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Abstract: We demonstrated antenna-assisted mid-infrared graphene detectors at room temperature
with more than 200 times enhancement of responsivity ( 0.4 V/W at 1,=4.45 um) compared to
devices without antennas (<2 mV/W).
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1. Introduction

Graphene is an attractive material for optical detection due to its broad absorption spectrum and ultrafast response
time. However, high-speed graphene detectors so far are still limited by low responsivity due to the weak optical
absorption (only 2.3% in the monolayer graphene sheet) and short photocarrier lifetime (< 1 ps) [1]. Here we show
that metallic nanoantenna structures can be designed to simultaneously improve both light absorption and photo-
carrier collection in graphene detectors. The coupled antennas concentrate free space light into the nano-scale deep-
subwavelength antenna gaps, where the graphene light interaction is greatly enhanced as a result of the ultra-high
electric field intensity inside the gap. Meanwhile, the metallic antennas are designed also as electrodes to collect the
generated photo-carriers very efficiently. We have demonstrated room temperature mid-infrared (mid-IR) antenna-
assisted graphene detectors with more than 200 times enhancement of responsivity (0.4 V/W at 2,=4.45 pm)
compared to devices without antennas (<2 mV/W).

2. Design of antenna-assisted graphene detectors

Figure 1 (a) shows the top view of an end-to-end coupled linear antenna array on a graphene sheet and the electrical
field intensity (|E[/|Eq") enhancement distribution obtained by the finite difference time domain (FDTD) simulation.
Light incident from free space is tightly concentrated into the near-field in the antenna gaps (gap size ~100 nm),
which can greatly enhance the light-graphene interaction [2] and thus increase light absorption in graphene. The
simulated current density distribution in a portion of the graphene-antenna structure (indicated by the dashed line on
the top view) is shown in Fig. 1 (b). 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. Thus the antenna rods also act like nano-electrodes, which can effectively collect photo-carriers
generated in the nanogap between them since the maximum travelling distance for the photo-carriers generated in
the gap to reach the antenna electrodes is the gap size (<100 nm in our designs). In this nano-detector, the regions
with high carrier collection efficiency automatically overlap with the region where the light is focused and the
majority of photo-carriers are generated. Therefore, the light absorption and photocarrier collection efficiency can be
enhanced simultaneously. In our experiment, we designed the end-to-end coupled antenna structures (antenna length
900 nm, gap size 60 nm) in a 2D array to increase the light collection cross-section, as shown in Fig. 2 (c). During
the device fabrication, a monolayer graphene grown via Chemical Vapor Deposition (CVD)) was first transferred
onto a 30 nm dry thermal oxide layer on a highly doped silicon substrate. Then 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
a lift-off process.

Current density distribution

J(A/um?)

fremTnn ’ 0.05

*. P— —— p—
| -
0
= A =~ Metal
> e e
Graphene
@ (b) (©

Figure 1 (a)Top view of the end-to-end coupled antennas on graphene (top) and the electric field intensity enhancement
distribution on the surface of the graphene sheet (bottom). (b) Top view of the current density distribution on the surface of the
graphene sheet (top) and cross-section view of the current density distribution in the middle plane of the antenna (indicated by the
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dashed line on the top view). The dash-dotted arrows indicate the path of the current flow. (c) A 3D schematic of the antenna-
assisted graphene photodetector on a silicon substrate.

3. Detector performance characterization

The wavelength dependent responsivity of the antenna-assisted graphene detector is measured with a wavelength
tunable QC laser (wavelength range: 4.3 um to 4.7 um). Due to the resonant nature of the plasmonic antennas, the
responsivity (photo-voltage divided by the total incident power on the sample) exhibits strong wavelength
dependence, as shown in Fig. 2 (a) for a device with the same structure design as that in Fig.1 (c). The responsivity
reaches its maximum around 4.45 pm, which is very close to the peak wavelength (4.46 pm) of the electric field
enhancement in the antenna gap calculated with FDTD simulation, also shown in Fig. 2 (a). As the bias current
becomes larger, the detector responsivity increases monotonically and reaches its maximum (Ry=0.4 V/W) at Ips~4
mA, as shown in Fig. 2 (b). Further increasing the bias leads to reduced responsivity, probably because the electric
field in the graphene channel (>2 MV/m) reaches its breakdown field. A comparison between the photo-response of
the graphene detectors with and without antennas is shown in Fig. 2 (c). With antenna-enhanced photo-carrier
generation and collection, the photo-voltage 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 supplementary information
I11) 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 photo-response 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.
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Fig. 2. (a) Measured wavelength dependent photo-response of the antenna-assisted graphene detector (top) and electric field
intensity enhancement in the center of the nano-gap between the plasmonic antennas obtained with FDTD simulation (bottom).
The narrow dips on the photo-response curve are due to absorption lines of gas molecules in the air or on the sample (mainly
C02). (b) Measured responsivity of the antenna-assisted graphene detector as a function of the biased current IDS at VGS=4 V.
The inset shows the VDS-IDS plot of the same detector when the laser is off. (c) Measured photovoltage response of the
graphene detectors with and without antennas as a function of incident laser power.

4, Discussion and conclusion

We have demonstrated the use of metallic optical antennas to simultaneously enhance the optical absorption and
photo-carrier 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. By shrinking the detector element to deep subwavelength size, it is a promising solution to achieve high
speed, ultra-compact detectors with bandwidth up to THz 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.
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