
Signature Vibrational Bands for Defects in CVD Single-Layer
Graphene by Surface-Enhanced Raman Spectroscopy
Dallas L. Matz,† Hossein Sojoudi,‡ Samuel Graham,‡ and Jeanne E. Pemberton*,†

†Department of Chemistry and Biochemistry, University of Arizona, 1306 East University Boulevard, Tucson, Arizona 85721, United
States
‡George W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology, 801 Ferst Drive, Atlanta, Georgia 30332,
United States

*S Supporting Information

ABSTRACT: We report the observation of signature vibrational bands in the frequency
region between 900 and 1600 cm−1 for defects in single-layer graphene (SLG) using
surface Raman spectroscopy in ultrahigh vacuum. Vapor deposition of Ag leads to the
formation of surface nanoparticles that migrate to defects in the SLG, leading to surface-
enhanced Raman scattering (SERS) of the graphene G and 2D bands as well as new
vibrational modes ascribed to native defects. Many of the new spectral bands of these
native defects are similar, although not identical, to those predicted previously for −C2
defects. These new bands are observed in addition to bands more commonly observed for
defective graphene that are attributed to the D, G*, D+G, and 2D′ modes. The defects
observed in these SLG films are not believed to result from the Ag deposition process but
are postulated to be formed during the graphene CVD growth process. These defects are
then made visible by postdeposition of Ag due to SERS.

The synthesis of graphene via chemical vapor deposition
(CVD) on transition metals such as Ru,1 Ir,2 Ni,3 and

Cu,4 provides a cost-effective method for producing high-
quality graphene on a large scale with lengths up to 100 m by
roll-to-roll processing.5 These advances in production have
propelled interest in technological applications of graphene that
require large-scale synthesis to fabricate devices such as
transparent electrodes, sensors, and transistors. However, for
broad use and optimizing its potential in various applications,
its chemical and physical attributes, including the nature of
structural defects introduced during the CVD growth and
transfer processes, must be understood.
Raman spectroscopy is a method widely used to characterize

graphene because the spectrum is highly sensitive to a
multitude of changes in graphene characteristics. Raman
spectroscopy is useful in providing insight into the effects of
doping,6−16 structural defects,17−20 edge chirality,21,22 uni- and
biaxial strain,23−25 pressure, and temperature11,26 and most
commonly as a measure of the number and quality of graphene
layers.27−30 The Raman spectrum of pristine SLG is
characterized by two bands: the G band at ∼1585 cm−1,
from in-plane longitudinal vibrations of sp2-hybridized C−C
bonds, and the 2D band at ∼2700 cm−1 due to double-
resonance intervalley dispersion involving two phonons with
opposite momenta.18,27,28,30 Careful monitoring of the
frequency, line width, shape, intensity, and intensity ratio of
the 2D to G bands [I(2D)/I(G)] can provide valuable
information about graphene physiochemical proper-
ties.18,27,30,31

Two additional spectral features are occasionally observed in
the pristine graphene spectrum near 1350 and 2450 cm−1

corresponding to the D and G* bands, respectively; both are
bands induced by disorder.17−20 The D band arises from ring
breathing vibrations of sp2 C atoms, and the G* band results
from intervalley electron−phonon scattering similar to the 2D
band but with one electron−phonon scattering event of slightly
lower energy due to the presence of defects.17,29,32,33

Defects in the hexagonal lattice of graphene due to atomic
deficiencies or rearrangement have been reported on the basis
of both experimental (electron microscopy34−36) and computa-
tional investigations (density functional theory, DFT34,37,38).
These structural defects have in common rearrangement of the
graphene lattice resulting most commonly in the existence of
pentagons (5), heptagons (7), octagons (8), and in rare cases
nonagons (9). These rings combine to make localized networks
of nonhexagonal rings and are often cataloged by the sequential
listing of numbered rings, for example, 5−9 for the pentagon−
nonagon structure that results from the removal of one carbon
atom. A more complete examination of the multitude of
combinations possible can be found in recent review
articles.34,39 The two most common of these defects are the
Stone−Wales (SW) and the C2 deletion (−C2).
The SW defect has been predicted by theory40−46 and

experimentally observed in high-resolution (HR) TEM experi-
ments35,36,47−49 of various sp2 carbon systems (graphene,

Received: December 26, 2014
Accepted: February 16, 2015

Letter

pubs.acs.org/JPCL

© XXXX American Chemical Society 964 DOI: 10.1021/jz5027272
J. Phys. Chem. Lett. 2015, 6, 964−969

pubs.acs.org/JPCL
http://dx.doi.org/10.1021/jz5027272


single-wall nanotubes, and C60), although its experimental
vibrational spectrum has not been reported. The SW defect
forms by rotation of two adjacent carbon atoms by 90°,
resulting in transformation of four adjacent hexagons (6−6−6−
6) into a pentagon−heptagon−heptagon−pentagon (5−7−7−
5) ring structure. The −C2 defect occurs as the result of the
deletion of two adjacent carbon atoms, leaving a hole; this
defect results in a pentagon−octagon−pentagon (5−8−5) ring
structure as opposed to the four hexagon ring structure of
native graphene.34 Figure 1 shows comparative structures for

pristine graphene and graphene with SW and −C2 defects,
respectively. The −C2 structure has also been observed with
HR TEM35,36,48 and STM50 and has been predicted by
theory.43,50−52

Previous studies in this laboratory and others have shown
that vapor deposited Ag on organic films under vacuum
conditions results in surface-enhanced Raman scattering
(SERS) through the formation of Ag nanoparticles on the
organic surface.53−56 Thus, Ag deposition can be employed as a
method for SERS of thin films such as graphene. Toward this
end, the goal of this work was to use SERS to explore the
physiochemical nature of solution-transferred CVD graphene.
The results of this study are expected to provide important
insight into the possible use of CVD single-layer graphene
(SLG) in organic electronic devices.
In this work, SLG was grown via CVD on Cu foil following

the procedures outlined previously by Li et al.4 The SLG sheets,
protected by a poly(methyl methacrylate) (PMMA) overlayer,
were then transferred using a solution-based process to
polished polycrystalline Ag substrates, which serve as reflective,
inert substrates. The solution-transfer process entails oxidative
removal of the growth substrate (thin Cu foil) in dilute aqueous
FeCl3 overnight, capture of the resulting floating PMMA/SLG
assembly on a chemically polished Ag substrate, followed by
removal of the PMMA protective coating by washes in anisole
(1 h), warm acetone (1 h @ 50 °C), ethanol (three times), and
finally nanopure water (two times). The Ag substrates,
chemically polished using procedures previously reported
from this laboratory,57,58 have been shown to be clean and
devoid of carbonaceous contamination58 and only weakly
enhancing (enhancement factors ∼10−30) due to their low
surface roughness (∼1 nm rms roughness by AFM.)59 SLG-on-
Ag substrates are then transferred into the load-lock
antechamber of a custom built ultrahigh vacuum system for
thin-film Ag deposition and Raman spectral acquisition while
remaining isolated from atmosphere.56,60 Further details
regarding the experimental procedures and materials can be
found in the Supporting Information.
Figure 2 shows Raman spectra of a pristine SLG sheet before

(black) and after deposition of 0.5 (blue), 1.0 (green), 1.5

(gold), and 2.0 (red) nm of Ag. Spectra were collected by
coaddition of 120 spectra, each with a 5 s integration time,
using 532 nm excitation at a power of 25−30 mW in ultrahigh
vacuum. The spectrum before Ag deposition shows only the G
and 2D bands at 1580 and 2690 cm−1, respectively,
characteristic of SLG. However, upon deposition of Ag, an
increase in overall intensity of 20−60 times is observed,
consistent with surface enhancement from nucleation of Ag
nanoparticles on the graphene surface. In addition to surface
enhancement of the G and 2D bands, multiple new bands
evolve with increasing Ag coverage. The most prominent of
these new spectral features is the asymmetric envelope of bands
on the low-frequency side of the G band from 1100 to 1580
cm−1. It is likely that the origin of some of this spectral
broadening is due to the presence of amorphous carbon (a-C)
from slight degradation of the film, as it has been well-
documented that an asymmetric broadening of both the G and
D bands occurs upon amorphization.33,61,62 However, in
addition to the emergence of a-C, four discrete bands at
1121, 1160, 1339, and 1446 cm−1 are clearly distinguishable
superimposed on top of this broad envelope. In addition, a
significant new discrete band at 250 cm−1 is clearly observed.
The morphology of thin metal films on graphene has been

studied by scanning tunneling microscopy (STM)63−66 and
transmission electron microscopy (TEM)67,68 on suspended
graphene as well as by both DFT69,70 and first-principles
calculations.71 Clusters or nanoparticles are formed on
graphene for Al,67,70 Fe,68−70 Pd,63,67 Co,63,68 Rh,63 Pt,63,71

Ti,67,71 Au,67,69 Cr,67 Ni,67 and Mo.68 Several previous studies
have shown using SEM that vacuum deposition of 2−5 nm
thick films of Ag on graphene result in the formation of islands
on the order of 15−25 nm in size depending on temperature
and changes induced by annealing.64−66 Zhou et al.63 have
shown that the size of these metal clusters is metal-dependent
and correlated to the metal cohesion energy, with Pt and Rh
forming clusters of ∼2−5 nm dia and Pd and Co forming

Figure 1. Molecular structures of (a) perfect graphene, (b) Stone−
Wales defect, and (c) the −C2 vacancy. The nonhexagonal rings that
occur as a result of defect formation are depicted in red.

Figure 2. (a) Raman spectrum of CVD SLG and (b) Raman spectra of
a graphene monolayer before (black) and after deposition of 0.5
(blue), 1.0 (green), 1.5 (gold), and 2.0 (red) nm of Ag.
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slightly larger clusters of ∼10−15 nm diameter Both theoretical
and experimental results are consistent with cluster formation
at graphene lattice defect sites at which dangling sp2 bonds and
distortion of the graphene π-electron system facilitate metal
coordination.63,68−70,72

The Raman signal enhancement observed is attributed to
SERS from formation of Ag nanoparticles on the graphene
surface that, if their size and the excitation wavelength are
appropriately matched, provide electric field enhancement
through excitation of localized surface plasmons.73 The results
observed here are similar to those reported previously by Zhou
et al. for thermal deposition of 2 nm of Ag onto SLG.64

However, although they observed similar asymmetric broad-
ening to the low-frequency side of the G band and the
appearance of D, G*, D+G, and 2D′ bands, their spectra did
not exhibit the additional discrete bands shown in the spectra in
Figure 2. Zhou et al. further report that upon annealing a 5 nm
thick Ag film, an average Ag nanoparticle size of ∼50 nm results
based on postdeposition SEM images, although no mention of
graphene structural changes that might lead to new vibrational
bands is made. Moreover, these researchers report an overall
enhancement of ∼50 in the Raman intensity, similar to the
enhancement observed in the spectra in Figure 2. Although the
spectra observed in this work and the previous report by Zhou
et al. are similar, one difference in methodology is worth noting.
The SLG used in this work is CVD graphene, which produces
high-quality continuous sheets of ∼1.5 × 1.5 cm2, whereas
Zhou utilized mechanically exfoliated graphene from graphite.
One concern for the current study may be the influence of

residual PMMA, used as a protective layer for transfer of CVD
SLG, on the observed Raman spectra. Previous SERS studies
have utilized PMMA as a flexible support for both graphene
and metal nanoparticles due to its transparency and low Raman
activity. This previous work uniformly documents little
interfering Raman spectral signal from PMMA,74−76 therefore
precluding trace PMMA as the source of any of the observed
signals in this work.
As previously noted, a number of nonhexagonal defect

structures in SLG have been reported; however, there is little
known about the specific Raman vibrational signatures of
individual defects. To date, the Raman vibrational frequencies
of only the two most common of these graphene defects, the
SW and −C2, have been reported by Kudin et al., as calculated
using DFT.77 The bands predicted for the −C2 defects exhibit
considerable similarity, both in frequency and relative intensity,
to the new bands observed upon Ag deposition. For
comparison, Figure 3 shows the spectrum of SLG after
deposition of 2.0 nm of Ag (black) overlaid with bars
representing both the frequencies and relative intensities of
the calculated −C2 and SW defect spectra.77

In previous HR TEM studies of graphene defects, the defects
were created by bombardment with ∼100 keV beams of
electrons with a flux of 60,000 electrons/nm2, allowing the
rearrangements and deletions to occur by overcoming the 5−8
eV barrier to defect formation.37,78 This large barrier makes the
formation of these defects by thermal deposition of metal
atoms, as in the experiments reported here, unlikely. In fact,
these defects are only likely to form under extreme non-
equilibrium conditions such as high-energy flux (i.e., HR TEM
experiments) or at temperatures in excess of 1300 K, such as
might be experienced during CVD growth. On this basis, it is
proposed that the defects observed here in the Raman spectra
after Ag deposition are artifacts of graphene film growth,

existing in the SLG films prior to Ag deposition, but then made
visible by SERS from deposited Ag nanoparticles. It is further
noted that due to the high energy barrier for defect formation
in what is assumed to be an activated process, it is unlikely that
the defects would reorganize back to graphene at room
temperature, thereby allowing their observation in these
experiments.34 Further support for the existence of defects in
the SLG films prior to metal deposition is shown in Figure S1
of the Supporting Information; these spectra are from different
SLG films after transfer to Ag substrates and placed into the
UHV environment. Bands attributable to defects are weak in
intensity but distinguishable in some of these spectra prior to
Ag deposition. Nonetheless, given the known catalytic activity
for trench formation on various forms of graphene by Ag
nanoparticles,79,80 the possibility that defects are formed at
room temperature by exposure to the Ag nanoparticles in the
presence of the 532 nm laser excitation cannot be ruled out.
Defect sites are proposed to be selectively enhanced by

preferential segregation of Ag nanoparticles to these lower
energy surface sites. DFT calculations by Lim et al.70 indicate a
strong preference for coordination of Fe and Al nanoparticles
by graphene defects due to strong hybridization between the
nanoparticles and dangling sp2 bonds. Similar preferential
coordination of Ag nanoparticles at defects is further supported
by the observation of a new band at 250 cm−1, which is
assigned to a δ(C−Ag−C) mode and is supported by the
normal coordinate analysis and DFT calculations of Stanghelli-
ni.81

The vibrational spectra for both the −C2 and SW defects
calculated by Kudin et al.77 using DFT exhibit bands across a
similar range of frequencies between ∼900 and 1600 cm−1 on
the low-energy side of the G band as observed here (Figure 3).
The calculated spectra also show similar distribution of
intensities, with the general trend of higher intensities at
higher frequencies and lower intensities for lower frequency
bands.
One significant difference between the predicted vibrational

response and the results observed here can be seen on the high-
frequency side of the G band. Specifically, the −C2 vacancy is
predicted to have vibrational bands in this region at 1647, 1676,
and 1686 cm−1, and the SW defect is predicted to have bands at
1645, 1680, and 1744 cm−1. However, very little vibrational
activity is observed in this frequency region in the SLG

Figure 3. Raman spectra of a graphene monolayer after deposition of
2.0 nm of Ag (black) overlaid on the simulated frequencies for Stone−
Wales (red bars) and −C2 (blue bars) defects as well as the G band of
graphene (green bar). Simulated spectral frequencies and relative
intensities from ref 77.
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spectrum shown in Figure 3. Table 1 shows a comparison of
the calculated frequencies reported by Kudin et al. and those

observed in the spectra in Figure 1. Those frequencies listed
near 1700 cm−1 are attributable to carbon atoms that are shared
between five- and six-membered rings.77 On the basis of the
lack of any observable peaks above 1700 cm−1, as would be
expected for SW defects, we tentatively conclude that −C2
defects are more prevalent and indeed may be the predominant
defect type present in these films. However, it should be
recognized that preferential aggregation of Ag nanoparticles at
the −C2 defects through coordination, as supported by the
observation of the δ(C−Ag−C) band near 250 cm−1, may give
rise to preferential enhancement of only the −C2 defects, even
when SW defects are present. Thus, one must be cautious in
eliminating the presence of specific defects on the basis of these
spectra. Nonetheless, the data support the assertion that defects
similar in chemical structure to the −C2 defects are likely to be
present in these SLG films based on the new spectral peaks that
are observed between 900 and 1600 cm−1 after deposition of
Ag.
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