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fter a few years of intensive study on
Asingle layer and bilayer graphene

(1LG, 2LG), many exceptional, funda-
mental, and promising practical properties
of such two-dimensional carbon materials
have been revealed. ® Most recently, tri-
layer graphene (3LG) becomes an active
focus.*~? For the natural structure, the most
stable 3LG possesses a Bernal (ABA) struc-
ture, where the first two layers show hon-
eycomb lattice stacking just as in the AB
Bernal bilayer with the A-atoms in the sec-
ond layer right above the A-atoms in the
first layer and the B-atoms in the second
layer are above the centers of the hexagons
of the first layer, while the A and B carbon
atoms in the third layer occupy exactly the
same in-plane locations as the atoms in the
first layer, as shown in Figure 1a. On the
other hand, a metastable phase of 3LG,
which is in fact quite stable in the sense of
being unchanged even after an annealing
process at 800 °C,'® exists with a rhombo-
hedral (ABC) structure. In the ABC stacking
arrangement of 3LG, when the third layer is
stacked, the carbon atoms in the third layer
are located in such a way that the pairs of
A-atoms in the first two layers are located
over the centers of the hexagons of the third
layer, as shown in Figure 1b.

The electronic band structures of 2LG and
3LG differ remarkably from that of mono-
layer graphene because of the interlayer
coupling. This coupling is usually featured
by the transfer energies between the near-
est neighbor carbons stacked above each
other on two adjacent layers being denoted
by yi, while the further-neighbors have
transfer energies y; and v,.'" Hence, the
stacking order and the resulting relative
positions of carbon atoms in each layer
could crucially influence both the transfer
energies and the electronic properties,
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ABSTRACT Bernal (ABA stacking order) and rhombohedral (ABC) trilayer graphene (3LG) are
characterized by Raman spectroscopy. From a systematic experimental and theoretical analysis of
the Raman modes in both of these 3LGs, we show that the G band, G’ (2D) band, and the
intermediate-frequency combination modes of 3LGs are sensitive to the stacking order of 3LG. The

phonon wavevector g, that gives the double resonance Raman spectra is larger in ABC than ABA,

which is the reason why we get the different Raman frequencies and their spectral widths for ABA

and ABC 3LG. The weak electron—phonon interaction in ABC-stacked 3LG and the localized strain at

the boundary between ABC- and ABA-stacked domains are clearly reflected by the softening of the G

mode and the G’ mode, respectively.

KEYWORDS: graphene - Raman scattering - stacking order - electron—phonon
interaction - double resonance Raman spectroscopy

especially in the energy region near the
Dirac point. Though there are only a few
reports in the literature, the effects of the
ABA and ABC stacking sequence on some of
the electronic properties of 3LG have been
demonstrated both theoretically and
experimentally.>'''* The most recent and
interesting experimental finding is the de-
pendence of the electrical transport proper-
ties on the stacking order? In the integer
quantum Hall effect (IQHE) measurements,®
the ABC-stacked 3LG presents a new pla-
teau sequence in contrast to that for the
ABA-stacked 3LG: missing some Hall pla-
teaus at filling factors like v=8 and v =12,
which is a monolayer-like behavior. This is
mainly because of the so-called supereffi-
cient screening effect'? since the ABC-
stacked 3LG is less sensitive than ABA-
stacked 3LG to the voltages across layers,
usually induced by applying a gate voltage.
In contrast to the ABC-stacked 3LG, the gate
voltage and the induced charge redistribu-
tion in the ABA-stacked 3LG could easily
break the lattice inversion symmetry and
consequently introduce a difference to the
Landau levels originating from the valleys at
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K and K'. The contrasting plateau sequences for rhom-
bohedral ABC-stacked and Bernal ABA-stacked 3LG
make the IQHE an effective way to identify the stacking
order of 3LG2 Another relatively simple yet reliable
approach to identify the stacking order is infrared (IR)
absorption spectroscopy or optical conductivity
spectroscopy.'®'® The different crystallographic sym-
metry of the rhombohedral graphene layers compared
with that of the Bernal graphene layers results in the
extreme of the energy bands shifting away from the K
point,'®'*>'® which causes a relative shift of the optical
absorption peak. Though IR spectroscopy could re-
move many critical requirements for performing IQHE
measurements, such as the complicated processes for
device fabrication, low temperatures and high mag-
netic fields, specialized instruments are still needed.
Further, it is very hard for IR spectroscopy to reach
submicrometer spatial resolution. Confocal micro-
Raman mapping and spectroscopy which have several
advantages, such as relatively high spatial resolution (a
few hundreds of nanometer), high spectral efficiency
(tens of milliseconds integration time for a clear
spectrum), and no special sample preparation, might
be able to solve the issues for IQHE or IR. In fact, Raman
imaging and spectroscopy have already been shown
to provide useful tools for studying many properties of
graphene, such as the electronic structure,'” ~'° elec-
tron—phonon interaction,?*?’ life times of phonons,*
phonon dispersion relations,?® crystal orientation,?*?
doping level,*?” defects,®®** edge chirality,
strain,®*** and mechanical properties.>* Most recently,
Rao et al.>* and our group both>® demonstrated for AB-
stacked bilayer graphene that the appearance of the M
band located at around 1750 cm ™' strictly depends on
the AB stacking order, which can be used for charac-
terizing bilayer graphene. Furthermore, Lui and his co-
workers show that the G’ (also called 2D) spectral width
could be employed to identify the stacking sequence
of 3LG and tetralayer graphene (4LG)."° However, as
indicated by them and by us, the G’ mode width is
sensitive to the electrical environment, disorder, and
strain. Thus the identification of the stacking order
by monitoring only the G' mode width is not sufficient
in distinguishing between ABA and ABC stacked
graphene.

In this work, we propose that the G mode and the
newly assigned weak peaks appearing in the inter-
mediate frequency region (1690—2150 cm™ ") can be
used for identifying ABA and ABC 3LG. In particular, (1)
the combination modes of the longitudinal optic (LO)
mode and the out-of-plane breathing mode (ZO)
denoted here by LOZO, (2) the overtone modes of
the out-of-plane tangential optic (0TO) mode denoted
by 20T0O,% and (3) the G mode are all sensitive to the
stacking order of 3LG. To identify the stacking order,
not only the peak positions of these modes as a
function of the laser excitation energy, but also their

30,31
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spectral widths, can be used consistently. It is not easy
to assign the phonon modes in the intermediate
frequency region by using two laser energies without
using the information coming from theory, since there
are many weak peaks in this spectral region and since
some combination phonon modes change their rela-
tive positions in the Raman spectra with increasing
laser excitation energy, which can be understood by
the double resonance Raman theory.>”*® Our findings
demonstrate that Raman mapping and spectroscopy
provide consistent, reproducible, and sensitive ap-
proaches for characterizing the stacking order, once
we know the frequency, linewidths, and phonon iden-
tification of weak, stacking-order-specific Raman peaks
in 2LG and 3LG.

In the next section, we first explain how to select ABA
and ABC regions of 3LG by Raman spectra. Then we
show the intermediate Raman spectra for ABA and ABC
regions. After that, we briefly explain the method of
calculation and the double resonance Raman theory
for the combination modes and then the calculated
results of the 20TO and LOZO Raman spectra are given.
Further, we will assign the observed Raman peaks of
20TO and LOZO combined with the calculated results.
Subsequently, we will discuss the other combination
modes of iTOLA and LOLA modes and explain the
origin of Gand G’ mode spectra width for ABA and ABC.
Finally, we discuss the effect of local strain on G and G’
modes.

RESULTS AND DISCUSSION

Selection of the ABA and ABC Regions of 3LG from the Raman
Mapping. The Raman G mode intensity (for undoped
graphene samples) and the Raman G’ mode width (for
Bernal stacked graphene samples) have been widely
used®®~*? for the characterization of the numbers of
graphene layers, along with optical approaches, such
as optical images, contrast spectroscopy/imaging and
optical transmittance. Figure 1 panels c—e present the
optical contrast and G mode intensity images of a
mechanically exfoliated graphene sheet. The homo-
geneous contrast of these images clearly shows that
the sample thickness or the number of graphene layers
is identical over almost the entire sheet. For example,
the images also show a narrow strip of 2LG and a small
triangle of a thicker part at the left edge and corner,
respectively, which show a different contrast. It can be
determined from the contrast and Raman spectra (not
shown here) that the dominant part of the sample is
3LG. The width of the G’ mode shown in Figure 1f also
supports this conclusion. When we make an image
map for the spectral width for the G’ band over
40—68 cm ™', the image of the G’ bandwidth in the
3LG region exhibits two parts with strikingly different
contrasts, indicating the existence of two domains with
different stacking orders. Using double resonance
Raman theory (see Results and Discussion (5)), we can
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Figure 1. (a,b) Stacking structures of 3LG with (a) ABA and
(b) ABC stacking sequences. The two atoms in one unit cell
are shown with special shadings. (c) Optical and (d) contrast
images of a 3LG sheet. Raman images of (e) the G mode
intensity and (f) the G’ mode width of the 3LG sheet taken at
Ejaser = 2.33 eV. The intensity and width scales that were
used are shown on the right. Note: A small piece of thick
graphite exists at the lower left corner of the sample.

assign the brighter (broader G' mode) part as ABC-
stacked 3LG, while the darker (narrower G' mode) past
is assigned as ABA-stacked 3LG which is consistent
with the previous results.'® The stacking sequences of
these two domains are further confirmed by the IR
measurement (see Supporting Information: Figure S1),
where the feature peaks of ABC- and ABA-stacked 3LG
are consistent, too, with the previous measurements of
the optical conductivity spectra.'® For the specified
regions of ABA and ABC, we investigate Raman spectra
and widths observed by confocal Raman spectroscopy
which are directly compared with the calculated results
of Raman spectra.

Raman Spectra in the Intermediate Frequency Range. First
we focus our attention on weak Raman peaks in the
intermediate frequency range (1690—2150 cm™'). Re-
cently, we found weak Raman modes in the intermedi-
ate frequency range (1690—2150 cm™') in Bernal
stacked 2LG and few-layer graphene.3®** Especially,
the M bands (1690—1800 cm ™) could be used as a
fingerprint of the AB-stacked 2LG since the M bands
are absent for the 2LG without stacking order. In Figure 2,
we show Raman spectra in the range of 1690—
2150 cm™ " for the ABC and ABA 3LG regions. The
magnified views of the Raman spectra in the M band
range, including fitting curves for ABA- and ABC-
stacked 3LG, are shown in Supporting Information,
Figure S2. The positions (and full widths at the half-
maximum fwhm intensity) of each peak are labeled as
1740 (16) in cm ™" in Figure S2.

Method of Calculation and Double Resonance Raman Theory.
To assign the Raman peaks in the range from 1690 to
1800 cm ™', we have calculated the Raman intensity of
ABA- and ABC-stacked 3LG for possible phonon com-
bination modes, using the double resonance Raman
theory for graphite. The calculation method is de-
scribed in a previous paper for bilayer graphene.** In
short, the phonon frequency and eigenvectors are
calculated by using the force constant parameters
proposed by Furukawa for the in-plane phonon
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Figure 2. Raman spectra of the intermediate frequency
modes in the 1690—2150 cm ™" range taken at Fj,e, = 2.33 eV
for ABC-stacked and ABA-stacked 3LG domains and their
identification.

TABLE 1. The Out-of-Plane Force Constants Used for
Trilayer Graphene. The Units Are 10* dyn/cm

neighbor first second third fourth
radial 0.27469 0.059552 —0.047388 0.1890
tangential —0.59341 0.36712 0.004739 —0.068628
modes**** and the force constant parameters shown

in Table 1 for the out-of-plane phonon modes. To
obtain consistency between the two sets of force
constant parameters, we use the force constant sum
rule Z-1234 jndr? = 0.** Here, j, is number of
carbon atoms, ¢™ is a force constant parameter in
the nth neighbor shell, and r; is the distance between
the central and the ith carbon atom.*>¢

Figure 3 shows five different “optical”, out-of-plane
phonon modes for ABA- ((@a—e)) and ABC- ((f—j))
stacked 3LG at the I' point in the two-dimensional
Brillouin zone (2D BZ) of graphene. Figure 3 modes a/f
and b/g are two out-of-plane breathing modes, ZO and
Z0/, respectively, while Figure 3 modes c—e/h—j are
the three out-of-plane transverse optical (0TO) modes.
It is noted that the ZO (ZO’) modes do not exist for 1LG,
and that the oTO mode is not a Raman active mode for
1LG. In the case of 2LG (3LG), we have one (two) ZO and
two (three) oTO modes, which are all Raman active
modes. As is shown in Figure 3, the differences of the
frequencies for each phonon mode between ABA and
ABC are very small (0.2 cm™' at most) because the
interlayer force constant for a next nearest neighbor
layer is tiny. Thus we cannot distinguish the staging
order from one-phonon Raman spectroscopy. How-
ever, using the double resonance Raman signal, we can
distinguish the staging order as discussed below.

Since there are no combination or overtone modes
that are associated with phonons near the K point of
the 2D BZ in the intermediate frequency region, we
consider only the intravalley double resonance Raman
scattering process. There are two possibilities for two-
phonon Raman modes, that is (1) the overtones of the
oTO (Figure 3(c—e) and (h—j)) phonon modes (20TO),
and (2) the combination modes of the longitudinal
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Figure 3. Five Different Optical Out-of-Plane Phonon Modes of ABA- (a—e) and ABC- (f—j) Stacked Trilayer Graphene at the I"

Point (g = 0).

optical (LO) and the out-of-plane breathing (ZO)
(Figure 3a,f) phonon modes (LOZO), which appear
around 1700—1800 cm ™. As shown in Figure 3, since
the differences of the ZO and oTO phonon frequencies
for the two stackings are all small at the I" point, the
differences of the 20TO and LOZO frequencies be-
tween ABA and ABC for a general phonon wavevector
q are small (within several cm™"). This does not how-
ever mean that we cannot distinguish between the
Raman spectra of ABA and ABC stacked 3LG. Here we
use the fact relevant to the double resonance condi-
tion for the phonon wavector g that eitherg=0o0rg=
2k (k is the momentum of the photoexcited electron
measured from the K point) are selected as the domi-
nant wave vectors for the double resonance Raman
spectra.3®3’ Especially for the case of g = 2k the
phonon wavevector g increases with increasing laser
energy (Ejser)- Therefore the phonon frequency shows
a dispersive behavior by changing Ej,ser, Which we can
use for the phonon assignment of the dispersive
Raman peaks (g = 2k) and the nondispersive Raman
peaks (g = 0). Further, since the k values are different for
the different electronic energy bands of ABA-and ABC-
stacked 3LG for a given Epeen” the corresponding g
and phonon frequencies appear at a non-negligible
difference frequency, which we use as a major factor in
finding the identification of the stacking-order-depen-
dent Raman peaks.

Calculated Results of the 20T0 and LOZO0 Spectra. Figure 4a
shows the calculated Raman shifts of the 20TO
(overtones of the oTO) and LOZO (the combination
mode of the LO and ZO vibration) peaks as a function
of Ej,ser from 1.6 to 2.8 eV. Black circles and red crosses
are for the ABA- and ABC-stacked 3LG, respectively. Itis
clear that there is no significant difference in the
phonon frequencies of the 20TOs (or LOZOs) for
ABA- and ABC-stacked 3LG, since the interlayer inter-
action force constant is sufficiently small. The nondis-
persive (g = 0) 20TO (3) peaks around 1755 cm™!
correspond to the M" peaks of ABC- and ABA-stacked
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3LG in Figure 2 whose frequencies do not change by
changing Ejaser- We expect relatively weak (g = 0) 20TO
(1) and (2) peaks around 1755 cm ™' from the calcula-
tion which are not clearly seen in the experiment. The
dispersive (g = 2k) LOZO and 20TO (1—3) peaks
correspond to M~ peaks which are different between
ABA and ABC for a given Easer, @s shown in Figure 2.

Since the dispersive (g = 2k) 20TO (1,2) and (3) peaks
intersect with the LOZO peak at around E 5 = 2.1 and
2.4 eV as shown in Figure 4a, the assignment of these
peaks in this Ej, range is difficult only from an
experimental viewpoint. We expect that the intersec-
tion of the two phonon modes affects both the peak
intensities and the widths of the LOZO peak at the
crossing points. These phenomena appear in the ex-
perimental M~ peaks in Figure 2. In fact, we observe
one broad M~ peak for ABA-stacked 3LG, while there
are two M~ peaks for ABC-stacked 3LG.

Figure 4 panels b and c show, respectively, the
calculated Raman intensities of the 20TO for ABA-
(Figure 3c—e) and the 20TO for ABC- (Figure 3h—j)
stacked 3LG at E,or = 2.33 eV. Black, red, and blue lines
denote 20TO(1) (Figure 3 mode ¢ or h), 20TO(2)
(Figure 3 mode d or i), and 20TO(3) (Figure 3 mode e
or j), respectively. Since the phonon amplitudes of the
carbon atoms in the unit cell in Figure 3 are different for
different graphene layers, a local relative volume
change of 3LG is associated with these oTO phonons.
Thus the electron—phonon matrix elements of all oTO
phonons have nonzero values in the double resonance
Raman scattering process. In Figure 4b, the local
volume change of the oTO (3) phonon (Figure 3e),
which is relevant to the deformation potential (that is
the electron—phonon interaction), is slightly larger
than that of oTO (1) and (2) (Figure 3c,d). Thus the
calculated intensity of the 20TO (3) is higher than that
of the other overtone modes (black and red lines). On
the other hand, in the case of ABC stacking (Figure 4c),
the calculated intensity of the oTO(1) and (2) phonons
(Figure 3h;,i) is higher than that of the oTO (3) phonon
ACY
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Figure 4. (a) The calculated Raman shifts of the 20TO and LOZO peaks as a function of E,,.,. Black circles (red crosses) are for
ABA- (ABC-) stacked 3LG. (b) The calculated Raman intensity of the 20TO modes for ABA-stacked 3LG. Black, red, and blue lines
correspond to Figure 3 oTO modes ¢, d, and e, respectively. (c) The calculated Raman intensity of the 20TO modes for ABC
stacking. Black, red and blue lines correspond to Figure 3 oTO modes h, i, and j, respectively. (d) The calculated Raman

intensity of the LOZO mode for ABA (black line) and ABC (red line) stacking. For panels b—d, we used Ejse, = 2.33 eV for the

calculations.

(Figure 3j) because of the local volume change of these
phonons. Figure 4d shows the calculated Raman in-
tensity of the LOZO mode for ABA- (black line) and
ABC- (red line) stacked 3LG at Ejer = 2.33 €V. The
calculated intensities of the LOZO mode are similar to
each other between the ABA- and ABC-stacked 3LG.
Thus we consider that, in this work, the oTO (3) for ABA
and the oTO (1) and (2) for ABC (Figure 3e,h,i) con-
tribute most sensitively to the difference in the M~
peak width between ABA- and ABC-stacked 3LG.
Assignment of 20TO and LOZO Modes. To assign the
modes in this M band range, the Raman spectra of
ABC-stacked 3LG obtained at Ej s = 2.54 and 2.33 eV
are plotted together in Supporting Information, Figure
S3. Comparing the experimental data to our theoretical
calculation (Figure 4a), the peak at 1748 cm '
(obtained Ejpser = 2.33 €V) is assigned as the LOZO
(M™) mode as it presents a positive dispersion, while
the peak at 1774 cm ™" (obtained for Ejger = 2.33 €V) is
assigned to the 20TO (g = 0) (M") mode. The M" peak
contains two 20TO (g = 0) peaks. Since the Raman
intensity of the 20TO feature decreases with increasing
Ejasers the intensity of the higher energy 20TO(3) (g = 0)
peak becomes weak at Ej s = 2.54 €V. Thus the width
of the M peak becomes narrow at Ej,cer = 2.54 €V. The
calculated energy difference between the higher
20TO(3) and lower 20TO(1,2) (g = 0) peaks is large

CONG ET AL.

(20 cm™") compared with the experimental results
(11 cm™" for ABA and 7 cm™! for ABC). This difference
may come from our selection of force constant para-
meters for calculating the interlayer interaction and the
detailed discussion of this difference between experi-
ment and theoretical prediction remains for future
study. The 1730 cm ™' peak at EFj,er = 2.33 eV corre-
sponds to the lower energy 20TO(1) and (2) (g = 2k)
peak. According to Figure 4a, we expect that there is a
higher 20TO(3) (g = 2k) peak around the M~ band
(LOZO) for Ejaser = 2.33 €V. Since 20TO (g = 2k) has a
negative dispersion, the 1732 cm ™' peak at Fjpser = 2.54 €V
corresponds to the higher 20TO(3) (g = 2k) peak. The
calculated Raman shift at 1740 cm ™' of M~ (LOZO) for
ABC-stacked 3LG is 10 cm ™' smaller than the experi-
mental value of M~ (1750 cm™ ") in Figure 2. Even
though there is a difference between the calculated
phonon frequency and the experimental results, we
can assign each peak by comparing the relative posi-
tions of the various peaks.

iTOLA and LOLA Combination Modes. It is worth noting
that some of the combination modes in this intermedi-
ate frequency range such as iTO+LA (1990 cm ') and
LO-LA (2030 cm ™) are blueshifted in the ABC-stacked
3LG relative to ABA-stacked 3LG (1980 cm™,
2020 cm ™). These differences in the frequency may
be because the g values of the phonons required to
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Figure 5. Electronic band structures E(k) of ABA- and ABC-
stacked 3LG in the low energy range and near the K point in
the Brillouin zone. The excitation lasers used are also
indicated, together with the red, green, and blue color of
their light emissions.

satisfy the double resonance scattering process are
different for ABC- and ABA-stacked 3LG as shown in
Figure 5.

In Figure 5, we show the electronic structures of
ABA- and ABC-stacked 3LG by solid and dashed lines,
respectively, near the K point in the 2D BZ. As shown in
Figure 5, in the energy range covered by the excitation
lasers used in our experimental studies, the most
significant deviation of the electronic energy bands
occurs among the branches along the K—M direction
(involving the so-called inner phonon scattering
process*®®) and the lower energy level, where the
largest differences in the electronic band structures
are found. For a given Ej,s,, we always get a larger
double resonance g wavevector for ABC stacking. Thus
for a phonon mode with a positive phonon dispersion
from the I point, such as the LO and ZO modes, we get
higher double resonance phonon frequencies, while
for the weak negative phonon dispersion, we get lower
double resonance phonon frequencies. Thus the
iTO+LA (g = 2k, 1990 cm™ ") and LO+LA (g = 2k,
2030 cm~") modes can be good phonon modes for
use in specifying the ABC stacking order. Since the
phonon dispersion is not so steep for the oTO phonon
mode, the redshift of the 20TO mode is not clearly
observed. From Figure 3 we expect to see that the
more obvious differences in the Raman spectra occur
for the subpeaks observed for the higher energy peak.
Such a difference shows a greater slope as emphasized
by the remarkable behavior for the G mode obtained
at the lowest E 5o, (1.96 €V in this work). It is stressed
again that this difference in the phonon frequency
does not come from the difference in the dispersion
between ABA and ABC stacking, but rather from the
difference in the electronic energy dispersion and in
the g values.

Spectral Widths of the G and G' Modes. Now we discuss
the difference in the spectral widths of the G-band for
the ABA and ABC stacking orders. Figure 6 shows the
Raman spectra of the G mode from the ABC- and ABA-
stacked domains shown in Figure 1f. From Figure 6, we

CONG ET AL.

Intensity (a.u.)

1580 1600 1620

1560
Raman Shift (cm™)

1540

Figure 6. Raman spectra of the G mode for ABC- and ABA-
stacked trilayer graphene domains taken at Ej s, = 2.33 eV.
The inset shows the Raman image of the G mode width of
the trilayer graphene where the ABC- and ABA-stacked 3LG
regions are identified.

can say that the G mode of the ABC-stacked 3LG has a
relatively narrower spectral width than that of ABA-
stacked 3LG. To check whether this narrowing is a
universal feature or not, we performed Raman map-
ping over the entire sheet shown in the inset of
Figure 6. By fitting the G band spectra recorded from
point to point (steps = 0.5 um) with a single Lorentzian
peak and extracting the fwhm intensity, we display the
G mode width image of the same 3LG sheet (inset of
Figure 6). Two areas appear with a remarkably distinct
contrast if we take the window of values of the fwhm
from 18 to 24 cm™ . It is noted that the shape and
dimensions of these two areas perfectly match the
domains reflected in the G’ width image (Figure 1f). In
the case of the G mode, the ABC-stacked domain
exhibits a narrower width while the ABA-stacked do-
main presents a broader peak, which is the opposite to
the case of the G’ band. The narrowing of the G mode
in ABC-stacked 3LG could be attributed to the weaker
electron—phonon interaction for ABC and thus to the
increase of the lifetime of the G phonon as is known to
occur for the Kohn anomaly effect.*®

In Figure 7 we list the images obtained from 2LG to
4LG by showing the corresponding (a) optical image
and, (b) G band intensity, from which we can deter-
mine the number of graphene layers, and then we
show in panel c the fwhm of the G’ band and in panel d
the fwhm of the G band, from which we can distinguish
between the ABC- and ABA-stacking ordered domains.
The one-to-one correspondence between the G’ and G
mode width images demonstrates that both of these
modes could be used as a convenient and reliable basis
for identifying the stacking orders. Furthermore, anal-
ysis of the intermediate frequency modes, as well as
the G and G’ modes, of course, could distinguish
between ABC and ABA stacking orders much more
convincingly, when considered all together with care-
ful observation of the fitted peak positions of the G
mode. The small redshift of the G mode for ABC-
stacked 3LG relative to its ABA counterpart can be
observed, and such a small shift is sufficient to produce
a noticeable contrast in the Raman images of the G
mode position, as can be seen in Supporting Informa-
tion, Figure S4. The slight softening of the G mode
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Figure 7. (a1—a3) Optical images of three graphene sheets consisting of 2LG, 3LG, tri- and tetra-layers. Panels b1—b3, c1—c3,
and d1—d3 are Raman images of the G mode intensity, the G’ mode width, and the G mode width of the corresponding areas
shown in panels a1—a3, respectively. The excitation energy here is Ej,5or = 2.33 eV.

1.96 eV

Intensity (a.u.)
Intensity (a.u.)

Intensity (a.u.)

Raman Shift (cm'l)

2550 2750 2600 2650 2700 2750 2800 2600 2650 2700 2750 2800
Raman Shift (cm’)

Raman Shift (cm'l)

Figure 8. Raman spectra of the G’ modes of ABC- and ABA-stacked 3LG taken at Ej,se, = 1.96, 2.33, and 2.54 eV. The vertical
dashed lines indicate the positions of the subpeaks of the G’ mode in ABA-stacked 3LG. The blueshifts of the higher frequency

subpeaks of ABC-stacked 3LG can be clearly seen.

frequency for the ABC-stacked 3LG is likely due to the
small difference between the phonon band structures
of the ABC- and ABA-stacked 3LG.'>*

Figure 8 presents the G’ modes of ABA- and ABC-
stacked 3LG obtained using the three excitation en-
ergies of 1.96, 2.33, and 2.54 eV, together with the
fitting curves. As shown, the G’ mode is fitted by six
Lorentzian peaks (peak width = 25 cm™"). The clear
blueshifts of the subpeaks, especially those of higher
frequencies for the ABC-stacked 3LG provide direct
evidence of our hypothesis. The changes of the relative
intensities of these six subpeaks between the ABA- and
ABC-stacked 3LG will also affect the fwhm of the G’
mode so that a more detailed analysis of this feature
remains for future investigation.

The Effect of Local Strain on the G and G’ Modes. Interest-
ingly, in one of the 3LG samples (see Figure 1), localized
strain is observed at the boundary between two differ-
ently stacked domains. Supporting Information, Figure
S6 panels a and b, respectively, show the Raman images
of the G’ and G mode positions in such a boundary

CONG ET AL.

region. The dark stripes located at the boundary be-
tween the two domains indicate a redshift or a fre-
quency softening of both the G and G modes. To
further exploit this redshift, a Raman line scan across
the boundary, as denoted by the green arrows in the
insets of Supporting Information Figure Séc,d was
performed. The fitted spectral parameters, namely the
G (G) widths and G’ (G) peak positions, are plotted as a
function of their spatial locations across the boundary,
as shown in Figure S6 panels c and d, respectively.
Asindicated by their Raman spectra and images (see
Figure 1f and Figure 6), the ABC-stacked 3LG regions
show a larger G’ bandwidth and a smaller G bandwidth
than the ABA-stacked 3LG. A slight redshift of the G
mode for ABC-stacked 3LG could also be observed in
the line scan plot of the G mode frequency (Figure S6d).
Both the G’ and G modes show an obvious dip in the
plots of their peak positions. The maximum shift of the
G’ mode is roughly twice that of the G mode, a typical
feature of the expected tensile strain-induced softening
of the G’ and G phonons.****3233 Considering the way
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the third layer is stacked and the different resulting
locations of the carbon atoms, we believe that a lattice
mismatch should exist between the ABC- and ABA-
stacked regions and should result in a tensile strain that
is localized at the boundary between these two stacked
regions. A simple calculation made by considering the
lattices of the ABC- and ABA-3LGs, especially for the
third layer and the dimensions of the boundary ob-
tained from the dip in the plot of the G’ mode positions,
estimates that the strain here is around 0.1%, which
provides a fairly good fit to our Raman observations of a
redshift of 5-6 cm ™' for the G’ mode (Figure S6¢).>° The
existence of the localized strain at the boundary be-
tween ABC- and ABA-stacked few layer graphene might
be able to further enrich the study of stacking order-
dependent electronic properties of few layer graphene,
which will be another topic for future work.

EXPERIMENTAL METHODS

In this work, the graphene layers were prepared by the mechan-
ical cleavage of natural graphite and transferred onto a 300 nm
SiO,/Si substrate. An optical microscope was used to locate the thin
layers, and the number of layers was further identified by white
light contrast spectra, and by the absolute Raman intensity of the G
mode® The stacking sequence was then determined by IR
spectroscopy and the width of the Raman G' mode. The IR
measurements were carried out in the reflection setup using a
micro-Fourier transform IR spectrometer with a mercury cadmium
telluride (MCT) detector. The white light contrast spectra were
acquired using a WITec CRM200 Raman system with a 150 lines/
mm grating. The Raman spectra were obtained using a WiTec
CRM200 Raman system with a 600 lines/mm grating and using
488 NM (Ejpser =254 €V), 532 NM (Ejaser = 2.33 €V),and 633 nm (Ejyser =
1.96 eV) laser excitation. To compare the effects of the grating
lines, a 1800 lines/mm grating was also used for single spectrum
measurement. The laser power was kept below 0.1 mW on the
sample surface to avoid laser-induced heating.
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