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We systematically studied surface plasmons reflection by graphene wrinkles with different heights on SiC substrate.
Combined with numerical simulation, we found that the geometry corrugation of a few nanometer height wrinkle alone
does not causes a reflection of graphene plasmons. Instead, the separated wrinkle from substrate exhibits a nonlinear spatial
Fermi energy distribution along the wrinkle, which acts as a heterojunction. Therefor a higher graphene wrinkle induces a
stronger damped region when propagating graphene surface plasmons encounter the wrinkle and get reflected.
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1. Introduction

Surface plasmon polariton, coupling between the col-
lective oscillation of free carriers and the excitation light,
is strongly confined at the metal-medium interface, which
has great potential in the plasmonic devices.!'"8! Moreover,
graphene has tunable carrier concentration and high carrier
mobility,>~13! which supports plasmons propagation on a
two-dimensional (2D) plane in infrared regimes and draws
great attention in electronics and plasmonics.!!*1®! Epitax-
ial graphene grown on SiC substrate is widely used to ob-

17,18

tain large area and high crystal quality graphene,!!”!8] and has

[19

a great potential in electronic applications!'®! and graphene-

[20-23] However, due to the compres-

based plasmonic devices.
sive strain caused by the different thermal expansion coeffi-
cients of graphene and SiC in the annealing process, graphene
wrinkle is widely existed on the epitaxial graphene.?*->%! The
most important issue for graphene based devices is the elec-
tronic property of the wrinkle and how these wrinkles affect
the graphene plasmons.

Based on the near-field optical technology, researchers
observed graphene plasmons reflected by edges,!'*! steps, [>!]
or grain boundaries””! in the real-space by scattering scan-

ning near-field microscopy. It is also proved!?”! that the grain

DOI: 10.1088/1674-1056/ab46a2

boundaries form electronic barriers and affect the electronic
transport properties. Graphene plasmons reflection by differ-
ent conductivity patterns in a flat graphene?8! and by a geom-

(291 have been studied theoretically.

etry corrugation structure
However, experimental study of graphene plasmons reflected
by a nanometer sized graphene structure such as wrinkle has
not been reported. Herein, we characterize the graphene wrin-
kle with Raman spectroscopy, and then utilize the scattering
scanning near field optical microscopy (s-SNOM) to study
how the wrinkle affects the graphene plasmons propagation.
Focusing on the near-field infrared imaging of graphene plas-
mons propagating along epitaxial graphene on a SiC sub-
strate, we observe a novel interference pattern between the
tip-emitted and back-reflected graphene plasmons at the nat-
ural wrinkle. Combined with the numerical simulation, we
conclude that the wrinkle separated with substrate forms a het-
erojunction with neighbor graphene due to obvious difference
in carrier concentration, which induces a strong reflection of
graphene plasmons compared to the negligible reflection of the
geometry corrugation. These results suggest that the graphene
wrinkle has nonlinear localized electronic property with im-
portant impact on graphene integrated electronic devices. We
show that it is possible to conduct an optical, touching free
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method to explore local electronic properties of fine structures
in graphene as well as in principle other 2D materials.

2. Results and discussion

To investigate the graphene surface plasmons on the epi-
taxial monolayer graphene, an infrared near field imaging ex-
periment is conducted by s-SNOM. The schematic of exper-
iment is shown in Fig. 1(a). The atomic force microscopy
(AFM) probe, with radius about 25 nm, can compensate the
momentum mismatch between the incident light and the sur-
face plasmons, then excite the surface plasmons.['*13-211 In or-
der to suppress the background signal in the scattering signal
from the tip and samples, the pseudo-heterodyne interferomet-
ric detection scheme is used to demodulate the detected signal
at a higher harmonic n (n = 3 in this paper), then the back-
ground is subtracted from the collected signal.?%! Finally, we
obtain the topography structure and graphene plasmons imag-
ing simultaneously when the tip scanning across the epitaxial
graphene sample.

(a) detector

parabolic mirror .

beam splitter
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sample
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reference mirror
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Fig. 1. Near field infrared imaging of graphene plasmons on SiC substrate.
(a) The schematic diagram of s-SNOM experiment. (b) AFM topography
image of graphene wrinkles on SiC substrate. (c) The corresponding in-
frared near field amplitude image of (b) at the frequency of 1000 cm™!. The
scale bar is 500 nm.

Figure 1(b) is the precise AFM topography image of the
epitaxial graphene. To characterize the quality of the epi-
taxial graphene and the raised mesh structure in Fig. 1(b), a
Raman measurement is carried. The Raman spectroscopy of
the epitaxial graphene sample on SiC substrate is shown in
Fig. 2. In Fig. 2(a), the Raman spectra of the bare SiC sub-
strate (black solid line) and epitaxial graphene on SiC (blue
solid line) are plotted respectively. The Raman spectrum of
the pure graphene is plotted in Fig. 2(b) by subtracting the
background spectrum of the SiC substrate. It seems that the
epitaxial graphene is more than one layer as the intensity of
the 2D peak is stronger than that of the SiC peak (1519 cm™!).

But we attribute it to that the focus of the laser spot is above

the graphene surface, which can also be found in the previous
research. 3! The ratio of hp /I is about 5 and the full-width
half-maximum (FWHM) of the 2D band is 23.25 cm™' (in-
set of Fig. 2(b)), which indicate that graphene grown on the
SiC substrate is a monolayer graphene.*>-34! Furthermore,
the absence of D band (~ 1350 cm™!) means a high quality
of crystal structure in the monolayer epitaxial graphene,33]
which suggests the raised structure in Fig. 2(b) is a contin-
uous graphene wrinkle and no edge or crack exists. More
information of the Raman mappings of the epitaxial mono-
layer graphene is shown in Fig. S1 of supporting information.
Figure 1(c) is the optical near-field amplitude image (3th har-
monics) at an incident frequency of 1000 cm~! corresponding
to the same region in Fig. 1(b). An obvious feature is ob-
served that the brightest twin fringes occur outside and paral-
lel to the wrinkle. It is consistent with the previous report!?]
that graphene plasmons were reflected by the grain bound-
aries. In Fig. 3, we analyze a 1 umx1 pm zoom-in area in
Fig. 1(b), which has a higher resolution. The topography and
near field infrared imaging are shown in Figs. 3(a) and 3(b),
respectively. The topography height and normalized near field
amplitude of the line profiles taken along the white dash lines
in Figs. 3(a) and 3(b) are shown in Fig. 3(c). It is clear that
the bright fringe occurs outside the wrinkle. Furthermore, the
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Fig. 2. The Raman spectroscopy of epitaxial monolayer graphene on SiC
substrate. (a) Raman spectra of graphene and SiC substrate, respectively.
(b) Raman spectrum of monolayer graphene on SiC after subtracting the
SiC background. The inset is Lorentz fitting of the 2D band.
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fringe width also changes with the incident light. Here we
compare the theoretical graphene plasmons wavelength on SiC
substrate and the fringe width in Fig. 3(d). The black square is
two times of fringe width extracted from the experiments and
the blue curve represents the theoretical relation of graphene
plasmons on SiC substrate. It is noteworthy that the fringe
width is in good agreement with the theoretical dispersion of
graphene plasmons, which certifies that the fringe is the inter-
ference of the tip-emitted and back-reflected plasmons by the
wrinkle. [1413:27]
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Fig. 3. The dispersion of graphene plasmons on SiC substrate. (a) Topog-
raphy image of a I pumx1 pum area in Fig. 1(b). (b) The infrared near field
imaging of (a) at the frequency of 1025 cm™~'. (c) Topography height (upper)
and normalized near field amplitude (lower) of the line profiles taken along
the white dash lines in (a) and (b). (d) Relationship of graphene plasmons
wavelength and incident frequency. The blue curve and black square repre-
sent the theoretical result and experimental data, respectively. The scale bar
is 200 nm.

There is also an important feature that the amplitude of
fringes is related with the height of graphene wrinkles in
Figs. 1(b) and 1(c). As shown in Fig. 1(b), most of wrinkle
heights on the epitaxial graphene are about 3 nm, and only
a few wrinkles are lower than 1 nm. The higher wrinkles
show obviously interference fringes in Fig. 1(c). However,
the wrinkles with lower height as indicated by the white ar-
rows in Fig. 1(b) exhibit very weak or no fringes as shown
in Fig. 1(c). The fringes amplitude profiles around different
height wrinkles are shown in supporting information. It ap-
pears that the graphene plasmons reflection increases with the
height of the wrinkle. In order to figure out how graphene
plasmons are reflected by the wrinkle, we conduct a numeri-
cal simulation with the finite element method. The schematic
of the simulation model is shown in Fig. 4(a). In the sim-
ulation model, the scanning metallic tip is treated as a point
dipole with a vertically oriented momentum and the graphene
with wrinkle is modeled as a surface current with J = o E.
Then the intensity of electric field, E, is recorded by a point

probe under the electric dipole when the electric dipole scan-
ning across the graphene. Shown as the grey line in Fig. 4(b),
we calculate the electric field profile when the dipole scanning
across the graphene wrinkle. Compared with the experiment
data (black dot line), it suggests that the reflection by the to-
pographic shape of the wrinkle is negligible and the strong re-
flection in the experiment should be caused by other reasons.
More simulations with different heights of wrinkles are shown
in supporting information.

It is reported®! that the epitaxial graphene on SiC is
doped because of the interaction with the substrate. Obviously,
due to the compressive force, [>*! the wrinkle is separated from
the SiC substrate at the narrow region, which means a weaker
interaction with the substrate and results in a low doping from
SiC to graphene wrinkles. In this paper, we suppose that the
Fermi energy at the wrinkle changes simultaneously with the
increase height of the wrinkle for simply. Thus we assume that
the Fermi level at the wrinkle is decreasing with a Gaussian
shape profile Eg (x) = Ep (e0) (1 — Se_xz/wz), where Ep () =
0.18 eV is the Fermi energy far away from the wrinkle corre-
sponding to a carrier density of n = 2.4 x 10'> cm~2 which
agrees with the holes carrier concentration measured in the
epitaxial monolayer graphene on SiC (1120) substrate,37-38]
w is the width of the wrinkle determined by the height profile
of the wrinkle, and § is the variation of Fermi energy relative
to that of flat graphene. By adjusting the variation § = 0.8, we
fit the experiment data with the simulation result (more sim-
ulation is shown in supporting information) as the red line in
Fig. 4(b), which shows a good agreement. It is clear that the
plasmons reflection of the wrinkle is the cause of the varia-
tion of Fermi energy instead of the geometry corrugation. For
achieving a more physical understanding and analysis of the
graphene plasmons reflection by the wrinkle, we calculate the
spatial distribution of |E,| around the wrinkle with and without
a variation of conductivity in Figs. 4(c) and 4(d). In the case
of a constant conductivity of wrinkle, the spatial electric field
|E;| reveals that the plasmons propagate through the wrinkle
directly with a negligible reflection. While in the case of a
relatively decreased conductivity (6 = 0.8), |E;| shows inter-
ference fringes on the left of the wrinkle, which also suggests
a strong reflection by the wrinkle.?"!

According to dc conductivity?”! 64. ~ (2¢*/h)(Er/Ex),
the decreased Fermi energy results in a reduced local dc con-
ductivity of graphene. Therefore, the region around the wrin-
kle can be regarded as a heterojunction with a localized varia-
tion in electronic property. Besides, it also suggests that the
localized electronic property related with Fermi energy has
a relationship with the height of the wrinkle, as the different
plasmons reflections shown in Fig. 1 and Fig. S2. Simulated
with different variations of Fermi energy (i.e., dc conductiv-
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ity) (see Fig. S5), it shows that a rapidly and sharply varied dc
conductivity causes a strong plasmons reflection and a slowly
and slightly varying dc conductivity causes a weak plasmons

reflection. The wrinkle with a height below 1 nm has a slowly
varying electronic property, which is important to the fabrica-
tion of a homogenous epitaxial graphene electronic device.
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Fig. 4. The simulation of graphene plasmons reflected by the wrinkle. (a) The schematic of simulation model. (b) Comparison of experimental
data (black square) and simulation results (solid line) with different variation of Fermi energy. (c) and (d) The spatial distribution of |E,|

corresponding to different variation of Fermi energy.

3. Conclusion

Utilizing the scattering near-field scanning optical mi-
croscopy, we study the influence of wrinkle to the graphene
plasmons. The near field imaging of graphene plasmons
around the graphene wrinkles shows a novel reflection fac-
tor. Combined with the numerical simulation results, we point
out that the geometry corrugation has a negligible plasmons
reflection when the height of wrinkle 7 < A,. It is impor-
tant to point out that the wrinkle separated from the substrate
has a lower doping level, which means a nonlinear localized
electronic property at the wrinkle. The wrinkle with a height
below 1 nm has a slowly varying electronic property, which
leads to a negligible reflection of graphene plasmons. While
a taller wrinkle causes obvious varying of the electronic prop-
erty, which gives rise to stronger plasmons reflection. This
work offers a new sight to know the electronic properties of
graphene wrinkle and reveals that wrinkles can be seen as a
nanoscale tunable damper for further plasmonic and optoelec-
tronic applications.

4. Method
4.1. Graphene preparation

The monolayer graphene was epitaxial growth on the
nonpolar silicon carbon (1120) by a thermal decomposition
method, 3! where the graphene was raised up and separated
from the substrate, then the wrinkle formed due to the different
thermal expansion coefficients of graphene and SiC substrate
during the cooling process.

4.2. Experiment measurements

Raman measurements The Raman spectra were mea-
sured with a Raman spectrometer with excitation laser of
532 nm. The spot size focused on the sample is about 1 wm
with a 100x objective, and the power of the laser is about

1 mW. The grating spectrometer is 1800 mm~", making sure
to achieve a resolution about 0.2 cm~! of Raman spectra.

Near field s-SNOM measurements The near field
infrared nano-image experiments were conducted by the
scattering-type scanning near field optical microscopy from
Neaspec GmbH. The atomic force microscopy worked with
a tapping mode at frequency about 300 kHz and amplitude
about 30 nm. The incident infrared light was obtained by the
quantum cascade lasers, with a power of 5 mW.

4.3. Calculation of plasmons dispersion

The theoretical relation of graphene plasmons on SiC sub-

: i d27 _ _mo(®)
strate is determined*”) by 4, (@) = Tos k(6]
permittivity of vacuum, o (@) is the optical conductivity of
graphene, K (®) = [1 + &y (®)] /2, and &y (@) is the dielec-

tric function of the SiC substrate. For the limit of long wave-

where g is the

length and low frequency, the optical conductivity can be writ-

e? Eg .
777 a1 Where 7 is the

relaxation time and EF is the Fermi energy.

ten as a Drude model?! ¢ (@) =i

4.4. Numerical simulation

The near field simulation of graphene wrinkle by a point
dipole model and the spatial distribution of |E;| around the
wrinkle are obtained by the finite element method using the
commercial software Comsol. The mesh in our model is fine
enough to achieve a good convergence result. The permittivity
of SiC is taken from the literature. 40!

Supporting information

The following supporting information are available: Ra-
man mapping image of graphene sample, more details exper-
iment, and simulation results of graphene plasmons reflected
by the wrinkles.
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