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Abstract—Local electro-optic modulation of nanophotonic
structures is important for many applications. Here, we show that
one can achieve efficient tunability of the nanostructures by cou-
pling them to graphene. The easy electrical control of graphene
allows a large modulation of these graphene-clad nanophotonic
devices. We describe electrostatic tuning of a metallic as well as
a dielectric resonator coupled to graphene. A large change, both
in resonator linewidth and resonance frequency is observed. The
experimental data match the theory very well indicating that the
changes in the resonator are solely coming due to graphene.

Index Terms—Plasmons, cavity resonators.

1. INTRODUCTION

HE ability to manipulate light at the nanoscale enables
many different applications, including but not limited to,
building efficient optical interconnect system [ 1] and sensors [2].
To this end, significant progress in the field of nanophotonics
has been achieved in the past two decades. With sophisticated
nanofabrication techniques, feature size approaching tens of a
nanometer is being designed reliably, and light can be confined
to an unprecedentedly small volume, enabling very strong light-
matter interaction [3]. However, one major challenge in these
nanostructures is the tunability: how much the amplitude or
the phase of the light can be changed with low energy and
fast speed? Such tunability can be realized by incorporating
the field-effect transistor structure in a photonic device, where
semiconductors inthe vicinity of a device work as an active
absorption medium with different electrostatic gating voltages
[4]. However, modulation at the optical frequency has been
hampered by the weak optical response of the gate-induced free
carriers in a semiconductor.
Graphene, a 2-D material of carbon atoms arranged in a hon-
eycomb geometry, has generated considerable interest in recent
years for its unusual electronic and optical property [5]. Due
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Fig. 1. (a) Band diagram of graphene showing the linear dispersion of the
carriers near the Dirac point, where the conduction and the valence band meet.
The Fermi energy is at the Dirac point, and graphene can absorb a light with
the frequency corresponding to the arrow in the figure. (b) If the Fermi energy
is shifted under the application of an electric field, then the light cannot get
absorbed in graphene anymore. (c), (d): Real and imaginary part of the refractive
index of graphene as a function of the applied gate voltage using ion gel as the
gating media.

to its unique atomic arrangement, the conduction and valance
bands meet at a single point, known as the Dirac point, in the
dispersion diagram [see Fig. 1(a)]. Close to this Dirac point
the band dispersion of the electrons and holes is linear, in con-
trast to a parabolic dispersion in other materials. Such a band
structure leads to an extremely high carrier mobility, enabling
high-speed operation. Due to the linear dispersion, graphene
can absorb light over a broad frequency range. Moreover, the
density of states of carriers near the Dirac point is low, and
hence the Fermi energy of graphene can be tuned significantly
with relatively low electrical energy [6], which in turn changes
the refractive index of graphene [see Fig. 1(a) and (b)]. Thus,
combining graphene with nanophotonic structures has tremen-
dous potential for achieving electro-optical tunability of light
transmission. In this paper, we present experimental result on
two different tunable nanophotonic resonators, a single gold
nanorod, and a silicon photonic crystal cavity, where the tun-
ability is achieved by electrical gating of graphene placed on
top of the nanorod and the cavity. Although, in this paper we
mainly focus on nanophotonic resonators, such an electro-optic
tunability can be used in conjunction with other nanophotonic
structures for applications like phased-array optical antenna [7]
or an optical display [8].

II. ELECTRICAL CONTROL OF GRAPHENE

In this section, we analyze the effect of an electric field on
graphene. We will consider only the contribution of m-electrons,
because only they can be modified significantly through
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electrical gating. The complex dielectric function e4(w) of
graphene m-electrons can be obtained from the corresponding
optical conductivity o(w) = o1(w) + 1 o2(w) using the rela-
tion g,(w) = 1 + i o(w)/(we,d,), where d, is the thickness
of the graphene layer. As the graphene layers are separated
by ~0.34 nm in graphite, we use d, ~ 0.34 nm for the calcula-
tion. Under random phase approximation and by using Kramer—
Kronig relation, we can write the real and imaginary part of the
optical conductivity o as [9]

’r 1/7 2F
o1 (w) = f(w) + 2q71-h2 o él/T)Q log <2cosh I‘F>

o) = -2 [T LT,
T
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Here ¢ is the electronic charge and I' is the interband tran-
sition broadening. The free carrier scattering rate 1/7 is in ter-
ahertz range, and can be neglected for electromagnetic waves
in the near infrared and visible frequencies. We plot the real
and imaginary part of the dielectric function 4 (w) as a func-
tion of the applied voltage assuming the wavelength of inter-
est; in this case the wavelength is 1.5 pum [see Fig. 1(c) and
(d)]. We find that that the imaginary part of ,(w,) (which is
responsible for the light absorption) decreases monotonically
with increasing voltage, especially when the 2IEr| is larger
than the resonance energy F, = hw, and blocks the relevant
interband transitions. On the other hand, the real part of €, (w,)
is a nonmonotonic function of the applied voltage. This is be-
cause o9(w) has significant contribution both from intraband
and interband transition. Contribution from the intraband transi-

¢’T Y log (2cosh2?’

tion | 5= (L)

) increases monotonically

with increasing |Fr|. However, interband transition contribu-
tion has a minimum at 2| x| = E, [see Fig. 1(c)]. We note that
in our experiment, we are applying a voltage V' to the graphene
layer, and the Fermi level of graphene and applied voltage can
be related by the equation

Cl|V
Er = hvy w(no—I—)
q

where C is the effective capacitance per unit area, v; ~10° m/s
is the Fermi velocity for graphene, and n, is the intrinsic carrier
concentration. These changes in the refractive index of graphene
can modify the nanophotonic resonances, when the resonators
are coupled with graphene. More specifically, the resonance
linewidth depends on the imaginary part of the refractive index,
and the resonance frequency depends on the real part of the
refractive index. In the experiment, we find that the resonance
wavelength (1) and the cavity linewidth (I'g) have a linear
relation with the complex dielectric constant of graphene, i.e.,
I'r =T% +alme, (w)] and Ag = 1% + BRe g, (w)].
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Fig. 2. (a) A representative high-resolution SEM of a single gold nanorod
covered by graphene. (b) Rayleigh scattering spectra of a graphene-nanorod hy-
brid structure (top) and a bare gold nanorod (bottom) [Adapted with permission
from [12]. Copyright (2012) American Chemical Society.]

III. METALLIC CAVITY: GOLD NANOROD

First, we analyze the effect of graphene on a metallic res-
onator. When surface plasmon, collective oscillation of free
carriers, is confined in a nanostructure, it forms electromagnetic
resonance. Surface plasmon resonance, with its unique capabil-
ity to concentrate light into subwavelength volume, has enabled
great advances in photon science. Despite fascinating potential
for applications ranging from nanoantenna to metamaterials,
most active device demonstrations have been shown at terahertz
frequency due to weak free-carrier response in a semiconductor
at optical frequencies [10].

On the other hand, graphene has a unique and tunable opti-
cal property over a broad frequency range as described in the
previous section. This enables graphene to tune plasmon res-
onance of metallic nanostructures at optical frequency. In our
experiment, we demonstrate a model system, where plasmon
resonance in a gold nanorod at optical frequency is controlled
efficiently by gating graphene. We note that, the change in the
plasmonic resonance via gating graphene is also demonstrated
in midinfrared frequencies elsewhere [9], [11]. Fig. 2(a) shows
a scanning electron micrograph (SEM) of a hybrid structure,
where graphene drapes nicely over a gold nanorod on a sub-
strate. A gold nanorod with a resonance wavelength at 1.5 pm
is chosen for demonstration at optical frequency. The resonance
feature is found to be damped in a hybrid structure with graphene
[see Fig. 2(b)]. The figure shows that the hybrid structure has a
significantly broader full width half maximum than a bare gold
nanorod (93 meV in the hybrid structure and 70 meV in a bare
gold nanorod).

Such damping originates from energy loss due to interband
absorption in graphene. Considering the thickness of graphene,
~0.34 nm, it is quite surprising that plasmonic resonance can be
changed by such a large amount. This underlines the remarkably
strong interband optical absorption of graphene at optical fre-
quencies. As pointed out in the introduction, such strong optical
absorption of graphene can be conveniently modulated by elec-
trical gating. For experimental demonstration, electrical gating
is enabled by ionic liquid as top electrolyte. Fig. 3(a) shows
that damped plasmon resonance becomes sharp resonance
with increasing gate voltage. The modulation of plasmon reso-
nance with gate-induced change in Fermi level is summarized
in Fig. 3(b) [bottom]. It shows nice switching behavior with a
threshold at a gate voltage, where 2IFr| becomes a plasmon
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Fig. 3. (a) Rayleigh scattering spectra of the hybrid structure at different

gate voltage. (b) Gate-dependent resonance frequency shift (top) and linewidth
change (bottom). Experimental data (red dots) agrees well with theory (black
solid line). [Adapted with permission from [12]. Copyright (2012) American
Chemical Society.]

resonance energy. The theoretical model explains linewidth
change quantitatively with an excellent agreement (black solid
curve). On the other hand, resonance energy has changed by
20 meV with gate voltages. This resonance energy shift can be
explained by change in gate-induced local dielectric screening
effect near a nanorod. In theory, such absorption and dielectric
screening can be quantified by a complex dielectric constant.
Our theoretical model, where resonance feature changes in a
linear fashion with change with complex dielectric constant,
explains experimental data with excellent agreement.

Besides an efficient modulation of plasmon resonance, nu-
merical simulation (finite-element method) gives interesting
prediction [12]. In fact, a significant amount of resonance feature
changes results from the two ends of the nanorod, where electric
field is enhanced, so-called hot spots. Our simulation result (not
shown here) shows that only contribution from the hot spots
(defined by two 20 nm x 20 nm area) can lead to a 4% increase
in plasmon scattering intensity, an easily observable effect.

IV. DIELECTRIC CAVITY: PHOTONIC CRYSTAL CAVITY

Although a metallic resonator can be modulated significantly
using graphene, as shown in the last section, the large loss
in metal limits its utility for many applications, for exam-
ple, electro-optic modulation. For such modulation dielectric
nanostructures are better suited. Hence, in this section, we fo-
cus on dielectric cavities, where one can achieve a much larger
quality factor compared to a metallic cavity. More specifically,
we tune a graphene-clad photonic crystal cavity electrostatically.
We note that graphene-waveguide system for electro-optic mod-
ulation is recently demonstrated [13], but with a cavity we can
largely reduce the physical footprint of the device.

The experiments are performed with linear three hole de-
fect silicon photonic crystal cavities fabricated in silicon-on-
insulator (SOI) platform. The device thickness d is 250 nm,
with photonic crystal lattice periodicity @ = 450 nm, and radius
r =90 nm. The two holes at the end of the cavities are shifted by
0.15a to increase the cavity quality factor. The photonic crystals
are fabricated by electron-beam lithography, followed by plasma
etching and finally by removing the silicon oxide underneath, via
buffered oxide etching to make a free standing silicon-photonic
crystal membrane. On the top of the cavities, we transferred a
large-area graphene grown by chemical vapor deposition using
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Fig. 4. Effect of graphene on a silicon photonic crystal cavity: (a) and
(b) the SEM images of the cavity fabricated in SOI platform. (c) The reflectivity
spectra of the cavity with and without graphene. With graphene the spectrum is
significantly broadened. [Adapted with permission from [19]. Copyright (2013)
American Chemical Society.]

the standard growth and transfer processes [14], [15]. For elec-
trostatic gating of grapheme, we used a top electrolyte gating
with ions [16]. Fig. 4(a) and (b) shows the SEM images of a
fabricated photonic crystal cavity before and after the graphene
transfer, respectively.

We characterize the photonic crystal cavities in cross-
polarized reflectivity measurement setup with a super-
continuum laser, where the cavity is kept at a 45° angle, the
incident probe laser is vertically polarized, and we collect hori-
zontally polarized light [17]. We note that our cavity is linearly
polarized, and thus by using a cross-polarized reflectivity, we
ensure that the collected light consists of only the light that cir-
culated inside the cavity. The collected light is analyzed by a
spectrometer equipped with an InGaAs array detector. A qual-
ity (@) factor of ~1000-1500 is observed for the fabricated
cavities without graphene. We note that although a much higher
quality factor can be obtained in a silicon photonic crystal cavity
(~20000), we want to keep the () -factor moderate to achieve a
relatively large spectral bandwidth as well as a higher speed of
modulation. With graphene on top, the Q)-factor drastically re-
duces to ~300-500, as shown in Fig. 4(c). The significant broad-
ening of the cavity linewidth arises mainly from the graphene
absorption as noted previously. This is also consistent with an-
other recent experimental observations on graphene-photonic
crystal cavity system [18].

Then, we study the effect of the electric field on the graphene-
cavity device. We gate the graphene layer by means of the ion-
gel (refractive index ~1.43) [20], that we spin-coat on the de-
vice. Fig. 5 shows the effect of the electric field on the graphene-
cavity device. We simultaneously measure the cavity reflection
spectrum and graphene resistance, while varying the gate volt-
age at a step of 10 mV/s. Fig. 5(a) shows the cavity reflec-
tivity spectra for different voltages. A narrowing of the cavity
linewidth as well as an increase in the cavity reflectivity is clearly
observed with an increased gating of the graphene. We fit all
the spectra with a Lorentzian line-shape to extract the cavity-
resonance frequencies and cavity linewidths. Fig. 5(b) and (c)
shows the cavity linewidths and the resonance frequencies as
a function of the applied voltage. From the transport data (not
shown here), we find that the charge neutral point is at around
0.5 V. This small deviation from the 0 V (as expected from an
undoped graphene) can be ascribed to the slight p-doping of
graphene during the graphene transfer process. We observe a
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Fig. 5. (a) Effect of the electric field on the cavity resonance: with an in-

creasing electric field we observe a narrowing of the cavity linewidth as well
as increase in the reflectivity. With a Lorentzian fitting to the cavity spectra
we can estimate. (b) the cavity linewidth and (c) the cavity resonance. They
follow very closely the imaginary and the real part of the refractive index of
graphene showing that the change is solely coming due to graphene. [Adapted
with permission from [19]. Copyright (2013) American Chemical Society.]

narrowing of the cavity linewidth with increasing voltage, con-
sistent with the fact that increased gating of the graphene reduces
its absorption. Both the linewidth and the resonance wavelength
match the theory well [shown by the red line in Fig. 5(b) and
(c)], as explained in Section II. We also confirmed that in this
voltage range, the ion-gel does not affect the cavity resonance
(data not shown here).

However, ion-gel gating as used in the experiment cannot be
employed for fast dynamic electro-optic modulation due to the
slow response of ions under the electric field. Instead, one should
employ semiconductor field-effect transistor structure to gate
graphene and achieve ultrafast electro-optic modulation. Our
simulation suggests that a graphene-cavity device modulated at
a speed of 100 GHz with 10 s of femto joule energy should be
achievable with current state-of-the-art nanofabrication.

V. CONCLUSION

We experimentally demonstrate electrostatic tuning of
graphene-clad nanophotonic resonators. With an increased
light-matter interaction in cavity, even a single-atom-thick
graphene can significantly modify the nanophotonic resonators.
We believe, such tunability can be exploited in conjunction with
other nanophotonic structures for various applications like op-
tical interconnect, phased array optical antenna, or 3-D display.
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