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Experimental Section

Monolayer graphene films grown by chemical vapor deposif@wiD) were wet transferred on-
to theS /SO, substrate. In the first step, a 150 nm poly(methylmethay(BMMA) film was
spin-coated onto the graphene covered copper foil and dti@d®C for 10 min. Subsequently, a
PMMA/graphene membrane was obtained by etching away theeecdpil in aFe(NOsz)3/H20 so-
lution and then transferred. Finally, we dissolved the PMMAcetone and cleaned the graphene
surface afterwards. The oxygen plasma etching processevismed by using ICP-DRIE (man-
ufactured by STS) plasma etching system with a power of 80htMoase pressure of 94 mTorr.
Pure oxygen gas was used as plasma source. We measureddtiedeight intensities in Figure
4b using a Fourier transform infrared spectrometer (Brakédv) coupled to an infrared micro-
scope (with a 15X objective) under ambient conditions. Tétector is cooled by liquid nitrogen.
The other spectra are measured under oblique incidenceiby ageflection unit in the macro

optical path of Bruker V80v, within a vacuum environment.

Quality of graphene nanostructures

In order to demonstrate the quality of graphene nanostrestwe do the fast Flourier transforma-
tion (FFT) according to the patterns of graphene dots andastarrays, as shown in Fig. 1a and
1b. The corresponding FFTs (Figl. c and d) show the six bfiglttorder peaks associated with
the hexagonal structures. The high order peaks furtherrooerid that the graphene structures are
arranged regularly in a hexagonal lattice. Correspondergsity distributions are also shown to
demonstrate the uniformity of the graphene nanostructures

The effect of disorder and lack of circular shapes will infloe the resonance frequencies at
some extent. Indeed, the size vibration of the spheres sag)1% in our case) and the fabrication
of graphene structures by oxygen plasma etching can imfmarmie:scale defects. However, these
disorders (with 1-2%) mainly influence the plasmon peak widtthe graphene structures, and

have less effect in plasmon peak position. For the effecheflack of circular shapes, we have



done a few finite element calculations on graphene strustwaaying the structures from disk,
ellipse to hexagon. It is easy to find that both the plasmopecsa and field pattern change a
little. For example, from a disk to a hexagon (Fig. 2), thesplan frequency difference is only
(0.159-0.151) /0.151 = 5%, which is acceptable compariraytexperimental accuracy. In order
to distinguish the resonance frequencies well, we use amalasmall loss, an intrinsic relaxation

time of 2450 fs, in the numerical calculations.

Description of the graphene conductivity

In the numerical simulations, the surface conductivityrafgnene is considered in the zero-parallel
wave vector limit of the random-phase approximation (IdRBA), including the effect of finite

temperature = 300K), as follows
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and an intrinsic relaxation time= uEr /evZ at room temperature is used. Heg, is the Fermi
level, v is the Fermi velocity, ang is the dc mobility. The as-transferred CVD-graphene is-+ole
doped with a Fermi level of approximately -0.35 eV as in o@vjmus work? After the & plasma
etching, the Fermi level decreases to -0.45 eV, considénagromoted charge doping by oxygen
atoms or ions binding with the carbon dangling bonds. By skmpthe samples to nitric acid
vapor for 5min, the Fermi level could further decrease, sgaerE S1. The used dc mobility in our

simulations is , which is good to obtain the resonant featarel reasonable for CVD-graphehe.



Plasmon-phonon coupling in graphene

When graphene is deposited on a polar substrate (such asi$&@ in our experiments), the elec-
tronic properties will be greatly modified by the surfaceicgdtphonon scattering via the Frohlich
interaction?1%and thereby the electronic excitations differ from graghen a nonpolar substrate.
In the theoretical studies of the effects of surface phonttrespolar substrates are described by a

frequency dependent dielectric function, which can betamiag
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wheregy, is the dielectric constant at high frequenay,, denotes théth transverse optical phonon
mode frequency, anf] is the corresponding mode strengthsatisfies the sum rulg; fi = g — &,
where g is the low-frequency dielectric constant. Neglecting thelesttric response of a thin
graphene layer and the imaginary part of the substrate mespohe frequencies!’ of the sur-
face phonons are determined bjw) +1 = 0. In SiQ, there are two surface phonon modes
contributing to the plasmon phonon coupling in the freqyergion considered, and after some

straightforward algebra we arrive at
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Here, TO modes 1 and 2 are found from Eqgs. (S3a) and (S3bgatesgly. The parameters in
Egs. (S3) can be extracted from the experimental measuterinapplying all the parameters
used in the Ref® and then we get two values fory andw3. Now we proceed to calculate the
coupled plasmon-phonon mode dispersion by using Eq.(S2}jrenoptical conductivity (g, w)
of graphene obtained from random phase approximatign2 When graphene sits on SiGn

vacuum, the dispersion of surface modes is defined by

1 e(w) io(q, w)

VO - w?/c? " JP s/ we (5)

The only task is to find the mode frequenciagfor each wave vectayin Eg. (3), which is easily
evaluated numerically. In graphene nanostructures, e pbn excitations satisfy the quasi-static
scaling law® and the effective wave vector for dipole plasmon resonaircessks is given by
q= 1/R.*3 Thus Eq. (S3) can be evaluated for different disk radii. Afram these quasi-static
calculations, we also perform full-wave numerical simiaias with the standard finite-integration
technique (CST microwave studio). By noticing tijat

ke in our experiments, wherg = }EF }/ﬁvp is the Fermi wave vector, the optical conductivity

o(g, w) of graphene can be approximatedas| — 0, w), which is Eq. (S1).

Supplementary figures
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Figure S1: (a-b) Graphene dots and antidots arrays, irspeade SEM images. (c-d) FFT patterns
corresponding to a-b. (e-f) Corresponding density vs. dogorocal lattice constants, labeled by

dashed lines.
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Figure S2: Finite element calculations on isolated graple@ments. Insets are the corresponding
field distributions for the elements with different paraarst
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Figure S3: The multi peak analysis for Figure 4b.
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Figure S4: Normalized reflection spectra of the graphenel@narrays with different time of
O, plasma etching. From the measurements, we can find thatsheaeces are sensitive to the
geometrical aspect ratio. When the antidot size (etchimg)tiincreases, the average electron
density will also change. The resonance suffers a redstdftraensity of the resonance increases.
The spectra are measured under a set-up consisting of areidimicroscope coupled to a Fourier-
transform infrared spectrometer (FTIR).
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Figure S5: Resonance spectra of graphene dotsRwitli 60 nm on SiQ at different doping levels.
By exposing the samples to nitric acid vapour for 5 min, the@pared graphene could be further
doped. As the Fermi level further decreases (for hole dgmnd the carrier density increases, the
plasmon resonance shifts slightly to higher frequency ddping while the linewidth decreases.
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Figure S6: The dielectric permittivity of polar Sj@sed in the simulations, whegéande” denote
the real (the solid line) and the imaginary (the dashed @) of the permittivity, respectively.
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Figure S7: The simulated spectra of graphene dots withrdiftediameters (different, = 1/R),
calculated by solving Maxwell's equations using the locBAR-onductivity of graphene and the
polar dielectric function of Si@ The intrinsic phonon resonances of bare SiDaround 800 and
1100cnt?! are shadowed. It should be noticed that the resonance speutith an asymmetric
shape resembles the Fano resonantd@he physics relies on the interference between the contin-
uum state of the background reflections from S#Qbstrate, and the discrete state of the graphene
plasmon resonance. The continuum state in our structueea haticeable weight, since the opti-
cal phonon resonances of Sithduce a significant electric response to the substrates fliniher
manifests its role in the apparent asymmetric line sha@e jmcreasing the interference strength.
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Figure S8: Theoretical calculations of the plasmon-phomgoridization under different Fermi
levels. In order to fit the experimental results, the thecaétalculations of the plasmon-phonon
hybridization under different Fermi levels are implemeht8y comparing the experimental results
and the theoretical calculations, we find that the Fermillgvediction at -0.4 to -0.45 eV is
reasonable and matches well with the measurements.
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