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Using surface and interference co-enhanced Raman scattering measurements, we detected two well-
distinguished Raman bands at 1450 and 1530 cm−1 from individual mono- and few-layer graphene nanorib-
bons �GNRs� prepared by chemical exfoliation and mechanical cleavage of graphite. The intensities of these
two peaks strongly depend on the width and edge structure of the GNRs. Combining with first-principles
calculations, the 1450 and 1530 cm−1 Raman bands are assigned to the localized vibration of the edge atoms
of zigzag and armchair GNRs terminated with H atoms, respectively. In addition, two weak peaks at �1140
and 1210 cm−1 are also observed, which are coupled with 1450 and 1530 cm−1, respectively. These findings
enrich the understanding on the fine structure of mono- and few-layer GNRs by Raman spectroscopy.
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I. INTRODUCTION

Graphene nanoribbons �GNRs�, narrow stripes of
graphene with a width typically smaller than 100 nm, have
recently attracted extensive interests because of their unique
structure-dependent electronic properties and promising ap-
plications in nanoelectronics and spintronics.1–8 Theoretical
calculations indicate that GNRs display a variety of elec-
tronic properties depending on their width and edge
structure.2–4,7,8 Previous studies show that GNRs with an
armchair-shaped edge �AGNRs� can be either metallic or
semiconducting depending on their width, and GNRs with a
zigzag-shaped edge �ZGNRs� are metallic with peculiar edge
states on both sides of the ribbon regardless of their width.7,8

Recently, Son et al.3 and Yang et al.4 predicted that both
AGNRs and ZGNRs are semiconductors with different band
gaps for the same width. In addition, ZGNRs are predicted to
be able to carry a spin current around the edge with dangling
bonds, which makes them behave as a half metal, and have
potential applications as nanosized spintronic devices.2 Thus,
the characterization of the edge structure is essential for
GNR physics and applications.

Currently, atomic force microscope �AFM� is used to
identify the thickness and width of GNRs.1,5,6 However, it is
difficult to get the information about the exact edge structure
of GNRs since the radius of AFM tip is so large ��10 nm
for Si3N4 tip� that atomic resolution can hardly be obtained.
Raman spectroscopy is demonstrated to be a powerful and
nondestructive tool to probe the structure of graphitic mate-
rials, such as pyrolytic graphite, fullerenes, carbon nano-
tubes, and graphene.9–20 Especially, the defect-associated
D-band signal can be observed only in an armchair edge �but
not in a zigzag edge� since the intervalley double resonance
scattering responsible for the origin of D band does �does
not� occur.13,14,19,20 Theoretical calculations also show that
the zigzag and armchair edges of GNRs exhibit different
localized vibrational modes �LVMs�.21–24 Thus, a direct com-
parison of calculations with Raman measurements is of great

interest and will provide useful information for the charac-
terization of GNRs by using Raman spectroscopy.

Recently, we developed a surface and interference co-
enhanced Raman scattering �SICERS� technique,25 which
enables a strong Raman signal of individual mono- and few-
layer GNRs with a width of 5 nm to hundreds of nanometers.
In SICERS measurements, an optimized substrate of Si wa-
fer capped with a 50-nm-thick Ag film and a 72-nm-thick
Al2O3 top layer was used to support GNRs.25 The Raman
signals of GNRs can be remarkably enhanced by two en-
hancement factors: surface enhanced Raman spectroscopy by
the Ag film and enhancement of electric field by interference
with reflected light by the Al2O3 top layer.25 In this study, we
systematically investigated the Raman spectra of individual
mono- and few-layer GNRs by using SICERS technique. In-
terestingly, the Raman features of individual mono- and few-
layer GNRs obtained show two well-distinguished bands of
1450 and 1530 cm−1, whose intensities are sensitive to the
width and edge structure of GNRs. Combining with first-
principles calculation results, these two bands are assigned to
be the localized vibration of the edge atoms of zigzag and
armchair GNRs terminated with H atoms, respectively. In
addition, two weak peaks at �1140 and 1210 cm−1 are also
found, which are coupled with 1450 and 1530 cm−1, respec-
tively.

The presentation of this paper is organized as follows:
Section II discusses the experimental details; Sec. III pre-
sents the experimental observations on the Raman spectra of
mono- and few-layer GNRs, including the Raman spectra of
individual mono- and few-layer GNRs and the effects of
number of layers, ribbon width, and edge structure on the
two peaks at 1450 and 1530 cm−1; Sec. IV discusses the
assignments of the above two peaks based on first-principles
calculations and experimental observations; and Sec. V dis-
cusses the two small peaks at �1140 and 1210 cm−1 ob-
served from GNRs and the possible edge structure of GNRs.
A conclusion is given in Sec. VI.
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II. EXPERIMENT

Both mono- and few-layer GNR samples were used in our
experiments. The mono-layer GNRs were fabricated by soni-
cation cutting of graphene obtained by chemical exfoliation
of artificial graphite,26 similar to that reported by Li et al.1

They have a width mostly in the range of 5–50 nm and
length up to several micrometers. Moreover, �75% of the
chemically derived GNRs are mono-layers based on AFM
observations. The few-layer GNRs were obtained by me-
chanical cleavage of highly oriented pyrolytic graphite with
a Scotch tape,27 and most of them are more than three layers,
having a width typically from tens to hundreds of nanom-
eters and a length of up to several micrometers.

For Raman measurements, the cleaved GNRs were trans-
ferred to a SICERS substrate,25 and the supernatant contain-
ing the chemically derived GNRs was spin coated on a SIC-
ERS substrate. The Raman spectra of these GNR samples
were measured and collected using 1.58, 1.96, and 2.41 eV
lasers under ambient conditions. The laser spot size
��1 �m� used was much larger than the width of GNRs. All
the ribbons were measured at a laser power below 1 mW and
for a short collection time �120 s� in order to avoid possible
sample damage or laser-induced heating.

III. EXPERIMENTAL OBSERVATIONS ON THE RAMAN
SPECTRA OF INDIVIDUAL MONO- AND FEW-

LAYER GNRS

Figure 1 shows the typical AFM image, transmission elec-
tron microscope �TEM� image, and Raman spectra of mono-

layer GNRs with a width of 5–50 nm fabricated by chemical
exfoliation of artificial graphite. Similar to chemically de-
rived graphene, the G band ��1580 cm−1�, defect-related D
band ��1300–1350 cm−1�, and D� band ��1615 cm−1� are
observed from these chemically derived GNRs. The G peak
is due to the doubly degenerated zone-center E2g mode, and
the D and D� bands are related to the scattering of zone-
boundary and zone-center phonons, respectively, with elastic
scattering by defects in graphitic materials.9,10,12–20 As a sig-
nificant difference, we observed two well-distinguished ad-
ditional peaks at 1450 and 1530 cm−1 with a very sharp
�linewidth of �7 cm−1 for both peaks� and symmetric
Lorentzian shape. Considering the structural difference be-
tween graphene and GNRs, we consider that the two charac-
teristic peaks may be correlated with the vibrations of edge
atoms of GNRs.

In order to clarify the origin of the two peaks, we also
measured the Raman spectra of mechanically cleaved few-
layer GNRs. Figure 2�a� shows the optical image of cleaved
few-layer graphenes and GNRs on a SICERS substrate. The
visibility of few-layer GNRs allows us to specify isolated
GNRs one by one during the Raman measurements. The
large distance ��1 �m� between the GNRs ensures that the
collected Raman signal is only from one isolated few-layer
GNR. Estimated by AFM measurements �Fig. 2�b��, A, B,
and C ribbons have the same thickness of �3 nm ��8 lay-
ers� and widths of �480, 230, and 110 nm, respectively. The
same number of layers for these ribbons indicates that they
were cleaved from the same graphite sheet. In combination
with the parallel configuration for A, B, and C ribbons, we
expect that these few-layer GNRs may have the same edge
structure. The parallel configuration also avoids the effect of
polarization on the Raman intensity of different GNRs. Thus,
we consider that the different Raman features of A, B, and C
GNRs may originate from their different widths.

Figure 2�c� shows the Raman spectra of the cleaved few-
layer GNRs located at A, B, and C, in which their intensity is
normalized by the G-band intensity. Similar to the cleaved
graphene, the two most intense features are the G peak at
�1580 cm−1 and the 2D band at �2700 cm−1. In addition,
the defect-related D band ��1300–1350 cm−1� and D� band
��1615 cm−1� are observed. Because of the high quality of
cleaved graphene, the D band is usually observed at
graphene edges with high intensity and is absent or very
weak in the center of graphene layers.15–17,19,20 The intensity
ratio �ID / IG� of D to G band of the few-layer GNRs increases
with decreasing the ribbon width from A to C because of the
higher percentage of edges for narrower ribbons. Impor-
tantly, similar to the mono-layer GNRs, two well-
distinguished additional peaks are observed at 1450 cm−1

�linewidth of �7 cm−1� and 1530 cm−1 �linewidth of
�8 cm−1� in the Raman spectra of few-layer GNRs. More-
over, these two peaks appear at the same frequency for the
GNRs with different numbers of layers �Fig. 3�. This fact
suggests that the influence of the number of layers �or layer
coupling� on these two Raman modes is sufficiently small.
The relative intensity of these two peaks to the G band in-
creases with decreasing the ribbon width �Fig. 2�d��, consis-
tent with the ID / IG evolution with the ribbon width. This

FIG. 1. �Color online� �a� AFM image, �b� TEM image, and �c�
Raman spectra of chemically derived mono-layer GNRs. The GNRs
in �a� are denoted by white arrows. The inset of �a� shows the cross
section taken along the black line �blue line online�, indicating that
the thickness and width of the measured GNR are �0.9 and
�20 nm, respectively. The inset of �c� shows the Raman spectra of
three individual GNRs.
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further confirms that the two peaks of 1450 and 1530 cm−1

are the intrinsic feature of edge atoms of GNRs. Thus, these
two peaks were also observed for the graphene with some
GNRs on its surface.25

Compared with the Raman spectra of few-layer GNRs
shown in Fig. 2, it is important to note that a further decrease

in GNR width ��100 nm� leads to a significant increase in
the relative intensity of 1450 and 1530 cm−1 bands to the G
band �Fig. 1�c��. According to the relationship presented in
Fig. 2�d�, the width of the chemically derived mono-layer
GNRs is estimated to be �20 nm, which is consistent with
the mean width obtained by AFM measurements. Thus, the
relative intensity of these signals to G band can be used to
estimate the width of GNRs.

We also investigated the effect of edge structure on the
two peaks at 1450 and 1530 cm−1. Figure 4�a� shows the
AFM image of an irregular few-layer GNR. It is considered
that the appearance of zigzag and armchair edges should be
different for the A, B, and C positions because of their dif-
ferent edge orientations. This structure allows us to investi-
gate the effect of edge structure on the Raman spectra of
few-layer GNRs. It is interesting to find that the relative
intensity of 1530 to 1450 cm−1 �I1530 / I1450� remarkably in-
creases when the measurement location moves from the
wedgelike structure �position A� to the regular ribbon �posi-
tion C� �Fig. 4�b��. A similar behavior was observed for the
relative intensity of D band to 1450 cm−1 �ID / I1450� �Fig.
4�b��. In addition, the Raman intensities ID and I1530 are also
correlated with each other for different samples of mono-
layer �inset of Fig. 1�c�� and few-layer GNRs �Figs. 4�c� and
4�d��. This observation suggests that 1530 and 1450 cm−1

peaks are originated from different edge structures of GNRs,
and D band and 1530 cm−1 may come from the same origin
�armchair edge�.13,14,19,20

FIG. 2. �Color online� �a� Optical image and �b� the corresponding AFM image of cleaved few-layer graphene and GNRs. Bottom of the
left panel shows their corresponding topographic profiles. �c� G-band intensity normalized Raman spectra of few-layer GNRs located at A,
B, and C, with the two characteristic vibration modes at 1450 and 1530 cm−1 denoted by �. �d� The intensity ratio of 1530 and 1450 cm−1

to G band as a function of reciprocal GNR width.

FIG. 3. �Color online� The influence of the number of layers of
GNRs on their Raman spectra, with the two characteristic vibration
modes at 1450 and 1530 cm−1 denoted by �. The corresponding
numbers of layers are �3, 6, 7, and 10 from the bottom to top,
based on AFM measurements.
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IV. ASSIGNMENTS OF THE TWO RAMAN PEAKS AT
1450 AND 1530 cm−1

In order to analyze the origin of the two characteristic
bands at 1450 and 1530 cm−1, we studied the vibrational
properties of H-free and H-terminated AGNRs and ZGNRs
�Fig. 5� by density-functional theory �DFT� calculation. The
DFT calculations were performed by using the SIESTA

code.28 We used the Perdew-Burke-Ernzerhof generalized
gradient approximation exchange correlation functional29

and norm-conserving pseudopotentials.30,31 Integration over
the one-dimensional Brillouin zone was carried out by using
the Monkhorst-Pack scheme, and 31 �for zigzag� and 21 �for
armchair� k points were used in our calculations. All geom-

etries were optimized until the forces on the atoms are
smaller than 0.01 eV /Å. Here, we focus only on the edge
localized vibrational modes. The reason is that the vibra-
tional frequencies of edge phonons do not depend on the
width of GNRs, and thus the observed Raman spectra will be
sharp.

Consistent with our observations of the sharp G-band
spectra ��1585 cm−1� of GNRs �Figs. 1–4�, the calculated
results show that the G band can be found at a similar fre-
quency ��1612 cm−1� for all GNRs even though their width
is very small because the G band is the optical phonon
modes for neighbor atoms. Especially, we found several
unique edge phonon states of GNRs since the edge atoms are
reconstructed so as to minimize the surface energy. For the
H-free ZGNRs, their edge CuC bond length �1.37 Å� is
shorter than the normal one �1.42 Å�. A localized edge pho-
non mode at �1430 cm−1 is expected because one of the
three CuC bonds is missing at the zigzag edge �Fig. 5�a��,
which is consistent with the previous calculation
��1450 cm−1� by Zhou and Dong.23 Moreover, it is impor-
tant to note that the LVM of H-terminated ZGNRs remains
almost the same with that of H-free ZGNRs, with a fre-
quency of �1450 cm−1 �Fig. 5�b��, although the maximum
amplitude of the phonon mode shifts to the inner region from
the edge. Since the H termination of the edge atoms does not
change the sp2 hybridization of the CuC bond at the zigzag
edges, the edge phonon mode of 1450 cm−1 observed for
ZGNRs does not depend much on the H termination.

However, in the case of H-free AGNRs �Fig. 5�c��, the
reconstruction of the edge atom leads to a great decrease in
the length of edge bonds ��1.23 Å�, which are supposed to
be a CwC triple bond. Thus a higher-frequency Raman peak
at �2000 cm−1 is obtained to be related to the LVM of the
edge atoms �Fig. 5�c��, which is consistent with Ref. 23 and
the Raman spectra of carbon chain C10H2 in a single-walled
carbon nanotubes ��2066 cm−1�.32 However, the CwC
triple bond for H-free AGNRs becomes CvC double bond
when hydrogen atoms are attached on their edges. In this
case, the edge phonon mode becomes close to the G band
because the original edge bond in the H-free AGNRs be-
comes longer ��1.39 Å� and the total mass of edge atoms is
increased after saturating H atoms. When we assume that
CuH bond is sufficiently strong compared with hydrogen
mass, we can consider that the edge C atom changes the
atomic weight from 12 �C� to 13 �C+H�. The corresponding
edge phonon frequency should change to 1580� �12 /13�1/2

�1530 cm−1. The calculated result shows that a LVM at
�1575 cm−1 appears for the H-terminated AGNRs �Fig.
5�d��, which is lower than the calculated G-band frequency
�1612 cm−1�.

Experimentally it is very difficult to obtain GNRs with
free edges under ambient and solution conditions for the
present preparation methods. Thus, we assign the 1530 cm−1

peak to the LVM of armchair edge with a terminated H atom
per C atom. This is consistent with the above observations
about the intensity correlation between 1530 cm−1 band and
armchair edge-related D band �Fig. 4�. The frequency devia-
tion between the experimentally observed ��1530 cm−1�
and theoretically predicted ��1575 cm−1� LVMs is within
the accuracy of the calculation ��30 cm−1�. Due to the same

FIG. 4. �Color online� �a� AFM image of an irregular few-layer
GNR, which exhibits different edge orientations at different re-
gions. G-band intensity normalized Raman spectra of �b� different
positions for the same GNR in �a� and of �c� different few-layer
GNRs. � denotes the two characteristic vibration modes at 1450
and 1530 cm−1. �d� I1530 / I1450 vs ID / I1450 for the Raman spectra in
�b� and �c�.

FIG. 5. Calculated edge phonon modes of �a� H-free 7-ZGNR,
�b� H-terminated 7-ZGNR, �c� H-free 7-AGNR, and �d�
H-terminated 7-AGNR. The number before the AGNR and ZGNR
denotes the width of GNRs, which corresponds to the number of
dimer lines across the ribbon width for AGNR and the number of
zigzag chains across the ribbon width for ZGNR.
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preparation method and the same frequency with the pre-
dicted LVM of H-terminated ZGNRs, the 1450 cm−1 peak is
assigned to be the edge phonon mode of H-terminated
ZGNRs. We note that the 1450 cm−1 peak was previously
assigned to the multiorder of silicon substrate or poly�methyl
methacrylate� �PMMA� �Refs. 19 and 33�; however, it is not
true in our case since this peak cannot be observed in the
bare area of the same substrate with the same measurement
conditions �see supplementary material34� and no any
PMMA was used in our experiments. The above assignments
of these two peaks to the localized vibrations of edge atoms
are consistent with their very narrow spectral width
��7 cm−1�.

From the above results, we can distinguish the orientation
of the ribbon edge by Raman spectroscopy as well as define
the local degree of order of the atomic structure at the edge
of GNRs according to the relative intensity of 1450 to
1530 cm−1. Furthermore, this technique is more sensitive
than D band since D band is generally broad and all kinds of
defects that can break the symmetry and selection rule con-
tribute to the D-band intensity as well. The coexistence of
the two peaks for an isolated GNR in Figs. 1–4 may suggest
the imperfection of the edge structure.

V. TWO SMALL RAMAN PEAKS AND THE EDGE
STRUCTURE OF GNRS

In addition to the well-distinguished 1450 and 1530 cm−1

peaks, two very weak peaks at �1140 and �1210 cm−1 are
found for the mono- and few-layer GNRs �Figs. 1, 2, and 6�.
Moreover, the intensities of 1140 and 1210 cm−1 peaks are
correlated with the intensities of 1450 and 1530 cm−1 peaks,
respectively. No obvious peaks at �1140 and 1210 cm−1 are
found in the Raman spectra with very low 1450 and
1530 cm−1 peaks �see supplementary material34�. In addi-
tion, the relative intensity of 1140 and 1210 cm−1 peaks to G
band increases with decreasing the ribbon width �Fig. 2�c��,
similar to the behavior of 1450 and 1530 cm−1 peaks, which
indicates that these two peaks are also related to the edge
phonons of GNRs. Considering the much lower intensities of
these two peaks compared to 1450 and 1530 cm−1 peaks, we

selected the Raman spectra with well-defined spectral fea-
tures at �1140 and 1210 cm−1 to determine the relation be-
tween these two peaks and 1450 and 1530 cm−1 peaks. Fig-
ure 6�a� shows two Raman spectra of few-layer GNRs with
different intensity ratios of 1530 to 1450 cm−1. It is clearly
seen that the 1210 cm−1 peak becomes clear with increasing
the intensity ratio of 1530 to 1450 cm−1. Moreover, the same
behavior was also observed for �1140 and �1210 cm−1

peaks of mono-layer GNRs on a commonly used substrate of
Si/300 nm SiO2 �Fig. 6�b�� although the signals are not so
clear. These results suggest that the 1140 and 1210 cm−1

peaks are coupled with 1450 and 1530 cm−1, respectively.
It is interesting to note that the above observations on

GNRs terminated by H atoms are very similar to those re-
ported for polyacetylene.35–37 Trans-polyacetylene usually
shows two peaks at �1150 and 1450 cm−1,35,36 and cis-
polyacetylene shows two peaks at �1240 and 1540 cm−1.37

It is well known that polyacetylene is a long chain of carbon
atoms with alternating single and double bonds between
them, each with one H atom.38 Importantly, trans- and cis-
polyacetylene have zigzag and armchair structures,38 respec-
tively, which are similar to the edge structure of
H-terminated ZGNRs and AGNRs. Thus, the similarity in the
Raman features between GNRs and polyacetylene further
confirms our assignments on the two peaks at 1450 and
1530 cm−1 observed from GNRs. That is, 1450 and
1530 cm−1 peaks physically originate from the localized vi-
bration of the edge atoms of zigzag and armchair GNRs ter-
minated with H atoms, respectively.

It has been well established that the optical energy gap is
�1.6 eV for trans-polyacetylene and 1.9–2.1 eV for
cis-polyacetylene.38 Moreover, the band gap of polyacetylene
increases as the effective conjugation length decreases.36

Thus, the similar edge structure of H-terminated GNRs with
polyacetylene leads to an interesting observation of the reso-
nance effect of the two well-distinguished 1450 and
1530 cm−1 peaks of GNRs. Figure 7 shows Raman spectra
of few-layer GNRs within 1200–1700 cm−1 excited by la-
sers of 1.58, 1.96, and 2.41 eV. It is interesting to note that
1450 and 1530 cm−1 peaks can be observed by an excitation
laser of 1.96 eV but not by excitation lasers of 1.58 and 2.41
eV. Although the enhancement of SCIERS is laser wave-

FIG. 6. �Color online� �a� Raman spectra of few-layer GNRs with different intensity ratios of 1450 to 1530 cm−1. The inset shows the
enlarged spectra in the range of 1100–1300 cm−1. �b� Raman spectra of mono-layer GNRs with different intensity ratios of 1450 to
1530 cm−1 on Si/300 nm SiO2 substrate. The dashed lines are used to show the positions of 1143 and 1212 cm−1 peaks.
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length dependent,25,39 strong Raman signals and good signal/
noise ratio were obtained for 2.41 eV laser. Thus, the sup-
pression of 1450 and 1530 cm−1 peaks in the cases of 1.58
and 2.41 eV lasers cannot be attributed to the low signal
quality, but possibly due to the lack of resonance conditions
for H-terminated armchair and zigzag edges with a specific
length in the GNRs studied. Further studies about the laser
energy dependence of 1450 and 1530 cm−1 peaks by using
an excitation laser with energy around 1.9 eV or tunable laser

are required for further understanding the edge structure of
GNRs in the future.

VI. CONCLUSION

We observed two well-distinguished bands of 1450 and
1530 cm−1 in the Raman spectra of individual mono- and
few-layer GNRs by using surface and interference co-
enhanced Raman scattering technique. Their intensities are
sensitive to the width and edge structure of GNRs. Combin-
ing with first-principles calculations, these two bands are as-
signed to be correlated with the localized edge phonon mode
of zigzag and armchair GNRs terminated with H atoms, re-
spectively. In addition, two weak peaks at �1140 and
1210 cm−1 are also found, which are coupled with 1450 and
1530 cm−1, respectively. These findings open up a possibil-
ity to characterize the width and fine edge structure of GNRs
by using Raman spectroscopy, will be helpful for the control-
lable synthesis of GNRs, and accordingly facilitate the prop-
erty investigations and applications of GNRs.
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