APPLIED PHYSICS LETTERS 105, 241114 (2014)

Optical antenna enhanced graphene photodetector
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We report on the integration of an individual, metal-based, plasmonic nano-antenna on a graphene photodetector. The device exhibits an electromagnetic resonance at a wavelength of 580 nm with welldefined polarization sensitivity. With no applied bias voltage, this antenna-coupled graphene photodetector features a responsivity of 17 nA/lW, which is four orders of magnitude higher than previously
studied single antenna enhanced detectors. Finally, we measure a signal-to-noise ratio of 200 in a
C 2014 AIP Publishing LLC.
1-Hz bandwidth, with an average photocurrent value of 1.2 nA. V
[http://dx.doi.org/10.1063/1.4904800]

Graphene, a single layer of carbon atoms, has become
increasingly popular owing to its unique electrical, mechanical, and optical properties.1–4 Its broadband absorption and
ultrafast transport make it an excellent candidate for optoelectronic devices. However, its low absorption, lack of
intrinsic bandgap, and low quantum yield inhibit its performance as a photodetector.5 It is well known that plasmonic
based metallic nano-antennas can improve the light harvesting properties of weak light absorbers,6 so such devices are a
natural candidate to improve graphene’s optical response.
When a metal nanoparticle (NP) interacts with light, the
incident electric field can drive the conduction electrons to
collective oscillations known as localized surface plasmon
resonance (LSPR). This resonance alters the incident
radiation pattern drastically and leads to effects such as subwavelength localization of electromagnetic energy, formation of high intensity hot spots, or anisotropic light scattering
angular spectra.7,8 These effects have already been utilized
for modifying the radiative and non-radiative properties of
emitters like NP coupled molecules, atoms, or quantum
dots.9,10 Further, metal nanoparticles have been extensively
integrated with two-dimensional, atomically thin photodetectors in forms like colloidal particles11,12 and plasmonicantenna arrays.13–16
Antenna integrated graphene photodetectors have been
demonstrated to work in the visible-near infrared (IR),13 the
mid-IR,17 and the far-IR.18,19 Most of them show the collective photoresponse from multiple antennas on large area
chemical vapor deposition (CVD) graphene photodetectors.
In contrast to the previous work, we report on photocurrent
enhancement from a lithographically fabricated single nanoantenna with dimensions smaller than k/2 of light on an
exfoliated graphene photodetector. The small detection area
has application in nanoscale optoelectronic devices. The previous studies of nano-antenna arrays on graphene motivate
the investigation of how an individual antenna can enhance
graphene’s optical response. Different in our device is that
the antenna not only localizes and enhances the illuminating
a)

Electronic mail: nick.vamivakas@rochester.edu

0003-6951/2014/105(24)/241114/4/$30.00

electromagnetic field but it also provides the electrical contacts for extracting light-induced current. Plasmon resonances in individual nano-gap electrodes have also been
explored using graphene constrictions,20 but patterning graphene may open up a bandgap21 which could limit its spectral responsivity. Additionally, by rationally designing and
fabricating a well-defined antenna structure, we are able to
control the full electromagnetic response of the antenna.
An illustration of an antenna-on-graphene device with
an external electrical circuit for photocurrent detection is
presented in Fig. 1(a). We exfoliate graphene from bulk
graphite crystals by micromechanical cleavage using adhesive tape.22 The substrate consists of a doped silicon wafer
with a 300 nm thermally grown oxide layer that facilitates
single-layer graphene identification under an optical microscope.1,22,23 Figure 1(b) presents the false color scanning
electron microscope (SEM) image of a typical graphene device integrated with an individual nano-antenna. The top
inset of Fig. 1(b) shows a magnified SEM image of a fabricated antenna. The antenna is connected to the larger sourcedrain metal contacts via fingers from the antenna. This enables us to directly read out the graphene electrical signal
from light that is localized by the antenna. The device was
fabricated using electron beam lithography followed by electron beam metallization with Cr (1 nm)/Au (29 nm). The
electrodes were wire-bonded and connected to external electronics. The position and relative intensity of the G and 2D
peaks in Raman spectra [bottom inset, Fig. 1(b)] confirm that
the flake is single-layer graphene. Also, no disorder induced
D band was observed in the Raman spectra indicating that
the flake was not damaged during the fabrication.24
Interestingly, we observe an increase in the intensity of the
Raman modes in the antenna-laden graphene region [green
curve, bottom inset, Fig. 1(b)] with respect to the antennafree region (black curve) for 532-nm laser illumination.13
However, this near-field enhancement is not significantly
large due to off-plasmon resonance excitation.
Finite difference time domain (FDTD) (Lumerical software) simulations were used to design the nano-antenna. The
length (h) and width (w) of the antenna were 80 nm and
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FIG. 1. (a) Illustration showing an antenna-on-graphene device connected to
external electronics. (b) False color scanning electron micrograph of a representative antenna-on-graphene device. Inset (top left): zoomed in image of
the antenna. Inset (bottom right): Raman spectra of antenna-laden (green)
and antenna-free (black) regions of graphene. Solid lines are Lorentzian fits
to the data.

70 nm, respectively, with 40 nm wide fingers contacting both
sides of the antenna (see inset of Fig. 2(a) for the antenna geometry). FDTD simulated scattering spectra of the fabricated
antenna show a resonance around 560 nm with a plane wave
excitation source linearly polarized. Inset of Fig. 2(a)
presents the simulated electromagnetic field distribution of
the antenna excited with 532-nm source in perpendicular
polarization (along direction of blue arrow). The antenna is
outlined in black dashed line as a guide to the eye. The
enhancement is maximum around the four corners of the
antenna. The resonance is suppressed when the source is
polarized parallel to the antenna long-axis. The antenna was
designed to exhibit this unconventional polarization
response. The main motivation was to mitigate against any
possible resonance damping effects that could result from
the presence of the metallic fingers connecting the antenna to
the electrodes. The broad scattering spectrum exhibited by
the antenna is characteristic of a plasmon mediated electromagnetic resonance and is due to damping experienced by
charge oscillation of the LSPR when scattering with the
nano-structure boundary.25
To characterize the optical response of our fabricated
antenna, the devices were illuminated with a 532-nm laser,
in a home-built inverted confocal microscope, using a microscope objective with a numerical aperture (NA) of 0.75.
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FIG. 2. (a) Normalized FDTD simulated spectra and (b) measured fluorescence spectra showing polarization dependence of gold luminescence of the
antenna in perpendicular (blue) and parallel (red) direction of excitation
laser. Backgrounds are subtracted. Excitation wavelength, k ¼ 532 nm;
power ¼ 60 lW. Inset of (a) shows the simulated electromagnetic field distribution of the antenna. (c) and (d) Normalized scanning fluorescence map of
the device with laser excitation polarization (c) perpendicular and (d) parallel to the antenna. Dotted lines trace the outline of the contact electrodes and
the region within the arrows indicates the enhancement due to the antenna
for both (c) and (d). The solid black line outlines the graphene flake between
the contact electrodes. Arrows denote the polarization of incident laser.

Figure 2(b) presents the measured fluorescence spectrum.
The perpendicular and parallel polarizations correspond to
both the polarization orientation of the illuminating laser and
the polarization orientation of the fluorescence spectrum collection channel. The fluorescence spectrum confirms that the
fabricated nano-antennas exhibit the designed electromagnetic response; they have a plasmon resonance within the
visible wavelength range (580 nm) and in the polarization
direction perpendicular to the antenna long axis [Fig. 2(b)].
The difference in resonance peak of our designed structure
[inset of Fig. 2(b)] from FDTD simulated structure is due to
fabrication imperfections such as surface roughness and size
mismatch.26 In addition to the antenna spectral response, we
also acquired scanning fluorescence images of the device.
The sample was mounted on a translational stage (Mad City
Labs, Inc.) that was raster scanned through the focused laser
and photo-counts were recorded with an avalanche photodiode. Evident in the images presented in Figs. 2(c) and 2(d)
is that the maximum fluorescence enhancement is obtained
when the excitation and collection polarization orientation is

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
129.132.210.192 On: Sun, 21 Dec 2014 22:13:06

241114-3

Chakraborty et al.

perpendicular to the antenna long axis (the long axis is parallel to the antenna gap).
To investigate the photoresponse of the device, we use a
home-built, room temperature, scanning photocurrent (SPC)
microscopy setup. The device was illuminated with a laser at
excitation wavelength of 635 nm (laser power ¼ 25 lW,
NA ¼ 0.8). The sample was raster scanned and a current
value was recorded using a Keithley 2400 Sourcemeter. All
photocurrent measurements were taken at zero bias to eliminate background current and obtain a gain-free enhancement
in photocurrent resulting from the antenna.27 In Fig. 3(a), a
photocurrent map is shown for excitation laser polarized perpendicular to the antenna’s long axis. In the SPC map, photocurrent is present in two principal regions: at the sourcedrain contacts with graphene and in the vicinity of the
antenna-on-graphene. Local electric fields are induced at the
graphene-electrode junction.28,29 When light is incident at
these junctions, electron-hole pairs are created which generate a photocurrent even at zero bias30 as a result of structural
asymmetry in the device. Figure 3(b) is a second photocurrent map of the same device, exhibiting diminished photocurrent in the antenna region, for laser excitation
polarization parallel to the antenna’s long axis.
Figure 3(c) [Fig. 3(d)] presents a horizontal line-cut of
the current along the antenna in the SPC map from panel (a)
[panel (b)] of Fig. 3. The previous line-cuts demonstrate that
the current response is antisymmetric at opposing contacts,
superimposed with a symmetric plasmon mediated current
peak centered around the gap of the antenna. Such antisymmetric photocurrent as a function of position has been previously reported for metal contacts on graphene due to
contributions from a thermoelectric effect superimposed
with a photovoltaic effect.28,31 In Figs. 3(e) and 3(f), the
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antenna response is extracted from the line-cut in panels (c)
and (d) by subtracting the symmetric photocurrent response
from either end of the antenna response and fit with a symmetric Lorentzian function. Comparing the fluorescence
maps [Figs. 2(a) and 2(b)] with the photocurrent maps [Figs.
3(a) and 3(b)], we observe that the maximum polarization
sensitivity of photocurrent arises from the same antenna
region as obtained from the fluorescence map, which further
confirms the plasmonic enhancement from the antenna-ongraphene region.
The polar plot in Fig. 3(g) shows the polarization dependence of the photoresponse from the nano-gap antenna
on graphene region, which is consistent with the antenna
design and fluorescence spectrum measurements. The polarization contrast ðjImax j  jImin jÞ=ðjImax j þ jImin jÞ is 76%.
Although the photoresponse is low compared to the previous
studies using arrays of antenna on graphene,13,15 we are able
to extract a maximum photoresponse of 17 nA/lW at zero
electrical bias [Fig. 3(h)] from a typical antenna-on-graphene
device when illuminated with 66 nW of optical power. This
is four orders of magnitude higher than the previous reports
on similar single antenna graphene photodetectors.20 We attribute the increase in photoresponse to light concentration
mediated by the antenna and material quality, since our fabrication process does not directly pattern the graphene flake.
Furthermore, the quantum efficiency (number of electronhole pairs detected in the photocurrent per number of incident photons) of this device is calculated to be 3.2% under
zero bias and 8.4% for a bias of 0.5 mV [Fig. 3(h)]. We
observe that if the quantum efficiency was limited only by
graphene absorption, then the maximum value under zero
bias would be 2.3%. The increase of quantum efficiency is
further evidence of the antenna enhancing the detector’s

FIG. 3. (a) and (b) Scanning photocurrent image superimposed on a device design with excitation polarization (a) perpendicular and (b) parallel to the antenna’s
long axis. Color scale denotes photocurrent in nA units. Arrows denote polarization of incident laser. (c) and (d) Horizontal slices of photocurrent through the antenna
in panels (a) and (b), respectively, showing a symmetric current response due to antenna superimposed with an antisymmetric response from photodetection at
graphene-metal junction. (e) and (f) Contribution in photocurrent from antenna-on-graphene region (area indicated within black arrows in photocurrent map) which
is extracted from panels (c) and (d) by subtracting the antisymmetric current from either side of symmetric antenna response. (g) Polar graph showing polarization anisotropy of photocurrent of a typical device. The radius in the polar graph has a photocurrent magnitude of 1.5 nA. Current is maximum for vertical polarization of
laser (90 ) and minimum for horizontal polarization (0 ). (h) Photoresponse (Iph/P) and external quantum efficiency (efficiency) as a function of power showing sublinear dependence of response for both zero bias (blue circles) and at a bias of 0.5 mV (black triangles). Inset shows the noise power density of the dark current from
the detector measured at zero bias.
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responsivity. Finally, we determine that our antenna
enhanced detector exhibits a signal-to-noise ratio of 200 in
a 1 Hz bandwidth with an average photocurrent value of
1.23 nA measured from a time trace of photocurrent in 40ms bins (not shown). We also find a noise-equivalent power
(NEP) of our detector by taking the noise power spectrum of
the background current trace [Inset of Fig. 3(h)] from which
This determines
we obtain S(f ¼ 1 Hz) ¼ 3.1  104 nA2/Hz.
pﬃﬃﬃﬃﬃﬃ
that the detector NEP to be 1:1  109 W= Hz at zero bias.
In conclusion, we have integrated a single optical antenna
on a single layer of graphene. The antenna concentrates the
illuminating electromagnetic field and also serves as the electrical contacts used for extracting the generated photocurrent.
Our approach to enhance the light harvesting ability of a graphene photodetector resulted in responsivities that were nearly
four orders of magnitude larger than the previous single
antenna devices. It is expected that similar approaches based
on optical antennas will also be useful in tailoring the optical
response of atomically thin semiconductors.
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