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The edges of graphene, a two-dimensional carbon allotrope, are an emerging research area with wide

applications in catalysis and electronics. To improve the metrology of functionalized graphene edges we

propose localized surface plasmon polariton (LSPP)-enhanced Raman spectroscopy on a metallic grating

substrate. We demonstrate a large enhancement of edge related Raman features at 1450 cm�1 and 1530

cm�1 which are associated with armchair and zigzag hydrogen-terminated graphene edges, respectively.

The graphene edges act as good scatterers to excite LSPP on a noble metal surface while the periodic

structures boost the total Raman peaks of the graphene layer. Specifically, the scattering enhancement

on the graphene edges make the edge modes strong. Our results highlight the potential of LSPP-

enhanced Raman spectroscopy as an efficient characterization tool for graphene edge functionalization.
Introduction

Graphene is an ideal two-dimensional structure for study that
has attracted signicant attention.1 Only recently, has the
experimental study of graphene edges gained attention due to
the promise of novel magnetic, electronic, and catalytic prop-
erties.2–12 One major obstacle in conducting experimental
studies on the quality and functionalization of graphene edges
is their characterization. While transmission electron micros-
copy (TEM) and scanning tunneling microscopy (STM) can
resolve the edge atom arrangement, they cannot provide
scalable metrology of edge quality and chemical functionaliza-
tion.13,14 Furthermore, electron spectroscopy, which is
a common technique for surface science, is not able to distin-
guish surface and edge functionalization and exhibits limited
sensitivity to several potentially important elements such as
hydrogen or lithium.15–18

We here propose localized surface plasmon polariton
enhanced Raman spectroscopy (LSPP-Raman) on the grating
scheme as a characterization technique with high selectivity to
graphene edges. In LSPP, resonance between incident light and
conned surface plasmons occurs at certain wavelengths which
causes large enhancement of the surface electric elds. The
coupling of those electric elds with a target and its phonons
results in an enormously enhanced LSPP-Raman signal.19 The
grating conned plasmonic pool is especially sensitive to the
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graphene edges where the pumping light is efficiently enhanced
and the Raman signals at the spots are scattered around.

Our experimental results show that the formation of LSPP on
a grating substrate selectively enhance the intensity of two
Raman features at 1450 cm�1 and 1530 cm�1 which are asso-
ciated with armchair and zigzag graphene edges. Correlation of
experimental and theoretical results reveal a resonance effect of
the incident electric eld with the grating period as the
underlying mechanism of this enhancement. The presented
results suggest the use of graphene-on-grating as a test bed for
the study of edge functionalization and graphene metrology.
Experimental

To produce gratings, one layer of polymethylmethacrylate
(PMMA) (Microchem A4) was spin-coated onto ITO glass and
patterned by E-beam lithography. Aer the PMMA layer was
developed, a 65 nm thick Au layer was sputtered on top and the
sample was immersed in acetone solution for li-off.

Graphene was grown on Cu foil under low pressure using
methane following previous reports.20 Briey, the Cu foil
substrate was pretreated by electrochemical polishing to ensure
high smoothness, then a 30 minute annealing step in hydrogen
was carried out to remove the oxide layer and increase the
copper grain size. Graphene growth was conducted at 1000 �C
by owing methane with a pressure of 7 Torr for 70 minutes.
Aer growth the graphene/copper sample was cooled to room
temperature in a hydrogen atmosphere.

The produced graphene on Cu was then transferred onto the
grating by wet etching the Cu-substrate using ferric chloride. To
support the graphene during the process, a thin layer of PMMA
This journal is © The Royal Society of Chemistry 2016
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(Microchem A9) was spin coated on top. Aer positioning the
graphene/PMMA structure on the target, the PMMA was
removed by acetone immersion.

Raman spectroscopy was performed on a commercial micro-
Raman setup (HORIBA HR800) using a 100� objective with N.A.
0.9. For each sample at least 3 spectra were taken at random
positions and individually tted.
Fig. 2 (a) The SEM image of the graphene film after ethanol deposition
(b) Raman spectrum of graphene layer on Au gratings before and after
ethanol deposition.
Results and discussion

Fig. 1(a) shows the structure of the investigated samples. Due to
graphene's high mechanical strength it is suspended on top of
the gold grating even aer removal of the PMMA supporting
layer. SEM characterization reveals the presence of tears in the
graphene lm that are thought to originate from the transfer
process (Fig. 1(b)). Raman spectra show that the grating
arrangement indeed generates a large enhancement of the
Raman intensity over the signal of graphene on planar Au lms
as expected from surface enhanced Raman spectroscopy
(Fig. 1(c)). The black curve is the signals of graphene on trans-
parent ITO glass substrate. Surprisingly two prominent peaks
occur at 1450 cm�1 and 1530 cm�1 that could not be resolved on
at transparent substrate. The two peaks on the at Au lm
surface is noisy and show less resonance effects.

Previous reports suggested that these two subpeaks arise
from an edge-phonon coupling mode that originates from
hydrogen terminated edges.21,22 Other reports, however, found
peaks in the same spectral region and associated them with
residue either from PMMA23 or adhesive tapes24 that cannot be
removed by the used solvents.

To distinguish the two possible origins of the Raman peak,
we carried out a post-processing step: aer initial Raman
measurements, we dropped ethanol onto the sample. The high
surface tension during evaporation is expected to increase the
adhesion between graphene and the substrate and induce
additional tears. Indeed SEM images in Fig. 2(a) reveal a higher
density of edges aer ethanol evaporation.

Raman spectra taken aer this processing step shown in
Fig. 2(b) exhibit an increase of the two features at 1450 cm�1
Fig. 1 (a) Sample structure, (b) SEM image of graphene on Au grating,
(c) Raman spectra with and without grating structure and on glass
substrate.

This journal is © The Royal Society of Chemistry 2016
and 1530 cm�1 which conrms that the tearing induced edges
are responsible for these peaks. Furthermore, our spectra show
differences in peak width and intensity ratios compared to the
observed impurities. We therefore term the observed peaks
“edge-modes”.

We conrm this hypothesis by high-resolution mapping of
the Raman features across the grating. Fig. 3(a) shows a gra-
phene edge supported on the grating. We observe an enhanced
edge-mode ratio originating from this feature (Fig. 3(b)). The
broadening is caused by a convolution of the signal with the
laser spot size and the asymmetry of the peak is thought
to originate from an angle between the grating edge and the
graphene edge. To accommodate these parameters, the edge-
mode ratio was tted to

I1530/IG ¼ A exp(�a(x � xe)
2) � erfc(b(x � xg)),

where xe is the position of the graphene edge, xg is the position
of the grating edge, and a,b are related to the beam size. The
good agreement of our tting suggests that the edge-mode is
indeed enhanced when a graphene edge aligns with the grating
edge.

The observed enhancement of the edge-modes is thought to
originate from the coupling between surface plasmon polar-
itons generated by the Au grating structure and the gra-
phene.25,26 The employed gratings have previously shown
efficient SPP excitation from tilted laser light incidence.27

However, the pumping light utilization here is not as high as in
ref. 27 due to the normal light incidence through the 100�
objective lens with a focal spot of approximately 2 micrometers.
Fig. 3 (a) SEM image of investigated edge on grating, (b) normalized
edge-mode intensity as a function of position, (inset) position of
grating with respect to plot.

RSC Adv., 2016, 6, 12398–12401 | 12399
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The excitation of long-range SPP requires precise control of the
tilt and rotation angles to t the momentum matching condi-
tion. Consequently, only a very limited portion of the light cone
can be converted into long-range SPPs. Localized SPP (LSPP) at
the graphene edges and the Au corners are expected to be
dominant in the current setup. Interactions of the light with
clean graphene edges are expected to be selectively enhanced
due to the potential coupling of the clean and sharp graphene
edges with the incident or outgoing wave vectors which greatly
help the localized SPP formation. Therefore, in this paper, we
have seen that the edge modes are selectively enhanced rather
than G-peak.

We now investigate the effect of varying the grating period.
Two contributions to the Raman signal are expected. Firstly,
a larger grating period will result in a larger relative area of
suspended graphene which increases the risk of tearing.
Therefore, a higher edge density is anticipated. Secondly,
a resonance effect between the grating period and the incident
light will produce varying electric elds that enhance the
Raman intensity of present graphene edges.

Fig. 4(a) shows the experimental ratios with standard devi-
ations for graphene suspended on different grating periods. A
broad maximum in Raman intensity can be seen around 600
nm which coincides with the excitation wavelength (632.8 nm).
Interestingly, the intensity of the stronger 1530 cm�1 feature
has a second peak at 744 nm that does not originate from the
incident light resonance.

We simulated the localized eld distribution along the gra-
phene surface using nite element modeling (COMSOL Multi-
physics) and experimental parameters with the graphene's
optical constant (n ¼ 2.9 + 1.2i at 632.8 nm) from ref. 28. The
top normal incidence is assumed. Fig. 4(b) shows the localized E
eld enhancement factor for a graphene edge that is located on
a grating stripe. To be general, the locations of the graphene edge
on Au grating stripe are sampled for 6 different positions and the
average eld strength is adopted to average out the interference
effect on the grating surface. Except the grating periods, the Au
stripe width also plays a proportional factor while the edge mode
intensity is proportional to the Au stripe area. The simulated
enhancement factor: Ecorner/Eincident for different Au grating
periods ranges from 2–13. The eld enhancement of planar Au
lms (65 nm thick) and SiO2 (200 nm) on Si substrate were
calculated to be 1.2 and 0.8 respectively.
Fig. 4 (a) The peak intensity ratios with error bars: ID and I1530
normalized to IG as a function of grating period, (b) simulation of field
enhancement for varying grating periods, (inset) depiction of electric
field distribution.

12400 | RSC Adv., 2016, 6, 12398–12401
Conclusions

In conclusion, we have demonstrated the selective enhance-
ment of Raman graphene edge-modes through localized surface
plasmon polaritons on a Au grating structure. The eld
enhancement is demonstrated to activate edge-phonon
coupling modes which occur at 1450 cm�1 and 1530 cm�1

and are associated with hydrogen-terminated armchair and
zigzag edges. The use of gratings results in a high selectivity of
the edge-enhancement compared to other Raman features and
enables future studies on the character and distribution of
functionalized graphene edges.
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