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Abstract: Surface plasmons in graphene have great potential for molecular sensing
applications thanks to their exceedingly high sensitivity to environmental changes. Here, we
demonstrate a type of hybrid graphene-metal metasurface which supports strong graphene
plasmonic resonances in terahertz range. Each unit cell of such a hybrid metasurface consists
of a graphene anti-dot enclosing a metal disk realized using a self-aligned photolithography
process. This hybrid design combines the advantages of both graphene and metal based
photonic structures, leading to ~3 times stronger tunable plasmonic resonances and an order of
magnitude larger near-field intensity enhancement with respect to those of bare graphene anti-

dot metasurfaces.
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Text

Thanks to its various advantageous optical and electrical properties, graphene has recently been
employed to develop a variety of nanophotonic devices such as modulators'*, photodetectors™
7. sensors®1? and light sources'?. In particular, graphene supports surface plasmons with highly
tunable optical responses in the mid-infrared to terahertz (THz) range'#!7. Moreover, graphene
surface plasmons (GSPs) feature deep subwavelength field confinement and thus extremely
strong near-field enhancement and light-matter interactions'®, which offer great opportunities
in sensing and nonlinear optics areas'®°. As monolayer graphene produced by chemical vapor
deposition (CVD) becomes widely available, a variety of tunable plasmonic structures based
on patterned graphene have been demonstrated and extensively studied, including arrays of
graphene ribbons® %1415 disks!!!® and anti-dots?!?>. These graphene plasmonic structures,
which are essentially highly tunable metasurfaces, form a suitable platform for surface
enhanced infrared absorption (SEIRA) spectroscopy, and have been demonstrated to have great
potential for quantitative protein detection and molecule identification® 1227 However, partly
due to the limited carrier density tuning range and mobility of CVD graphene, the resonant
optical responses of the experimentally demonstrated graphene plasmonic structures are not as
strong as those of metasurfaces consisting of typical metallic resonators. For example, the
transmission extinction at the resonance of various monolayer graphene plasmonic structures
is usually below 10%% 51415 This is especially the case for graphene anti-dot arrays which
exhibit a transmission extinction of below 3%?%?>*. Therefore, effective approaches to
enhancing the optical responses of graphene plasmonic structures need to be developed, so that

the capability of GSPs for mediating strong light-matter interactions can be utilized in a broader



range of applications. One of the effective approaches is to employ hybrid metal-graphene
nanophotonic structures®*. Incident light can couple strongly to metallic antennas and be
confined to subwavelength length-scale, which will in turn excite GSPs in graphene structures
more efficiently. Recently, a variety of hybrid graphene-metal structures with strong and
tunable optical responses have been demonstrated®*26-%°,

Here, we experimentally demonstrate a type of hybrid graphene-metal metasurface which
employs gold disks inserted in graphene anti-dots to drastically enhance the strengths of the
tunable graphene plasmonic resonances in the THz range. The resonant transmission extinction
of such hybrid metasurfaces is enhanced by ~3 times compared to that of bare graphene anti-
dot metasurfaces. In addition, our simulation shows that the metallic core leads to an order of
magnitude enhancement of the near-field intensity of the resonant graphene plasmonic modes.
Another advantage of our hybrid structure designs is that the minimum feature size of ~100 nm

is conveniently realized with a self-aligned photolithography-based fabrication process which

has minimal complexity increase compared to fabricating bare graphene anti-dot arrays.
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Figure 1. (a) Schematic of hybrid structure. (b) Illustration of the design rationale of the hybrid
structures. (¢) Near-field intensity distribution corresponding to the structures in (b): from the
left to right are gold disk, graphene anti-dot, and hybrid structure, respectively.

Figure 1(a) shows the schematic of our hybrid structure design, which is based on graphene
anti-dot array plasmonic metasurface’?>. A thin gold disk is inserted in each graphene anti-
dot unit cell with a small (~100 nm) gap between their edges. The gold disk essentially
functions as a THz optical antenna which can significantly concentrate the electric field (and
energy) of an incident THz wave near the thin edges of the gold disk in sub-wavelength scale
(see Figures 1(b)-(c)) and in a broad frequency range. This is also known as the lightning-rod
effect®®3!. Such enhanced near fields near the gold disk edges in turn lead to more efficient
excitation of graphene anti-dot plasmonic resonances, and hence improving the overall optical
response of the hybrid structures. An important advantage of this design strategy is that the

field enhancement due to the lightning rod effect occurs in a broad spectral range, and therefore



is not limited by the resonance frequency of the metallic optical antenna or the plasma
frequency of the metal (see Supporting Information S1). It can be seen from Figure 1(c) that
the hybrid structure indeed exhibits a significantly larger near-field enhancement compared to
the bare graphene anti-dot or the gold disk alone. As discussed below, the gap size is one of
the critical parameters determining the performance of these hybrid structures. We use Si/SiO»

substrate for these hybrid metasurfaces in which the doped Si functions as a back-gate for

tuning graphene carrier density.
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Figure 2. Simulated transmission extinction spectra of various hybrid anti-dot structures in
comparison with those of the corresponding bare anti-dot structures. (a) The structures with
index (3, 2). (b) The structures with index (4, 2). (¢) The structures with index (5, 3). Solid
lines are for the hybrid anti-dot structures and dashed lines are for the bare anti-dot structures.
(d) Simulated transmission extinction spectra of the hybrid structure (4, 2) with various gap
sizes. The Fermi level of graphene is set to 0.5 eV and the carrier scattering rate is 5 meV.



We design and optimize the performance of such hybrid metasurfaces using a simulation tool
based on finite difference time domain method (see Supporting Information S2). Figures 2(a)-
(c) show the transmission extinction spectra of 3 examples, in which the index (p, d) represents
the periodicity p and the diameter d, respectively, of the graphene anti-dots arranged in square-
lattice configuration. The gap between the gold disk edge and the graphene edge is set to be
100 nm, which is an optimized parameter (as discussed later). In each figure, the transmission
extinction spectra of each hybrid structure at various Fermi levels are compared with those of
the bare graphene anti-dot array with the same geometric parameters (i.e. periodicity and
diameter). All structures exhibit clear GSP resonances at different frequencies in the THz
range; however, the common feature of all the designed hybrid structures is that the
transmission extinction due to the GSP resonances is enhanced by 2 to 3 times compared to
that of the corresponding bare graphene anti-dot arrays. There is also a small red-shift of the
GSP resonance peaks for the hybrid structures, which can be attributed to the reduction of the
restoring force for the GSP oscillation as a result of image charges forming in the gold disks
(i.e. screening of the GSPs by the gold disks). The THz resonance peaks of all the structures
exhibit significant frequency tuning by about 100 cm™ (3 THz) as the Fermi level varies from
0.1 eV to 0.5 eV. The frequency tuning follows the scaling law w « ni x \/E_F which is a
unique characteristic of GSPs!*.

The gap size between the graphene edge and the gold disk edge is a critical factor determining
the device performance, and therefore we conduct systematic simulation to determine its
optimal value. Figure 2(d) shows the transmission extinction spectra of a hybrid structure

design assuming various gap sizes. For larger gaps, the enhancement of the GSP resonances



due to the field concentration of gold disks is less significant, whereas for smaller gap sizes,
the gold disks cause more significant screening (frequency redshift) of the GSP resonances. It
also becomes challenging for reliable device fabrication if the designed gap size is too small
(below 50 nm). Considering these trade-offs, we determine the optimal gap size to be in the
range of 50 to 100 nm for our experimental demonstration of such hybrid metasurface designs,
which can readily achieve one order of magnitude enhancement of the field intensity (see

Supporting Information S3).
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Figure 3. (a) Schematic of the key steps of the device fabrication process for realizing self-
aligned gold disks in graphene anti-dots. (b) SEM images of a fabricated device. The right
figure is a zoom-in part of the left one. The gap size varies within ~70 to 120 nm. The scale
bars in the image correspond to 500 nm.

Due to the small gap size, it would be challenging to reliably fabricate a large-area (millimeter
scale and above) metasurface employing such hybrid unit cell using a two-step electron beam
lithography process. Therefore, we develop instead a one-step self-aligned photolithography-
based process which proves to be capable of realizing the small gaps with satisfying accuracy
across a large area, without introducing significant fabrication complexity compared to

fabricating bare graphene anti-dot arrays. As illustrated in Figure 3(a), anti-dots of a reversible



photoresist (AZ5214E) are first patterned on the graphene using photolithography so that an
undercut profile of photoresist sidewall is formed. After etching graphene with oxygen plasma
to form graphene anti-dots, Ti/Au (5 nm/50 nm) is deposited on the sample surface using an
electron-beam evaporator, and hence self-aligned gold disks are formed in the graphene anti-
dots. The undercut profile of the photoresist sidewall leads to a small gap between the edge of
the gold disks and the edge of the graphene anti-dots. Since the undercut profile of the
photoresist depends on parameters including the thickness of photoresist and the exposure dose,
we can control the gap size to some extent by fine tuning these relevant process parameters.
Figure 3(b) shows an SEM image of a small region of a fabricated device, in which the
patterned graphene and the periodic gold disks are clearly seen. In the zoomed image in Figure
3(b), the gap is observed to vary typically in the range of ~70 to 100 nm, and can be as large
as ~120 nm at some locations. According to the simulation results in Figure 2(d), such a gap
size variation is expected to cause inhomogeneous resonance broadening and lower resonance
enhancement factors. Nevertheless, significant enhancement of the GSP resonances should be

achieved with such a gap size variation range.
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Figure 4. (a)-(¢) Experimentally measured transmission extinction spectra of different devices
of the specified geometries. The red arrows indicate different resonant modes of each device.
(d) Extracted frequencies of the resonant GSP modes of different devices versus the graphene
carrier density n (plotted as n'/%). The symbols are the extracted experimental values. The

solid lines are fitting results of the experimental data using the formula w = A - n'/*, where 4
is a fitting parameter.

We fabricate several hybrid graphene-metal metasurfaces and characterize their transmission
extinction spectra at various graphene carrier densities (back gate voltages) using a Fourier
transform infrared spectrometer (see Supporting Information S4). Figure 4 shows the measured
transmission extinction spectra of several fabricated devices of the specified geometries.
Similar to the simulation results, different resonant modes can be observed in the measured
transmission extinction spectra of different hybrid structures. The discrepancies between the
measured and the simulated spectra are mainly due to fabrication variation which lead to

sample geometries being different from the designs. The transmission extinction peaks of these



hybrid devices are clearly a few times stronger than those of the corresponding graphene anti-
dot devices reported in Ref. 23. Although the main resonance peak of the hybrid device (5, 3)
is difficult to accurately identify due to the limited frequency range of our measurement system,
its transmission extinction reaches as high as 25%, which is ~4 times that of the bare anti-dot
(5, 3) device. It is also interesting to notice that thanks to the enhancement induced by the gold
disks, some higher-order GSP resonance modes of the hybrid devices are clearly observed (e.g.
the 2nd resonance mode of the (4, 2) and (5, 3) devices), whereas the corresponding modes are
not as visible in the spectra of the bare graphene anti-dot structures. All the observed GSP
resonance peaks shift to higher frequency when the gate voltage is tuned from 15 V to 135 V
(corresponding to graphene Fermi level varying from ~0.14 eV to ~0.41 eV). All the extracted

resonance frequencies follow the carrier density-dependent frequency scaling law of GSPs

1
(w o« n+ < /Er ) as shown by the fitting results in Figure 4(d).
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Figure 5. (a) Transmission extinction spectrum of the hybrid anti-dot metasurface (3, 2) in
comparison with that of the bare graphene anti-dot metasurface (3, 2), assuming a carrier
scattering rate of 1 meV. The different modes are labeled by the numbers 1-3 and 1°-3’. (b)-
(d) Electric field intensity distributions of the modes 1-3 of the bare graphene anti-dot
metasurface in (a), respectively. (e)-(g) Electric field intensity distributions of the modes 1’3’
of the hybrid anti-dot metasurface in (a), respectively.

To better understand the observation that some higher-order modes are clearly visible only in
the spectra of the hybrid structures, we further simulate the hybrid structures assuming a lower
carrier scattering rate (corresponding to 1 meV in energy), in order to obtain sharper resonance

peaks which makes it easier to analyze their relative enhancement due to the gold disks. In the



simulated transmission extinction spectra shown in Figure 5 (and in Figure S8 of the
Supporting Information), sharp resonance peaks of different modes are clearly observed. The
enhancement of transmission extinction at the resonance peaks of the hybrid structure with
respect to those of the bare graphene anti-dot structure are different for the three modes marked
in Figure 5(a), which are calculated to be 2.2, 2.9 and 2.3, respectively. Since the enhancement
(for both transmission extinction and near-field intensity) is partially determined by the overlap
between the field profile of the gold disk (see Figure 1(c)) and those of the resonant GSP modes
of the graphene anti-dots (Figures 5(b)-(d)), the second resonant mode in Figure 5(a) exhibits
a larger enhancement factor as a result of its field profile matching that of the gold disk better.
Despite the large field intensity enhancement, the near-field profiles of all the resonant GSP
modes are not significantly altered by the presence of the gold disks, as can be seen from
Figures 5(e)-(g) in comparison with Figures 5(b)-(d). It is also interesting to note that the
transmission extinction of even higher order resonant GSP modes of some graphene anti-dot
geometries can be enhanced by even larger factors (see Supporting Information S5). Due to the
higher spatial confinement, these even higher order GSP modes couple weakly with incident
plane waves. However, the highly confined and enhanced near-fields of the gold disks can
excite these higher order GSP modes more effectively and efficiently, and hence the
enhancement factors can be more significant.

In summary, we demonstrate a type of hybrid graphene-metal metasurface employing graphene
anti-dots enclosing self-aligned gold disk cores. The gold disks function as THz optical
antennas which effectively enhance the interaction between incident light and the tunable GSP

resonances of the graphene anti-dots. Compared to the bare graphene anti-dot structures, the



hybrid structures show ~3 times stronger optical response (e.g. transmission extinction) and
about an order of magnitude higher near-field intensity at the GSP resonances. These simple
hybrid structure designs allow us to employ a self-aligned photolithography fabrication
process, which reliably achieves ~100 nm critical feature size across large device areas. This
hybrid graphene-metal metasurface design strategy and the convenient self-aligned fabrication
process can be applied to other types of graphene-based plasmonic structures to further enhance
various light-matter interactions for a broad range of applications, such as photodetectors,

sensing and nonlinear optics.
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