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ABSTRACT: Nanoscale antennas sandwiched between two graphene monolayers
yield a photodetector that efficiently converts visible and near-infrared photons into
electrons with an 800% enhancement of the photocurrent relative to the antennaless
graphene device. The antenna contributes to the photocurrent in two ways: by the
transfer of hot electrons generated in the antenna structure upon plasmon decay, as well
as by direct plasmon-enhanced excitation of intrinsic graphene electrons due to the
antenna near field. This results in a graphene-based photodetector achieving up to 20%
internal quantum efficiency in the visible and near-infrared regions of the spectrum.
This device can serve as a model for merging the light-harvesting characteristics of
optical frequency antennas with the highly attractive transport properties of graphene in

new optoelectronic devices.
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raphene is a material of great promise for new electronic

devices due to its unusually high electron mobility,
atomic layer thickness, and unique mechanical flexibility.'~* Its
broadband absorption makes graphene a tantalizing candidate
for solar cells, ultrafast photodetectors, and terahertz
modulators.”~” The nonlocal carrier-assisted intrinsic photo-
response in dual-gated graphene p—n junction devices has been
investigated;®*~'® however, the inherently low absorption cross
section and quantum efficiency of graphene seriously limit its
usefulness for high-performance photonic or optoelectronic
devices."' In contrast, optical frequency antennas have been
shown to be highly efficient harvesters of visible and near-
infrared light at wavelengths chosen by tailoring the size and
shape of the antenna structure. Surface plasmons, the collective
electron oscillations supported by metals, provide the dominant
mechanism for the antenna response in this wavelength range.
Nanoscale optical frequency antennas have been exploited in a
wide range of applications in subwavelength optics, surface-
enhanced spectroscopies, and sensing.'> > It has recently been
shown that noble metal films and nanoparticles can modify the
properties of graphene in devices through their characteristic
surface plasmons.”"** Although electrically doped graphene, as
a semimetal, also possesses plasmonic properties attractive for
active material applications,>*** this property is not available at
visible and near-infrared spectral wavelengths. These comple-
mentary properties suggest that marrying optical frequency
antenna structures with graphene-based devices may provide
opportunities to enhance and extend the properties of graphene
toward light-based applications in the visible regime.
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Plasmonic clusters>?° are ideal candidate structures for

merging the properties of nanoscale antennas with those of
graphene. Plasmonic cluster geometries exhibit tunable Fano
resonances, consisting of a transparency window where
scattering is strongly suppressed and hot electron—hole pair
generation is the dominant absorption mechanism. As a
consequence, the near field associated with the transparency
window is strongly enhanced.”” When incident light is resonant
with this transmission window, the intense near field will be
capable of efficiently enhancing the direct excitation (DE) of
electron—hole pairs in a single-atom-thick graphene layer (0.3
nm), provided it is in direct proximity of the high-intensity near
field region of the cluster. Additionally, since graphene
possesses no bandgap, hot electrons (HE) created in the gold
%29 can transfer directly into the conduction band of
the graphene sheet.® Because of the high mobility of graphene,
both sources of photon-induced graphene conduction
electrons, DE and HE, can flow directly into the electrical
circuit and be detected as a photocurrent.

In this Letter, we report the fabrication and characterization
of a tightly integrated plasmonic antenna—graphene photo-
detector consisting of Fano-resonant plasmonic clusters
sandwiched between two single-atom-thick layers of graphene
in a planar device (Figure 1A). Source—drain electrodes and
plasmonic patterns were first fabricated on a graphene substrate
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Figure 1. Graphene—antenna sandwich photodetector. (A) Schematic illustration of a single gold heptamer sandwiched between two monolayer
graphene sheets. V; is the gate voltage used to electrostatically dope the graphene. (B) Optical microscopy image of the as-fabricated device before
(left) and after (right) deposition of the second graphene layer. Inset: Raman mapping (G mode) of device areas 1—5 under 785 nm excitation. (C)
SEM image of heptamer array fabricated in area 3, as indicated in (B). (D) Electrical transport characteristic at a drain bias of 1 mV. Inset: I-V plots

for various gate voltages Vi from 0 to 25 V.

by two-step E-beam lithography and subsequent lift-off (Figure
1B, left side). The structure was then covered by a second
graphene layer to form a sandwich device®' (Figure 1B and
Supporting Information Figure S1 and S2). In the device shown
in Figure 1B, plasmonic antennas (dimers, heptamers, and
nonamers) were fabricated in areas 1, 3, and S, respectively,
while areas 2 and 4 were left antenna free. The graphene sheet
placed atop the heptamers is clearly observed in the scanning
electron microscope (SEM) image of the device structure
(Figure 1C right, inset). Because of its flexibility, the top
graphene sheet conforms to the plasmonic cluster profile,
relaxing around it and into the gaps between the component
gold discs of the structure (Supporting Information Figure S3).
The plasmonic cluster component disks are all 130 nm in
diameter, and the interparticle gap distance is 15 nm, large
enough to easily accommodate the conforming graphene sheet.
The scale bar of the inset (higher SEM magnification) is 100
nm.

Raman imaging reveals the spatial and spectral regions of
strongest antenna—graphene coupling in the device (Figure 1B,
inset). With S14 nm laser illumination, there is almost no
variation in Raman intensity across the device since this is
wavelength is nonresonant with the device antennas. For 785
nm laser illumination, however, significant enhancements of the
graphene Raman modes can be observed in regions 3 and S of
the device, since this wavelength is resonant with the Fano
resonances of the heptamer and nonamer antennas (Supporting
Information Figure S4). The field-effect transistor measure-
ments were performed using a four-probe station at a vacuum
of ~107° Torr. The dependence of resistance on gate voltage
observed indicates that the Dirac point (band-crossing energy)
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is reached at a gate voltage of Vi ~ 30 V (Figure 1D). The
applied source—drain voltage is 1 mV. The inset consists of
linear I—-V characteristics obtained at gate biases ranging from 0
to 25 V. The device mobility is estimated to be y = [dIs/dV(]
X [L/(WCVpg)],>* where L is the channel length (~50 um),
W is the channel width (~ 10 ym), and C, is the real
capacitance per unit area between the channel and the back-
gate (~ 1.2 X 107 F/cm?). The estimated mobilities range
from 350 to 1300 cm* V's7".

When measuring the local photocurrent in the device by
performing a line scan of the excitation laser (785 nm
wavelength, 1 ym beam spot) between the source and drain
electrodes, an antisymmetric photocurrent response is observed
(Figure 2A). The distance between the edge plasmonic
structures and the contacts is 1 pm, and we recorded
photocurrent for each 0.5 pm step as the spot was scanned
across the device. For each measurement, the illumination
antenna area was equivalent. The inset shows a schematic of the
line scan path and the zero current point. The photocurrent
obtained from these devices is directly determined by the
geometry of the patterned dimer and heptamer structures with
their Fano resonance tuned to the incident laser at 785 nm.
The antenna-patterned regions enhance the photocurrent
significantly compared to the unpatterned regions of the
device. For the case of dimer antennas, the photocurrent can be
made to be dependent upon the polarization of the incident
laser (Figure 2B). A cos® 0 angular dependence characteristic of
a dimer antenna characterizes this highly polarization-depend-
ent response.

For incident light at the Fano resonance wavelength of the
heptamer antennas, the photocurrent of the corresponding
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Figure 2. Photocurrent characterization of antenna—graphene sandwich devices. (A) Photocurrent measurements show antisymmetric photocurrent
responses from the different regions of the device corresponding to specific plasmonic antenna geometries, obtained along the line scan direction.
The zero point is indicated in the inset schematic. The black dots indicate the photocurrent detected without the plasmonic antennas present in the
device. (B) Polarization dependence of the photocurrent of the dimer antennas in region 1 of the device (green dots) and the heptamer antennas in
region 3 of the device (purple dots). (C) Measured photocurrent for gate bias V; between —40 to +40 V for the heptamer antenna-patterned region
3 of the device, the incident laser power of 10 yW. (D) Schematic of the surface potentials inferred from the photocurrent line scans at each gate

bias,.

device region is almost three times larger than that of the dimer
region of the device, and eight times larger than the pristine
graphene regions of the device. The variation in responsivity for
the different antenna geometries is due to their contrasting
scattering and absorption characteristics. Compared with the
dimer, the heptamer has a much larger absorption cross section,
which provides larger field enhancements, multiple hot spots,
and a greater yield of hot electrons. An even larger
photocurrent can be achieved for the nonamer antennas in
region S of the device (Supporting Information Figure SS).
This is because the nonamer has a much deeper Fano
minimum (close to 100%) compared to the heptamer,
providing significantly larger near field enhancement which
results in an increased yield of DE carriers in the graphene
layers.

To further realize active device tuning and switching, a gate
bias was applied to shift the Fermi level of the graphene. The
measured photocurrents for the bare graphene and heptamer
patterned graphene device region for Vg varying from —40 to
+40 V (Figure 2C, and Table S1 of Supporting Information)
show the same characteristic: the photocurrent goes to zero
when the laser focus is moved to the center of the graphene
channel. For a larger negative gate bias, the maximum
photocurrent appears at a position closer to the source and
drain electrodes, and a larger photocurrent response is
measured. When the gate bias is positive, almost no
photocurrent is observed. Further increasing the gate voltage

3810

changes the direction and increases the magnitude of the
photocurrent.

These characteristics are directly related to the local
variations in the bandfilling of graphene for different gate
voltages (Figure 2D). Because of symmetry, only half of the
band structure needs to be shown. The blue dashed line
indicates the graphene Fermi level, while the solid line
represents the Dirac point of graphene. The Ti contact dopes
the graphene, because its work function (4.33 eV) is lower than
that of graphene (4.5 eV).*® Therefore, the Fermi level in the
area of the electrodes will be raised slightly toward the Dirac
point. The energy difference A¢ between the Fermi level and
the doped graphene band is a Schottky barrier, independent of
bias. The bias thus only tunes the Fermi level of the graphene
channel in the middle of each region of the device. The
plasmonic structures were fabricated onto the graphene without
a Ti adhesion layer, so they would not introduce impurities or
dopants into the graphene device.

For zero gate voltage, the difference of Fermi levels between
doped graphene and the graphene channel leads to band
bending in the region extending from the electrodes (Figure
2D). An internal electric field is generated, which separates the
electron—hole pairs excited by incident light, resulting in a
photocurrent. The current reaches a maximum for the steepest
band bending, where the difference between the Fermi level
and the band of the graphene channel is greatest,
corresponding to Vg = —40 V. This explains why the maximum
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Figure 3. Selective plasmon enhanced graphene photocurrent detection. (A) Left: Graphene photocurrent of different-sized (interpolated) heptamer
antenna-patterned sandwich devices for a range of wavelengths extracted from photocurrent line scans, the incident laser power of 10 yW. Right:
Corresponding theoretical absorption spectra Syp¢(4), obtained using FDTD. (B) Measured photocurrent I***(1) (black triangles) and calculated
DE photocurrent I°¥(1) (blue triangles). The solid red triangles correspond to the estimated HE photocurrent contribution EPE(1) = I***(1) —
I°E(2) and the hollow red triangles correspond to the calculated I"(1), assuming a wavelength independent Cyy; with a value corresponding to the
785 nm data. (C) Internal quantum efficiencies of different-sized heptamer antenna-patterned graphene sandwich devices.

photocurrent is always obtained at the positions near the source
or drain electrodes, and why position moves closer to the
electrodes for larger negative bias voltages. For positive bias
voltages, the Fermi level of the graphene channel increases and
the band bending becomes less pronounced. For V; = +20 V,
the band is flat and the photocurrent is negligible. For higher
positive bias voltages, the band starts to bend in the opposite
direction, and the photocurrent flows in the opposite direction.
Similar to the negative bias voltage case, as the positive bias
increases, the internal electric field becomes larger, resulting in
a corresponding increased photocurrent. Because a gate voltage
of nominally V5 = +20 V is required to overcome the band
bending and establish a flat band condition, the photocurrent
observed for +40 V is lower than that observed for —40 V bias,
as shown in Figure 2C.

The wavelength sensitivity of this device is controlled by the
resonant frequency of the antennas: this was demonstrated by
varying the size of the heptamer antennas in the device from 80
to 180 nm diameter disks, corresponding to a shift in the
heptamer Fano resonance from 650 to 950 nm. Each device
was illuminated at nine different wavelengths from 650 to 950
nm, and the wavelength dependent photocurrent responses
were measured. By plotting the photocurrent maxima versus
the excitation wavelength, we generate a photocurrent
spectrum (Figure 3A). The experimental photocurrent spectra
display excellent agreement with the absorption spectra
calculated using the finite-difference time-domain (FDTD)
method, indicating that the photocurrent originates directly
from plasmon excitation of the antennas. In our FDTD
simulations, we exactly simulated the experimental conditions,
including light reflection at the Si/SiO, interface.

While the HE contribution to the photocurrent cannot be
calculated explicitly due to insufficient knowledge of the
potential barrier at the gold graphene interface, the DE
contribution can be calculated from FDTD simulations of the
plasmon-induced electric near-field enhancements in the
graphene structures surrounding the antenna. According to
Fermi’s golden rule, the local DE carrier generation is
proportional to the intensity of the local electric field (E?).
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Therefore, the detected photocurrent can be written as the
integrated local field intensity in the graphene surrounding the
plasmonic antenna, I°® = Cpg(4) / E*(r)dV. Here Cpg(4) is a
proportionality coeflicient containing matrix element and
density of states information that we assume to be independent
of the electric field intensity and to be an intrinsic property of
graphene. The coefficient Cpg(4) can be determined from the
experimentally measured photocurrent (10 nA) for the pristine
double layered graphene area shown in Figure 2A, by
integrating the electric field intensity in the graphene for the
incident laser beam area. The result for the DE contribution to
the photocurrent is shown by the blue curve in Figure 3B. The
plasmonic enhancement of the antennas increase the DE carrier
generation significantly, by a factor of 7 compared to the
pristine graphene device (Supporting Information). While it is
possible that the strain induced in the top graphene layer as it
curves around the plasmonic structure may locally increase the
coefficient Cpg(4), it is unlikely that this effect will strongly
increase the DE contribution to the photocurrent.

The experimental curve in Figure 3B shows that the
photocurrent increases with increasing heptamer size (repre-
sented by their plasmon resonance wavelengths). A large
photoresponsivity ~13 mA W' is obtained. While it is clear
that the plasmonic DE carrier generation makes an important
contribution to the photocurrent, it is obvious that HE carrier
generation also contributes significantly. For bare graphene, the
photocurrent generated by direct light absorption is the
intrinsic photoresponse,'® however, when the plasmonic
antennas are illuminated, the hot electrons generated by
decay of the surface plasmons can directly contribute the
graphene photocurrent.

By subtracting the calculated DE contribution from the
measured photocurrent, we get an estimate for the HE
contribution to the photocurrent, E*(1) = I**(1) — IP%(1)
(Figure 3B, solid red triangle). HE production in a plasmonic
nanoparticle is proportional to the optical absorption Ssps(4) -
The resulting hot electron distribution spans the energy interval
(&g, ep+hw] where g is the Fermi level of Au. While not all hot
electrons will transfer into the graphene, the overall HE
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contribution to the photocurrent should be proportional to the
Cup(4)Spps(4). Here the
proportionality constant Cyg(4) is expected to depend on the
wavelength of incident light, because the electron transmission
coefficient across a gold—graphene interface is expected to be
energy dependent, and decrease with increasing wavelength. If
we assume that Cyp is constant and determine its value from
the requirement that I"® (785 nm) = E™® (785 nm), the
calculated I"*(1) (Figure 3B, hollow red triangle curve) follows
the estimated HE contribution quite well although with a larger
slope. Such a discrepancy is not surprising due to our neglect of
the energy dependence of the transmission coeflicient. For

absorption cross section e

increasing heptamer size, the HE contribution to the
photocurrent tends to saturate and the DE contribution plays
a larger role. This is expected because the contribution of
absorption relative to scattering decreases with increasing
nanoparticle size.>* The estimated Cyy corresponds to a hot
electron current arising from 113% of the initially created hot
electron—hole pairs during plasmon decay. This carrier
multiplication is due to electron scattering, where an initially
created hot electron loses energy by exciting another hot
electron in an Auger-like process.>> Because of the unique band
structure of graphene, these lower energy electrons can also
transfer into the conduction band. Further calculations show
that the ratio of I°®/I""F remains at nominally 0.5 when the gate
voltage is changed from —40 to +40 V (Supporting Information
Figure S6).

The internal quantum efficiency (IQE) of the device, that is,
the number of carriers produced per incident photon, can be
calculated straightforwardly from the measured photocurrent
(Supporting Information Text S1) and the incident photon flux
on an antenna. The calculated IQE for the different heptamer
antenna sizes used in these devices is shown in Figure 3C. A
maximum IQE of 22% is obtained for a heptamer sandwich
device with a disk diameter of 80 nm (resonance at 630 nm
wavelength). At this short wavelength, the dominant
contribution to the photocurrent is hot electron generation.
For larger heptamers, the IQE decreases but remains at
nominally 5—10% over most of the near-infrared range. It is
quite likely that the IQE of this type of device can be optimized
further with the use of different antenna geometries and
additional graphene layers in the device design.

In conclusion, we have developed a very efficient graphene-
based light-harvesting device by sandwiching plasmonic nano-
antennas between two single layer graphene sheets. The
photocurrent is generated by plasmon-enhanced direct carrier
excitation of graphene electrons and by plasmon-induced hot
electron transfer from the antenna into the surrounding
graphene. The spectral sensitivity of the device can be tuned
by changing the geometry of the plasmonic antenna, which
tunes its Fano resonance. The internal quantum efliciency for
the device is ranges between S to 20% across the near-infrared
to the visible regime. Additionally, the photocurrent can be
controlled by applying a gate bias, achieving active device
tuning and switching. Combining graphene with antennas
extends the optical sensitivity of graphene into new spectral
regions inaccessible to the pristine material, and following this
lead, may be useful for a variety of future practical device
applications.
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