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Probing Layer Number and Stacking Order of Few-Layer
Graphene by Raman Spectroscopy**
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Graphene is a two-dimensional material defined as a planar
honeycomb lattice of close-packed carbon atoms, where the
electrons exhibit a linear dispersion near Dirac K points and
behave as massless Dirac fermions.™?) However, the valence
and conduction bands in an AB stacked graphene bilayer
split into two parabolic branches near the K point originating
from the interaction of m electrons, and the electrons are
hence described by massive Dirac fermions.> Moreover, a
graphene bilayer is a tunable-gap semiconductor under
electric-field biasing.®! With a further increase in the number
of layers along with AB stacking, the electronic structure
reveals stepwise variations that eventually approach that of the
three-dimensional counterpart.*®! Considering the close
relation between the electronic properties and layer number
of few-layer graphene (FLG), the ability to accurately
determine the layer number and correlating this with the
electronic structure is a prerequisite in understanding the
evolution of the electronic properties from two- to three-
dimensional graphitic materials. In addition to graphene layers
with AB stacking, FLG with arbitrary stacking (Figure 1) is
considered to possess distinct properties arising from its
different crystalline structure and 7 electron interactions.!
Experimentally, it has been observed that the electro- and
magnetotransport properties for folded graphene sheets are
different to those of A B stacked bilayers."”! Furthermore, FLG
grown on Sic,M Ni 1214 and Rul*®! also have non-AB
stacking order. Therefore, elucidating the detailed character-
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istics of this type of FLG is required not only for the overall
understanding of the structural and electronic properties but
also for the development of FLG-based devices.

Raman scattering is a rapid, sensitive, and non-destructive
tool for the characterization of carbon-based materials.!*®!
Furthermore, the phonons in Raman scattering are directly
linked to the electronic dispersion of graphitic materials by the
well-established double-resonance model, and thus the Raman
signals manifest not only lattice vibrations but also the
electronic band structure configuration and modifications.”!
During the past two to three years, several pioneering works
have been carried out to elucidate the Raman characteristics
of graphene, such as differentiating single-layer and bilayer

from bulk graphite,'®>"! detecting charge impurities,*'*?!
structural defects,'®! edge states (armchair or zigzag),>>"!
[23 [27,28]

strain effects, ] determining the crystalline orientations,
and investigating electron—phonon coupling for biased
graphene.>+2°!

In this Communication, detailed work is carried out on
Raman spectroscopy study of AB-stacked FLG: the full width
at half-maximum (FWHM) of the 2D band is found to be a
quantitative guide to distinguish the layer number (single- to
five-layer) of FLG. The splitting of the electronic band structure
in FLG is responsible for the stepwise broadening of 2D bands
according to the theoretical model of double resonance.
Subsequently, folded FLG is taken as an example to investigate
the electronic properties of non-AB stacked FLG. The
consistent blueshift and similarity in shape and FWHM of
the 2D band of folded FLG suggest slightly modified electronic
energy dispersion curves near the K points as well as weak
coupling between graphene layers with arbitrary stacking. We
emphasize the link between the Raman characteristics and the
nature of the interlayer interaction, that is, AB stacking and
non-AB stacking. This research provides a means for fast
confirmation of layer number and stacking manner, and sheds
insight into the evolution of the electronic band structure for
applications in FLG-based electronic devices in the near future.

The main features in Raman spectra of graphite-based
materials are the G and D bands and the second order of the D
band, so-called 2D, all of which change in shape, position, and
relative intensity and thus reflect the evolution of the structural
and electronic properties.m] Figure 2a and d are the optical
image and corresponding Raman spectra of a typical FLG from
single- to four-layer, respectively. The G band, standing at
around 1580 cm ™!, refers to optical phonons at the Brillouin
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Figure 1. Top view of a pair of graphene lattices with a) AB stacking
order and b) non-AB stacking.

zone center I" point, corresponding to in-plane carbon-atom
stretching vibrations. This band becomes more intense with
increasing layer number due to more carbon atoms contributing
to this vibration mode. However, its intensity, shape, and
position are sensitive to any intentionally and unintentionally
charged impurities[21’25] or induced strain when fabricating
samples.[23’27’28] The positions of the D and 2D band are
excitation-energy dependent and occur at around 1350 cm
and 2700 cm ™', respectively (Figure 2d), under 2.33eV laser
excitation. Both are induced by double-resonance processes
that reflect the characteristics of phonon dispersions and
electronic band structures around K points in the Brillouin
zone.’? Nevertheless, the D band requires
defects for its activation, hence, it is absent
for perfect crystalline graphene samples, as
in the present case from micromechanically
cleaved graphite (Figure 2d). The 2D band,
on the contrary, always exists even if its first
order is absent. Four successive transitions,
as shown in Figure 3a, are involved for
underlying formation mechanism of the 2D
band according to the typical double-
resonance model:"®! laser-induced excita-
tion of electron-hole pair (a—Db),
scattering (b — c, the first resonance pro-
cess) and back-scattering (c — b, the second
resonance process) of the excited electron
by two phonons with wave vectors g and —q,
respectively, and electron-hole pair recom-
bination (b — a). The procedure links two
optical phonons near K and K’ points to the
electronic band structure, and therefore

Raman signals are crucial fingerprints that

d) &) 2s00f reflect the electronic band structure evolu-
8000F b pastion - tion in FLG.
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Figure 2. Raman characterizations of AB-stacked FLG. a) Optical image of graphene flakes with
continuous layer number from 1 to 4. b,c) Raman images from left box and right box in (a),

respectively, according to FWHM of 2D band. Brighter color represents larger FWHM of Raman
bands. Layernumbers are indicated in each part. Note that, for clarity, the two images are scaled
by different brightness. d) Raman spectra of each part of the FLG in (a). ) The 2D bands from
(b) are magnified to show different FWHM of each FLG with different layernumber.f) The fitted four
components of the 2D band in bilayer graphene. The statistical data of FWHM with respect to

different layer number is plotted in (g).
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ory.[32’33] Two of the four Raman scattering
cycles are demonstrated in Figure 3b
regarding m; < m;*. The 2D band is thus
dispersive and fitted into four Lorentzian
bands with slightly different frequencies
(Figure 2f). The Raman spectrum has a
wider FWHM of 52.1cm™!, about twice
that of SLG. In trilayer and four-layer
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Figure 3. a,b) Electronic band structures and Raman scattering
processes of SLG and AB-stacked bilayer graphene, respectively.
c,d) Electronic band structures for AB-stacked trilayer and four-layer
graphene, respectively. The electronic band structures of AB-stacked FLG

are schematically illustrated from the tight-binding approximation.!”!

[6,7,18]

graphene, the electronic bands split into more complex and
dispersive configurations (Figure 3c and d) due to the telectron
interactions under AB stacking,m and therefore excited
electron-hole pairs are involved in more scattering cycles, so
more resonant phonons with different frequencies contribute to
the wider 2D bands. Although the shapes are similar for the 2D
bands, there are obvious differences in the FWHM: 56.1 cm™!
and 62.4cm™! for tri- and four-layer graphene, respectively.
Furthermore, Raman images based on the FWHM of 2D bands
(Figure 2b and c¢) unambiguously show the difference in
brightness according to the layer number, in correspondence
with the contrast in the optical image of this FLG from single-
layer to four-layer graphene. After characterizations of a
large number of A B-stacked FLG samples during the past year,
the typical FWHM of 2D peaks of various FLGs are plotted in
Figure 2g. It is clear that there are consistent, substantial, and
distinguishable ranges for single-, bi-, tri-, four-, and five-layer
graphene at 27.5+3.8 em™!, 51.7+1.7em™}, 562+ 1.6cm™ ),
63.1+1.6cm™', and 66.14+1.4cm™ ", respectively. Further-
more, there is no overlap for different thicknesses of FLG,
and therefore the data can be a straightforward standard for
determining the number of layers. The statistical ranges of the
2D band FWHM reflect the stepwise evolution of the electronic
band structure of the AB-stacked FLG at room temperature,
and provide quantitative fingerprints to distinguish the layer
number of FLG on SiO,/Si substrate. It is noted that, unlike 2D
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band positions and intensity, the FWHM is less affected by
excitation energy,[32] charge impurity,[21’22] and so on.

For FLG thicker than five layers, the Raman spectrum is
hardly distinguishable from that of bulk graphite as continuous
splitting of valence and conduction bands leads to the 2D
band approaching that of bulk graphite.[18’31] To this end, the
multicomponent and stepwise evolution of 2D bands in FLG
has been found to be a good indication of AB stacking, and
suggests strong coupling of conducting electrons for such
stacking. A point to mention here is that the integrated intensity
of the 2D bands is similar (Figure 2e) for A B-stacked FLG with
a different layer number under identical excitation condi-
tions.["%**! This is distinct from misoriented FLG, as discussed
below.

Folded FLG is normally formed with arbitrary orientation
by post-treatment and is a fair example to probe the changes in
the electronic properties induced by non-AB stacking
(Figure 1b). The optical images, taken before and after folding
of a bilayer graphene in Figure 4a and b, respectively, clearly
show where the folding occurs. The Raman spectra of the
unfolded and folded parts of this sample, and another AB-
stacked four-layer graphene, which is used for comparison, are
presented in Figure 4e, all of which were measured under the
same experimental conditions. It is observed from the Raman
spectra that the 2D band of the folded part blueshifts 4.8 cm
compared to that of its corresponding bilayer. Furthermore, the
integrated intensity of the 2D band of the folded part turnsin at
around twice that of the bilayer and four-layer graphene
(Figure 4f), unlike that for AB-stacked FLG, where the
integrated intensity is about the same, irrespective of the layer
number. However, the FWHM of the 2D band of the folded
part, 52.1cm™!, is similar to that of the bilayer graphene,
52.9 cm !, and these values are substantially narrower than that
of four-layer graphene at ~64 cm™'. On the other hand, the G
band integrated intensity and position of the folded part, as
expected, are similar to that for AB-stacked four-layer since
both of them contain four layers of graphene sheets. In addition,
no obvious position shift is observed in the G band. In Figure 4c¢
and d, Raman images further confirmed the uniform distribu-
tions of these Raman features on the folded and unfolded parts.
In this work, a total of three folded bilayer graphene samples
were measured, and blueshift (~4.8, 7.1, and 8.1 cm’l) and a
much higher integrated intensity of 2D bands were invariably
observed. However, the FWHM of the 2D band s eitherslightly
bigger or smaller (+2cm™') than that of bilayer graphene
without a consistent pattern. We further measured the Raman
spectra of three folded five-layer graphene samples, as shown in
Figure 4g, and still found, for folded samples, both 2D band
blueshift (2.9, 2.3, and 1.8cm™!) and integrated intensity
around 1.5 times greater than that for the A B-stacked five-layer
graphene, but the variation is smaller compared to the folded
bilayer case. In addition, the FWHM of 2D bands are similar
between the folded and the unfolded five-layer samples.
Therefore, the 2D band FWHM-based evaluation of layer
number remains valid only for AB-stacked FLG.”

Due to deviation from AB stacking, the n electron
interactions between graphene layers generally exhibit differ-
ent features and evolution rules from AB-stacked FLG.¢
Previous theoretical calculations have shown that misoriented
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Figure 4. Ramancharacterizationsoffolded FLG. a,b) Opticalimages of bilayergraphene before
and after folding, respectively. The scale baris 5 um. c,d) Raman images of the folded parts,
taken from the dashed box in (b), according to the 2D band integrated intensity and 2D band
position, respectively. Brighter color represents higher intensity and higher wave number of
Raman scattering, respectively. The Raman spectra from the unfolded and folded parts of this
sampleandanotherAB-stackedfour-layergrapheneare shownin (e).f) The 2D bandsfrom (e) are
highlighted to show the variations after folding. Lorentzian fittings are used to calculate the
blueshift quantity between bilayer and folded bilayer. g) Raman spectra of unfolded and folded
partsof afive-layergraphene; theinsetin (g) shows the highlighted 2D band parts. Blueshift can
be observed in fitted 2D peaks.

graphene bilayers exhibit electronic struc-
tures that are similar to those of SLG but
with reduced Fermi velocity, that is, a
smaller slope of electronic band near the
K points.l”! However, the A B-stacked FLG
has more sub-bands originating from inter-
layer interactions, as shown in Figure 3, and
after folding should exhibit more compli-
cated variations, that is, similar FWHM,
stronger integrated intensity, and blueshift
of the 2D bands. In contrast to the layer
number-related 2D band broadening in A B-
stacked FLG, the similar FWHM between
the folded and the unfolded regions indi-
cates that the electronic bands in the folded
FLG did not split into more branches
around K points.[37] Whereas, it is consid-
ered that the two 2D bands from the folded
structures superpose with each other, giving
rise to nearly doubling of the integrated
intensity, and therefore suggesting weak
interactions of © electrons between the two
parts that form the folded FLG structures.
With regard to the blueshift, for simplicity,
we still consider linear m electron bands to
elucidate the Raman scattering processes,
as shown in Figure 5. For a specific laser
excitation energy (2.33 eV in this work), the
phonon with larger wave vector g’ couples
the Raman process that corresponds to a
reduced slope of electronic sub-bands.
Considering the nearly linear phonon
frequency-wave vector dispersion (w—q)
of graphite near K point, higher frequency
 contributes to the 2D band."*! This just
reflects the smaller slope and reduced Fermi
velocity of at least some sub-bands in
electronic energy dispersion near the K
points, as it is difficult for Raman spectra to
detect the exact variations/configurations of
every sub-band after folding. In this way, the
folded FLG always shows similar Raman
characteristics, suggesting that the electro-
nic structure is slightly modified, corrobo-
rates our previous study on folded
SLG,B*38] and further extends the conclu-
sions to folded FLG. We also fitted the 2D
bands of the folded bilayer into four
components similar to that of bilayer
graphene, and found coincidently similar
relative weights of these components (not
shown here) as those of bilayer. This
provides confirmation that the blueshift of
the 2D bands did not arise from changes in
the relative weights of the four components.

From the Raman characteristics, we
found that the G band is unchanged, which
means the phonons at I' points are
untouched. The folded parts, around tens
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Figure 5. Schematicillustrationofcertain sub-band electronicstructures
of FLG (solid line), folded FLG (dashed line), and the corresponding
double-resonant Raman scattering processes.

of micrometers® in size, should not induce obvious lattice
distortion/tension. Therefore, the phonon dispersion in folded
FLG may be almost unchanged. It is also noted that Poncharal
et al. proposed that the blueshift of the 2D band in misoriented
FLG may come from a modified phonon dispersion curve.?*~#!1
Thisis different to the finding in our work. Further investigation
using other characterization methods might be required for the
exact origin of the blueshift in the 2D band. In addition,
molecules such as water, oxygen, or nitrogen may be trapped in
the folded FLG during sample fabrication, and hence hinder the
interactions between the two pieces. However, Raman
characteristics did not show any detectable variations upon
annealing that may expel the trapped molecules in the folded
FLG. It is also found, from atomic force microscopy (AFM)
measurements, that the thickness of annealed folded FLG stays
almost the same as that before annealing. Therefore, the
trapped molecules should not have any effect on the observed
Raman features of the folded FLG.

In summary, phenomenal observations in conjunction with
physical interpretation were used to present an overall scenario
for Raman scattering spectra of FLG with different stacking
geometry. The FWHM, position, and integrated intensity of 2D
bands of two types of FLG are found to be informative
indices to investigate various features of FLG from the angle of
electronic structure variations. Our work will provide a route to
discriminate the layer number of A B-stacked FLG and yield
insight into the features of the electronic structure of folded
FLG, and facilitate the use of FLG in various electronic devices.

Experimental Section

The FLG samples were fabricated by micromechanical cleavage
of highly oriented pyrolytic graphite (HOPG, Grade SPI-1, SPI
Supplies) or natural graphite (NGS Naturgraphit GmbH)*? and
then transferred onto sSilicon substrates covered with a 285-nm
thermal oxide layer. It is worth noting that the two types of
graphite adopt AB-stacking order, which is the stable phase for
graphite crystals. FLG samples from the two types of raw material
also show almost the same quality with respect to Raman
measurements. For investigations of AB-stacking-related charac-
teristics, no post-treatments were carried out for the as-prepared
samples before Raman measurements. The folded graphene
samples were made by gently flushing the graphene sample with
water flow. Before Raman measurements, the FLG sheets were
characterized by color contrast under optical microscopy!“® and
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also by AFM topographic measurements to determine the layer
number. Annealing treatments for the folded FLG were carried out
in a rubber O-ring sealed tube furnace (Blue M Mini-Mite,
Lindberg). The experiments are carried out at 450 °C for 2 hours,
5% hydrogen mixed in argon as carrier gas, and tube pressure
maintained at 0.1 Torr.

Raman imaging and spectroscopy were carried out on a WiTec
CRM200 Raman system with 532-nm (2.33 eV) excitation and laser
power at the sample below 0.1 mW to avoid laser-induced
heating. A 100x objective lens with a numerical aperture
(N.A.)=0.95 was used in the Raman experiments. To obtain
the Raman mapping images, a piezo-stage was used to move the
sample with a step size of 200 nm and the Raman spectrum was
recorded at every point. The stage movement and data acquisition
were controlled using ScanCtrl Spectroscopy Plus software from
WITec GmbH, Germany. Data analysis was carried out using WiTec
Project software.
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