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Asymmetrical graphene plasmon reflection patterns are found in infrared near-field images of tapered graphene rib-
bons epitaxially grown on silicon carbon substrates. Comparing experimental data with numerical simulations, the asym-
metry of these patterns is attributed to reflection of plasmons by wrinkled edges naturally grown in the graphene. These
graphene wrinkles are additional plasmon reflectors with varying optical conductivity, which act as nanometer scale plas-
monic modulators and thus have potential applications in photoelectric information detectors, transmitters, and modulators.
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1. Introduction

Graphene is a one-atom-thick carbon material, with car-
bon atoms packed densely in a hexagonal honeycomb lattice.
Having a unique energy band structure, graphene also has tun-
able optical and electronic performance, which attracts great
interest in electronics and plasmonics and can be used in fabri-
cating photoelectric devices such as polarizers, absorbers, and
so on.!!=81 Graphene also has semimetal properties, so the ex-
istence of graphene plasmon has long been predicted in theory.
Based on experiments with scattering-type scanning near-field
microscopy (s-SNOM), we know that graphene plasmons can
be excited by a metallic atomic force microscope tip illumi-
nated with light from infrared to terahertz frequency and prop-
agate on the graphene. The real-space imaging of graphene
plasmons is possible because of the formation of standing
waves coming from the interference between the tip-launched
plasmons and the plasmons reflected back by graphene edges,
defects, boundaries, or substrate steps.[g‘m

Graphene plasmon has a shorter wavelength than excita-
tion illumination in the IR region, by about 1/20, and it has a
stronger localized electromagnetic field than its counterparts
among noble metals.[*!9 Graphene plasmons are sensitive to
surface topological features and form various interference pat-
terns in the near field.!'3!4 Fei et al. reported distinct plasmon
interference patterns in a tapered graphene ribbon.[!3l Fang
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et al. demonstrated tunability and hybridization of localized
plasmon in nanostructured graphene.!'>! Nikitin et al. per-
formed a detailed near-field optical modes study on graphene
disks and rectangular nano-resonators. !4 Graphene edges and
other defects are naturally-grown plasmon scatters that affect
graphene plasmonic modes.!'®!7] Martin-Moreno et al. the-
oretically investigated the scattering of graphene plasmon by
atomic level defects in graphene sheets.[!”! Fei e al. showed
that local electronic properties in graphene can be revealed
by analyzing the corresponding local plasmonic interference
patterns. 1]

In the present paper, we report our near-field infrared
imaging study of the asymmetrical plasmon interference pat-
terns found on tapered graphene ribbons with wrinkled edges.
Graphene wrinkles exhibit a dual-function reflection effect on
plasmons. It is found that the topological shape of the wrin-
kles alone has little effect on plasmon propagation, and the
varied conductivity of the wrinkles gives rise to plasmon re-
flections at graphene wrinkles. When graphene wrinkles ap-
pear at the edges, they can be regarded as a perturbative factor
for plasmon reflection, leading to unusual asymmetrical plas-
mon interference patterns in the near field. Graphene wrinkles
with changed optical conductivities can be potentially used
as tuneable plasmonic scatterers for manipulating light at the
nanometer scale. 8]

*Project supported by the National Key Research and Development Program of China (Grant No. 2016YFA0203500), the National Natural Science Foundation
of China (Grant Nos. 11474350 and 51472265), and State Key Laboratory of Optoelectronic Materials and Technologies (Sun Yat-Sen University), China.

fCorresponding author. E-mail: Iwguo@iphy.ac.cn
fCorresponding author. E-mail: jnchen @iphy.ac.cn
© 2017 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

074220-1


http://dx.doi.org/10.1088/1674-1056/26/7/074220
mailto:lwguo@iphy.ac.cn
mailto:jnchen@iphy.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 26, No. 7 (2017) 074220

2. Materials and methods

Tapered graphene ribbons are grown on SiC (11-20) by
a thermal decomposition method.!”-!°! At the growth temper-
ature, graphene first begins nucleation on the SiC surface,
then extends to form tapered graphene ribbons quickly. After
graphitization, we lower the temperature to room temperature,
whereupon wrinkles appear in the graphene ribbons to release
compressive stress that exists in the graphene ribbons because
the thermal expansion coefficients of graphene and SiC differ.
A detailed Raman characterization of the graphene grown on
SiC is shown in Fig. S1.
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Fig. 1. (color online) Schematic of scattering-type scanning near-field
optical microscopy. The excitation light is an infrared laser, and the
sample is epitaxially grown graphene on silicon carbon substrate.
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A schematic of scattering-type scanning near-field op-
tical microscopy on tapered graphene ribbons is shown in
Fig. 1. The atomic force microscope (AFM) metal tip is il-
luminated by an infrared light of wavelengths tunable from
9 um to 11 um. The tip compensates the momentum mis-
match between photons and plasmons, which launches propa-
gating graphene plasmons. The interference surface standing
wave between the propagating plasmon and the reflected plas-
mon is scattered by the same tip to the far field and recorded
by an infrared detector. To suppress background noise, a
pseudo-heterodyne interferometric detection scheme is em-
ployed, providing background-free third-harmonic near-field

images for study.!!!

3. Results and discussion

The near-field optical and corresponding topological im-
ages of the tapered graphene ribbons are shown in Fig. 2. For
the monolayer graphene ribbon, there is a symmetry near-
field optical pattern with a similar signal strength at two
edges, which is shown as the red profile line in Fig. 2(a).
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Fig. 2. (color online) Optical nano-imaging of graphene ribbons. (a) Upper panel: topological image of a graphene ribbon; middle panel:
near-field image; lower panel: topological and near-field signal profiles extracted from the above images, with positions indicated by the black
line in the topological image and the red line in the near-field image, respectively. The scale bar is 500 nm and the wavelength of incident
light is 9.68 um. (b) Left: topological and near-field images of graphene ribbon with wrinkles in the top and bottom panels, respectively; right
panels: topological and near-field signal profiles extracted from the left. The topological profile is indicated by the black line, and the optical
signal profiles are indicated by the red and orange lines in the near-field image. The scale bar is 500 nm and the wavelength of incident light is
9.68 um. (c) Upper panel: topological image of a graphene ribbon; middle panel: near-field optical imaging; lower panel: the topological and
near-field signal profiles are indicated by the black line in the topological image and the red line in the optical image, respectively. The scale

bar is 1 pm and the incident wavelength is 10.15 pm.
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Figure 2(b) shows graphene wrinkles inside and at the edges
of the graphene ribbons. These wrinkles can reflect graphene
plasmons. The horizontal orange line in the optical image of
Fig. 2(b) shows a graphene wrinkle inside a graphene ribbon,
and the vertical red line in the optical image of Fig. 2(b) shows
a graphene wrinkle at the bottom side of a graphene ribbon.
The corresponding profiles are plotted in the right panel of
Fig. 2(b). For the red profiles in the bottom right panel of
Fig. 2(b), the near-field optical signal is weaker at the wrinkle
edges on the right side, which indicates that graphene wrinkles
at the graphene edge modify its local optical conductivity and,
consequently, modify the plasmon reflection ratio there.

In Fig. 2(c), we show other plasmons reflected by wrin-
kled graphene edges. The intensity pattern of the optical near-
field image is asymmetric, i.e., the optical signal is stronger
at one wrinkled edge side than at the other, in contrast with
the case shown in Fig. 2(b). This suggests that the plasmon
reflection ratio at a wrinkled edge is a joint effect of wrin-
kles and edges, and wrinkles at graphene edges can either en-
hance or weaken plasmon reflection, depending on the indi-
vidual case. In order to understand our experimental results
well and quantify the effect of graphene wrinkles on graphene
plasmon reflection, we employ numerical calculations (Com-
sol, wave optics module) to simulate graphene plasmon reflec-
tion at graphene edges, wrinkles, and their synergetic effects.

In the simulation model, the role of the scanning AFM
metal tip in the experiment is replaced by a vertically oriented
dipole to excite a graphene plasmon. Graphene is modeled as
a surface current with J = ogE. The optical conductivity of
graphene og is derived by the random phase approximation
method.[®! In the model, the dipole scans above the graphene
surface, and a point detector simultaneously records the elec-
tric field at about 30 nm below the dipole. By deducting a
constant background signal, the calculated electrical field in-
tensity profile can be directly compared with our experimental
results. [']

First, we calculate the edge reflection effects of plasmon
propagation, as shown in Fig. 3. A schematic of graphene
edges is shown in Fig. 3(a). The graphene is illuminated with
a 10.00 um laser and the grey dashed line marks the edge po-
sition. The zero point of the position is defined at the center
of SiC. The calculated near-field profiles change with varying
graphene Fermi energy Ep, as shown in Fig. 3(b). The signal
profile is normalized with the intensity of SiC. We define the
signal difference between the maximum peak value of the in-
terference near-field profile Sp g and the value of flat graphene
Sk,g as A = Spg — S, Itis found that A it is nearly constant,
independent of graphene doping concentrations, as shown in
the inset of Fig. 3(b).
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Fig. 3. (color online) Simulation results of graphene edge reflection
only. (a) Schematic figure of graphene edges. (b) Near-field optical sig-
nal profile across the edge for different Fermi energy. The inset is the
signal difference between the maximum peak value and the intensity
of flat graphene from the interference near-field profile, which shows a
stable reflection effect that is independent of the Fermi energy.

Wrinkle defects in graphene introduce a different reflec-
tion effect for plasmons.*’! The calculation model is shown
in Fig. 4(a). By deducing the topological convolution of the
effects of the AFM tip and the graphene wrinkles, we find
that a graphene wrinkle has a Gaussian spatial profile with
a height of almost 2 nm and a width of about 30 nm. The
modified plasmon reflection effect induced by the topological
shape of a graphene wrinkle alone is weak (the black line in
Fig. 4(b)). The experimental results in Fig. 2 show a clear dif-
ference in plasmon reflection that is attributable to wrinkled
edges. Therefore, it is inferred that this dominant discrep-
ancy is caused by varying optical conductivity 6 = o(x) at
the wrinkle’s position. Here, the position x = 0 represents the
center position of a graphene wrinkle.!'”l The modeled con-
ductivity profile of graphene wrinkles resembles the geomet-
ric wrinkle curvatures. We designate the optical conductivity
difference as Ac = (ow — 0G)/0G, where ow and Og are the
optical conductivity at a wrinkle position and in flat grapheme,
respectively. The induced plasmon reflection appears both
in the increased and decreased optical conductivity cases at
graphene wrinkles, as shown in Fig. 4(b). In the case of in-
creased optical conductivity at a graphene wrinkle (Ac > 0),
two fringes appear, one at each side of the wrinkle. Compar-
ing our experimental results in Fig. 2(b) with our simulation
results, it is deduced that for a wrinkle inside a graphene rib-
bon, ow > 0. For the case of decreased optical conductivity
(Ao < 0), the near-field profile includes peaks in the center
of the graphene wrinkle in addition to the two fringes outside
the wrinkle, which is caused by multiple plasmon reflections
arising from the varying conductivity at the graphene wrinkle.

Movement of the peak positions of the fringes on the sides of
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the graphene wrinkle is caused by a different plasmon reflec-
tion phase delay, also arising from the varying optical conduc-

tivity at wrinkles.

wrinkle n graphene
SiC
(a)
1.02
(b)
v 0.99
2
)
~
@
0.96
0.93+ Er=0.30 V — Ao—06
—400 —200 0 200 400
Position z/nm
- (c)
0.05F
a - .
0
< .
- -
a
- ]
Or .
-1 0 1 2

Ao

Fig. 4. (color online) Simulated near-field optical profiles at graphene
wrinkles. (a) Schematic of graphene wrinkles on flat graphene. (b)
Near-field optical signal profiles of graphene wrinkles with different
optical conductivities at a wrinkle position. Wrinkles with increased or
decreased optical conductivity give different line shapes. (c) Signal dif-
ference between the maximum peak value of the interference fringe and
the flat graphene with different optical conductivities.

In a further step, we numerically calculate the case of
plasmon reflection taking place at wrinkled graphene edges,
which necessarily considers the synergetic plasmon reflection
effects of graphene edges and wrinkles. A schematic of the
calculation model is shown in Fig. 5(a): the left side rep-
resents a normal graphene edge and the right side models a
wrinkled graphene edge. If only the topological shape of the
graphene wrinkle is considered and other conditions are kept
identical, the calculated near-field optical profile of this case
is symmetrical, which means that the wrinkled shape alone
does not affect plasmon reflection differently compared to the
normal graphene edge (the black line in Fig. 5(b)). When the
optical conductivity of the wrinkled edge is increased, there
is no obvious change in the interference profile of the nor-
mal edge, but the near-field signal strength of the wrinkled
edge’s fringe becomes slightly stronger than the normal edge.
While with decreased optical conductivity at a graphene wrin-
kle edge, the corresponding signal strength becomes lower

than that of the normal edge. Also, the Fermi energy of the
graphene ribbons and the substrates have some influence on
plasmon reflection patterns, as shown in Figs. S2 and S3. In
Fig. 2(b), the weaker near-field optical signal strength occur-
ring at wrinkled edges may be attributable to the detachment
from the substrate, which leads to a weak doping from the
substrate at the wrinkle, consistent with our simulation of de-
creased conductivity in the wrinkled edge. On the other hand,
figure 2(c) shows stronger plasmon reflection at the wrinkle
edge, which may be due to adsorption of molecules from the
air onto the wrinkle and edge, resulting in slightly increased
optical conductivity in the wrinkle. Both of these cases are
qualitatively consistent with our simulations. Quantitatively,
we define AS' = Sr.,p — SLp to represent the different reflec-
tion effects of edges and wrinkled edges, as given in Fig. 5(c),
where S p and Sk p are the maximum peak values of a edge
and a wrinkled edge, respectively. Figure 5(c) clearly shows
that decreasing optical conductivity in a wrinkle contributes a
more prominent effect on the reflection intensity than increas-
ing conductivity does, which can certainly be used to tailor

plasmon propagation at wrinkles.
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Fig. 5. (color online) Simulation results of wrinkled graphene edges.
(a) Schematic of wrinkled graphene edges. (b) Near-field optical signal
profiles of graphene ribbons with different optical conductivity at wrin-
kle positions. The left edge side has a fixed signal strength, while the
near-field optical profile of the wrinkled edges differs, with varying op-
tical conductivity at graphene wrinkles. (c) Signal difference between
the right peak and the left peak of reflection fringes with varying optical
conductivity at graphene wrinkles.
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4. Conclusion and perspectives

Graphene wrinkles located either inside or at edges
strongly reflect and modulate plasmons. Especially, wrinkled
edges of graphene ribbons serve the usual functions of a phys-
ical edge in two dimensions while also changing the optical
conductivity to modulate graphene plasmons. Concretely, in-
creasing or decreasing optical conductivity at wrinkles inside a
graphene ribbon introduces an extra reflection effect with com-
prehensive phase and amplitude interference. At the edges, in-
troducing wrinkles changes the optical conductivity, contribut-
ing another regime. When Ac > 0, the effect of superposing
wrinkles is a weak increase in reflection. While for Ac < 0,
a sharply decreased plasmon reflection signal is observed, in-
dicating weaker plasmon reflection at wrinkle edges. These
results indicate that graphene plasmons are sensitive to local
optical conductivity variations, a phenomenon which can be
extended to probe and evaluate the electronic properties of
different defects. On the other hand, these local surface de-
fects can be used to modify plasmons for local electric field
enhancement at the nanometer scale in the infrared region.
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