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Abstract: We observe and theoretically study new plasmon resonances in hybrid metal-
graphene structures. We demonstrate anomalously high resonant terahertz absorption and
transmission in graphene-filled metallic apertures. These tunable plasmon resonances can find
applications in terahertz optoelectronics.
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1. Introduction

Graphene support terhaertz plasmon modes that can be easily tuned by applying an out of plane electrostatic field [1].
These tunable teraherz plasmon resonances have been observed and analyzed in finite-size isolated graphene elements
[1] and employed to enhance the perfomance of graphene-based terahertz detectors [2]. Here we demonstrate a new
class of plasmon resonance that occurs when graphene fills a metallic aperture. These hybrid metal-graphene plasmon
modes couple strongly to the THz incident wave, so that theoretical maximum absorption can be obtained in readily
available large area graphene, with a moderate mobility µ=1000 cm2V−1s−1.

In high quality graphene, one can theoretically achieve nearly 100% transmission through sub-wavelength graphene-
filled metallic apertures at the plasmon resonance frequency [3], an effect that is analogous to the anomalous trans-
mission through metallic apertures that occurs in the visible regime [4].
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Fig. 1: (a) Diagram of the device. (b) Graphene absorption (AG) under plane-wave excitation of metal-graphene gratings with
different periods. (w= 350 nm, n=1.2×1013 cm−2, µ=1000 cm2V−1s−1, ε1 = ε2 = 5 ).The dashed line shows the maximum
achievable absorption. (c) Equivalent circuit model for optical properties calculation of the fundamental plasmon mode in
metal-graphene periodic array. (Z0=377 Ω: free space impedance)

2. Theory and Equivalent Circuit Model

Fig. 1(a) shows the diagram of graphene-filled metallic aperture device studied here. w is the graphene width and Λ is
the period of the grating structure. The plasmon modes, absorption, and radiation coupling were calculated by solving
full Maxwell’s equations for the one dimensional metal/graphene periodic array.
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Fig. 1(b) presents the calculated absorbed power in graphene normalized by the total incident power for a graphene-
metal grating with a fixed graphene width (w=350 nm) and different periods (Λ). For small Λ, the metal radiative effects
are weak, and no plasmon resonance is observed for low frequencies. When the metal contacts are made much wider
than the graphene width (Λ � w), a strong plasmon mode emerges. As shown in Fig. 1(a), at the plasmon resonance,
strong absorption of the incident radiation in graphene is achieved even when only 1/20 of the device area is graphene
and the rest is metal (blue curve). In this case, the resonant plasmonic absorption approaches the maximum theoretical
value that is 50% for a thin film surrounded by a uniform material as assumed here. The maximal absorption in an
extremely subwavelength apertures filled with single-layer graphene suggests an extreme localization of the field, and
therefore, the scheme can be an excellent candidate for THz nonlinear plasmonic applications [5].

In Fig. 1(c), we introduce an equivalent circuit model that predicts the resonant frequency, linewidth, and impedance
matching condition of the fundamental plasmon mode to the free space radiation in the metal/graphene periodic struc-
ture shown in Fig. 1(a). The optical properties predeicted by the equivalent cirucit agree well with the full theory. In
the circuit shown in Fig. 1(c), the graphene resistance is RG = 1/σ0 and its kinetic inductance is LG = Γ/σ0, where
σ0 is graphene DC conductivity and Γ is the graphene scattering rate. The periodic metal and graphene strips form
capacitive grids with CG and CM that add up to C =CM +CG = 2ε0ε̄Λ ln(2csc(πw/Λ))/π [6].
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Fig. 2: (a) top: False-colored SEM image of graphene-filled gold apertures (width=350 nm, period = 7 µm). bottom: charge
density profile of the hybrid metal-graphene plasmon mode. (b) Measured transmission through metal-graphene grating device
for different graphene carrier densities tuned by applying a gate voltage. (c) Theoretical prediction of transmission through
metallic apertures filled by high quality graphene (µ=50000 cm2V−1s−1) with different carrier density.

3. Experiment and Results

A metallic grating with gap w=350nm and period Λ=7µm is fabricated on epitaxial graphene on SiC with mobility
about µ=1000 cm2V−1s−1. Electrolytic gating is employed to tune the graphene carrier density by applying a gate
voltage. Fig. 2(a) shows a falsed-colored SEM image of the grating device on graphene. At the bottom of Fig. 2(a), the
calculated charge density profile at the hybrid metal-graphene plasmon resonance is plotted. Using FTIR spectroscopy,
we measure the far infrared transmission data as a function of frequency for different carrier densities (Fig. 2(b)).
There is a local maximum in transmission at the plasmon resonance. As seen in the transmission data, increasing
carrier density results in a stronger and blue-shifted plasmon resonance. The measured transmission results are in a
good agreement with the theory and results from circuit model in Fig. 1(c). We present the theoretical prediction of
transmission through metal grating with the same geometrical parameters as in Fig. 2(b) and (c), but on high quality
graphene (µ=50000 cm2V−1s−1). In this case, narrow graphene apertures transmit almost all the THz wave at the
hybrid metal-graphene plasmon mode that is tunable by changing graphene carrier density via a gate voltage. This
scheme can be used for realizing tunable THz modulators and band-pass filters.
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