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Abstr act

The electromagnetic properties of a photonic meterish are dramatically modified by a graphene
monolayer superstrate. The strong polarizabilityhaf graphene layer combined with the Fano-typspnant
plasmonic modes supported by the metamaterial fsadsbstantial red-shift of the narrow metamategao-
nances. These frequency shifts translate to multtiihcrease in the measured transmission at dfispeave-
length. In our experiments we used chemical vapposited (CVD) graphene on structurally relatedamete-
rial samples with plasmonic modes at different Mewvgth positions covering a spectral range fromOL6® to
1800 nm .

1. Introduction

Since its discovery in 2004 [1], graphene, a flanolayer of carbon atoms arranged in a honey-comb
lattice, attracts growing interest for its uniquecgronic properties. Graphene demonstrates acparti
larly strong field-effect related to its ballistetectronic transport [1], that combined with itgupr
nature, can lead to promising applications in nealeselectronics [2]. However, the extraordinary
electronic properties of graphene do not lead taky exciting optical properties. Although grapken

is known to support plasmons at THz frequencies @BJoptical wavelengths it is barely visible and
special techniques are considered in order toywésfpresence [4-6]. Here we study the electromag-
netic response of a composite medium consistirgjngfle-layer graphene deposited on a metamaterial
that supports "trapped mode" plasmonic resonaritesnsists of a two-dimensional array of asym-
metrically-split ring (ASR) slits on a gold film. &amaterials of this type are known to show Fano
anti-symmetric resonant lines in transmission wetihanced local fields that appear “trapped"” in the
vicinity of the nanostructure [7]. Such a configioa is of substantial interest both in terms chen
bling high-contrast detection of graphene monolayes well as in terms of possible metamaterial-
based sensing applications, where graphene ses\@esantinuous adsorption layer.

2. Samples and experimental setup

The metamaterial structures were fabricated bydeduon beam milling through a 65 nm thick gold
film evaporated on a 102 nm thickslSi membrane. Gold film roughness of less than 5 nms ota
tained with low pressure (fonbar) thermal evaporation. We manufactured thremsil identical sets

of samples with five metamaterial arrays each. drerall size of the arrays was 22x22°, while the
unit cell D varied among the five arrays from tdl4m to 839 nm. For wavelengths longer than the
unit cell side, the metamaterial arrays do notaldf.
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Fig. 1. (a) Schematic of the fabricated complemgrgglit-ring metamaterial. (b)
Raman spectrum of graphene on the split-ring mdenmaa

The graphene film was grown on polycrystalline Gilsfby low pressure CVD process [8]. After
the growth, the graphene-on-Cu samples were ceoated®MMA and were then transferred on to the
substrates with the metamaterial structures, wineré*MMA was removed by acetone. Raman spec-
troscopy was carried out to assess the qualityusnifdrmity of the CVD graphene with a WITEC
CRM200 Raman system using a 100X objective lenk wihumerical aperture (NA) of 0.95. Figure
1b shows a Raman spectrum with peaks typical falsilayer graphene, including a 2D band with a
full width at half-maximum (FWHM) of 30 clocated at 2670 cfand a G band with a much lower
Raman intensity than that of the 2D.

In our experiment, part of the sample containimgehmetamaterial arrays was not covered by gra-
phene, while the rest of the sample containing wevelifferent metamaterial arrays of five different
sizes was covered by epitaxial graphene. The spaesponse of the metamaterial before and after
graphene deposition was measured experimentalynmcro-photospectrometer (CRAIG). The elec-
tric field of the incident field was polarized atpthe y-axis of Fig. 1a.

3. Reaults and discussion

In Figure 2a, we present characteristic transmissjpectra of an ASR array with a unit cell size
D=711 nm, before and after graphene deposition.tidmsmission spectrum of the bare metamaterial
shows a distinct peak, followed by a transmissipn(charkeda) that we attribute to the trapped-mode
resonance, while a second transmission peak (ma&gylcan be seen at longer wavelengths. The
effects of graphene as a metamaterial superstratecasistent with that of a thin lossy dielectic
perstrate: The trapped-mode resonance shifts tewawdker frequencies due to the polarizability of
graphene, while due to Joule losses the resonaumeries broader with lower (higher) transmission at
the transmission maxima (minimum). As a resulhalgh transmission at the peak decreases, when
transmission is monitored at a fixed wavelengtisirang increase will be observed due to the reso-
nance shift. This transmission increase can bagisds 250% and is related to the geometry of the
array. Arrays of different unit cell size suppaipped-mode resonances at different frequencies and
consequently, with increasing unit cell size, ttes$mission increase appears at longer wavelengths.
Importantly the transmission spectra of the uncedeyamples before and after deposition of graphene
remained unchanged indicating negligible contanonaduring the graphene transfer process.

In Fig. 2b, we present the relative resonance aBifa function of the unit cell size. Here therela
tive shift is defined as\{-\;)/A;, where); andi; are the positions of the resonances (transmisfifpn
(o) and transmission peaR)f before and after graphene deposition, respdgtiveconsistent wave-
length shift varying between 5% and 10% is obsefeeall cases. Intriguingly, the long-wavelength
transmission peal3) appears to experience a much smaller wavelergtihtsan the trapped-mode
resonance. Indeed, for all samples covered withgtia@hene layer, the wavelength shift is smaller
than 2%, although transmission at the maximum dsagsificantly. We attribute this difference in
behavior to the peculiarities of the field struetwassociated with the trapped-mode and the long-
wavelength resonance. It is known that the trappede excitation includes a strong electric dipole



component perpendicular to the ASR plane, whilesttwtation at the long-wavelength resonance can
be represented by a magnetic dipole parallel tathey's plane [9]. We argue that this distincteulif
ence in the nature of the two resonances coupléeethighly anisotropic electric and magnetic agtic
frequency polarizabilities of graphene leads todliferent reactions of the metamaterial to thespre
ence of the graphene layer: a strong responsesdtdpped-mode resonance frequency and a much
weaker response at the long-wavelength resonance.
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Fig. 2. (a) Experimental transmission spectrumnofR&R array before (dashed black line) and afet golid
line) deposition of graphene for unit cell size EHm as shown in the inset. The vertical dashs Imark

the position of the trapped-mode @nd the long-wavelength dipol@) fesonance, before and after graphene
deposition. (b) Wavelength shift of the trappedden¢.) and of the dipoleff) resonance resulting from the

deposition of the graphene layer as a functiomdfeell size.

4. Conclusion

In summary, we have demonstrated that trappedle metamaterial arrays constitute ideal sub-
strates to enhance the transmission visibility rafpene in the optical part of the spectrum. The ob
served experimental ratios can exceed 250% withlzolute transmission level of about 10% at a
specific wavelength that can be tuned in a bro@gdtspl range by appropriate scaling of the metama-
terial structure. This provides a very robust aingpe method of detecting graphene and suggests op-
tical sensor applications based on graphene-megaialetystems.
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