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Effects of edge on graphene plasmons as revealed by
infrared nanoimaging

Qingyang Xu!, Teng Ma?, Mohammad Danesh?, Bannur Nanjunda Shivananju!, Sheng Gan!, Jingchao Song*,
Cheng-Wei Qiu®, Hui-Ming Cheng?, Wencai Ren? and Qiaoliang Baol**

We used scattering-type scanning near-field optical microscopy (s-SNOM) to investigate the plasmonic properties of
edges in well-defined graphene nanostructures, including sharp tapers, nanoribbons and nanogaps, which were all fabri-
cated via the growth-etching chemical vapor deposition (GECVD) method. The obtained near-field images revealed the loca-
lized plasmon modes along the graphene nanoribbon; these modes strongly depended on the size of the graphene pattern,
the angle of the tapered graphene and the infrared excitation wavelength. These interesting plasmon modes were verified by
numerical simulations and explained by the reflection, and interference of electromagnetic waves at the graphene-SiO,
edge. The constructive interference at the graphene nanogap caused by charge accumulation was demonstrated for the first
time. Using the infrared nanoimaging technique, greater plasmon broadening was observed in the zigzag edge than in the
armchair edge. Our study suggests that graphene edges should be separated by an effective working distance to avoid the
overlapping of localized plasmon modes, which is very important for the design of graphene-based plasmonic circuits and

devices.
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INTRODUCTION
Graphene, an attractive, atomically thin carbon material, has been
demonstrated to possess excellent electrical, optical, mechanical,
magnetic and thermal properties, and has many exciting
applications'. Surface plasmons in graphene are electromagnetic
waves that propagate along the surface of the graphene as a result of
the infrared light-induced oscillation of surface charges. Because of its
low plasmon damping, remarkable tunability and high quantum
efficiency for light-matter interactions, graphene has intriguing
potential applications in a new area of two-dimensional (2D)
plasmonics*$. Graphene plasmons can efficiently enhance optical
absorption, which can be tuned by changing the micro/nanopattern
size or the in situ electrostatic doping, thus enabling applications in
graphene-based terahertz metamaterials’, tunable far-infrared notch
filters'?, strongly enhanced light—matter interactions for quantum
devices!!, modulation, light harvesting, spectroscopy and biosensing!?.
Intrinsic plasmons can be observed using various direct and indirect
methods. Infrared transmission spectroscopy of graphene micro-
ribbon arrays indicated that infrared light polarized in a direction
perpendicular to the graphene nanoribbon axis is able to excite
plasmon resonance caused by bounded electron oscillation®. Because
of a lack of mid-infrared light excitation and high spatial resolution,

graphene plasmons could be launched and detected in real space only
using high-spatial-resolution scattering-type scanning near-field opti-
cal microscopy (s-SNOM). Infrared nanoimaging experiments
revealed that graphene plasmons are strongly reflected at graphene
edges™®, grain boundaries'> and nanometer-sized steps in monolayer
graphene formed on SiC substrates'®. The interference patterns at the
graphene grain boundaries were imaged by recording the interference
between tip-launched and reflected plasmons!®. The extracted plas-
mon wavelength is ~200nm at the relevant incident infrared
frequency for the common graphene/SiO,/Si structure; this plasmon
wavelength and the plasmon interactions can be tuned via electrical
gating™®. Theoretically, graphene-based nanoribbon-like waveguides
and Y-shaped waveguides can be constructed by precisely designing
the non-uniform conductivity pattern and applying different gate
voltages at different locations across the structure'®. Recently, the
usage of resonant antennae and spatial conductivity patterns has
opened up exciting avenues for the design of nanoscale graphene
photonic circuits and devices by launching and controlling the
propagating graphene plasmons!®.

Notably, the surface plasmons in graphene nanostructures behave
distinctly because of the finite-size effect!”. The real-space observation
of surface plasmons in graphene nanoribbons and nanogaps, and the
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investigation of edge effects are fundamentally important to further
understand the finite-size effect, but have not yet been demonstrated.
Infrared imaging of these nanostructures could conclusively unveil the
plasmonic phenomena in confined 2D systems, thereby facilitating the
fabrication of miniaturized 2D plasmonic devices. However, real-space
imaging of the plasmonic modes in nanoscaled graphene remains
challenging because of the lack of a mature fabrication technique able
to produce fresh edges of patterned graphene nanostructures with
precise control over the shape and quality. Moreover, conventional
lithography cannot deliver patterned graphene nanostructures with
well-defined edges.

In this study, we adapted a growth-etching method in a chemical
vapor deposition (GECVD) process'® to produce patterned nanor-
ibbon and nanogap structures with well-defined edges in graphene
films and single crystals (Supplementary Information). Using infrared
nanoimaging technology, we captured optical amplitude images of the
graphene nanoribbon and nanogap for the first time. The special
localized plasmon modes at the graphene nanoribbon were clearly
shown to strongly depend on the width of the nanoribbon, the apex
angle and the wavelength of the incident light. We also observed
interference enhancement in the graphene nanogap and attributed this
effect to the small gap size, which enables accumulation of carriers at
the gap!®. Moreover, we experimentally investigated the effect of
graphene edge chirality on plasmonic reflection and interference,
verifying the theoretically predicted chirality-dependent photon—
plasmon interactions'’. The obtained results may pave the way for
the development of active sub-wavelength optics and a plethora of
nano-optoelectronic devices and functionalities, such as graphene-
based waveguides, quantum information devices, optical signal pro-
cessing and ultra-sensitive sensing applications.

MATERIALS AND METHODS

Characterization

We characterized the GECVD-grown graphene using an optical
microscope (Nikon LV100D, Nikon Company, Tokyo, Japan), Raman
(JY HR800, Horiba Jobin Yvon Company, Villeneuve d' Ascq, France)
and a field emission scanning electron microscope (SEM; FEI
Quanta 200, Field Electron and Ion Co., Hillsboro, OR, USA).

Plasmon nanoimaging

A commercial s-SNOM (Neaspec Company, Munich, Germany; www.
neaspec.com) equipped with mid-infrared quantum cascade lasers
(Daylight Solutions Company, San Diego, California, USA; www.
Daylightsolutions.com) and a CO, laser (Access Laser Company,
Everett, WA, USA; www.accesslaser.com) with wavelengths of 4, 7 and
10.6-11.3 pm was used to launch and detect propagating and localized
graphene plasmons. Infrared nanoimaging was based on an atomic
force microscopy (AFM) operated in tapping mode, with a tapping
frequency Q of ~270 KHz and a tapping amplitude Az=40 nm.

In a near-field nanoimaging experiment, the AFM tip scans a
sample surface and simultaneously acts as an optical antenna. The
infrared laser beam is focused onto the AFM tip using a parabolic
mirror. The sharp metal tip can concentrate the incident optical field
at its apex to a small spot with a diameter of only a few tens of
nanometers. When a flat sample is located near the tip, the highly
confined field at the apex interacts with the sample, and because of the
near-field interaction between the tip and the sample, the tip-scattered
light contains information regarding the local optical properties of the
sample surface. The backscattered light and the topography are
recorded simultaneously via pseudo-heterodyne detection, yielding
nanoscale-resolution infrared near-field images.
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RESULTS AND DISCUSSION

Plasmon modes in a sharp graphene taper

In conventional noble metal-based plasmonics, the tapered waveguide
structure has been suggested to be one of the most efficient approaches
to achieving light focusing?®?!. In this study, we first fabricated a sharp
graphene taper (with an apex angle of ~7°) and then investigated the
notably tight confinement of electromagnetic energy in the graphene
plasmonic waveguide. We produced large-area graphene films on a Pt
substrate with conversional CVD growth conditions in the presence of
methane and hydrogen. After we cut off the methane flow rate, with
the other parameters remaining constant during the CVD process, the
graphene films switched from growth to etching, forming several
hexagonal holes randomly distributed over the entire graphene plane.
As the reaction time increases, the holes expand and encounter
neighboring holes to generate the tapered structure. The AFM
topography (Figure la) confirms that the width of the tapered
graphene gradually decreases from ~280 to ~50 nm at the end. To
probe the plasmonic properties, we used a CO, laser (wavelength
range from 10.694 to 11.286 um) to illuminate the AFM tip of a
commercial s-SNOM. Figure 1b—1f shows near-field images of a
tapered graphene nanocrystal with a size smaller than the plasmon
wavelength 1, (~200 nm, see Supplementary Information). The optical
amplitude images clearly reveal two distinct localized modes that
coexist with a resonant enhancement of the near-field signal compar-
able to previous reports>®. In this study, we focus special attention on
the light confinement in such a sharp tapered single-crystal graphene
sample. The light confinement, which can be defined as A/w, becomes
stronger as the excitation wavelength Ao decreases, as evidenced by the
shorter and narrower hotspot at the apex of the nanocrystal
(Figure 1f). The observed highest confinement (lo/w) is 218 for
A0 =10.694 pm, which is 1.45 times stronger than that of previous
reports® because of the high quality of our single-crystal graphene
domains and the much sharper tip of the graphene taper.

Moreover, if the graphene ribbon is narrow enough, the lowest-
order mode® manifests as a pair of bright spots near the sharp tip. The
separation of the lowest-order mode (133 nm) is larger than the width
of the graphene taper at that location (92 nm) for y=11.286 pm, as
depicted in Figure 1b and 1g. This phenomenon can be understood by
considering the bright edge as a localized light source that can
illuminate the surrounding area. Corresponding to the amplitude
images at the same location for Ao =10.694 pm, a resonance mode can
be found inside the taper (Figure 1f and 1g). Thus, the localized modes
strongly depend on the width (w) and the excitation wavelength (1)
and move toward the tip of the graphene ribbon as the excitation
wavelength decreases. Similar to a fixed excitation wavelength, the
incident light is confined inside the taper if the width is sufficiently
large, revealing a dark edge mode. In contrast, the lowest-order mode
is observed if the taper is quite sharp.

Another interesting phenomenon is that the plasmon localization in
the tapered graphene strongly depends on the vertex angle (6) of the
tapered structure, as shown in Figure 1h-1j. It is observed that
additional light is confined along the length of graphene nanoribbons
with smaller angles (2° in Figure 1h) compared with those with larger
angles (26° in Figure 1j), as evidenced by an elongated hotspot or
localized mode. Moreover, the localized mode inside the ribbon shifts
away from the tip of the tapered graphene as the vertex angle
decreases. This tendency is accompanied by a relatively enhanced
optical amplitude in terms of brightness and localized area because of
the occurrence of multiple plasmon reflections between the graphene
edge and the AFM tip.

doi:10.1038/1sa.2016.204
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Figure 1 Visualization of localized modes at different excitation wavelengths and apex angles. (a) AFM topography images of tapered graphene with a sharp
apex angle of ~7°. (b-f) Near-field optical images, taken simultaneously with the AFM topography in a, at imaging wavelengths (1p) of 11.286 um (b),
11.194 ym (c), 11.086 pm (d), 10.768 um (e) and 10.694 pm (f). Scale bar=200 nm. (g) Line profile obtained along the white dashed line in b, f and a
(from top to bottom), normalized to the optical amplitude of the SiO, substrate and illustrating that the localized modes move toward the tip of the graphene
taper as the excitation wavelength decreases. (h—j) Near-field optical images of tapered graphene, with angles of 2°, 7° and 26°, respectively. The imaging

wavelength is 1g=11.086 pm. Scale bar=300 nm.

Plasmon modes in a narrow graphene nanoribbon

Figure 2a shows a schematic diagram of the infrared nanoimaging
experiment. The AFM tip is scanned over a graphene nanoribbon on
the SiO, substrate, which is prepared via the GECVD method. The
width of the nanoribbon depends on the etching time (Supplementary
Information). The metallic tip is illuminated by broadband (10.694—
11.286 pm) infrared light to produce a focused optical field at its apex,
which further interacts with the plasmon modes inside the graphene
nanoribbon?? and results in surface propagating waves. Consequently,
these plasmonic standing waves interact with the AFM tip and affect
the total scattered field collected by the measurement system?>.
Two tapered graphene sheets and a connecting graphene nanoribbon
are clearly visible in the SEM image and AFM topography (Figure 2e
and 2f). The width of the graphene nanoribbon changes gradually
from ~ 110 nm at one end to the smallest value of ~63 nm at the
center and eventually to ~95 nm at the other end.

The corresponding near-field optical images are shown in Figure
2b-2d and 2h-2k. A bright spot can be observed at the end of each
graphene taper where the taper connects with the graphene nanor-
ibbon. At this particular position, the plasmonic surface waves excited

doi:10.1038/1sa.2016.204

from the center of the taper and those reflected back from the edges
are completely in phase and thus produce a peak or hotspot in the
standing wave function. Similar to the effect shown in Figure 1,
graphene tapers with smaller vertex angles produce stronger plasmon
confinements, as evidenced by the brighter hotspot shown in
Figure 2b (taper vertex angle: 31°) and the relatively weak hotspot
shown in Figure 2c (taper vertex angle: 43°). In particular, a rich
variety of bright and dark features can be observed along the whole
graphene nanoribbon. The interference pattern, manifesting as
numerous black dots along the edge of the wide nanoribbon
(Figure 2b), can be assigned as the edge mode of graphene
plasmon?4, It is also interesting to observe a chain of black dots in
between bright fringes along the narrow region (Figure 2c and 2d),
which can be considered as the waveguiding mode®”.

Figure 2h—2k shows the wavelength-dependent optical field images
in the graphene nanoribbon, in which three different behaviors of the
plasmon interaction were observed. First, in the wider region (I), the
plasmonic waves reflected from the edges constructively interact with
each other to produce an edge mode, with line-shape confinement at
the center of the nanoribbon. Second, as the nanoribbon becomes

Light: Science & Applications
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Figure 2 Scanning plasmon interferometry of a graphene nanoribbon. (a) Diagram of an infrared nanoimaging experiment for a graphene nanoribbon on SiO5.
The AFM tip is illuminated by an incident infrared light (green arrow) and launches surface plasmon waves (red circles) into the graphene nanostructure. The
near-field optical images are collected by detecting the backscattered light (blue arrow). (b—d) Infrared amplitude images of three components of the
graphene nanoribbon: top (b), bottom (c) and middle (d) at an infrared wavelength of 1p=11.086 pm. (e, f) SEM image and AFM topography of tapered
graphene and connecting nanoribbon. (g) Sketch of the geometry width along the nanoribbon, imaged by SEM (e) and AFM (f). (h—k) Near-field amplitude
images of tapered graphene and connecting nanoribbon at infrared wavelengths of 1o=11.286 pm (h), 11.086 um (i), 10.816 um (j) and 10.694 pm (k).
L indicates the length of the edge plasmon mode confined inside the graphene nanoribbon. I, Il and Ill indicate three different plasmon interaction
behaviors. Scale bar=500 nm. (I) Maximum O3 optical amplitude of the bright spot in b, as a function of 1o normalized to the optical amplitude of the
substrate SiO,. (m) Theoretically (black) and experimentally (blue) extracted graphene plasmon wavelength as a function of Ag. (n) Length of light confined
inside the nanoribbon at different incident wavelengths 1g. The brightest point at the apex of the graphene ribbon is chosen as a reference point.
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narrower, the constructive interference shifts toward destructive
interference, leading to a dark region (II) within the nanoribbon.
Finally, as the width becomes even narrower, localized plasmon
resonance occurs and produces the waveguide mode along the
nanoribbon in region (III). The data shown in Figure 2h-2k possess
a weaker contrast, which is attributed to the limited number of data
points while scanning over a large area. Note that the localized edge
modes decay quite rapidly because of interactions with surface polar
phonons in SiO; at such small dimensions*. Unlike the upper region
of the nanoribbon, the waveguide mode is always dominant in the
bottom region, where the nanoribbon width is slightly smaller than
that of the upper region, as revealed by the zoomed-in scanning image
in Figure 2b and 2c. This observation is in good agreement with a
recent discovery that the waveguide mode exists in the graphene
nanoribbon, with widths w< 4,/2%. The plasmon properties of such a
nanostructure at shorter excitation wavelengths were also investigated.
The optical amplitudes at both tapers are similar to those at longer
wavelengths for Ag=7.26 um (Supplementary Fig. S3a). Moreover,
the waveguide-like mode also occurs in the nanoribbon and high
contrast can be observed between the graphene and the substrate.
In contrast, a lack of graphene plasmons and weak contrast are
observed for Ag=4.67 pm (Supplementary Fig. S3b) (see Supplementary
Information for detail).

Interestingly, the length (L) of the second-order sheet mode
confined inside the graphene nanoribbon becomes longer as
the excitation wavelength decreases. This observation is attributed to
the balance between the plasmon wavelength in graphene and
the width of the graphene nanoribbon, which confines the light
to a small volume. More specifically, the plasmonic properties of
graphene are related to the effective dielectric function of the
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environment,2 k(w) = [1+egp(®)]/2, and its optical conductivity?,
aop(m) = i%ﬁ, where @ is the infrared excitation wavelength
and 77! is the charge-scattering rate in graphene. We obtain the
equation for the plasmon wavelength, A,=2xr/Re(qp), from the
plasmon dispersion of graphene at the interface between the air and
the SiO, substrate™!?, qp = (2wepk(w)/o(w)). According to these
formulas, the amplitude of the hotspot and the period of the plasmon
in the graphene nanoribbon strongly depend on the excitation
wavelength, as shown in Figure 21 and 2m. Shorter excitation
wavelengths lead to smaller plasmon periods, in turn leading to
longer second-order sheet modes in the upper wide region of the
graphene nanoribbon, as revealed in Figure 2h-2k and 2n.

To better understand the plasmons in the graphene nanoribbon,
numerical modeling was performed, considering all the experimental
parameters (see Supplementary Information for details), as shown in
Figure 3. It was assumed that the width of the graphene taper changes
from 200 to 100 nm and that of the graphene nanoribbon changes
from 100 to 10 nm. The simulation results also reveal a bright spot at
the end of the taper and three regions with distinct plasmonic near
fields in the nanoribbon section, which are consistent with the
experimental observations depicted in Figure 3a. Region I displays
high intensity at the center because of constructive interference of the
reflected wave, which produces a peak in the standing wave pattern at
the center point. Region II is a transition zone, where the reflected
waves from both edges interfere with each other and form a prolonged
higher-order sheet mode?>. Localized plasmon resonances manifesting
as bright edge modes appear along the ribbon in region III and could
be considered an elongated analog of the lowest-order modes, similar
to those observed in tapered graphene™®. In summary, two main
resonance modes can be excited in the graphene nanoribbon, that is,

Figure 3 Theoretical simulations. (a) Infrared experimental amplitude of tapered graphene and connecting nanoribbon at an infrared wavelength of
Jo=10.694 pm, revealing the bright spot (dashed circle) and three localized modes I, Il and Il (dashed rectangle). Scale bar=300 nm. (b—d) Numerical
results of the plasmonic near fields on a graphene nanoribbon changing from 10 to 100 nm. Regions I, Il and IlI exhibit three different localized
mechanisms at the graphene ribbon and the numerical simulation of a taper changing from 100 to 200 nm. (c) confirms that the experimental results are in

accordance with the theoretical simulation.

doi:10.1038/1sa.2016.204
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the edge mode appearing at the center of the wide ribbon because of
constructive interference and the waveguide mode observed in the
narrow ribbon. The appearance of these modes strongly depends on
the excitation wavelength.

Plasmons in a graphene nanogap
The interference of the graphene plasmon wave is known to cause a
bright fringe pattern in near-field optical images. The bright fringe

near the edge is usually accompanied by two black fringes on both
sides; the dark fringe near the substrate is much darker than that in
graphene, as observed in previous reports®>4~26, which corresponds to
destructive interference and thus yields a negative near-field contrast.
One interesting question pertains to what would occur if two edges
were placed so close that the dark fringes overlapped with each other.
Experimentally, we prepared two graphene tapers separated by a small
gap of ~25nm and performed s-SNOM measurements, as shown in
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Figure 4 Scanning plasmon interferometry of the graphene nanogap. (a) AFM topography of the graphene nanogap, with a geometric slot of ~25 nm. The
height profile along the dashed line is plotted in d (the arrow means the direction of plotting). (b, ¢) Infrared amplitude image and phase image taken
simultaneously with the AFM topography shown in a, with an illuminating wavelength of 15=11.086 pm. Scan size=1.5pmx 1.5 um. (d, e) Line profiles
obtained along the white and black dashed lines in b and c, revealing amplitude enhancement and phase jump in the gap, as indicated by the black arrows
in b and c. (f) AFM topography of the graphene nanogap, with a geometric slot of ~115 nm. (g) Near-field optical image taken at an infrared wavelength of
Ao=11.086 pm. The arrows mark the positions of plasmon localization modes that appear at two corners of the graphene flakes. (h) Line profiles obtained
along the white dashed lines in f and g. No plasmon interaction is observed in such large gaps. Scan size=1 pmx2 pm.
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Figure 4a—4e. The scattering amplitude s(w) along the white dashed
lines is plotted in Figure 4d. We found that the amplitude inside the
gap exhibits strong increases of ~15 and 50% compared with the
amplitude across the edge (see traces 2 and 3 in Figure 4d). We
attribute this effect to the interaction of graphene plasmons at the
edge, which enables charge accumulation in the gap!'®. The phase
image (Figure 4c), taken at an infrared wavelength of 11.086 pm,
further verifies the enhancement in the near-field amplitude image®®
and reveals a larger phase gradient of ~26° (Figure 4e).

To further investigate how the separation of the graphene nanogap
affects the plasmon interactions, we observed a graphene nanogap with
a separation of ~115nm, as depicted by the AFM topography in
Figure 4f. The scanning plasmon interferometry image, taken at an
infrared wavelength of 11.086 pm, is shown in Figure 4g. Two black
fringes parallel to each bright fringe can be observed at the edge: one in
graphene and the other near the substrate. More interestingly, the black
dots were observed at the bottom corners of graphene flakes, which is
possibly due to the interference of edge plasmons?>.

Comparing the optical amplitude with the AFM topography, we
confirm that the outer black fringes, which originate from the dark
mode of the edge plasmon in graphene, lie partially on the substrate.
We further plot the scattering amplitude s(w) along the white dashed
line in Figure 4h; the scattering signal shows that the period of the
fringe pattern is ~ 100 nm (4,/2) for our high-quality graphene. The
black fringe expands to the substrate with a width of ~ 25 nm (~ 1,/8).
No plasmon interaction was observed in such a large gap, but

Plasmonic phenomena of graphene nanopatterns
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interactions were noted in the small 25nm gap (Figure 4a—4c).
Therefore, we conclude that the amplitude and phase enhancement
inside the small gap result from the constructive interference of the
graphene plasmon mode at the edge when the gap width is sufficiently
small (that is, ~ 1,/8).

Effect of edge chirality on graphene plasmons

The edge chirality of graphene is critically significant for various
fundamental properties, such as magnetic properties?”?%, optical
properties?’, phonons®*3? and superconductive®> properties. Simi-
larly, because of the different edge terminations, the edge chirality also
imprints certain signatures in the plasmonic near field. Quantum
mechanical simulations have suggested that zigzag edges with a small
ribbon width can produce additional plasmon broadening!”**. To
acquire different types of edges, hexagonal single-crystal graphene
domains were first synthesized and subsequently etched in a pure
hydrogen atmosphere!8. Because of the structural defects generated
during the nucleation stage, hexagonal holes appear at the center of
the domain and quickly expand, resulting in different crystallographic
orientations between the inner and outer edges. The edge structure of
the graphene domains was identified via Raman spectroscopy through
combined analyses of both the D and G peaks'®*®3!, During the D
peak measurements, the polarization of the incident laser was tuned
parallel to the edge orientation to avoid the effect of laser polarization
on the D peak intensity®’. For the G peak measurements, the
polarization of the incident laser was tuned by rotating a half-wave
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Figure 5 Effect of edge chirality on graphene plasmon. (a) Optical image, scale bar=20 pm. (b) Typical Raman spectra measured at the zigzag edge and
armchair edge (inner and outer edges). (c) Polarization dependence of the G peaks of the zigzag edge and armchair edge indicated by blue square and red
circle in a. (d) AFM topography of a graphene ribbon with controlled edges (indicated by white arrows). (e) Near-field optical amplitude, obtained
simultaneously with the AFM topography shown in d, at an infrared wavelength of 15=11.086 pm. Scale bar=500 nm. (f) Experimental s(w) line profiles
obtained by averaging 20 such profiles in the region (white dashed rectangles in e) at edges with different chirality (zigzag or armchair), revealing a broader

plasmon at the zigzag edge.
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plate, and the angle of the laser polarization relative to the edge
orientation was defined as 6. Figure 5a shows the optical image of a
graphene domain with a hexagonal hole in its center, which was
etched in pure hydrogen for 2 min after growth under a gas flow
of 500 standard-state cubic centimetre per minute (sccm) of hydrogen
and 4.5 sccm of methane for 30 min at 1000 °C. The Raman spectra and
polarized G peak spectra shown in Figure 5b and 5¢ were collected from
the edges, denoted by the blue squares and red dots in Figure 5a,
respectively. The outer edge exhibits a notably high Ip/Ig, and its G peak
intensity decreases with €, which indicates that the outer edge has an
armchair direction. The inner edge shows a low Ip/I; and opposite G
peak polarization dependence on 6, suggesting that the edge is zigzag type.

We excited and visualized the graphene plasmons at the zigzag edge
and armchair edge using the high-resolution scattering-SNOM system.
Figure 5d shows the AFM topography of etched graphene with known
edge chirality; Figure 5e shows the corresponding near-field optical
image. The bright mode at the top zigzag edge is broader than that at
the armchair edge. Nevertheless, it is found that the right edge is
not as broad as the top edge. We speculate that the right edge may
not have perfect zigzag arrangement, as it was formed by a
mechanical tear during the transfer process. To quantitatively
compare the plasmons at the edges, 20 amplitude profiles were
plotted across each edge (white rectangles) and averaged to produce
a single profile, as shown in Figure 5f. The plasmon wavelength is
Ap=149 nm at the zigzag edge and 4,=117 nm at the armchair
edge. Clearly, the width of the zigzag edge plasmon is larger than
that of the armchair edge plasmon, possibly because of the different
carrier densities at the two edges, which support different surface

states>.

In particular, it has been theoretically proposed that
localized states are supported by zigzag ribbons, resulting in extra
plasmon broadening compared with that of an armchair ribbon
with a similar width!®3. Considering that the size of the graphene
edge described here is much larger than the quantum finite size!”>3,
the AFM tip of the s-SNOM system excites the propagation of the
confined electronic states near the Dirac points rather than the

finite width for the zigzag edges.

CONCLUSIONS

In conclusion, we have developed a GECVD method to synthesize
sharp graphene tapers, nanoribbons, nanogaps and different types
of edges, and investigated their effects on graphene plasmons using
an infrared nanoimaging technique. The scanning plasmon inter-
ferometry technique reveals that the plasmonic effects strongly
depend on the geometry, the size of the graphene nanostructure,
the vertex angle of the tapered graphene and the excitation
wavelength. Moreover, we probed the effect of edge chirality on
the graphene plasmon and found that zigzag edges produce greater
plasmon broadening than armchair edges. The main findings could
provide important guidance for the design and fabrication of
miniaturized nanophotonic devices, such as graphene plasmon
waveguides and plasmonic circuits.
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