
Plasmonic Switches www.pss-rapid.com

RAPID RESEARCH LETTER
Graphene Optical Switch Based on Charge Transfer
Plasmons
Arash Ahmadivand,* Burak Gerislioglu, and Nezih Pala
In the past decade, dynamic, tunable, compact, and fast plasmonic switches
with high modulation depth (MD) and low losses have been developed
successfully for various practical applications. Here, using a simple
plasmonic dimer consisting of a pair of metallic nanodisks bridged to each
other with a graphene monolayer, we develop a highly tunable plasmonic
switch for telecommunication applications. We have shown that having active
control on the photoconductivity of graphene sheet through electrical bias
allows for transition of charges across the atomically thin bridge, giving rise
to formation of charge transfer plasmon (CTP) modes. Such an interplay
between semiconducting and semi-metallic states of the graphene sublayer
leads to direct control of the excited CTPs. By tuning the peak of CTP at the
global telecommunication band (λ¼ 1550 nm), we designed an integrated,
fast, and functional optoelectronic nanoswitch with high MD up to �98%
and negligible losses. This study presents a promising approach to design
tunable, high-quality, integrated optoelectronic switches for next-generation
advanced nanophotonic applications.
Quantum plasmonics has witnessed growing progress due to
providing exquisite features that cannot be achieved simply by
classical concept of optical physics.[1–3] Several strategies have
been proposed to investigate the spectral features of plasmonic
structures in atomic levels. Bringing a pair of metallic nano-
particles close to each other and reducing the gap between them
to subnanometer dimensions (below <1 nm) has been acknowl-
edged as a successful technique to realize quantum plasmonics
by tunneling of photoexcited electrons across the atomic
opening.[1,4,5] The size of the gap determines the type of
quantum tunneling principle as a direct[1,6] or indirect (known as
Fowler–Nordheim tunneling)[7] tunneling. One interesting
result of molecular tunneling of charges is the excitation of
additional plasmonic modes at lower energies which is apart
from the classically hybridized plasmons (i.e., dipolar, quad-
rupolar, etc.), known as charge transfer plasmon (CTP).[1,4–7] The
CTPmode is a unique and direct result of a quantummechanical
effect supported by subwavelength nanoparticles, inspired for
development of innovative quantum devices. However, despite
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the advanced nanofabrication technologies,
accessing to CTP modes using nanostruc-
tures with atomic gaps is challenging,
costly, and needs for complex nanofabri-
cation procedures as well as complicated
quantum model computations.

Recently, alternative and affordable
methods have been proposed and analyzed
theoretically and experimentally to excite
CTPs in the near-infrared (NIR),[8,9] and
terahertz (THz) spectra,[10] via direct trans-
fer of charges between subwavelength
plasmonic objects across a conductive
bridge. In both tunneling and direct
shuttling of electrons, having an active
control over CTPs is limited and can be
controlled partially by varying the intensity
of the incident radiation or morphological
variations.[7,11,12] Excitation of CTPs in a
controllable and functional fashion would
allow for designing ultrafast and efficient
on/off (set/reset) devices such as telecom-
munication routers, single molecule sen-
sors, and advanced optoelectronic devices.[3,5,13] Recently, by
using a metallodielectric structure, we showed that CTP
resonances can be effectively controlled by varying the
conductance of the junction between linked nanodisks.[14] This
unique feature was realized by using a phase-changing material
(Ge2Sb2Te5) as a nanobridge that allows and controls the charge
transfer between the metallic nanoparticles, via conductivity
variations due to external heat stimuli. However, switching
between amorphous and crystalline phases of a nonvolatile
material needs for applying Joule heating at high temperatures
(0477 �C).[15,16] This hinders broad usage of phase-changing
material-based controllable CTPs in integrated nanophotonic
systems that are sensitive to high temperatures.

Recently, Frenzel et al.[17] have shown that the photoconduc-
tivity of a monolayer graphene sheet can be controlled efficiently
by applying bias via tuning the generated carrier density. Such a
feature was achieved by modeling the electronic properties of
graphene in terms of massless Dirac fermions.[17–20] Besides,
graphene has been successfully demonstrated as a promising
substance for plasmonic purposes due to its substantial optical
power absorption along a wide range of spectrum,[21,22] and also
its semi-metallic behavior with an optical conductivity as a
function of quantum conductance as[18–23]: σ¼ πe2/2h, where e is
the elementary charge and h is the Planck’s constant. Similar to
the nanoplasmonic components, the spectral response of
graphene single-monolayer can be understood by Drude
absorption model for a wide range of carrier densities.[23,24]
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This temperature-independent model for free carrier photocon-
ductivity with parabolic dispersion in a 2D monolayer can be
written as a function of frequency[25–27]: σ(ω)¼ ne2/m(Γ-iω),
where m is the electron mass and Γ is the transport scattering
rate. It should be underlined that in the presented work,
graphene monolayer with local conductivity is presented with
the ability to transfer charges with lower decay rate and higher
lifetime of charges.[22]

In this work, we report a systematic study of a pair of metallic
nanoparticles connected with a gate tunable graphene sublayer
to control the transfer of photoinduced electrons across the
atomic junction effectively via tuning the corresponding carrier
density. Using full wave electromagnetic numerical and finite-
element multiphysics simulation studies, we show that the
optically excited charges supported by proximal metallic nano-
particles can be tuned and guided by electrically varying the
conductivity of the graphene sublayer. The achieved results
verified that at the semiconducting regime of graphene
capacitive coupling between the dipolar modes on the nanodisks
becomes dominant and leads to formation of a distinguished
dipolar peak of extinction in the visible region. Then, by applying
gate bias to the system, graphene sublayer acts as a semi-metallic
conductive layer, in which a new tunable peak appears at the NIR
spectra, correlating with the CTPmode in addition to the dipolar
peak in the visible domain. Both longer lifetime and better
confinement of the optically driven plasmons in n-doped
graphene layer lead to efficient manipulation of charges in
the system by varying the doping level through electrostatic
gating approach.[28,29] Using the interplay between photoexcited
charges at both semiconducting and semi-metallic regimes, we
adjusted the peak of the CTP mode at the global telecommuni-
cation wavelength (1550 nm) to develop a tunable and fast
graphene-plasmonic nanoswitch.

Figure 1a and b illustrate the 3D schematic and top-view
image, respectively (not to scale), of the proposed plasmonic
switching device composed of a pair of gold nanodisks connected
with a single-layered graphene sublayer with back-gated voltage
(Vg) as well as source and drain contacts. We used the
experimentally dielectric function determined by Johnson–
Christy[30] for the gold nanoparticles and relative permittivity of
�2.1 for the glass (SiO2) substrate, measured by Palik.[31] It
Figure 1. a) An artistic rendering of the proposed device composed of gold na
corresponding geometrical parameters. c) Electrical transport characteristic c
the proposed graphene-plasmonic platform. The diameter of nanodisks is
thickness is t¼ 45 nm for both. The distance between source–drain electro
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should be noted that the graphenemonolayer is in ohmic contact
with the source and drain electrodes in both sides. It should be
underlined that the thickness of the graphenemonolayer is set to
0.35 nm and for simplicity the thickness of the plasmonic
nanodimer is set to 45 nm due to having negligible influence on
the CTP intensity.

For the absence of gold nanodisks, the graphene monolayer
with carrier density close to the neutrality point acts similar to
the conventional semiconductors, and we expect generation of
electron–hole pairs under light exposure and significant
absorption of incident electromagnetic wave at this
point.[17,32–34] Conversely, when the charge density in graphene
is high, variations in the charge distribution are close to the
Fermi level.[17,21,35,36] In this regime, graphene sheet behaves as
a conductive substance similar to the metals. However, in the
presence of metallic nanoparticles in direct contact with the
graphene layer, injection of hot-electrons into the graphene layer
plays fundamental role in determining the spectral and
electronic response of the system. In the dimer nanoantenna
case, the photoinduced hot-electrons generated in the metallic
disks are injected into the graphene sheet, resulting in n-type
doped graphene monolayer, possessing minor role in the
doping type.[35,37] As a major and critical parameter, the doping
concentration of graphene can be electrically tuned allowing for
switching between semiconductor and semi-metallic regimes via
the control over its photoconductivity. Figure 1c exhibits the
resistance (R) variations for the plasmonic dimer nanoassembly
on the graphene sublayer as a function of back-gate voltage
under incident beam illumination. This characteristic profile
indicates the Dirac point for graphene-plasmonic regime. In the
graphene-plasmonic limit, the Dirac point is reached at the gate
voltage around �28V, while the applied source-drain (VDS) bias
in both analyses was set to 1mV.[38,39] Using this approach,
the carrier concentration qualitatively can be tuned around
�2� 1013 cm�2. The shift in the Dirac point for the graphene-
plasmonic case can be explained by considering the variations in
the graphene work function due to direct contact with gold
nanoparticles. Comparing the graphene sheet without and with
contact with metallic structures, for the latter case, there is a
steady inclination of the Dirac energy level along the horizontal
direction close to the contact edge due to work function
nodisks and graphene monolayer. b) A top-view of the device showing the
urves as resistance variations (R) as a function of back-gate voltage (Vg) for
d¼ 125 nm and the offset space between them is La¼ 100 nm while the
des is Lg¼ 500 nm and the width of graphene sublayer is W¼ 160 nm.
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difference between illuminated graphene sheet and the 2D layer
beneath the metallic nanoparticles.[40–42]

Figure 2a and b compare the extinction spectra for the absence
(graphene sublayer) and presence of plasmonic dimer antenna
on the graphenemonolayer. The electromagnetic response of the
nanosystem is obtained for the n-doped graphene with the Fermi
energy of EF¼ 0.61 eV, taken from experimental reports by Fang
et al.[39,43,44] for graphene disks and rings in hybridized regime
(EF¼ �hvF(πn)

1/2, where, vF¼ 106m s�1, and n is the charge
carrier density).[44] Thus for the applied gate bias and incident
beam, highly doped graphene sheet shows substantially
conductive behavior and a distinct dipolar peak appears at
E¼ 0.44 eV, consistent with atomistic analysis achieved by
random-phase approximation (RPA) for graphene plasmonics in
previous studies.[45,46] The inset shows the local E-field map for
the dipolar plasmon resonance excitation in a graphene layer. On
the other hand, for the presence of nanodisks in direct contact
with highly doped graphene sublayer, we observed formation of
distinguished resonant peaks at E¼ 2.78 and 0.81 eV, correlating
with the dipolar and CTPmodes, respectively. The large gap area
between proximal nanodisks prevents strong near-field hybrid-
ization of plasmons. Here graphene layer acts as a conductive
pathway to transfer the charges between the neighbor nanodisks,
therefore, opposite charges accumulate at both sides, giving rise
to formation of a CTP mode at lower energies. The mechanism
of the transport of photoexcited charges can be better understood
by analyzing the behavior of graphene at high doping (EF>ω).[22]

It is well accepted that using Drude model, homogenous
Figure 2. a) Extinction cross-section of a highly doped to EF¼ 0.61 eV (n-ty
T¼ 300 K. The inset is the E-field intensity map for the dipolar mode. b) E
graphene nanoribbon bridge, supporting dipolar (II), CTP (III), quadrupolar (
the plasmon resonance excitation and distribution across the device for dipol
feature and dipolar modes.
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graphene with plasmonic properties supports propagation of
photoinduced electrons with the wave vector of[21,28,29,46,47]:

ksp � �h2

e2EF

 !
ω eþ 1ð Þ ωþ i=τð Þð Þ ð1Þ

where τ is the finite relaxation time, and e is the relative
permittivity. Therefore, due to large photoconductivity of
graphene, we expect longer relaxation time compared to noble
metals and lower dissipative losses similar to the graphene
nanoribbon waveguides with plasmonic properties.[29] In other
words, graphene monolayer underneath the metallic particles
acts as the charge transfer channel between the metallic (gold)
and oxide (SiO2) interfaces, has been previously confirmed and
measured by Kelvin probe force microscopy.[48,49] On the other
hand, two distinct resonant peaks are induced at 0.43 and 0.31 eV
correlating with the quadrupolar and dipolar modes supported
by conductive graphene sublayer junction between nanodisks.
Here, the quadrupolar mode appeared due to intense doping of
graphene monolayer simultaneously by the gate bias and
injected electrons to the graphene sheet, enhancing the
plasmonic properties of the layer. Moreover, variations in the
doping properties of graphene lead to a red-shift in the position
of the dipolar peak to the lower energies. The charge distribution
maps for the graphene plasmonic regime at different modes are
illustrated in Figure 2c. Figure 2d demonstrated the local E-field
intensity for the charge distribution across the dimer for both
pe) graphene nanoribbon under optical excitation at room-temperature
xtinction spectra of plasmonic nanodimer antenna on the highly doped
IV), and dipolar (V) moments. c) The local |E|-field intensity snapshots for
e (II) and CTP (III) modes. d) The charge density plots for the CTP spectral
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CTP and dipole modes. These results strongly confirm the claim
that at the CTP position the negative and positive charges are
concentrated at the opposite sides due to direct transport of
charges through the channel, while in the dipolar mode energy,
the capacitive coupling becomes dominant due to weak
interference of energetic dipolar modes from each nanodisk.

Here, the optically excited CTP can be simply tuned at the
desired energy or wavelength by varying the conductivity of the
atomic sublayer. To this end, we carried out specific geometrical
variations for the analyzed plasmonic device. Figure 3a and b
illustrate the behavior of both dipolar and CTPmodes supported
by themetallic nanodisks. One should note that we neglected the
behavior of dipolar and multipolar modes at the low energies
supported with graphene sheet and the Fermi level is fixed to
EF¼ 0.61 eV. As shown in Figure 3a, increasing the edge-to-edge
distance (La) between nanoparticles from 50 to 120 nm gives rise
to dramatic red-shift in the position of CTP mode to the lower
energies, while the diameter of the disks is fixed to d¼ 125 nm.
This can be better understood by analyzing the conductance of
the graphene junction. It is shown that increasing the length of
the conductive bridge between neighbor nanoparticles causes
increase in electron travel time between the nanoparticles as well
as dramatic decay of plasmons due to longer travel area.[8,14,29]
Figure 3. Normalized extinction spectra for a) interparticle distance (50
variations, respectively. The doping of graphene is n-type Fermi level energ
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Therefore, for the highly doped n-type graphene layer, the
frequency-dependent conductance can be written as:G(ω)¼ σ(ω)
WT/La, where W, T, and La are the width (fixed to 160 nm),
thickness (here set and fixed to 0.35 nm), and the length of the
graphene layer, respectively. The frequency-dependent conduc-
tivity of an atomic graphene bridge composed of intraband
(Drude model response) and interband transitions (lossy part)
has been reported using RPA as below[22,47]:

σðωÞ ¼ e2EF

π�h2
i

ωþ i=τ

� �

þ e2

4�h
θ �hω� 2EFð Þ þ i

π

�hω� 2EF

�hωþ 2EF

����
����

� �
: ð2Þ

Consequently, by increasing the length of the pathway, the
conductance reduces slightly and delays the shuttle of the
photoexcited charges. Nevertheless, it is noteworthy that due to
the substantial conductivity of highly doped graphene sheet, we
do not expect dramatic shift in the position of CTP peak to
the mid-infrared region (MIR) as it happens in dissipative
metallic and lossy junctions.[8,10,14] On the other hand,
increasing the space between proximal disks causes drastic
decay in the amplitude of the dipolar peak at high energies.
nm� La� 120 nm) and b) nanodisks diameters (75 nm� d� 150 nm)
y if fixed to EF¼ 0.61 eV.
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Figure 4. a) Normalized extinction spectra for the “On” and “Off”
states of the graphene-plasmonic nanoswitch in the presence and
absence of back-gate voltage. The critical geometrical parameters are
La¼ 100 nm, d¼ 120 nm. The inset is the local E-field map for the
dipolar resonance, when the graphene sublayer is in semiconducting
regime. b) CTP energy as a function of gate voltage variations (ΔVg).
The insets are the extinction diagram for the plasmonic nanoswitch for
the gate voltage variations below the Dirac point and the Q-factor of
CTP peak for the gate voltage variations. c) Numerically quantified MD
of the graphene-plasmonic switch as a function of incident photon
wavelength with higher resolution under back-gate bias application (at
the Dirac point).
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Figure 3b represents the spectral response of the analyzed device
for variations in the diameter (d) of the nanodisks. Keeping the
dimer system symmetric, we homogenously increased the
diameter from 75 to 150 nm, while the edge-to-edge gap is fixed
to La¼ 100 nm. In this limit, by increasing the size of nanodisks,
the CTP extreme red-shifts to the lower energies due to
simultaneous increases in both charge separation distance and
electron travel time across the structure. The dipolar peak at high
energies significantly enhanced by increasing the size of disks
due to stronger dipolar interference.

Having tunable CTP modes around the telecommunication
band allows us using the graphene-plasmonic structure as an
optoelectronic nanodevice for NIR optical switching. In this
process, tunable conductivity of graphene determines the
electromagnetic response of the structure, and hence its
switching properties. As previously mentioned, graphene with
carrier density close to neutrality point acts similar to the
semiconductors. Therefore, we expect formation of dipolar peak
at high energies (here�2.7 eV) and elimination of CTP peak due
to absence of conductive junction to transfer the charges (Off
state). On the other hand, highly n-doped graphene with semi-
metallic behavior shows high conductivity,[50,51] and facilitates
transfer of charges resulting excitation of CTP mode at the
targeted wavelength (On state). Figure 4a exhibits the normal-
ized extinction spectra for the proposed device under incident
beam illumination and varying back-gate bias. Clearly, in the
absence of gate voltage (or low photoconductivity of graphene
close to the charge neutrality point), the CTP mode disappears,
while for the required applied bias and n-doped regime (higher
conductivity), a pronounced CTP peak appeared around 0.8 eV
(λ� 1.55mm), shown by a dotted line in the plotted spectra. The
details for the geometrical sizes are given in the figure caption.
The inset is the local E-field map for dipolar resonant mode
(�2.7 eV) when the graphene sublayer is in semiconducting or
intrinsic regime (Vg Off). The position and energy of CTP peak
as a function of back-gate voltage variations (35V�ΔVg� 50V)
is shown in Figure 4b. As discussed earlier, the peak of CTP
mode is located at 0.8 eV for the applied voltage far away from the
Dirac point with lower resistance and intense doping of
graphene sheet (Vg¼ 50V). Continuous reduction in the back-
gate voltage leads to a blue-shift in the position of the resonant
mode to higher energies due to reaching the intrinsic point and
huge increase in the atomic sheet resistance. The insets in
Figure 4b provide more details for destructive results of gate-
voltage variations. Here, the extinction spectra reveal how the
CTPmode greatly damped forΔVg� 35V (reaching the intrinsic
level). This originates due to significant reduction in the carrier
concentration (low doping regime) and the conductance of the
atomic carbon bridge. The other inset profile demonstrates the
Q-factor of CTP mode as a function of gate voltage variations,
confirming the drastic decay of CTP mode by reducing the bias
voltage and losing the conductivity of junction. Here, the Q-
factor is quantified as the ratio of resonance wavelength to the
full width at half maximum (FWHM). Figure 4c shows the MD
of the switch as a function of incident light wavelength. This
profile confirms the archived high MD up to 98% at the global
telecommunication wavelength (C-band) using functional CTP
resonant mode. Such a high MD is comparable with and higher
Phys. Status Solidi RRL 2017, 1700285 © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700285 (5 of 8)
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that analogous plasmons inspired graphene-based, molecular,
and atomic all-optical and optoelectronic switches.[52–57]

The lossy behavior and the effect of lossy components on
the spectral response of the switch play a key role to determine
the performance of the tailored device. It is well accepted that
plasmonic structures reflect dramatic low decay rate and
damping of during distribution of incident electromagnetic
field manipulation and propagation.[28,58] In the current study,
the quality of switching and excitation of CTP mode strongly
depend on the graphene sublayer as a charge transport
junction. The transition rate and lifetime of plasmonically
excited charges can be influenced by various factors during
the shuttling across the atomic graphene sheet such as
destructive coupling to optical phonons,[59] and collusion with
impurities.[60] Thus the decay of plasmons during the charge
travelling across the graphene junction determines the
quality of the targeted modulation. The intrinsic decay
rate of carriers in a graphene sheet defines as[22]:
Γ ¼ 2=�hð Þ 2

3 k
3
0 dj j2 þ Im d�E½ 	

� �
, where k0 is the wave vector

in the free space, d is the photoinduced dipole matrix element,
and E is the induced E-field by dipole mode. In addition,
previous studies have verified that graphene shows a linear
dispersion relation and any variation in the carrier density
(doping) directly modifies its dielectric function via changing
the Fermi energy level (see Eq. (2)).[22,61,62] Taking advantage
of the proposed method by Koppens et al.,[22] for our device in
which the junction length is much smaller than the plasmon
wavelength (La 
 λsp), the decay rate for the excited plasmons
is enhanced by the following factor: 3π=2 eþ 1ð Þ λ0=λsp

� �3
.

Accordingly, for the proposed device the normalized
decay rate to the free space rate value Γ=Γ0ð Þ of
plasmons can be plotted as a function of photon energy,
while the back-gate voltage is varied (Figure 5). It should be
noted that the plasmonic decay rate in the graphene
sublayer with a nanodimer in touch is enhanced
due to the direct contact of the metallic nano-objects with
the graphene sheet, leading to substantial enhancement in the
interaction of light with the sublayer graphene.[33,59] It is also
Figure 5. Photon decay rate as a function of incident beam energy for
different Fermi energy levels. The rate Γ is normalized to the free space
rate value Γ0.
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important to note that the presence of metallic components in
contact with the atomic carbon sheet causes formation of
interband transitions at the Dirac point (here is Vg¼
28 V).[55,61,62] The major influence of such a lossy process is
the formation of a broader resonances, especially at the lower
energies which reduce the quality-factor of the excited
resonant mode. However, its negative impact is negligible
at high energies across the visible spectra to the NIR.[63,64]

In conclusion, we proposed and studied a graphene-
plasmonic switch based on the behavior of CTP mode at the
NIR. We have shown that active control over the photoconduc-
tivity of graphene nanoribbon as a junction between a pair of
gold nanodisks helps to manage the transition of photoinduced
charges between them. Geometrical variations and back-gate
voltage control allowed us to adjust the peak of CTP mode at the
global telecommunication wavelength (�1550 nm) successfully.
In addition, the behavior of the CTP mode and switching
properties depending on both photoconductivity of graphene
and morphology of the nanoantenna have been analyzed
comprehensively. Ultimately, the MD percentage is quantified
up to 98% for the optoelectronic plasmonic switch. The
framework developed in this study would allow realizing
ultrafast, high-quality devices for advanced integrated photonic
technology.
Simulation Methods

To analyze the electromagnetic response of both isolated graphene sheet
and graphene-dimer nanoswitch, we used finite-difference time-domain
(FDTD) numerical analyses to solve Maxwell’s equations by FDTD
Solutions software (Lumerical 2017). For the optical simulations, the
workplace discretization was set to dx¼ dy¼ 2 nm, and dz¼
0.01 nm (0.1 A�). Perfectly matched layer (PML) boundaries with
64 layers for the beam propagation direction (z-axis) and symmetric–
antisymmetric periodical boundaries were employed for y–x planes. We
also used a plane wave as an indecent beam with the bandwidth along
visible domain to NIR (400–2000 nm). The irradiation power was set to
P0¼ 3mW with the pulse duration of 500 fs. In addition, the simulation
time step was dt¼ 0.1 fs to satisfy the Courant stability.[65,66] The local E-
field intensity maps for the charge localization were calculated using
finite-element method (FEM) using commercial COMSOL Multiphysics
5.2a by applying the RF module.

To determine the electrical properties and doping of graphene, we
used finite-element multiphysics method by employing an integrated
charge transport solver, known as DEVICE TCAD software (Lumerical
2016). The carrier lifetime was quantified based on experimentally
reported results in Ref. [64] for the mobility (m¼ 10 000 cm2 V�1s�1). For
the current study, using DC Drude model for atomic carbon sheet, the
impurity-limited lifetime at the Dirac point and EF¼ 0.61 eV is quantified
as �3 ps using following equation: τ ¼ μEF=ev2F.
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