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ABSTRACT: Pauli blocking of interband transistions gives
rise to tunable optical properties in single layer graphene
(SLG). This effect is exploited in a graphene-nanoantenna
hybrid device where Fano resonant plasmonic nanostructures
are fabricated on top of a graphene sheet. The use of Fano
resonant elements enhances the interaction of incident
radiation with the graphene sheet and enables efficient
electrical modulation of the plasmonic resonance. We observe
electrically controlled damping in the Fano resonances
occurring at approximately 2 ym, and the results are verified
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by full-wave 3D finite-element simulations. Our approach can be used for development of next generation of tunable plasmonic

and hybrid nanophotonic devices.
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lasmonics' > enables unique nanoscale optical devices with

novel functionalities. Potential applications include in-
formation processing,4 localized heating for magnetic record-
ing® and photothermal therapy® to single molecule sensing.”
The ability to dynamically modulate the plasmon resonance
offers several advantages such as the ability to adjust the
spectral window of the operation, multiarray biosensing® and
improving the sensitivity of detection by improving signal-to-
noise ratio.” Indeed a range of methods including electrical,’
optical,"® mechanical,"""> and liquid crystal'® approaches have
been used to tune metamaterials. More recently, alternative
plasmonic materials such as transparent conducting oxides
(indium tin oxide (ITO), Al- and Ga-doped zinc oxide (AZO
and GZO) and others) have been highli%hted for tunable
plasmonic and metamaterial applications. *'> The optical
properties of noble metals, which have long been used as
materials of choice due to their large carrier concentrations
(10% cm™) required to support surface plasmon oscillations,'®
are hard to tune.’® In contrast, doped semiconductors, which
offer slightly lower carrier concentrations (10 cm™), are
easier to tune. In this context it is not surprising that
graphene,'”'® a 2D semimetal with a linear dispersion, exhibits
highly tunable optical properties. Tunable surface plasmons in
graphene have already been demonstrated in the mid-IR'*~>*
and far-IR”™>° spectra. Graphene has also been used in a
variety of optical devices like split-ring resonators,”® optical
modulators,”” and photodetectors”>*’ and has been proposed
as a platform for optical devices.*>*' We recently demonstrated
electrically controlled damping of the plasmon resonance in
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metal bowtie antennas placed on top of a graphene layer at the
mid-IR wavelengths.’> Subsequently, there were a number of
devices that demonstrate the tuning of plasmonic antennas®*~>°
and photonic crystal cavities®* using graphene. However,
strong electrical tunability of plasmonic resonances using
graphene has so far been experimentally demonstrated only
at the mid-IR wavelegnths. Tunable devices at the technolog-
ically important visible and/or near-IR wavelengths (for
example, for various biosensing applications and telecommuni-
cations) have not been realized so far. In this Letter, we show
that graphene can be used to effectively modulate the Fano
resonance in metal nanostructures. The achieved tunability is
much stronger than in our previous work® and the wavelength
of operation is closer to the near-IR wavelength range where
many potential applications exist.

The Fano resonance results from the interference of a narrow
resonance with a broad continuum of states leading to
enhanced transmission and reduced reflection, identifiable by
the characteristic Fano line shape.”® Fano resonance using
metal nanostructures has been reported in dolmen,*
concentric ring/disk cavities and oligomer41 geometries, and
has been widely investigated because of its large sensitivity to
the local environment.> In our experiments, we first fabricated
a graphene field effect transistor (FET) by transfer of CVD
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grown single layer graphene (SLG) onto a highly p-doped Si/
SiO, (300 nm) substrate.*”** Thereafter, we fabricated the
Fano resonant dolmen structures on top of the SLG as shown
in Figure la. This enables us to exploit the large sensitivity of
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Figure 1. (a) Schematic illustrating the Fano resonant plasmonic
antennas fabricated on top of SLG used in our experiments. The
optical measurements were performed using an FTIR spectrometer
with an attached microscope in reflection mode. (b) Geometry of the
dolmen structure used in our experiment. When the incident light is
polarized along the horizontal rod it excites a dipolar (bright) mode,
and simultaneously a quadrupolar(dark) mode is excited in the vertical
rod pair. The dimensions in the structure were optimized to achieve
overlapping of these modes so that a Fano resonance dip around 1.9
pum. (c) Scanning electron micrograph showing the sample fabricated
using e-beam lithography. The scale bar is shown below the image.
Doses in the lithography were optimized to achieve reliable gaps of 20
and 50 nm required by the design.

the resonance to local environment and also achieve electrical
control. The optical properties of graphene depend strongly on
the carrier density in the graphene sheet. At the charge neutral
point, interband transitions are allowed at any wavelength and
contribute to the characteristic 2.3% absorption in graphene.
However, when the graphene sheet is doped, by means of
applying a back gate voltage as shown in Figure la or using a
ionic liquid as a top gate, some of these interband transitions
are blocked and the absorption of graphene exhibits step-like
behavior around the interband threshold given by the Fermi
energy (2Ep).*** The optical properties of graphene are
captured very well using the random phase approximation
(RPA)* and is described by the optical conductivity as below
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where H(w) = sinh (w/wr)/[cosh (wg/w1) + cosh (w/wr)],
g = Ex/h, o1 = kyT/h, o is the frequency of incident light, e is
the charge of an electron, 7 is the Drude relaxation rate, T is the
temperature, and kg is the Boltzmann constant. The first term
in eq 1 describes the free-carrier (intraband) response of
graphene. The second term captures the response due to the
interband transitions. We should also note that the above
expression of (@) assumes no spatial dispersion and is also
referred to as local limit (k; —0) of RPA in the literature.
Figure 1b shows the dimensions of the fabricated plasmonic
antennas that were optimized to achieve a resonance at a 2 ym
wavelength using full-wave 3D finite element (FE) frequency
domain simulations (with COMSOL Multiphysics). The
antennas were fabricated on a graphene FET by e-beam
lithography using 100 nm ZEP 520A (Zeon Chemicals) as a
resist. The exposure doses of individual elements in the unit cell
were optimized to achieve reliable gaps of 20 and 50 nm. This
was followed by e-beam evaporation of 2 nm Ti/20 nm Au and
subsequent lift-off processes. The SEM micrograph in Figure 3¢
shows a represtative dimensions of the fabricated sample. The
optical studies of the samples were performed using a Fourier
transform infrared spectrometer (FTIR) in the reflection mode.
To verify the hypothesis that Fano resonant structures
interact strongly with SLG, we measured the reflectance from
the antennas at four different locations with and without an
underlying SLG as shown in Figure 2. We observe a strong
impact of the graphene on the spectra measured and also the
characteristic the Fano dip in line shape around 1.8 pum.
Further, the spectra measured from the antennas fabricated on
the graphene at different locations show small deviations, while
spectra from antennas fabricated on bare substrate are identical.
This can be easily explained by the spatial inhomogeneities of
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Figure 2. Measured optical reflectance spectra from Fano resonant
antennas at four different locations (two without graphene and two
with graphene) showing strong impact of graphene on Fano
resonance. In measurements without graphene (red and blue curves),
there is perfect overlap, while measurement with graphene (green and
turquoise curves) show variations due to spatial inhomogeneties.The
dip at 1.8 um corresponds to location of the Fano resonance
(overlapping dipolar and quadupolar modes in dolmen geometry). We
note that in this particular sample the reflection at lower wavelengths
doesnot decrease as expected in Fano line shape due to fabrication
imperfections.
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carrier density due to topographic corrugations* and electron
and hole puddles*’ that lead to changes in the optical
properties. It should be noted that while this strong impact
of graphene on the Fano resonance agrees with other
studies,”®***° it is only the first step in the realization of a
practical device with large dynamic tunability.

A large doping induced change in dielectric function of
graphene is essential to achieve strong tunability at visible and
near-IR frequencies. This can be experimentally realized when
carrier densities around 1 X 10'® cm™ are reached.** Such high
carrier densities are very difficult to achieve through the
conventional back-gate doping using a 300 nm oxide.*® Instead
we used electrochemical gating with DEME-TESI (Dieth-
ylmethyl (2-methoxyethyl) ammonium bis-
(trifluoromethylsulfonyl) imide) as a top electrolyte to achieve
the required large doping of graphene. Ionic liquid electrolytes
have a large capacitance of ~1—10 yFcm™ because of the
formation of extremely thin electric double layers (EDL) on the
surface of graphene channel.’" This EDL helps in achieving a
strong capacitive control on the channel making it possible to
realize a large carrier injection. For a particular applied voltage,
the carrier density in ion-gel gated graphene is higher by orders
of magnitude compared to back gating using SiO, gate
dielectrics (see the carrier density estimatation in SOM).
Figure 3 shows measurements performed using the same device
via back gating and ion-gel gating. We clearly see that
introduction of the ion-gel causes the resonance to be red-
shifted. At the same time, the tunability of the resonance
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Figure 3. (a) Experimentally measured modulation of the resonance
using backgating through SiO,. The measurements were performed in
hole doping regime where carrier concentration was reduced with the
applied voltage increase. (b) Experimentally measured optical spectra
on the same device using ion-gel top electrolyte gating. The scans were
taken in the electron doping regime where carrier concentration
increases as the applied voltage increases. See Supporting Information
Figure Sla,b for the changes in source-drain resistance (Rgp) with gate
voltage (V;) measured during optical measurements.
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increases considerably. Figure 4a shows optical mesurements
using ion-gel gating measured on one of the fabricated devices
which shows a similar trend as in Figure 3b.
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Figure 4. (a) The measured optical reflectance spectra with ion-gel top
electrolyte. See Supporting Information Figure Slc for the variation in
source-drain resistance (Rgp) with gate voltage (V) measured during
optical measurement. (b) Three-dimensional FE simulations using
experimental geometry and graphene sheet carrier density as an input
parameter. We observe a qualitative agreement with experimental
results. These simulations do not take into account the ion-gel whose
thickness and index are challenging to determine in the experiment.
This explains the difference in the experimentally measured and
simulated wavelength of the Fano dip.

To verify the experimental observations we performed
numerical simulations using 3D FE modeling of SLG as a
transition boundary condition wherein the surface current
depends on the conductivity given by eq 1. The simulation
results which are shown in Figure 4b show qualitative
agreement with experimental results. We note that the peak
to the left of Fano dip shows less modulation than the peak to
the right of Fano dip. This is consistent with our previous
results”> showing the impact of graphene to be stronger at
longer wavelengths. Further, the measured data show a
saturation effect, wherein the spectra do not significantly
change at large carrier concentrations. This differs from our
simulation results that assume an ideal scenario of increasing
carrier concentration. This clearly indicates that the graphene
carrier concentration around the gold antennas shows a much
smaller degree of variation than the changes expected from free-
standing graphene. This can result from the work function
mismatch leading to contact resistance between the graphene
and gold nanostructures.”® This can be minimized by
introducing thin intermediate metals and is beyond the scope
of this work. Another potential direction for improving the
tunability of the plasmonic resonance is using several layers of
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graphene which have higher optical conductivity,*® therefore
leading to stronger impact on plasmonic resonance.

Because the quadrupolar mode in a plasmonic Fano structure
does not couple directly to radiation, its primary decay path is
the generation of e-h pairs leading to efficient generation of hot
electrons. Hot electrons generated in plasmonic Fano
resonances at visible wavelengths have been shown to
contribute to doping of graphene.49 In our work, we do not
observe this light induced doping effect possibly due to the fact
that the incident FTIR beam is quite weak and we do not have
sufficient number of hot electrons to see a measurable effect.

In summary, we have demonstrated efficient dynamic control
of Fano resonances in plasmonic structures at NIR wavelengths
using graphene. Stronger modulation can be achieved by
optimizing the graphene nanostructure contact resistance and
by use of multilayer graphene. This demonstration paves the
way for development of tunable elements for next generation of
plasmonic and hybrid nanophotonic on-chip devices such as
sensors and detectors. In the future, alternative approaches like
optical pumping of electrons’* into conduction band can help
in improving the modulation speed and enable of ultrafast
devices.
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Additional information regarding samples and Vg—Rgp
characteristics of samples used in Figures 3 and 4 is provided.
This material is available free of charge via the Internet at
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