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ABSTRACT: We introduce far-infrared graphene plasmonic
crystals. Periodic structural perturbation—in a proof-of-
concept form of hexagonal lattice of apertures—of a
continuous graphene medium alters delocalized plasmonic
dynamics, creating plasmonic bands in a manner akin to
photonic crystals. Fourier transform infrared spectroscopy
demonstrates band formation, where far-infrared irradiation
excites a unique set of plasmonic bands selected by phase
matching and symmetry-based selection rules. This band
engineering may lead to a new class of graphene plasmonic
devices.
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Graphene plasmons feature technologically significant
attributes such as subwavelength confinement and
tunability.l’32 Thus, the first observation of plasmonic
resonance in graphene with far-infrared excitation” has spurred
a surge of efforts to engineer graphene plasmons.>”® These
efforts have largely focused on localized plasmonic resonance
within a specifically shaped graphene “island” such as a
ribbon,>~* ring,s’7 or disk,"™® defining its frequency with the
boundary condition set by the island geometry. While these
foundational works arrange the graphene islands in periodic
arrays, the array has served only as a structural repetition to
enhance gross plasmonic absorption by summing up each
independent localized effect.

As an exception, it has been shown with an array of disk
islands® that electrostatic coupling between proximate islands
offers an additional mechanism to control the localized
plasmonic resonance frequency in each island. This result®
suggests one way to engineer the global dynamics across an
array of graphene islands using its periodicity, despite the
plasmon localization. In fact, engineering wave dynamics by
medium periodicity is one hallmark paradigm to create wave-
based devices. In contrast to ref 6, this principle can be applied
to delocalized plasmons in a continuous graphene medium with a
periodic structural perturbation, so as to pursue plasmonic band
engineering in a manner akin to photonic crystals.”

Here we create such graphene plasmonic crystals by
introducing a hexagonal array of apertures in a graphene
sheet. Delocalized plasmons interact with the medium
periodicity, forming a plasmonic band structure. This is
demonstrated by resonantly coupling a far-infrared light into
particular plasmonic modes belonging to a unique set of
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plasmonic bands, where the light selects these specific modes
because the spatial symmetry of the radiation field matches that
of the plasmons within those modes. Our work is a step toward
graphene plasmon band engineering, paving avenues for novel
graphene plasmonic devices. Incidentally, a recent e-print'®
reports mid-infrared plasmon excitation in a similar aperture
array; while sharing similar physics, it focuses on coupling
graphene plasmons with mid-infrared substrate phonons—in
contrast, we purposefully avoid such coupling by working in the
far-infrared regime to focus on the medium-periodicity-based
plasmon band engineering and symmetry-based plasmon band
selection rule.

One can imagine a variety of ways to introduce structural
periodicity in a continuous graphene medium. The hexagonal
lattice of apertures in our work is one proof-of-concept
realization of the medium periodicity. We fabricate four
graphene plasmonic crystals, which we call GPC1 to GPC4
(Figure 1a), by etching out hexagonal lattices of circular
(GPC1) or hexagonal shape apertures (GPC2 to GPC4) via
photolithography in four separate regions of the same 1.5 X 1.5
cm® graphene sheet. This graphene sheet, which is grown by
chemical vapor deposition (CVD) and is transferred onto a 289
nm SiO,/381 um Si substrate, exhibits the typical Raman
spectrum (Figure 1b) of monolayer graphene.'"'” The
hexagonal lattice geometry of each plasmonic crystal occupying
an area of 2 X 2 mm? is characterized by the lattice constant g,
the aperture shape that is circular or hexagonal, and the
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Figure 1. (a) Hlustration (not drawn to scale) of our graphene sample on SiO,/Si substrate, containing four graphene plasmonic crystals: GPC1 (a
~3 um, D ~ 2 um), GPC2 (a ~ 4 um, D' ~ 3 ym), GPC3 (a ~ S ym, D’ ~ 4 ym), GPC4 (a ~ 6 ym, D’ ~ 5 ym), an unpatterned graphene region,
and bare SiO,/Si region uncovered by graphene. T [T,] is the light intensity transmitted through a crystal [bare SiO,/Si] in FTIR. (b) Typical
Raman spectrum of the graphene sample in the unetched area. (c) Optical image, (d) SEM image, and (e) integrated graphene Raman 2D peak
intensity map from 2630 to 2730 cm™' of GPC1, with dark areas indicating apertures.

aperture size (diameter D in case of circular apertures, edge-to-
opposite-edge distance D’ in the case of hexagonal apertures).
The geometric parameters are in the micrometer range; for
instance, a ranges from 3 to 6 ym. An optical micrograph and a
scanning electron microscopy (SEM) image of GPC1 (a ~ 3
um; D ~ 2 ym) are in Figures 1c,d. The map of the integrated
Raman 2D peak intensity' " from 2630 to 2730 cm™" (Figure
le) also confirms the hexagonal lattice in the graphene.

We also leave a certain region unpatterned (area: ~1.0 X 0.5
cm?) in the same graphene sheet, as its interaction with far-
infrared light provides a comparison to the interaction of
plasmonic crystals with far-infrared light. On this unpatterned
graphene, we also perform a Hall transport measurement via
the four-probe Van der Pauw method from which we determine
the charge carrier type (holes), its concentration n (~1.0S X
10" cm™2), and mobility g (~1360 cm*/(V s)). These values
correspond to a Fermi level Ep = —Avg(n)'/? ~ —0.38 ¢V and
carrier scattering time 7 = A’anu/(eEg) ~ S X 107 s (f:
Planck constant; vg: Fermi velocity; e: elementary charge).15 Eg
and 7 are important characteristics that influence the detailed
behavior of graphene plasmons. While E and 7 spatially vary in
large-area graphene'* and also may assume degraded values in
the patterned graphene plasmonic crystals due to the edge
disorder introduced at the boundaries of the apertures,® their
grossly measured values in the unpatterned region give a rough
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feel for their values in the crystal regions and signify certain
characteristics of the graphene sample. For instance, our
graphene sample is strongly doped (with holes), and plasmonic
quality Q = w7 (®: angular frequency) is ~1.9 at 6 THz.
The length scales of the hexagonal lattice parameters 4, D,
and D’ are comparable to the graphene plasmonic wavelengths
in the far-infrared region, where graphene plasmons emerge
conspicuously.1 Hence, plasmons are scattered by the lattice,
and their dispersion relation is transformed from the
continuous dispersion curve of unpatterned graphene16 into a
plasmonic band structure, as seen theoretically.'"” We first
show the plasmonic band structure of our hexagonal lattice by
simulation, by solving Maxwell’s equations via the finite
element method with appropriate boundary conditions using
COMSOL Multiphysics. Here graphene is modeled as a 0.5 nm
thick conducting boundary layer with a conductivity corre-
sponding to the intraband transitions at room temperature:'®

1

aht o —j/t

. eZEF
-

0'((‘); Ep, T) =

Bloch boundary conditions were used to represent the periodic
structure. The material properties of the substrate are obtained
from tabulated data.'® The simulated band structure for GPC1
is displayed in Figure 2a (horizontal axis: plasmonic wave-
number, k; vertical axis: frequency, f), where the 11 lowest-
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Figure 2. (a) Simulated band structure of GPC1 (Eg

—0.38 eV) along high symmetry points of a hexagonal reciprocal lattice (inset). (b) Simulated

frequencies of degenerate I'-point plasmonic modes on bands 5 and 6 with varying Eg and a least-squares fit to f & /Eg. (c) Simulated E,, just
above graphene for each I'-point mode. Color bar shows normalized field strength. (d) Simulated extinction spectra of GPC1 for various 7 values.

For (c) and (d) Ex = —0.38 eV is used as in (a).

lying bands are shown along the high-symmetry points in
reciprocal space. For this particular simulation, we use Ep =
—0.38 eV, obtained in the unpatterned region, as the exact
value of Ey, of the crystal is unknown. Simulations with differing
Ep values reveal that the band diagram scales vertically in
proportion to N\/ |Egl, which is a key signature of graphene
plasmons."” For example, Figure 2b shows this Ex dependency
of the degenerate mode frequency of plasmonic bands S and 6
at the I'-point.

To demonstrate the plasmonic band formation in the
graphene plasmonic crystal, we perform Fourier transform
infrared spectroscopy (FTIR) at room temperature by normally
irradiating an unpolarized far-infrared plane wave along the z-
axis onto the device lying in the x—y plane. The wave vector k
of the normally incident light has no component in the plane of
the graphene, yet the corresponding k, = k, = 0 line can still
excite plasmonic modes at the I' point (k, = 0) on the bands;
such phase-matching and resultant plasmonic excitation would
not be possible in unpatterned graphene, which exhibits a
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continuous plasmonic dispersion relation with no plasmonic
band formation.

Among all available I"-point plasmonic modes, only two pairs
of degenerate I"-point modes belonging to bands S and 6 and
bands 10 and 11 can be excited because the spatial symmetry of
these specific plasmonic modes matches the spatial symmetry
of the fields of the normally incident plane waves.***"** All
other I'-point modes behave differently than the radiation fields
under symmetry operations (such as reflections with respect to
planes parallel to the z-axis or rotations about the z-axis) and
thus cannot be excited despite their phase matching to the
normally incident wave. To help appreciate this, we illustrate
the symmetries of all I-point plasmonic modes of the 11
lowest-lying bands by displaying the simulated spatial profiles of
their electric field in the z-direction, E,. just above the
graphene (Figure 2c). The I'-point plasmonic mode belonging
to band 7, for example, has a 120° rotational symmetry about
the z-axis, a symmetry that radiation fields do not possess, and
thus it cannot be excited.

dx.doi.org/10.1021/n1500158y | Nano Lett. 2014, 14, 2479—2484
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Figure 3. (a) Extinction spectra of unpatterned graphene (red) and GPC1 (blue), measured by FTIR spectroscopy. (b—e) Extinction spectra (blue)
of GPC1—GPC4, least-squares fits (black) to an expression based on a Fano resonance. The grossly estimated value of Eg by simulation peak fitting
(main text) is indicated for each crystal. The insets are SEM images of the crystals.

This symmetry-based selection rule can be formally proved.
The hexagonal lattice possesses the Cg, point group symmetry,
and thus, each I'-point mode hosted by the lattice exhibits
definite symmetry transformation properties under any
symmetry operation belonging to the Cg, group. However,
one can show that the symmetry transformation properties of
only the degenerate I'-point modes on bands 5 and 6 and those
on bands 10 and 11 match the symmetry transformation
properties of normally incident plane waves, being described by
the same irreducible representation of the C4 group (see
Supporting Information).”"**

Simulation supports this selective plasmonic excitation. We
solve Maxwell's equations with a plane-wave excitation to
obtain the extinction, 1 — T/T, (T and T, are the light intensity
transmitted through the on-substrate graphene device of
concern and through the substrate only, respectively; Figure
la), which indicates the degree of absorption or reflection by
the device. Figure 2d displays simulated extinction spectra of
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GPC1 with Eg = —0.38 eV for differing values of 7. Simulation
with either x- or y-polarized excitation light gives the same
result. For 7 = 5 X 107> s—this relatively long scattering time
is feasible with high-mobility exfoliated graphene®>**—the
extinction spectrum exhibits two peaks, confirming the selective
excitation; the tall 6.8 THz peak (small 8.6 THz peak) is due to
the excitation of the degenerate I'-point plasmonic modes
exactly at the same frequency on bands S and 6 (bands 10 and
11) in Figure 2a. These peaks, which can also be designed to
occur in the mid-infrared,’® are due to Fano resonances
between the plasmon modes and direct transmission through
the graphene, similar to the Fano resonance in photonic crystal
slabs.” With decreasing 7 that lowers the plasmon quality
factor,”*** each peak grows shorter and broader in simulation.
For 7 = 5 X 107'* 5 that is commensurate with the mobility of
our CVD-grown graphene, the peak due to the degenerate I'
point on bands S and 6 remains observable at a slightly lowered
frequency (6.7 THz), while the peak due to the degenerate I'

dx.doi.org/10.1021/nl500158y | Nano Lett. 2014, 14, 24792484
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point on bands 10 and 11 is unresolvable. Simulated extinction
spectra with different geometric parameters show the same
behavior (Supporting Information); in the low scattering
regime, the extinction shows multiple peaks corresponding to
a subset of I'-point plasmonic modes allowed by the symmetry
selection rule; in the high scattering regime (as in CVD
graphene), a single broad peak appears, typically around the
originally dominant peak.

Our work employs lower-mobility CVD graphene with 7 ~ 5
X 107" s, for its large area is amenable to maximal coupling
with the far-infrared beam from an Ever-Glo IR source (beam
diameter: ~8.75 mm). To ensure the measurement of only one
particular plasmonic crystal under test, a mask with a pinhole
(diameter ~2 mm) is aligned right behind the particular crystal
to permit only its signal transmitted. Thus, we expect from the
simulation that the extinction spectrum will exhibit a single
broad peak. In fact, the measured spectrum (Figure 3a, blue) of
a GPCl in the frequency range of 3—14 THz (above the lower
cutoff frequency of a Thermo Fisher FTIR6700 system used
and below the absorption bands of SiO,) exhibits a single broad
peak near 6 THz with an overall decreasing background, in
agreement with the shape of the extinction spectrum simulated
with 7 = 5§ X 107" 5. (The measurement is done in a N,
atmosphere with a polyethylene windowed far-IR deuterated
triglycine sulfate detector; the transmission spectrum of N, is
separately measured, and this background spectrum is
subtracted from every device spectrum.) This peak is due to
the excitation of the degenerate I'-point plasmonic modes on
bands S and 6. The emergence of the peak demonstrates the
band structure formation by the periodic structuring. This is
because in unpatterned graphene the plasmonic dispersion
curve does not form bands and thus cannot meet with the k, =
k, = 0 line representing the normally incident light. This lack of
coupling between the light and plasmons in unpatterned
graphene is clearly seen in the measured extinction of the
unpatterned graphene region (Figure 3a, red). The monotonic
spectrum is due to the background interaction between the
light and graphene free carriers” (Supporting Information); no
peak is observed due to the lack of light—plasmon coupling.

We can obtain the extinction peak frequencies by fitting the
experimental spectra to a single-peak Fano resonance line

shape?®
2
(qf + T ) +b
2(w — w,)

L (2 )

where fitting parameters are A (amplitude), g; (Fano
parameter), L, (plasmon damping rate), @, (natural
frequency), and b (screening parameter). Here Ty is the
background extinction spectrum obtained experimentally from
transmission through unpatterned graphene (Figure 3a, red).
This single Fano resonance fit well approximates the single
broad extinction peak in each graphene plasmonic crystal in the
heavy carrier scattering regime (Supporting Information), and
the R? statistics of the fits are in the range of 0.88—0.95. The
peak frequency obtained this way, 6.3 THz, is close to the
simulated peak frequency at 6.7 THz. The ~5% difference from
the simulation is largely due to spatial variations in Eg; that is,
Ep = —0.38 eV used in the simulation is from the unpatterned
graphene region, while the crystal region under test in general
assumes a different Eg value.

2(w — wy)

T
1 - —

= AT(w
T B(@)
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The observation of a single plasmon peak is robust across the
remaining three plasmonic crystals with differing hexagonal
lattice geometries (Figure 3b—e), further affirming the
formation of the plasmonic band structure by the periodic
patterning. As expected, the peak frequency varies from device
to device because the band structure is altered with the lattice
geometry. In our setup, the dependency of the peak frequency
solely on geometric parameters (Supporting Information)
cannot be closely examined, due in part to the photolitho-
graphic inaccuracy in controlling the geometric parameters to
submicrometer precision and more fundamentally because Eg
varies from device to device and from region to region even
within a single device (spatial variations of E; on CVD
graphene can be on the order of 0.1 eV'**). In fact, we
estimate the gross effective Ep of each plasmonic crystal by
matching the peak frequency between the measured and
simulated spectrum, where the simulation uses Eg as a fitting
variable and size and shape of the apertures estimated from the
SEM as fixed parameters (7 is kept at ~5 X 107'* s in this
simulation because extinction peak frequencies are not sensitive
to 7, as far as 7 varies within the range expected for CVD
graphene); the device-to-device variation of Ej so estimated is
up to ~0.1 eV (Figure 3b—e).

We further confirm the plasmonic origin of the observed
peak by upshifting the overall |Egl distribution across the entire
sample containing the four crystals via global chemical doping
of holes and by verifying if the peak frequency of each crystal
increases. This method is beneficial in the face of the device-to-
device variation of Ep since it does not require the exact
knowledge of the spatial distribution of Ep. After chemically
hole-doping the sample by exposure to 70% HNOj; vapor for 1
min, which increases the measured Ep from —0.38 to —0.55 eV
in the unpatterned region, the measured peak frequency in
every crystal shifts upward consistently (Figure 4), reaffirming

50
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Figure 4. Extinction spectra (thin lines) of the four graphene
plasmonic crystals before (black) and after (red) hole doping. The
factor by which the peak frequency increases is shown for each crystal.
Bold lines are least-squares fits to an expression based on the Fano
resonance. A vertical cumulative offset of 10% is added between the
spectra from different crystals for clarity.

the plasmonic origin of the spectral peaks. Incidentally, the
frequency upshift factor indicated in Figure 4 is not constant
among the devices because the predoping Ey spatial profile is
nonuniform, doping itself may not be perfectly uniform, and
the ex situ doping procedure may cause a slightly different
crystal position to be probed by the FTIR before and after
doping.

dx.doi.org/10.1021/n1500158y | Nano Lett. 2014, 14, 2479—2484
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The demonstrated interaction of delocalized graphene
plasmons with medium periodicity to form plasmonic bands
may open up exciting new avenues for a wealth of
subwavelength graphene plasmonic devices based on plasmonic
band engineering, such as band gap filters, modulators,
switches, and metamaterials.*>***> While the symmetry-based
selective excitation played a key role in demonstrating the
formation of the plasmonic band structure in the present work,
other coupling schemes®>*' may enable the presently latent
plasmon bands to be excited and probed. Higher quality factor
devices are also expected in the near future, as the mobility of
large-area CVD graphene continues to improve and the area of
high-mobility exfoliated graphene continues to increase.”>>
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