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ABSTRACT: Graphene is an attractive photoconductive material for 3
optical detection due to its broad absorption spectrum and ultrashort
response time. However, it remains a great challenge to achieve high
responsivity in graphene detectors because of graphene’s weak optical
absorption (only 2.3% in the monolayer graphene sheet) and short
photocarrier lifetime (<1 ps). Here we show that metallic antenna
structures can be designed to simultaneously improve both light
absorption and photocarrier collection in graphene detectors. The
coupled antennas concentrate free space light into the nanoscale deep-
subwavelength antenna gaps, where the graphene light interaction is
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greatly enhanced as a result of the ultrahigh electric field intensity inside the gap. Meanwhile, the metallic antennas are designed
to serve as electrodes that collect the generated photocarriers very efficiently. We also elucidate the mechanism of
photoconductive gain in the graphene detectors and demonstrate mid-infrared (mid-IR) antenna-assisted graphene detectors at
room temperature with more than 200 times enhancement of responsivity (~0.4 V/W at 4, = 4.45 um) compared to devices

without antennas (<2 mV/W).
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here has been significant interest in developing detectors

in graphene due to its broad absorption from the
ultraviolet (UV) to the far-infrared (FIR)' and ultrashort
response time. Ultrafast graphene photodetectors in the near-
infrared (near-IR) have been demonstrated with a bandwidth of
over 40 GHz.>® However, these detectors suffer from low
responsivity (~5 mA/W), mainly due to the small optical
absorption (~2.3%) and the short lifetime of photocarriers (~1
ps)* ¢ in graphene. Recent research has focused on enhancing
optical absorption” "> and photocarrier multiplication"*~"* in
graphene, while the low photocarrier collection efficiency, as a
result of the short carrier lifetime, remains a limiting factor for
high responsivity graphene detectors. One way to improve the
responsivity is to increase the carrier lifetime by introducing
carrier trapping mechanisms, which however also increases the
detector response time to a few milliseconds or seconds.'®™'®
The optimal strategy to achieve high responsivity without
sacrificing the detector response time is to improve the
photocarrier collection efficiency while maintaining the short
carrier lifetime. Here we present an antenna-assisted graphene
detector design, where optical antennas are used as both light-
harvesting components and electrodes to simultaneously
enhance light absorption and carrier collection efliciency. We
have experimentally demonstrated mid-IR graphene detectors
with more than 200 times enhancement of responsivity at room
temperature, which are highly desirable for applications in mid-
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environmental monitoring, and health diagnostics.

Design of Antenna-Assisted Graphene Detectors. The
antenna-assisted graphene detectors are composed of end-to-
end coupled antennas on a graphene sheet, as shown in Figure
la. The electrical field intensity enhancement distribution (IEI*/
|Eo*) at the antenna resonance wavelength Ay = 4.45 um is
obtained by finite difference time domain (FDTD) simulations
and also shown Figure la. Light incident from free space is
tightly concentrated into the near-field in the nanogaps
between antennas (gap size ~100 nm), which can greatly
enhance the light—graphene interaction® and thus increase
light absorption in graphene. A layer of palladium (Pd) film
(thickness = 10 nm) beneath the gold antennas is used to
minimize the contact resistance between the graphene and the
antenna electrodes.”* The electrical transport behavior of this
antenna—graphene structure is simulated with finite element
method (FEM) using the measured graphene sheet resistance
and graphene—metal contact resistance of our sample (see
Methods for more details). According to the simulation results,
the resistance of the antenna-assisted graphene detector at a
gate voltage Vg = Vinp = SV (Vnp is the gate voltage when
the concentrations of electrons and holes in the graphene sheet
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Figure 1. Design of the antenna-assisted graphene photodetector. (a) Top view of the end-to-end coupled antennas on graphene (top) and the
electric field intensity enhancement distribution in the xy-plane, relative to the incident plane wave, calculated at 1 nm above the graphene surface
(bottom). (b) Top: top view of the current density distribution in the graphene sheet. Middle: cross-sectional view of the current density distribution
in the middle plane of the antenna (indicated by the dashed line in the top view), the dash-dotted arrows indicate the path of the current flow.
Bottom: the equivalent circuit model of the antenna-assisted photoconductors. (c) A 3D schematic of the antenna-assisted graphene photodetector
on a silicon substrate. The device has N rows and M columns of antennas. (d) The measured resistances between the two electrodes Rpg of the
graphene detectors with and without antennas as a function of the gate voltage. Insets: band structures of graphene for two different gate voltages
and a zoomed-in view of a portion of the curve close to the maximum resistance. The asymmetric resistance on the two sides of the Dirac point is
due to the p-n-p junctions formed when the graphene channel is n-doped while the graphene underneath the Pd contact layer is p-doped as a result

of the metal doping effect.*®

The area of the square graphene sheet is 900 ym’. The metallic antenna structures in all the simulations and

measurements in this figure are 0.95 ym long, 0.24 ym wide, and 40 nm thick (Pd thickness is 10 nm and Au thickness is 30 nm, greater than the
skin depth (~10 nm) in Au at mid-IR wavelengths). The antenna gap size is 60 nm. The whole antenna array is composed of N = 24 rows (lateral
period P, = 1.2 ym), each comprising M = 30 end-to-end coupled antennas.

are equal) is about 24% of that of the reference device (the only
difference between the reference devices and the antenna-
assisted detectors is that the former do not have antennas on
the graphene sheet). The simulated current density distribution
in a portion of the graphene-antenna structure for a bias voltage
Vps = 0.6 V and a gate voltage V5 = S V is shown in Figure 1b.
The current density distribution clearly shows that the current
flows from one antenna to the graphene in the gap and then to
the next antenna, as indicated by the dash-dotted arrows on the
cross-section view. These results indicate that the current path
through the metallic antennas has much lower resistance than
that in the graphene sheet, thanks to the low contact resistance
between the Pd layer and graphene. Thus, the antenna rods act
like nanoelectrodes, which can effectively collect photocarriers
generated in the nanogap between antennas because the carrier
transit time across the gap can be shortened to subpicosecond
time-scale for gap sizes ~100 nm (60 nm in our designs). In
this nanodetector, the regions with high carrier collection
efficiency automatically overlap with the regions where the light
is concentrated and the majority of photocarriers are generated.
Therefore, light absorption and photocarrier collection
efficiency can be enhanced simultaneously. Note that a linear
array of coupled antennas in Figure la is essentially a serial
circuit of nanodetectors, the equivalent circuit of which is
shown in the bottom of Figure 1b. Each nanodetector is
composed of a pair of end-to-end coupled antennas and the
graphene sheet beneath the antenna gap with a total area of
~0.4 pum® The ultracompact size of the nanodetector is highly

desirable for reducing power dissipation, area, and increasing
the bandwidth.>

Light detection in such nanodetectors is based on a
photoconductor mechanism and the photocurrent responsivity
is given by the following relation (see the derivation in the
Supporting Information I)

Rg ¢

Ry=—S " 0G
Rg+ Rg+ R, hw

(1)
where Rg is the resistance of the graphene between the
electrodes, Ry is the serial resistance due to the metal graphene
contact, Ry is the load resistance, hv is the photon energy, a is
the fraction of the incident light absorbed in graphene, and G is
the photoconductive gain

2Mzy

G = e_T“/TR)

(1 -
)

which is defined as the ratio between the number of
photocarriers collected by the electrodes and the number of
photons absorbed in graphene. M is the hot carrier multi-
plication factor,”>™*> which scales linearly with photon energy
and approaches unity in the mid-IR wavelength range.'” 7y is
the carrier recombination time and 7y, is the carrier transit time
across the gap, given by 7, = g/v,, where g is the gap size and v4
is the carrier drift velocity. When the carrier transit time 7, is
much shorter than its recombination lifetime 7, the photo-
carrier collection efficiency is close to 100% and the

Ttr
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photoconductive gain reaches its maximum value of 2. In other
words, each photon absorbed in graphene results in two
photocarriers, because the electrons and holes in single layer
graphene have the same high mobility and thus both contribute
to the photocurrent equally.

In our experiment, we designed graphene detectors with end-
to-end coupled antenna structures in a 2D array (M-by-N, M, N
are the numbers of columns and rows, respectively) to increase
the light collection cross-section, as shown in Figure lc. The
device fabrication started with transferring a monolayer
graphene sheet grown via chemical vapor deposition (CVD))
(see Supporting Information II for more details) onto a 30 nm-
thick dry thermal oxide layer on a highly doped silicon substrate
(P type, 0.001—0.005 Q-cm). The antenna array was fabricated
on the graphene sheet by electron beam lithography (EBL),
electron beam evaporation of 10 nm Pd and 30 nm Au, and lift-
off. Two contact pads (D and S, as indicated in the schematic in
Figure 1c) are directly connected with the antennas on both
sides of the array.

We first performed electrical transport characterization by
measuring the resistance between the two contact pads S and D
as a function of the gate voltage (see details in Methods), as
shown in Figure 1d for a graphene detector with antennas and a
reference detector of the same size but without antennas. The
device with antennas has much lower resistance but almost the
same charge neutral voltage Viyp, which indicates that the
intrinsic doping level of graphene in the antenna gap is not
changed from its initial value by the presence of the metallic
antennas. The decrease in resistance is because the current path
through the metallic antennas has much lower resistance than
that in the graphene sheet. At the gate voltage Vg = Veyp & S
V, the resistance for the antenna-graphene sample is ~1.2 k€,
~22% of that of the reference sample without antennas (~$.5
kQ), which shows very good agreement with the electrical
transport simulations as discussed earlier. In the optical
characterization of our detectors, we set the gate voltage
close to Venp & S V to avoid Pauli blocking of the interband
absorption of graphene®® in the mid-IR range (Ep, ~ 100 to
300 meV), as shown in Figure 1d.

Device Characterization. The optoelectronic character-
ization of the graphene detectors was performed in a setup as
shown in Figure 2a. The sample was mounted on a 2D
motorized stage. The output of a continuous wave (CW)
quantum cascade (QC) laser (vacuum wavelength: 4, = 4.45
um, close to the resonance of the antennas in the graphene
detectors) was focused onto the sample by a mid-IR
microscope objective (NA = 0.2). The diameter of the light
spot size is estimated to be 21,/7ANA = 14 pm. The local
photovoltage response of the detectors was measured by
scanning the position of the focused laser beam on the sample
(see more details in Methods). The photovoltage maps of an
antenna-assisted graphene detector (same design as the device
in Figure 1d) and a reference detector with the same graphene
sheet size and contact pads but without antennas are shown in
Figure 2c,d, respectively (for both measurements, V5 = 5V and
Vbs = 0.5 V). In the reference detector, the photovoltages
measured at the two electrodes in the reference detector have
opposite signs due to the built-in potential at the graphene—
metal (Pd) interface, as shown in Figure 2b. The photovoltage
measured in the central region of the graphene sheet is almost
negligible because of the short carrier lifetime and the long
transit time to the electrodes. By contrast, the photovoltage
map of the antenna-assisted graphene samples has the

(c)

y(um)
£
sfejoa-ojoyd pazijrrLON

0 20 40 60 80
®(pum)

Motorized stage

Au Graphene Au Ve

y(pm)
Fos
=)
| i
| i
: o o
sFejoa-ooyd pazIEULLION

0 20 40 60 80
X(um)

Figure 2. Photovoltage mapping of graphene photodetectors. (a) A
3D schematic of photocurrent measurement setup. (b) A cross-section
view of the graphene detector without antennas (top) and its energy
band diagram (bottom). The blue line indicates the potential profile of
the conduction band edge (Ec). The green and red lines represent the
conduction band and the valence band of graphene, respectively. The
dashed black line shows the quasi Fermi level. The black dots and
circles represent the photogenerated electrons (e”) and holes (h*),
respectively. (c) The photovoltage map of the antenna-assisted
graphene detector. (d) The photovoltage map of a graphene detector
without antennas. The dashed lines and the dashed-dotted lines
correspond to the position of the contact pads and the graphene sheet,
respectively.

maximum value in the center and shows the same sign over
the whole device region, because the number of photocarriers
generated and collected by the antennas is much larger than
that generated near the contact pads, which provides further
evidence of highly improved responsivity by the antenna
structures.

The wavelength dependent responsivity of the antenna-
assisted graphene detector is measured with a wavelength
tunable QC laser (wavelength range: 4.3 to 4.6 um). As a result
of the resonant nature of plasmonic antennas, the responsivity
(photovoltage divided by the total incident power on the
sample) exhibits strong wavelength dependence, as shown in
Figure 3a for a device with the same structure design as that in
Figure 1d. The responsivity reaches its maximum around 4.45
um, which is very close to the peak wavelength (4.46 ym) of
the electric field enhancement in the antenna gap calculated
with FDTD simulation, also shown in the lower panel of Figure
3a.

The detector responsivity is also dependent on the bias of
the detector, because the source drain bias influences the
electric field within the graphene channel between adjacent
antenna electrodes. As the bias current becomes larger, the
responsivity increases monotonically and reaches its maximum
(Ry ~ 0.4 V/W) at Ing ~ 4 mA, as shown in Figure 3b. Further
increasing the bias leads to reduced responsivity, probably
because the electric field in the graphene channel (>2 MV/m)
reaches its breakdown field. On the basis of the photovoltage
responsivity of the detector array Ry, we calculated the
photocurrent responsivity R, of a single nanodetector R, =
RyN/R; (see details in Methods) and extracted the photo-
conductive gain G using eq 1, as shown in Figure 3c. We used
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Figure 3. Device characterization of the antenna-assisted graphene detector. (a) Measured wavelength-dependent photoresponse of the antenna-
assisted graphene detector (top) and electric field intensity enhancement in the center of the nanogap between the plasmonic antennas obtained
with FDTD simulation (bottom). The antenna structures are the same as those in Figure 1. The narrow dips on the photoresponse curve are due to
absorption lines of gas molecules in the air or on the sample (mainly CO,). (b) Measured responsivity of the antenna-assisted graphene detector as a
function of the biased current Ig at Vigg = 4 V. The inset shows the Vpg—Ips plot of the same detector when the laser is off. (c) The extracted
photoconductive gain of the antenna-assisted graphene detector based on the measured detector responsivity and the calculated photoconductive
gain for different graphene mobility (using the fitted value for photocarrier recombination time 7z = 0.22 ps), as a function of Vpg (d) Measured
responsivity of the antenna-assisted graphene detector as a function of gate voltage. (e) Measured (solid red squares) and calculated (solid blue
lines) normalized responsivity (with respect to the maximum value) of the antenna-assisted graphene detector for varying light polarization angle 6.
(f) Measured photovoltage of the graphene detectors with and without antennas as a function of incident laser power. The crosses show the
positions of the light spot on the sample during the measurement. All measurements are taken at room temperature.

Tp as a parameter to fit the photoconductive gain with eq 2,
where 7, = g/iE is determined by the gap size, the electric field
in the graphene channel and the carrier mobility y. The carrier
mobility is estimated to be & 100 cm?/Vy at Vi = 4 V for the
graphene sample (see Methods for more detailed information).
The photocarrier recombination time obtained from the fit is 73
~ 0.22 ps. To achieve a high photoconductive gain, one needs
to shorten the transit time 7,,. Because 7,, is proportional to the
distance between the two electrodes g the nanogap size (60
nm) in our detector design results in a much shorter 7, (about
2.8 ps at the maximum bias) than the devices without antennas
(7, ~ 100 ps), which leads to a much higher photoconductive
gain. An alternative way is to increase the graphene mobility.
For CVD graphene, it is very practical to improve the mobility
to 1000 cm?/(V s), which gives a photoconductive gain over
unity with our detector design, as also shown in Figure 3c.
Figure 3d shows the detector responsivity as a function of gate
voltage. It reaches the maximum at Vg = 4 V, where the Pauli
blocking is still weak (Ep, > 2Ep) and the photocarrier
collection efficiency is larger due to the higher carrier mobility
than that at the charge neutral point Vg = Vyp = S V.

The measured responsivity also shows a cos* & dependence
on the angle @ between the polarization of the incident light
and the orientation of the antenna rods because only the
component of the incident electric field parallel to the antenna
rods (angle € = 0°) excites the antenna resonance. When the
polarization is perpendicular to the antenna rod (6 = 90°), the
light intensity in the antenna gap will not be enhanced and the
photocurrent generation in the graphene sheet is almost
uniform. Figure 3e shows the measured detector responsivity as
a function of angle 6, which agrees well with the calculation.

A comparison between the photoresponse of the graphene
detectors with and without antennas is shown in Figure 3f.
With antenna-enhanced photocarrier generation and collection,
the photovoltage is increased by more than 200 times
compared to that of the reference sample at the same laser
power. According to the FDTD simulations, the absorption at
the antenna resonance wavelength is enhanced by about 4—5
times (from ~2.3 to ~10%, see more details in Supporting
Information III) compared with a pure monolayer graphene
sheet. We attribute the additional 40—50 times improvement to
the much more efficient carrier collection via metallic antennas.
Moreover, the antenna-assisted graphene detector shows a
linear photoresponse as the incident laser power increases up to
16 mW, indicating that the absorption is not saturated despite
the strong field enhancement in the antenna gaps.

We also measured the time response of the detectors with a
QC laser in pulsed mode operation, as shown in Figure 4. The
output signal from the antenna-assisted detector was amplified
with a preamplifier (40 dB, input impedance R; = 500 ohms,
bandwidth 400 MHz) and was then measured with an
oscilloscope. On the basis of the exponential fits of the
measurement (Figure 4, we estimated the time constants at the
pulse rising and falling edges are very close, that is, 63 and 60
ns, respectively. Therefore, the detector response time is
limited by the RC constant rather than the carrier lifetime. The
detector RC constant is determined by the resistance (Rpg) and
the parasitic capacitance (Cp) as well as the load capacitance
(C.) and resistance (Ry), that is, 7pc = RiRps(Cp + Cp/2)/(Ry,
+ Rpg) ~ 30 ns (see more details in Supporting Information
IV). In comparison, the RC constant of the reference detector
without antennas is estimated to be 7pc g & 40 ns, which is
longer than that of the antenna-assisted detector because of a
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Figure 4. Response time of the antenna-assisted graphene detector.
Measured output of the graphene detector when the light from a
pulsed QC laser is incident on the detector (pulse width, 1 us;
repetition rate, 10 kHz).

higher source-drain resistance Ry, as shown in Figure 1d. If we
reduce the parasitic capacitance and minimize the load
capacitance, the ultimate limit of the detector RC constant
will be determined by the capacitance of the graphene-antenna
structure Cpg that is, 7zc ~ 0.01 ps (see more details in
Supporting Information IV). Another primary mechanism that
limits the detector response time is the carrier transit time
across the graphene channel between the two antenna
electrodes, that is, 7, = g/vqy & 2.8 ps > 7pc. Therefore, the
transit time limited bandwidth is estimated to be f; = 3.5/27z,,
~ 600 GHz,>*” which can be further increased by improving
the graphene mobility.

Conclusion. We have demonstrated the use of metallic
optical antennas to simultaneously enhance the optical
absorption and photocarrier collection efficiency in graphene
detectors and achieved room temperature mid-IR antenna-
assisted graphene detectors with more than 200 times
enhancement of responsivity compared to reference devices
without antennas. Shrinking the detector element to deep
subwavelength size is a promising solution to achieve high
speed, ultracompact detectors with bandwidth up to terahertz
range. This design concept can also be applied to the graphene
detectors in other wavelength ranges, such as near IR and
visible wavelength, and other thin film detectors. Moreover, the
great flexibility in engineering antenna resonance properties
enables a broad range of applications, such as spectrally
selective photodetectors, multiwave imaging, and polarization-
dependent measurement.

Methods. Modeling and Simulation. In the FDTD
simulations (Lumerical Solutions Inc. http://www.lumerical.
com/), the graphene layer is modeled as an anisotropic material
with in-plane permittivity &, and out-of-plane permittivity €.
The former is calculated from the graphene sheet optical
conductivity and the latter is assumed to be 2.5.°® The
antenna—graphene structures are placed on a 30 nm-thick SiO,
layer on a silicon substrate.

We used finite element method (FEM, COMSOL Inc.
http://www.comsol.com/) to simulate the electrical transport
behavior of the antenna-assisted graphene detectors. The
graphene layer is modeled as thin film of 20 nm with a sheet
resistance the same as that obtained in the electrical transport
measurements of the graphene sample (1.18 kQ/sq) at a gate
voltage Vg = Venp = S V. The metal—graphene contact
resistance is modeled with an ultrathin layer (2 nm) between
metal and graphene. The resistivity of this layer is chosen so
that the resistance between the metal and graphene is the same
as the contact resistance (100 Q/um) measured at gate voltage
Vg = Venp = S V. This configuration is justified by comparing

the simulation results for the graphene sample and the
measurement results, which gives a deviation less than 5%. A
bias current (0.1 A) is applied between the two electrodes and
the current distribution as well as the voltage drop between the
electrodes is calculated with a stationary solver. The load
resistance of each nanodetector in the detector array can be
obtained based on the simulation results.

Relation between the Nanodetector Responsivity and the
Detector Array Responsivity. Because the detector is
composed by an array of nanodetectors (M-by-N, as shown
in Figure 1c), the photovoltage contribution from one
nanodetector is given by Vp, = RyPy/M, where P, is the
incident laser power on the array. For simplicity, we assume the
laser power are uniformly distributed on all the nanodetectors,
therefore, the power on each nanodetector is Py/(MN). On the
basis of the circuit model for a single nanodetector (Figure 4b),
the relation between Vp, and the photocurrent responsivity of a
nanodetector R, is Vp, = RgRy\P,/NM. Therefore, the
photocurrent responsivity of a single nanodetector R, is related
to the detector array responsivity Ry by the expression R, =
RyN/Rq.

Graphene Mobility Calculation. The mobility of the carrier
is calculated from the measured gate dependent electric
conductivity u = ¢'d65/0, = ¢ 'd65/Vg - AV/d,. The gate
voltage dependence of the carrier concentration is given by n &
(n3 + [Cy(Vg — Venp)/e)?]V?, where ny is the residual carrier
density at Vg — Veyp.” It is estimated by n, = CoMimph/ 20e” &
8.1 x 10" for our graphene sample.*’

Electrical and Optical Characterization. The conductance
of graphene samples was measured using a parameter analyzer
(Agilent 4156C) with varying gate voltages at room temper-
ature. An integration time of 1 s was chosen for each data point.
Note that the asymmetry of the graphene resistance in the n-
type and p-type doped region originates from the p-doping of
the graphene beneath the Pd electrodes and thus the formation
of p-n or p-p junction in the graphene sheet between the
electrodes,®! rather than a difference in the electron and hole
mobility. The contact resistance between metal and graphene
was obtained by four-probe measurements.**

In the spatially resolved photovoltage measurement, we
modulated the output from the CW QC laser with a chopper
(frequency = 667 Hz) and measured the detector signal with a
lock-in amplifier (model: SR810 DSP). The output of the lock-
in amplifier was sent to the computer via a data acquisition
board. The motorized 2D stage was computer-controlled and
the photovoltage was recorded for each (x,y) position during
the position scan of the device.
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The responsivity of graphene photoconductors, graphene
growth and transfer, enhancement of absorption with antenna
structures, and Detector RC constant calculation. This material
is available free of charge via the Internet at http://pubs.acs.org.
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