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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 the geometry 

corrugation of a few nanometer height of 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 stronger damped region when propagating graphene surface 

plasmons encounter the wrinkle and get reflected. 
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1. Introduction 
Surface plasmons polariton, coupling between collective oscillation of free carriers and 

the excitation light, was strongly confined at the metal-medium interface, which has great 

potential in the plasmonics devices.[1-8] Moreover, graphene has tunable carrier concentration 

and high carrier mobility [9-13] which supporting plasmons propagation on a 2-dimensional 

plane in infrared regimes and draws great of interests in electronics and plasmonics.[14-16] 

Epitaxial graphene grown on SiC substrate is widely used to obtain large area and high crystal 

quality graphene,[17, 18] and has a great potential to electronics applications[19] and graphene-

based plasmonics devices.[20-23] However, due to the compressive strain caused by the 

different thermal expansion coefficient of graphene and SiC on the annealing process, 

graphene wrinkle is widely existed on the epitaxial graphene.[24-26] The most important issue 

for graphene based devices is the electronic property of wrinkle and how these wrinkles affect 

the graphene plasmons.  

 Based on the near-field optical technology, researchers observed graphene plasmons 

reflected by edges,[14] steps,[21] or grain boundaries[27] in the real-space by scattering scanning 

near-field microscopy. It is also proved[27] that the grain boundaries form electronic barriers 

and affect electronic transport properties. Graphene plasmons reflection by different 

conductivity patterns in a flat graphene[28] and by a geometry corrugation structure[29] have 

been study theoretically. 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 wrinkle with Raman spectroscopy, and then utilize the scattering 

scanning near field optical microscopy (s-SNOM) to study how wrinkle affects the graphene 

plasmons propagation. Focusing on the near-field infrared imaging of graphene plasmons 

propagating along epitaxial graphene on a SiC substrate, we observe a novel interferences 

pattern between the tip-emitted and back-reflected graphene plasmons at the natural wrinkle. 

Combined with the numerical simulation, we conclude that the wrinkle separated with 

substrate forming a heterojunction 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 important impact on graphene 

integrated electronic devices. We show that it is possible to conduct optical, touching free 

method to explore local electronic properties of fine structures in graphene as well as in 

principle other 2D materials. 

 A
cc

ep
te

d 
M

an
us

cr
ip

t



     

3 
 

2. Results and Discussion 

To investigate the graphene surface plasmons on the epitaxial monolayer graphene, an 

infrared near field imaging experiment is conducted by s-SNOM. The schematics of 

experiment is shown in Figure 1(a). The atomic force microscopy (AFM) probe, with radius 

about 25 nm, can compensate the momentum mismatch between the incident light and the 

surface plasmons then excite the surface plasmons.[14, 15, 21] In order to suppress background 

signal of the scattering signal from the tip and samples, pseudo-heterodyne interferometric 

detection scheme is used to demodulate the detected signal at a higher harmonic n (n=3 in this 

paper), then subtracts the background from the collected signal.[30] Finally, we obtain the 

topography structure and graphene plasmons imaging simultaneously when the tip scanning 

across the epitaxial graphene sample.  

 

Figure 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 infrared near field amplitude image of (b) at the 

frequency of 1000 cm-1. The scale bar is 500 nm.  

Figure 1(b) is the precise AFM topography image of epitaxial graphene. To 

characterize the quality of the epitaxial graphene and the raised mesh structure in Figure 1(b), 

a Raman measurement is carried. The Raman spectroscopy of epitaxial graphene sample on 

SiC substrate is shown in Figure 2. In Figure 2(a), the Raman spectra of the bare SiC 

substrate (black solid line) and epitaxial graphene on SiC (blue solid line) are plotted 

respectively. The Raman spectra of the pure graphene is plotted in Figure 2(b) by subtracting 

the background spectra of SiC substrate. It seems that the epitaxial graphene is more than one A
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layer due to the intensity of 2D peak is stronger than the intensity of SiC peak (1519 cm-1). 

We attribute it to the focus of laser spot is above the graphene surface, which can also be 

found in the previous research.[31] The ratio of I2D/IG is about 5 and the full-width half-

maximum (FWHM) of 2D band is 23.25 cm-1 (inset of Fig.2b), which indicate that graphene 

grown on the SiC substrate is a monolayer graphene.[32-34]  Furthermore, the absence of D 

band (~1350 cm-1) means a high quality of crystal structure in the monolayer epitaxial 

graphene,[32, 35] which suggests the raised structure in Figure 2(b) is a continuous graphene 

wrinkle and no edge or crack exist. (More information of the Raman mappings of the epitaxial 

monolayer graphene are shown in Figure S1 in Supporting Information). Figure 1(c) is the 

optical near-field amplitude image (3th harmonics) at an incident frequency of 1000 cm-1 

corresponding to the same region in Figure 1(b). An obvious feature is observed that a 

brightest twin fringes occur outside and parallel to the wrinkle. It is similar with the previous 

reported[27] where graphene plasmons reflect by the grain boundaries. In Figure 3, we analyze 

a 1*1 um2 zoom in area in Figure 1(b), which has a higher resolution. The topography and 

near field infrared imaging are shown in Figure 3(a) and (b), respectively. The topography 

height and normalized near field amplitude of line profiles taken along the white dash lines in 

Figure 3(a) and (b) are shown in Figure 3(c). It is clear that the bright fringe occurs outside 

the wrinkle. Furthermore, the width of fringe FW also changes with the incident light. Here 

we compare the theoretical graphene plasmons wavelength on SiC substrate and the fringe 

width in Figure 3(d). The black square is two times of fringe width extracted from 

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 theoretical 

dispersion of graphene plasmons, which certifies that the fringe is the interference of the tip-

emitted and back-reflected plasmons by the wrinkle.[14, 15, 27] 
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Figure 2. The Raman spectroscopy of epitaxial monolayer graphene on SiC substrate. (a) Raman spectra of 

graphene and SiC substrate, respectively. (b) Raman spectra of monolayer graphene on SiC after 

subtracting the SiC background. The inset is Lorentz fitting of 2D band. 

There is also an important feature that the amplitude of fringes is related with the 

height of graphene wrinkles in Figure 1(b) and (c). As shown in Figure 1(b), most of 

wrinkles height on the epitaxial graphene are about 3 nm, and only a few wrinkles are lower 

than 1 nm. The higher wrinkles show an obviously interference fringes in Figure 1(c). 

However, the wrinkles with lower height as indicated by the white arrows in Figure 1(b) 

exhibit a very weak or no fringes as shown in Figure 1(c). (We extract the fringes amplitude 

profiles around different height of wrinkle in Supporting Information). It appears that the 

graphene plasmons reflection increases with the heights of wrinkle. In order to figure out how 

graphene plasmons reflected by wrinkle, we conduct a numerical simulation with the finite 

element method. The schematic of simulation model in our simulation is shown in Figure 

4(a). In the simulation model, the scanning metallic tip is treated as a point dipole with a 

vertically oriented momentum and the graphene with wrinkle is modelled as a surface current 

with ࡶ =  Then the intensity of electric field |E|, is recorded by a point probe under the .ࡱߪ

electric dipole when the electric dipole scanning across the graphene. Shown as the grey line 

in Figure 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 topographic shape of wrinkle is negligible and the strong reflection in the 

experiment should be caused by other reason. (More simulation with different heights of 

wrinkle are in Supporting Information) 
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Figure. 3 The dispersion of graphene plasmons on SiC substrate. (a) Topography image of a 

1*1 um area in Fig. 1b. (b) The infrared near field imaging of (a) at the frequency of 1025 cm-

1. (c) Topography height (upper) and normalized near field amplitude (lower) of 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 represent the theoretical 

result and experimental data, respectively. The scale bar is 200 nm. 

 It is reported[36] that the epitaxial graphene on SiC is doped because of the interaction 

with the substrate. Obviously, due to the compressive force[24], the wrinkle is separated with 

the SiC substrate at the narrow region, which means a weaker interaction with the substrate 

and resulted 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 wrinkle for 

simply. Thus we assume that the Fermi level at the wrinkle is decreasing with a Gaussian 

shape profile ܧிሺݔሻ = ிሺ∞ሻܧ ∗ ሺ1 െ ிሺ∞ሻܧ eି௫మ/௪మሻ, whereߜ = 0.18	ܸ݁ is the Fermi energy 

far away from the wrinkle corresponding to a carrier density of ݊ = 2.4 ∗ 10ଵଶ	ܿ݉ିଶ  which 

agrees with the holes carrier concentration measured in the epitaxial monolayer graphene on 

SiC (112ത0) substrate,[37, 38] ݓ is the width of the wrinkle determined by the height profile of 

wrinkle and ߜ is the variation of Fermi energy relative to that of flat graphene. By adjusting 

the variation ߜ = 0.8, we fit the experiment data with the simulation result (more simulation 

is shown in Supporting Information) as the red line in Figure 4(b), which shows a great 

agreement with the experiment. It is clear that the plasmons reflection of wrinkle is cause of A
cc

ep
te

d 
M

an
us

cr
ip

t



     

7 
 

the variation of Fermi energy instead of the geometry corrugation. For achieving a more 

physical understanding and analysis of the graphene plasmons reflection by wrinkle, we 

calculate the spatial distribution of |EZ| around the wrinkle with and without a variation of 

conductivity in Figure 4(c) and (d). In the case of a constant conductivity of wrinkle, the 

spatial electric field |EZ| indicate that the plasmons propagate through the wrinkle directly 

with a negligible reflection. Otherwise, in the case of a relative decreased conductivity 

ߜ) = 0.8), |EZ| shows interference fringes on the left of wrinkle, which also suggests a strong 

reflection by the wrinkle.[29] 

 

Figure. 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), (d) The spatial distribution of |Ez| 

corresponding to different variation of Fermi energy. The scale is 50 nm. 

According to the d.c. conductivity[27] ߪௗ ൎ ሺ2݁ଶ/ℎሻሺܧி ⁄ఛܧ ሻ, the decreased Fermi energy 

results to a reduced local d.c. conductivity of graphene. Therefore, the region around the 

wrinkle can be regarded as a heterojunction with a localized variation in electronic property. 

Besides, it also suggests that the localized electronic property related with Fermi energy has a 

relationship with the height of wrinkle, as the different plasmons reflection shown in Figure 1 

and Figure S2. Simulated with different variation of Fermi energy (i.e. d.c. conductivity) (see 

in Figure S5), it shows that a rapidly and sharply varied d.c. conductivity causes a strong 

plasmons reflection and a slowly and slightly varied d.c. conductivity causes a weak plasmons 

reflection. The wrinkle with a height below 1 nm has a slowly varied electronic property, 

which is important to the fabrication of a homogenous epitaxial graphene electronic device. 

 

3. Conclusion 

 Above all, utilizing the scattering near-field scanning optical microscopy, 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 factor. Combined with the numerical A
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simulation results, we point out that the geometry corrugation has a negligible plasmons 

reflection when the height of wrinkle ℎ ≪  . It is important to point out that the wrinkleߣ

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 electronic property, which gives rise to 

stronger plasmons reflection. This work offers a new sight to know the electronic properties 

of graphene wrinkle and reveal that wrinkles can be seen as a nanoscale tunable damper for 

further plasmonics and optoelectronic applications.  

 

4. Method 

4.1 Graphene preparation  

The monolayer graphene was epitaxial growth on the nonpolar silicon carbon (112ത0) by a 

thermal decomposition method,[39] where the graphene 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 are measured with a Raman spectrometer with 

excitation laser of 532 nm. The spot size focused on the sample is about 1 um with a 100x 

objective, and the power of the laser is about 1 mW. The grating spectrometer is 1800/mm, 

make sure to achieve a resolution about 0.2 cm-1 of Raman spectra. 

Near field s-SNOM measurements: The near field infrared nano-image experiments are 

conducted by the scattering-type scanning near field optical microscopy (s-SNOM) from 

Neaspec GmbH. Based on an atomic force microscopy (AFM) which works with a tapping 

mode at frequency about 300 kHz and amplitude about 30 nm. The incident infrared light is 

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 substrate which is determined[27] by ߣሺ߱ሻ = గఙሺఠሻ߱ఌబߢሺ߱ሻ, where ߝ is the permittivity of vacuum,	ߪሺ߱ሻ is the optical conductivity of 

graphene, ߢሺ߱ሻ = ሾ1 +  ௦௨ሺ߱ሻ is the dielectric function of SiC substrate. For aߝ ௦௨ሺ߱ሻሿ/2 andߝ

limit of long wavelength and low frequency, the optical conductivity can be written as Drude 

model[21] ߪሺ߱ሻ = ݅ మగℏమ ாಷఠାఛషభ, where ߬ is the relaxation time and ܧி is Fermi energy. 

4.4 Numerical simulation A
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The near field simulation of graphene wrinkle by a point dipole model and the spatial 

distribution of |Ez| 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  

Supporting Information Available: Raman Mapping image of graphene sample, more 

details experiment and simulation results of graphene plasmons reflected by the wrinkles. 
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