Plasmon-Induced Doping of Graphene
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raphene, a one-atom-thick sheet of
sp>-hybridized, hexagonally arranged
carbon atoms, has triggered tremen-
dous interest due to its high electron mobility,
superb mechanical flexibility, and unique
optical characteristics.'” Graphene-based
applications such as transparent electrodes,
solar cells, and ultrafast photodetectors
and phototransistors have been recently
demonstrated.”~'2 The linear dispersion of
graphene and the absence of a bandgap,
along with its unusual doping properties,
make it a material of extraordinary potential
for optoelectronic device applications.">
In particular, photodetection based on hot
carrier generation exhibits high internal
quantum efficiencies.'®~'” Hot carriers have
been exploited as well for some other pro-
mising applications, including graphene-
based heterojunctions and bolometers.>'®'?
Recently, light-induced carrier transfer from
quantum dots to graphene was used for
ultrasensitive photodetection.?
Metal-based subwavelength antennas,
placed in direct contact with the graphene
sheet, are particularly promising candidates
for light-induced hot carrier injection. In the
visible region of the spectrum, the optical
response of these structures is dominated
by the excitation of surface plasmons.
Antennas consisting of an arrangement of
closely spaced, coupled nanoparticles, known
as plasmonic oligomers, can be designed to
have large absorption cross sections in the
visible range, with strong field enhancements
in the gaps of the coupled nanoparticles.
Some plasmonic oligomers display unique
spectral lineshapes known as Fano reso-
nances, characterized by a narrow spectral
transparency window where scattering is
suppressed and absorption is enhanced ' 22
The physical origin of a plasmonic Fano
resonance is a weak coupling between a
spectrally broad bright superradiant plas-
mon mode and a spectrally narrow dark
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ABSTRACT A metallic
nanoantenna, under resonant
illumination, injects nonequi-
librium hot electrons into a
nearby graphene structure,
effectively doping the material.
A prominent change in carrier density was observed for a plasmonic antenna-patterned

graphene sheet following laser excitation, shifting the Dirac point, as determined from the gate-
controlled transport characteristic. The effect is due to hot electron generation resulting from
the decay of the nanoantenna plasmon following resonant excitation. The effect is highly
tunable, depending on the resonant frequency of the plasmonic antenna, as well as on the
incident laser power. Hot electron-doped graphene represents a new type of hybrid material
that shows great promise for optoelectronic device applications.
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subradiant mode that does not couple di-
rectly to incident radiation. When the oligo-
mer antenna is excited at the wavelength
of the subradiant mode, light is coupled into
the subradiant mode through the superradi-
ant mode and can result in a strong indirect
excitation of the subradiant mode. Since the
subradiant mode is dark and does not directly
couple to radiation, its dominant decay me-
chanism is electron—hole pair formation re-
sulting in efficient hot electron production.
Excitation of a plasmonic Fano resonance
thus leads to enhanced absorption and hot
electron production compared to excitation
of standard bright plasmon resonances. This
unique property of plasmonic Fano reso-
nances has recently been exploited to en-
hance the photocurrent in plasmon based
photodetectors.?® 32
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Figure 1 shows the absorption and scat-
tering spectra of a typical Fano resonant
plasmonic oligomer antenna, a nonamer
consisting of eight gold disks surrounding
a larger center disk. The scattering spectra
exhibit a double-peaked structure consisting
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Figure 1. FDTD calculated scattering (blue) and absorption
(red) spectra of a plasmonic nonamer consisting of a gold
center disk of diameter 190 nm surrounded by eight gold
disks of diameters 112 nm. The gap separation is 15 nm and
the disk thicknesses are 30 nm. The right panel shows the
charge density amplitudes for the subradiant (1 = 780 nm)
and superradiant (1 = 1000 nm) modes. The light is incident
perpendicularly toward the planar antenna.

of a broad featureless superradiant resonance
(centered at 850 nm and extending from 500 to
1200 nm) and an antiresonance at 825 nm (caused
by the destructive interference with a narrow subra-
diant mode at 785 nm). Without the coupling to the
subradiant mode, the superradiant mode would have
peaked at 850 nm. The subradiant mode is clearly
visible in the absorption spectrum as a distinct peak.
The slight redshift of the bottom of the antiresonance
in the scattering spectrum with respect to the sub-
radiant mode is caused by dispersive coupling and
is a typical characteristic of Fano interference when
the subradiant mode has a higher energy than the
superradiant mode.?' 28 The charge distribution insets
show the polarization of the individual nanodisks for
both the subradiant and superradiant nonamer plas-
mon modes.

Hybrid antenna-graphene photodetectors have been
realized by electron beam lithography (EBL) fabrication
of plasmonic nanostructures on a graphene sheet. 333>
In a previous publication® an 800% photocurrent
enhancement and an average of up to 20% internal
quantum efficiency was achieved with this approach,
in a sandwich graphene—antenna—graphene device
geometry. The ultrathin graphene layer (0.3 nm) can
structurally relax into the interparticle gap region of the
plasmonic oligomer, a region of intense local fields
where hot electrons (HE)***%*can directly transfer into
the conduction band and be detected as an electric
current.

In this article, we report a different and more general
effect, the direct observation of photoinduced
n-doping of graphene by plasmon-generated hot elec-
trons, revealed explicitly by electrical transport mea-
surements. We show that the degree of hot electron
doping can be controlled by varying the plasmonic
antenna size, incident laser wavelength, and the laser
power density. Finite-difference time-domain (FDTD)
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Figure 2. Plasmonic nonamer antenna-graphene photo-
transistor. (a) Schematic of a nonamer antenna on single-
layered graphene with back-gated voltage and source and
drain contacts. The device was fabricated on a Si substrate
with a 285 nm thick native oxide layer. (b) lllustration of hot
electron injection resulting from optically exciting the non-
amer at resonance, where the plasmon decay generates hot
electrons which transfer into the graphene sheet. (c) SEM
image of a nonamer antenna array patterned on graphene
by electron beam lithography. The diameters of the center
and satellite nanodisks are 190 and 112 nm, respectively.
The gap size is 15 nm. (d) SEM top view for an individual
nonamer plasmonic antenna on the graphene substrate. A
slight wrinkling of the graphene sheet, which occurs upon
transfer to the silica substrate, is also shown.

simulations of the optical absorption spectra of the
antennas are found to agree very well with the ob-
served spectral doping profiles. The dynamic tuning of
the Fermi energy in this manner provides an ultrafast
and practical way to dope graphene, which can be
exploited in future graphene-based optoelectronic de-
vice applications and sensors.

RESULTS AND DISCUSSION

A single graphene layer was first synthesized by
chemical vapor deposition (CVD) on a copper foil, with
CH, as the carbon source and a H,/Ar mixture (1:5) as
the carrier gas. Next, the graphene was transferred>®>°
to a silicon wafer with a 285 nm thick thermally grown
native oxide layer. Using EBL and Au evaporation,
source and drain electrodes and plasmonic nonamer
antennas were patterned onto the monolayer gra-
phene sheet (Figure 2a). Under laser irradiation, the
hot electrons generated from plasmon excitation in
the gold nonamer antennas are injected into the
graphene sheets, resulting in n-type doping, as shown
schematically in Figure 2b. SEM images of the nonamer
array patterned on graphene and an individual nonamer
on the graphene sheet are also shown (Figure 2¢,d).
The spacing of the individual nonamer antennasis 1 um,
and the diameter of the center and satellite nanodisks
of each antenna are 190 and 112 nm, respectively. The
gap size between individual Au nanodisks in each
nonamer antenna is 15 nm. The antenna arrays were
patterned in a 15 by 15 um area between source and
drain electrodes.
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Figure 3. Dirac point shift with respect to antenna properties. (a) Electrical transport characteristic (/I—V, curves) of the
nonamer antenna-graphene phototransistor (size: 190 nm for diameter of central disk with 15 nm gap) measured at different
incident laser wavelengths at a source—drain bias of 1 mV. (b) Blue circles: Dirac point shifts extracted from (a) under different
excitation lasers with wavelengths ranging from 500 to 1100 nm (compared with the Dirac voltage for the case without laser
excitation). Red curve: simulated absorption cross-section of the nonamer antenna. (c) Light-induced carrier density change
with respect to Fermi energy at selectedwavelengths. Inset: Energy diagram of the graphene Dirac cone, with antenna, under
laser excitation. (d) Surface potential diagram of p- and n-type graphene doped with gate voltage illustrating why
photoinduced doping of n-type graphene is more efficient than for p-type.

To measure the effect of hot electrons on the
electronic properties of graphene, we monitored the
source—drain current of the device with respect to
the backgate voltage V, under a source—drain bias
of 1 mV. The |-V, characteristic for the antenna-
patterned graphene without laser excitation (the pink
dotted line in Figure 3a) shows a minimum value at
V4 = Vp due to charge neutrality when the graphene
Fermi level is at the Dirac point. In our case, Vp ~ 30V,
which we attribute to intrinsic doping from the SiO,
substrate and the presence of environmental impurities
(oxygen and water molecules). The equilibrium elec-
tronic structure is illustrated in the inset of Figure 3c.
We use Vg = Vp as the reference gate voltage in our
subsequent light-induced doping experiments.

Excitation lasers with wavelengths ranging from 500
to 1100 nm were used to optically excite the nonamer
antennas of our sample over this range of wavelengths.
The |-V, curves show a wavelength-dependent shift
of the Dirac voltage (Figure 3a). The Dirac point for all
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photoexcited wavelengths shift to smaller gate vol-
tages relative to Vp. We attribute this shift to hot
electron transfer to the graphene. The magnitude of
the Dirac peak shift, extracted from the transport
characteristics of Figure 3a, is plotted in Figure 3b as
a function of incident laser wavelength. These data
clearly show that the maximum shift in the Dirac pointis
observed for photoexcitation of the Fano resonance at
785 nm wavelength. FDTD simulations (using Johnson
and Christy data) were performed to calculate the
absorption cross-section of a single nonamer antenna
of the same size as used in the experiment (the red line
in Figure 3b). The observed consistency between simu-
lations and experimental results shows that the wave-
length-dependent shift of the Dirac point correlates
well with the absorption cross-section of the antenna.
This absorption cross-section determines the yield of
hot electrons generated in each antenna structure.
Without laser excitation, the dopant density
arising from the gate voltage can be expressed as
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negs = Q/(eA) = C4(Vy — Vp)/(eA), where e is the unit
charge, and C4 = ca. 2.4 x 107"* F is the capacitance
between the graphene and the back gate, which has
been measured in our previous work on photo-
detection.®® After the subradiant plasmons of the Au
nonamer antennas are excited by laser illumination,
they will decay into hot electrons which transfer to
the graphene providing an additional mechanism
for doping. Thus, the doping electron density can be
expressed as

n = ngs+npe = Cg(Vg — Va)/(€A)+TRue/A (1)

where Ry is the rate of hot electrons generated from
photon absorption in Au, and 7 is the relaxation time of
the optically doped carriers induced by hot electron
transfer. Thus, the recorded Dirac point shift AV is
proportional to Rye and also to the absorption cross-
section of the structure, AV o lo,ps, Where [ is the light
intensity and o,ps is the absorption cross-section.

By estimating the device area (A) as 200 um? and the
Dirac point Vp as 30 V, we can calculate the Fermi
energy of graphene for each gate voltage (V) from the
following equation, £ = Ave(Cy(Vy — Vp)/(eA)) 2,20~ *
where ve = 1.11 x 10° m S~ To extract the photo-
generated change in carrier density An, the Dirac point
difference with and without laser excitation should first
be determined (Figure 3A). This is the equivalent of
shifting each /—V curve obtained with laser illumina-
tion to the same position on the X-axis (gate voltage) as
the case without laser excitation (pink curve). Then for
the source—drain current at each illumination wave-
length, the gate voltage difference can be determined
eq 1:the gate voltage difference is directly related to the
change in carrier density induced by laser excitation.
This is displayed in Figure 3¢, from which we conclude
that for n-type graphene (E¢ > 0 eV), the hot electron
doping efficiency is larger than for p-type graphene.
When the antenna is illuminated at 785 nm, correspond-
ing to its plasmon resonance frequency, An will reach
a maximum value, which further proves that the none-
quilibrium carrier density change depends on the ab-
sorption of the plasmonic structure.

A possible explanation for the difference in hot
electron doping efficiency between p- and n-type
graphene is proposed in Figure 3d. Here we show the
surface potential diagram for p- and n-type graphene,
taking into account the surface potential difference A¢
because of the work function mismatch between Au
(4.7 eV) and graphene (4.5 eV). When the graphene is
electrostatically p-type doped, the plasmon induced
hot electrons that are injected into the graphene have
a higher probability to flow back to the Au antenna
and recombine with the hole, compared to the case
where the graphene is electrostatically n-type doped.
Possibly, this is because the photoexcited carriers have
a higher probability of transmission through an ambi-
polar junction than through a bipolar junction.**

FANG ET AL.

The influence of the absorption cross-section on
the Dirac point shift is verified by fabricating non-
amer antennas of various sizes on a graphene sheet
(Figure 4). Here, the diameter of the central disk of
the nonamer was varied from 170 to 270 nm (for the
“without laser” case, the diameter of the central disk of
the nonamer is 190 nm) and the size of the peripheral
disks was also varied to maintain an interparticle gap
distance of 15 nm, as in the original antenna structure.
The patterned Au nanostructure can locally influence
the graphene Fermi energy. However, this effect was
not measured in the present experiments, since here
we focus on the carrier density change following laser
excitation. For each nonamer pattern, the excitation
laser wavelength was carefully chosen to overlap with
the dark mode frequency (Fano dip) of the structure.
From the measured |-V, curves (Figure 4a), we ob-
serve that the Dirac point shift increases with increas-
ing nonamer diameter, consistent with an increase
in absorption cross-section for nanoantennas of larger
and larger size* Both the experiment and FDTD
simulations of the absorption cross-section follow this
same trend (Figure 4b). These results confirm that the
observed Dirac point shift is most likely related to the
plasmonic antenna absorption cross-section. They also
support the conclusion that the Fermi level tuning in
graphene is induced by hot electron, rather than hot
hole injection: in the latter case, the Dirac point would
shift to higher gate voltage values with increasing
carrier density.?°

The dependence of the Dirac point shift scales
nonlinearly with incident laser power (Figure 4c).
Here we excite the nonamer antenna-patterned gra-
phene sheet at 785 nm, and vary the incident power
from 0 to 50 uW. The excitation laser wavelength
was chosen to be resonant with the Fano minimum
of the nonamer. The dependence of the gate voltage
change (AV) on incident laser power for p- and n-type
graphene is observed (Figure 4d). For incident laser
powers <5 uW, the gate voltage shifts linearly with
increasing laser power. However, the power depen-
dence becomes strongly sublinear for higher laser
powers. We explain this effect as follows. As the power
increases, a larger number of hot electrons are gener-
ated and injected into the graphene, which results
in a larger transfer rate for hot electrons Rye. However,
the accumulation of positive charge in the Au
antennas and negative electrons in the graphene will
eventually result in an internal electrostatic field that
prevents the hot electrons from leaving the antennae
(see inset of Figure 4d). From the experimental data, we
can further estimate our photodetector responsivity
to be ~10 mA/W'~ under 785 nm incident laser with
20 uW, which is much larger than for pristine graphene
photodetection.'*'”

The observed hot electron generation rate can be
analyzed in a semiquantitative manner using data
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Figure 4. Dirac point shift with respect to incident laser power. (a) Electrical transport characteristic (/I—V, curves) for different

nonamer sizes under the same incident laser (785 nm) witha 1

mV source—drain bias. (b) Dirac point shift with different sized

nonamer antennas (blue circles). Red curve: simulated absorption cross sections calculated for the size range of nonamer
structures used in the experiment. (c) Electrical transport characteristic (/-V, curves) of the nonamer antenna—graphene

phototransistor under different incident laser powers with a so

urce—drain bias of 1 mV. (d) The dependence of AV onincident

laser power for p- and n-type graphene. Inset, mechanisms for the nonlinear effect of Dirac point shift: Hot electron
recombination that results from the internal electrostatic field.

measured here and also presented in our previous
publication on a gold graphene photodetector.>® From
previous simulation results®®> we find most of the
generated plasmonic hot electrons are transferred to
the graphene. We estimate the generation rate (Ryg)
of hot electrons for an Au nonamer antenna under a
20 uW incident power illumination to be about ~4 x
10" s~ (from ref 33). The observed dopant density
(injected into p-type graphene) is nominally ~4 x
10" cm™2 (Figure 3c), from which we can extract a
relaxation time 7 representing the inverse recombina-
tion rate of the hot electron-doped charge carriers. For
p-type graphene, this time scale is nominally ~2 us,
while for n-type graphene (Er = 0.1 eV), the dopant
density of hot electrons can be as high as 6 x 10" cm ™2
(Figure 3c), corresponding to a 7 of approximately 3 us.
This time scale estimate is rather coarse, and would
require a more detailed analysis to be made more
precise. In principle, we consider this microsecond time
scale to be the result of three distinct processes, namely
(1) the plasmonic hot electron generation rate, which
is a nonequilibrium process; (2) the transfer rate for the
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hot electron from the Au antenna to the graphene
(obtained in our previous study),**and (3) the injection
rate of the hot electrons into the conduction band of
the graphene. For a device based on this effect, the
operational speed could in principle be faster than for
the case of hole doping (10 ms) induced by quantum
dots,'>?° and potentially may enable very fast photo-
detectors with enhanced responsivity relative to pris-
tine graphene photodetectors.

A particularly interesting concept derived from our
finding of efficient photo induced doping of graphene
is the possibility of generating what we will refer to as
optically induced electronics (OIE). While the present
plasmon induced hot electron injection results in
n-doping, this process could be combined with the
recently observed p-doping process observed when
agraphene sheet is covered by a thin layer of quantum
dots.° By patterning distinct regions of an undoped
graphene structure with plasmonic antennas or quan-
tum dots tuned to different (or the same) wavelength
and then illuminating by light, it might be possible
to create pn junctions and realize simple electronic

A N NS
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Figure 5. Schematic illustration of optically induced elec-
tronics (OIE) made possible by nanoantenna n-doping and
quantum dot p-doping, inducing (top) a diode or (bottom)
an npn transistor, respectively. Different regions of the
undoped graphene structures are covered by either plas-
monic antennas (tuned to red) or quantum dots (tuned to
green). When a specific pattern of light at the requisite
wavelengths illuminates the structure, HE from the plasmo-
nic antennas induce n-doping and the holes injected from
the quantum dots induce p-doping. Since the optical re-
sponse of the plasmonic antennas and the quantum dots
can be tuned, a similar effect could also be generated using
light of the same color.

circuitry. In Figure 5, we schematically illustrate how
OIE could be used to create an elementary diode
or transistor. By using more complicated patterns,

METHODS

In the experiment, source—drain electrodes and plasmonic
nonamer nanoantenna patterns were first fabricated on a
graphene substrate by using two-step E-beam lithography
and subsequent lift-off. The graphene sheet placed atop the
nonamer was observed in the scanning electron microscope
image of the device structure. The dependence of source—drain
current on gate voltage measurements were performed using
a four-probe station at a vacuum of ~10~° Torr. Incident laser
with different incident wavelength and power were applied to
realize the active control of optical induced graphene carried
density change.
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