electromagnetic standing waves generated with a pair of straight vacancies, in order to verify the excitation of GPs and to illustrate their tunability with gate voltage. Plasmonic lenses are
then designed to achieve the super-focusing of mid-infrared light and to generate plasmonic vortices in graphene.
A ∼ 0.0125λ0 hotspot is generated, far below the optical diffraction limit, hence revealing the capability of light
control at deep-subwavelength scale. © 2014 Optical Society of America
OCIS codes: (240.6680) Surface plasmons; (130.3060) Infrared; (220.3630) Lenses; (080.4865) Optical
vortices.
http://dx.doi.org/10.1364/JOSAA.31.000691

1. INTRODUCTION
Control of light at deep-subwavelength scale is an arduous
though crucial task for achieving miniaturized integrated
photonic circuits. Methods involving surface plasmons
(SPs) [1–3], the electromagnetic waves strongly bound to a
conductor surface, are considered to be the most effective.
The conventional materials of choice used to support SPs
are noble metals, such as gold and silver. However, SPs generated on a smooth noble metal surface often suffer from high
losses together with a relatively low degree of localization
(plasmon wavelength λsp is close to its free-space wavelength
λ0 ). Both of them limit greatly the effectiveness of light confinement at deep-subwavelength scale.
Graphene [4,5], a single two-dimensional form of carbon
atoms arranged in a honeycomb lattice, has drawn a great
amount of interest in nanophotonics recently because it
was found that the strongly confined SP mode can exist in
graphene at mid-infrared frequencies due to its high carrier
mobility at room temperature and under high carrier density
[6–11]. The degree of localization, quantified as λ0 ∕λsp , can
reach several tens [6]. It is much higher than that of the propagating SP mode supported on a smooth metal surface [2].
Meanwhile, the mode losses can be much smaller, which
means a longer lifetime of SPs in terms of plasmon wavelength
[6]. Moreover, the carrier density in graphene, which
determines its electronic Fermi energy level, can be adjusted
effectively with a small bias voltage applied on a field-effect
transistor [12]. The Fermi energy level influences directly the
dispersion relation of SPs in graphene, hence leading to a
broadband tunability of graphene plasmons (GPs).
While the properties of high confinement, low losses, and
gate-tunability of GP make graphene a promising material for
the subwavelength control of light, the excitation of GPs is
difficult because of the larger momentum mismatch between
1084-7529/14/040691-05$15.00/0

the GPs and free-space light (e.g., qsp ∕q0 ≈ 42 for GP at 8 μm,
where q represents the wavenumber). One approach is to use
a sharp tip as done in [7,8]. By focusing a mid-infrared incident
light onto the tip just above graphene, a wide momenta range
up to a few times 1∕a (a is the curvature radius of the tip) is
induced, which covers the typical range of GPs at mid-infrared
frequencies and hence enables phase-matching excitation of
GPs. Owing to the dual function of the sharp tip (excitation
and collection), the near-field SPs in graphene were uncovered experimentally for the first time. But from the perspective of plasmon excitation, such a configuration lacks
flexibility and hence limits its application. A more common
approach is using gratings as the momentum generator, including the graphene ribbon array [12–16] and diffractive dielectric gratings [17–19]. Both configurations are able to
excite efficiently the infrared GPs, but they mainly employ
the far-field properties of SPs, such as transmission dips under
resonance conditions, while the near-field SPs cannot be manipulated easily with periodic structures.
In this paper, we present flexible plasmon generators by
using shaped graphene nano-vacancies. Similar to the tip configuration, a wide range of momentum is induced from
the strong interaction between light and graphene edges,
which covers those of mid-infrared GPs. Nevertheless, the
vacancy approach has a much higher degree of flexibility that
enables tunable generation and manipulation of GPs with
designed plasmonic structures. As demonstrations, we first
investigate the GP standing waves generated with a pair of
straight vacancies in order to, on the one hand, verify the excitation of GPs, and, on the other hand, illustrate their tunability through gate voltage. We then design plasmonic lenses
to realize the super-focusing of mid-infrared light via GPs and
to generate the plasmonic vortices in graphene. Throughout
the paper, finite-difference time-domain (FDTD) simulation
© 2014 Optical Society of America
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was carried out to study the near-field properties of SPs in
graphene.

2. VERIFICATION OF GRAPHENE PLASMON
EXCITATION WITH NANO-VACANCY
SPs in graphene are the transverse magnetic (TM) eigenmodes that satisfy the Maxwell equations when graphene is
sandwiched between two dielectric layers. Their dispersion
relationship at the nonretarded regime can be expressed
as [6]
q

ε0 ε1  ε2  2iω
;
2
σω; q

(1)

where ε1 and ε2 are the permittivities of dielectrics above and
below graphene, σ is the conductivity of graphene, ω the
incident frequency, and q is the wavenumber of GP. At the
mid-infrared region, optical losses from interband transition
and phonons can be neglected for a properly doped graphene
and hence the conductivity σ can simply be described with the
Drude model as [6]

Fig. 1. Schematic diagram of SP generation in graphene with a single
straight graphene vacancy.

σω 

e2 E f
i
:
2
πℏ ω  iτ−1

(2)

E f represents the electronic Fermi energy (or chemical potential) of graphene, which relates with its carrier density n as
E f  ℏvf πn1∕2 , where vf is the Fermi velocity in graphene.
E f can be adjusted electrically with gate voltage or chemically
with doping. τ describes the relaxation time of charges
in graphene, which is determined by the carrier mobility
μ in graphene as τ  μEf ∕ev2f .
Typically, the wavenumber q of GP is much larger than that
of free-space light (ω0 ∕c) and hence a wave-vector generator
is required to compensate for their momentum mismatch.
Figure 1 shows the schematic diagram of GP excitation with
a straight graphene vacancy. A wide range of in-plane wavevector is induced when a mid-infrared light polarized
perpendicular to the vacancy is illuminated onto graphene,
which includes that of GP. Hence, GPs are excited from
the vacancy and propagate to the two lateral sides. To verify
the excitation of GP, we numerically model the system, which
includes a pair of straight vacancies, as shown in Fig. 2(a).
Under this circumstance, a GP standing wave will be generated between the vacancies, from which plasmon wavelength
can be extracted and compared with the theoretical one
from Eq. (1).
In the simulations, the permittivity of graphene, which determines its optical properties, is derived from its conductivity
σ with εgra  2.5  iσ∕ε0 ωt, where t is the thickness of graphene [17]. Throughout the paper we used a nonphysical
value of 1 nm because the result (near-field pattern) is
independent on t. It is worthwhile to mention that although
graphene is an anisotropic material [17,20], we treated it as
isotropic in our work, as the out-of-plane permittivity gives
rise to a tiny influence on the simulation result. For the
conductivity of graphene, as many previous works did, we

Fig. 2. Verification of SP generation in graphene by a pair of straight graphene vacancies. (a) Schematic diagram of the excitation configuration.
(b) Snapshot of Ez component during calculation, clearly showing an electromagnetic standing wave and the strong confinement of the electric
field near graphene. (c) Cross-section distribution of real (Ez ) 5 nm above graphene from (b). The pitch (i.e., the SP wavelength) of the standing
wave is 284 nm, in line well with the value predicted from theory (290 nm). (d) Obtained dispersion relation from a wavelength sweep (circles),
according excellently with the dispersion curve (solid line) calculated with Eq. (1).
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assumed a moderate mobility of 10; 000 cm2 ∕V · s and that
E f is 0.64 eV. This corresponds to a relaxation time of
0.64 ps. ε1 and ε2 are 1.0 and 2.25, respectively, corresponding
to air and the substrate. The width of each vacancy is 240 nm,
and their separation is 3 μm.
Figure 2(b) shows a snapshot of the Ez component during
the calculation at an incident wavelength of 8 μm. On the one
hand, the electric field is strongly confined in the vicinity of
graphene. The decaying length along the vertical direction is
measured at only 24 nm. It is ∼1 order of magnitude smaller
than that of SPs on a metal surface [1]. On the other hand, a
standing wave is generated between the vacancies. From the
cross-section distribution 5 nm above the graphene [Fig. 2(c)],
the pitch of the standing wave (i.e., the SP wavelength) is
284 nm. This is very close to the value predicted from
Eq. (1) (290 nm). We further carried out a wavelength sweep
and obtained each plasmon wavelength. The result is shown in
Fig. 2(d) with red circles, together with the theoretical curve
from Eq. (1). We can see a good match between FDTD and
theory, hence unambiguously verifying the excitation of
GPs with the graphene vacancies.
The pitch of the standing wave can effectively and conveniently be tuned with a bias voltage applied on a field-effect
transistor by changing the Fermi energy of graphene, as
illustrated in Fig. 1. For simplicity, we ignore the connection
between Ef and gate voltage, but only assume a small change
of Ef in the simulation. From Eq. (1), the Fermi energy
influences directly the dispersion relation of GP. Figure 3(a)
shows a series of dispersion curves when E f is increased from
0.4 to 0.9 eV, with a 0.1 eV increment. At a fixed wavelength,
the GP wavelength is red-shifted with an increment of
Fermi energy. The FDTD simulation results are shown in
Fig. 3(b), in which the pitch of the standing wave is increased
linearly when raising the Fermi energy. The linearity between
GP wavelength and E f is further verified analytically [inset in
Fig. 3(a)] and can be directly seen in Eq. (1) (q  2π∕λsp ).
Such linearity is an important property of GPs and may find
applications in tunable nanolithography and super-resolved
imaging [21].
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Fig. 3. Gate-tuning of GPs. (a) Dispersion curves at various Fermi
energies obtained with Eq. (1). The inset plots the relationship between plasmon wavelength and Fermi energy at a fixed incident wavelength of 8 μm, showing linearity between them. The FDTD data are
derived from (b). (b) Series of SP standing waves between the two
vacancies at various Fermi energies as shown in Fig. 2(a).

3. SUPER-FOCUSING OF MID-INFRARED
LIGHT VIA GRAPHENE PLASMONS
Benefiting from the flexible excitation of GPs with nanovacancy, SPs in graphene can be manipulated conveniently
with designed nanostructures. As the first demonstration,
we present a spiral-shaped vacancy that can achieve the focusing of mid-infrared light at deep-subwavelength scale. A
schematic diagram of the excitation configuration and the
specifications of the structure are shown in Figs. 4(a) and
4(b), respectively. As can be seen from Fig. 4(b), the radius
of the vacancy is increased linearly from R to R  λSP along
the azimuthal direction. As a mid-infrared incident light illuminates onto the structure, GPs will be excited from all azimuthal directions with the vacancy and the linear distance
discrepancy will be transferred to the initial phase delay of
GPs linked by Δφ  2π · Δr∕λSP . In other words, the spiral
structure produces a linear phase delay of GPs equal to l ·
φ (here l  1), where l is termed as the topological charge
of the structure and φ denotes the azimuthal angle.
Figure 4(c) is the FDTD modeling result, showing the
amplitude of the E z component 5 nm above graphene. In

Fig. 4. Super-focusing of mid-infrared light via GPs by using a spiralshaped graphene vacancy together with a circularly polarized incident
beam. (a) Excitation scheme. (b) Specification of the designed spiral
vacancy. (c) FDTD simulation result, showing the amplitude of Ez
component 5 nm above graphene. A hotspot is generated at the geometric center. (d) Cross-section distribution along the white dashed
line in (c) as compared with the analytical one obtained with Eq. (3).
The size of hotspot is measured to be 101 nm, ∼0.0125λ0 in terms of
incident wavelength. The inset shows the dependence of hotspot size
on the Fermi energy of graphene.
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the simulation, the base radius R of the vacancy is set to be
3 μm, λSP is 284 nm corresponding to the 8 μm incident wavelength, the width of vacancy is 240 nm, and the incident beam
is left-hand circularly polarized. As can be seen from Fig. 4(c),
a strongly confined hotspot is formed at the geometric center
encircled by a concentric standing wave because of the interference of GPs from all directions. From the cross-section distribution along the dashed white line, the size of the hotspot
[in terms of full width at half-maximum (FWHM)] is measured
to be 101 nm. In terms of incident wavelength, it is ∼0.0125λ0 ,
far below the optical diffraction limit (0.5λ0 ) and the limitation
making use of conventional propagating SPs on a smooth
metal surface (∼0.35λ0 ) [22].
Mathematically, on the one hand, the spiral-shaped vacancy
can be treated as infinite numbers of point sources of GPs, of
which the initial phase delay with respect to the inner circle
[the black one as shown in Fig. 4(b)] is l · φ, as analyzed above.
On the other hand, only the polarization perpendicular to the
vacancy can excite SPs, i.e., the radial component of incident
light for a ring structure. For a circular polarization, the John’s
vector defined in the rφ coordinate system is expiφ1; i.
Thus, the near-field intensity within the inner circle can be
represented as a summation of the contributions from all of
the point sources as
Z
Ez ∝

0

2π

Fig. 5. Generation of plasmonic vortices at graphene. (a) Amplitude
distribution of Ez component 5 nm above graphene obtained with
FDTD, when the topological charge of vacancy is 5 together with a
right-handed circular polarization. (b) Normalized Ez distribution
from Eq. (3) assuming l  5 and m  1. (c) Snapshot of the real part
of the Ez component during calculation, showing the evolution of the
plasmonic vortex. (d) Cross-section comparison between (a) and (b),
which presents a good agreement.

expimφ expilφ expikSP x cos φ  y sin φdφ

 2πJ ml kSP r expim  lφ  π∕2;

(3)

where m · φ denotes the phase structure of incident light, l the
topological charge of the structure, and J ml the first kind
Bessel function with order m  l. In our simulation,
m  −1, corresponding to the left-hand circularly polarized
light. Hence, the intensity of SPs can be described by the
zero-order Bessel function. The normalized intensity distribution obtained with Eq. (3) is plotted in Fig. 4(d), according
excellently with the FDTD result.
From Eq. (3), the same intensity pattern could be obtained
when both m and l are equal to zero, i.e., a radially polarized
light [23] (m  0) illuminates onto a ring structure (l  0).
Practically, such a combination may induce difficulty in alignment between incident light and structure because of the donut shape of a radially polarized light. However, because the
structure in this case is independent on λSP (hence on Ef ), it
will benefit from the tunability of GPs; i.e., the size of the hotspot can be tuned conveniently with gate voltage. The inset in
Fig. 4(d) shows the dependence of the hotspot size on the
Fermi energy of graphene at an incident wavelength of
8 μm. The hotspot can further be shrunk greatly by lowering
the Fermi energy, even reaching several tens of nanometers.
In terms of incident wavelength, GP can focus a free-space
light into a spot 1–2 orders of magnitude smaller than that
by using conventional optical components (lens) or SPs on
a smooth metal surface. Such super-focusing capability together with gate-tunability makes it attractive in applications
such as super-resolved imaging.

4. PLASMONIC VORTEX GENERATION AT
GRAPHENE
If the topological charge of the structure in Fig. 4(b) is greater
than 1, a plasmonic vortex will be generated in graphene [24].

Under this circumstance, from Eq. (3), the GP profile after interference possesses a spiral phase equal to m  l · φ, where
m  l ≠ 0. Thus, its intensity is related with a high-order Bessel function, which has zero intensity at the center because of
the phase singularity.
In Fig. 5 we show the simulated and calculated plasmonic
vortex when l and m are equal to 5 and 1 (right-hand circularly
polarized light), respectively. The structure can be seen in
Fig. 5(a), which has five separated segments with each producing a 0–2π phase increment. As predicted, the intensity
profile is dark at the center owing to the phase singularity,
which is encompassed by a bright ring termed as the primary
ring of a plasmonic vortex. Outside the primary ring is an SP
standing wave with pitch equal to λSP ∕2. It is noted that
outside the structure there are also interference fringes [they
can also be seen in Fig. 4(c)]. These should attribute to the
interference between SPs and the incident plane-wave
because the fringe separation is λSP .
For comparison, Fig. 5(b) shows the normalized amplitude
distribution of the electric field from Eq. (3) when l  5
and m  1. The positions of each fringe agree well with each
other from their cross-section distributions across the center
as can be seen in Fig. 5(d). Figure 5(c) gives a snapshot of
the real part of the E z component during the calculation at
the central area as defined in Fig. 5(a) with a dashed square,
clearly showing the formation process of the plasmonic
vortex. Although the topological charge of the structure is
5, the number of spiral arms of SPs in Fig. 5(c) is 6, with
the additional one coming from the spin of circularly polarized
light. Also at the center the number of node is 6. Both of them
indicate that the topological charge of the generated plasmonic vortex is 6. Thus, by changing the topological charge
of the structure or phase structure of incident light, the
near-field properties of the plasmonic vortex can easily
be tuned.
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5. CONCLUSION
In this paper, we propose to use the nano-scale vacancy of
graphene for the excitation of GPs. Benefiting from the flexibility of the vacancy configuration, SPs in graphene can be
manipulated at the near field in an arbitrary way. We first studied the GP standing waves generated with a pair of straight
vacancies. The dispersion relationship extracted from the
standing waves accords well with the analytical one, hence
verifying the excitation of GPs. Meanwhile, we demonstrated
that the pitch of the standing wave can be tuned conveniently
owing to the gate-tunability of GPs. We then designed a spiralshaped graphene vacancy to achieve the super-focusing of
mid-infrared light. A ∼ 0.0125λ0 hotspot is achieved numerically, far below the optical diffraction limit. Moreover, the size
of hotspot can be tuned with gate voltage and can further be
down to tens of nanometers. We finally demonstrate the generation of plasmonic vortices at graphene. The topological
charge of the generated GP vortex comes from both the
structure and spin of incident light, hence with great tunability. We believe that the flexible excitation and manipulation of
GPs with shaped nano-vacancies will accelerate the exploration of SPs in graphene at the near field and shed light on the
plasmonic applications, such as miniaturized photonics
circuits, nano-lithography, and super-resolution imaging.
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