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Thickness and stacking geometry effects on
high frequency overtone and combination
Raman modes of graphene
Dongfei Li,a,b Da Zhan,a* Jiaxu Yan,a Chenglin Sun,b Zuowei Li,b

Zhenhua Ni,c Lei Liud and Zexiang Shena*
We investigate two high frequency Raman overtone and combination modes of graphene named 2D’ and 2D+G bands, and
located at ~3240 and~4260 cm–1, respectively. The graphene thickness and stacking geometry effects for these two modes

are systematically studied. The features of the 2D’ band, which arises from intravalley double resonance, are not sensitive to
the variation of thickness with single Lorentzian peak and fixed linewidth. We explain it theoretically by calculating the phonon
dispersion mode in k-space and find that the flat band region of longitudinal optical phonon near Γ point is the mechanism
leading to the 2D’ band nonsplit. With the thickness increasing, the band position exhibits blueshift and the linewidth increases
for the 2D+G band. With changing thickness and stacking geometry of graphene, the intensities of these two high-frequency
bands show obvious different evolution compared with that of G band. Copyright © 2012 John Wiley & Sons, Ltd.

Supporting information can be found in the online version of this article.
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Introduction

Graphene, a two-dimensional (2D) allotrope of carbon where
carbon atoms are arranged in a hexagonal lattice, has become
one of the most exciting research topics in recent years because
of its distinctive electronic properties.[1] It consists of sp2 carbon
hexagonal network, in which strong covalent bonds are formed
between two adjacent carbon atoms. It is one atomic layer thick,
which is stable in two dimensions even under suspended condition.
Graphene has attracted great attention not only because it is
the ideal material to study the fundamental properties of
two-dimensional nanostructures,[2,3] but also for its potential
applications in future electronic devices.[4,5] Various techniques
can be used to prepare graphene, including micromechanical
cleavage[2] or chemical exfoliation from bulk graphite,[6,7] thermal
decomposition of single crystal SiC wafers,[8] growth from metal-
carbon melts,[9–11] and chemical vapor deposition of hydrocarbons
on metal films.[12,13]

Raman spectroscopy is a powerful scientific tool to characterize
advanced materials because of its nondestructivity, convenience
and high throughput. Particularly for graphene-based materials,
Raman spectroscopy is proved to be one of the most effective
methods to characterize various properties,[14–16] such as thick-
ness,[17] doping,[18,19] intercalation,[20,21] defects,[22,23] oxidation
level,[24] stacking geometry,[25,26] thermal properties,[27–29]

strain[30,31] and edge dynamics.[32–34] Furthermore, a most recent
research demonstrated that Raman spectroscopy can be used to
investigate the isotope effects on the graphene lattice dynamics.[35]

To date, most of the properties probed by Raman are based on the
analysis of features evolution of three major Raman active bands,
D, G and 2D, of which the Raman shifts under 532nm excitation
are ~1350, ~1580 and ~2700 cm–1, respectively. Actually, besides
J. Raman Spectrosc. 2013, 44, 86–91
these three bands, graphene has many relatively weak Raman
active bands, which are also significant for both fundamental
understanding and practical research guidance. For example,
most recently, Rao et al. and Cong et al. respectively observed
some new Raman active overtone bands at the wavenumber
region from 1600–2200 cm–1,[36,37] and Tan et al. investigated
the interlayer shear mode called ‘C’ band at low-wavenumber
region down to 31 cm–1.[38] However, the reported papers of
Raman bands for high wavenumber region (>3000 cm–1) are
very limited despite the fact that graphene possesses high-order
overtone and combination Raman active modes in this region.[36,39]

In this paper, we perform detailed investigations of thickness and
stacking geometry effects on these high-frequency overtone and
combination Raman modes in graphene.
Copyright © 2012 John Wiley & Sons, Ltd.
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Experimental

Graphene samples were prepared by conventional micromecha-
nical cleavage method from highly ordered pyrolytic graphite
(HOPG) on silicon wafer covered by 300 nm SiO2.

[2] Because both
bilayer graphene (BLG) and trilayer graphene (TLG) show exotic
electronic properties and attract great interest the same as
that of single-layer graphene (SLG), we intentionally selected
SLG, BLG and TLG as our samples in this paper. The layer number
of each graphene sample was confirmed by optical contrast
spectroscopy.[40] We also used ‘water flush’ method to prepare
intentionally a 1 + 1 folded graphene,[25] and it is incommensurate
BLG of which the interlayer is electronic decoupled as can be
revealed by Raman spectrum.[25] Raman spectral measurements
were carried out with a Renishaw confocal Raman system under
backscattering configuration, with excitation laser wavelength of
532 nm and 100� objective lens (numerical aperture, NA= 0.95).
The selected visible laser for probing these multiphonon involved
resonant Raman active bands discussed in this paper is because
of the strong intensity, or else, the intensity of these bands
would be too weak to be probed by other lasers, for example,
the UV laser.[41] The laser power is controlled below 0.5mW
to avoid possible laser-induced heating. Raman images with a
spatial resolution of ~600 nm are realized with a piezo stage (step
size 100 nm). Density-functional calculations were performed
by the Quantum ESPRESSO code,[42] using a plane wave basis
and Troullier–Martins norm-conserving pseudopotentials.[43] An
energy cutoff of 110 Ry was used. Methfessel–Paxton smearing
with an energy width of 0.03 Ry was adopted for the self-consistent
calculations.[44] The Brillouin zone was sampled using a 48� 48� 1
grid for the electronic structure. A 6� 6� 1 grid was used for
the phonon calculation to obtain the dynamical matrices. The
dynamical matrices are calculated based on density-functional
perturbation theory within the linear response.[45]
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Figure 1. Raman spectra of SLG (black), aBLG (red), aTLG (green), cTLG (blue)
and (c) the 2D+G band region. This figure is available in colour online at wi
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Results and discussion

Raman spectra of graphene samples are shown in Figure 1,
including SLG, AB-stacked BLG (aBLG), incommensurate bilayer
graphene (IBLG), ABA-stacked (Bernal stacking) and ABC-stacked
(Rhombohedral stacking) TLG (denoted as aTLG and cTLG,
respectively). The aTLG and cTLG are identified by the 2D band
features as described in Fig. S1.[46,47] The G and 2D band regions
are shown in Fig. 1(a), while the 2D’ and 2D+G bands are shown
in Figs 1(b) and (c), respectively. It is well known that the depen-
dence of the 2D band with different thickness and stacking
geometry reflects the evolution of the electronic band structure
because the activation of the 2D band needs participation of
two D phonons (TO phonon around the K point in the Brillouin
zone) to fulfil the intervalley double resonance.[19,48] In Fig. 1(a),
the 2D band of SLG possesses only one single Lorentzian peak,
but aBLG, aTLG and cTLG show multiple-peak shape with very
broad full width of half maximum (FWHM). This is because the
SLG has only one single electronic band,[49,50] and hence the
two TO-phonon involved double resonant Raman process has
only one pathway to resonance between the valence and conduc-
tion band, that is, only the TO-phonon with fixed frequency can
participate into this special double resonant process.[17] When the
thickness of graphene increases from SLG to aBLG, the electronic
coupling between graphene layers leads the split of both conduc-
tion and valence bands[49] and hence there are four pathways that
can fulfil the two TO-phonon involved double resonant Raman
process.[17] It alsomeans that four TO phonons possessing different
momentums in k-space can be observed by Raman spectroscopy.
Because the frequency of TO phonon disperses not flatly with
respect to momentum at around K-point, these four different
TO-phonons also possess different frequencies, which leads the
2D band of aBLG presenting a broad peak with large FWHM be-
cause it consists of four subpeaks. Therefore, the widening effect
ber/cm-1
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of 2D band for the thicker graphene (layer number >2) with Bernal/
Rhombohedral stacking geometry can also be explained.[17,46,47] It is
worth noting that the two graphene layers of IBLG are electronically
decoupled and its 2D band shows a very sharp single Lorentzian
peak with slight stiffening effect compared with SLG.[25]

On the other hand, 2D’ band is another resonant Raman active
mode in graphene and it is also directly correlated to graphene’s
electronic band structure, but the FWHM of the 2D’ band
of graphene does not show any observable dependence on
the thickness and stacking geometry (the Raman spectra of
graphenes with various thickness and stacking geometry can be
seen in Fig. 1(b)). The 2D’ band is activated by participation of
two D’ phonons (longitudinal optical (LO) phonon near Γ point
as is shown in Fig. 2(b)) to fulfil the intravalley double reso-
nance.[16] Compared with SLG, the interlayer coupling induced en-
ergy band splitting at low-energy regime for Bernal/Rhombohedral
stacking few-layer graphene are able to provide multiple pathways
to satisfy the 2D’-phonon involved intravalley double resonant
scattering. However, in our experiment, it is revealed that the
FWHM of Bernal/Rhombohedral stacking few-layer graphene is
the same as that of SLG, which is fixed at ~11 cm–1 as a constant.
It means that the frequency difference among the D’ phonons
scattered by different possible pathways can be neglected for
few-layer graphene. This is obviously different from that of the
aforementioned 2D band. An illustration of the double resonant
process of 2D’ band of the aBLG case is shown in Fig. 2(a). There
are four possible phonon scattering pathways that can fulfil the
intravalley double resonant process (denoted by red, blue,
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Figure 2. (a) Schematic intravalley double resonance process of 2D0 band
denoted by red, green, purple and blue dashed lines represent four LO pho
�k-space of AB-stacked bilayer graphene. The red (q22), green (q21), purple (q
arising from different Raman scattering channels, which indicates the ene
momentums. (c) Schematic Raman scattering process for 2D+G band. This fi
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green and purple dashed lines), and the corresponding phonon
momentums are q22, q21, q12 and q11, respectively. The calcu-
lated phonon dispersion in k-space is shown in Fig. 2(b). There
is a very restricted region near Γ point that the LO phonon dis-
perses flatly with respect to k-space as indicated by arrows in
Fig. 2(b). Thus, it is reasonable that the D’ phonons scattered
from these four different Raman scattering pathways almost
have the same frequency, which gives rise to the presentation
of single Lorentzian peak because of the frequency degenera-
tion. Furthermore, from another point of view, the wavevector
of D’ phonon is very small as the D phonon arises from LO pho-
non dispersed at around Γ point (Fig. 2(b)),[16] and it means that
the momentum differences among q22, q21, q12 and q11 are very
small to satisfy the intravalley scattering. Thus, it is reasonable that
the frequency difference among each D’ phonon scattered from
different pathways is too small and can be ignored. The above
mechanisms can also be used to explain the single 2D’ peak ob-
served in n-layer graphene (n> 2) because the corresponding LO
phonon dispersion curve in k-space is similar to that of aBLG.[51]

The combination mode of the 2D+G band is normally ignored
by researchers, mainly because its intensity is very weak and the
frequency region at ~4260 cm–1 is far away from the G and 2D
band regions. The three-phonon involved Raman scattering
process in �k-space is illustrated in Fig. 2(c). The process includes
two D phonons with opposite momentum intervalley scattered,
and followed by scattering another G phonon without momentum
exchange. As shown in Fig. 1(b), the position of 2D+G band, pos
(2D+G), blueshifts dramatically from SLG to aBLG, but it only
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in AB-stacked bilayer graphene. Four possible Raman scattering channels
nons with different momentums. (b) The calculated phonon dispersion in
12) and blue (q11) symbols represent four different phonon momentums
rgies of these four LO phonons degenerated in spite of their different
gure is available in colour online at wileyonlinelibrary.com/journal/jrs
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Thickness and stacking geometry effects on high frequency overtone and combination Raman modes of graphene
slightly blueshifts when the number of layers further increases.
Both the SLG and IBLG show a sharp 2D +G peak which can
be fitted by single Lorentzian function, while aBLG, aTLG and
cTLG show broader asymmetric peaks, which cannot be fitted
by one Lorentzian function. Both the frequency and FWHM of
2D +G band have similar layer dependent behaviour as that of
the 2D band, which indicates that such three-phonon involved
Raman scattering process is also strongly dependent on the
electronic band structure.[17]

It is well known that the thickness (number of layer) of few-
layer graphene can be effectively estimated by the shape of the
2D band, and particularly the linewidth of the 2D band can let
us accurately identify the number of layers.[17,22] The graphene’s
FWHM of 2D and 2D+G band varying with both the thickness
and stacking geometry are shown in Fig. 3. It can be found that
in addition to the 2D band, which shows FWHM dependence
on both thickness and stacking geometry, the combination mode
2D+G also shows similar FWHM dependence trend on both the
graphene thickness and stacking geometry to that of the 2D
band. It is worth noting that both 2D and 2D+G bands present
obvious broader peaks for cTLG compared with aTLG. Moreover,
as can be seen in Fig. 4, for pos(2D+G)-based Raman mapping, it
can let us easily identify SLG, aBLG, IBLG and aTLG. The graphene
samples with different stacking geometry and thickness show
obvious difference in terms of the band position, which mainly
owes to the difference of their electronic band structures at
low-energy region that close to the Dirac point.
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Figure 4. (a) Raman images of the band position of combination mode 2D+
for each image.
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In addition to the FWHM and position, the intensity of Raman
active mode is also one important parameter that can give useful
information. Figure 5 shows the dependence of normalized
Raman intensity on the thickness and stacking geometry for
each mode (G, 2D, 2D’ and 2D+G). For each mode, the relative
intensity of each graphene sample is normalized by its SLG
intensity. The intensity of G band is strongly dependent on both
thickness and stacking geometry, and it almost linearly increases
with the thickness from SLG to aBLG and aTLG. Compared with
the intensity of SLG’s 2D band, the intensity does not show any
increasing or decreasing tendency for Bernal/Rhombohedral
stacking FLG despite the fact that the layer number is increased
multiple times. For Bernal/Rhombohedral stacking FLG, the inten-
sity of both 2D’ and 2D+G band show the same thickness
dependent trend as that of the 2D band. It is worth noting that
the IBLG present obvious stronger intensity compared with that
of SLG for all Raman modes, which we discussed in this paper.
This is because that in IBLG, the electronic coupling between
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Figure 5. Raman intensity of G, 2D, 2D0 and 2D+G modes of SLG, IBLG,
aBLG, aTLG and cTLG. The intensity of each mode is normalized by its
SLG intensity. This figure is available in colour online at wileyonlinelibrary.
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the two graphene layers are strongly suppressed, and hence the
IBLG can be considered as two individual SLGs, which present
two times intensity for each mode compared with that of SLG.
To our best knowledge, the reason for the abnormal phenome-
non that the intensity of 2D, 2D’ and 2D+G bands is inde-
pendent of the thickness is still unclear to date. However, it is
noticed that these three bands are all arising from multiphonon
involved resonant Raman scattering processes. Theoretically,
the multiphonon involved resonant Raman intensity is inversely
proportional to the g2,[19,23] where g is the scattering rate. There-
fore, the scattering rate related to electron phonon interaction
seems to be independent of the number of graphene layers for
Bernal/Rhombohedral stacking. While for IBLG, the two-layer
graphene cannot be considered as one system because of the
lack of interlayer coupling; therefore, both the overtone and
combination Raman intensity show twice of the intensity com-
pared with that of SLG.

Conclusions

In summary, we have shown the evolution of high-order over-
tone and combination phonons 2D’ and 2D+G of graphene with
thickness and stacking geometry. It is discovered that the
Raman features of 2D+G band shows similar thickness and
stacking geometry dependent trend as that of the 2D band,
and the graphene’s thickness and stacking geometry can be
identified effectively by reading the peak position of 2D+G
band. The case is totally different for 2D’ band because it always
shows a single Lorentzian peak with fixed FWHM regardless of
the thickness and stacking geometry. Furthermore, the intensity
of each multiphonon involved resonant Raman mode in graphene
is insensitive to the thickness for Bernal/Rhombohedral stacking
FLG. The investigations of the Raman features of the high frequency
Raman modes in graphene are of great importance because the 2D’
and 2D+G bands are resonant-scattering-based, which is directly
related to the electronic and phonon band structures.
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