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We report the synthesis and systematic Raman study of twisted bilayer graphene (tBLG) with
rotation angles from below 10° to nearly 30°. Chemical vapor deposition was used to grow
hexagon-shaped tBLG with a rotation angle that can be conveniently determined by relative edge
misalignment. Rotation dependent G-line resonances and folded phonons were observed by
selecting suitable energies of excitation lasers. The observed phonon frequencies of the tBLG

superlattices agree well with our ab initio calculation. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4821434]

Twisted bilayer graphene (tBLG) has attracted consider-
able attention recently because of the tunability of interlayer
coupling and band structure resulting from the freedom of
relative rotation.'™"> The unique properties of tBLG have
been revealed by Raman spectroscopy,lo_15 and they provide
an enormous opportunity for device applications. However,
tBLG samples used in these reported experimental studies
are not well suitable for device applications.s_7‘10_13‘15 One
problem is that rotation angles of tBLG cannot be conven-
iently determined. Sophisticated techniques such as trans-
mission electron microscopy (TEM), scanning tunneling
microscopy (STM), and atomic force microscopy (AFM)
were often used. Another problem is that bilayer regions of
interest are not well isolated from the rest of graphene.
Because of the lack of suitable tBLG samples, especially
with rotation angles greater than 16°, a well-characterized G-
line resonances is still missing, and a one-to-one relationship
between G-line resonance, folded phonon frequency, and
rotation angle has not been established.®'*'31>

Twisted bilayer graphene was grown on Cu foils by
chemical vapor deposition (CVD) at ambient pressure in a
quartz tube furnace.'® The conditions are similar to what we
used for single-layer graphene,”’18 except that a larger flow
rate of CH4 was used to facilitate the growth of bilayer gra-
phene.'® Figures 1(a)-1(d) show examples of bilayer gra-
phene islands that consist of two graphene hexagons stacked
on each other. It can be seen that two layers can have relative
rotation angles from 0° to nearly 30°. The lattice rotation is
confirmed by investigations of TEM and STM." The effect
of lattice rotation on the electronic band structure is also
revealed by the STM observation of Van Hove singular-
ities."”?* An important advantage of such bilayer graphene
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structures compared to those previously reported is that the
relative edge misorientation of two hexagons represents their
actual lattice rotation. This conclusion is obtained by compar-
ing low-energy electron diffraction (LEED) with low-energy
electron microscopy (LEEM) from the same region of gra-
phene.'® The relationship between edge misorientation and
lattice rotation has facilitated the identification of tBLG,
where rotation angles in this work are all based on the average
edge misorientations. Similar stacked graphene hexagons
were reported before, but their lattice rotation was not verified

FIG. 1. Scanning electron microscopy (SEM) pictures of representative
tBLG hexagons with various rotation angles. Scale bars: 5 ym.

© 2013 AIP Publishing LLC
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FIG. 2. Raman spectra of G-line and
folded TO phonons under different
laser excitation energies in two tBLG
with rotation angles of 9° (a) and 16°
(b). The spectra are normalized relative
to the G-line of single-layer graphene.
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with direct lattice imaging techniques such as TEM, STM, or
LEED.”

Resonance Raman scatterings of G-line and folded pho-
non can be conveniently observed in tBLG samples with rota-
tion angles around 12° because the resonance excitation
energy falls in the range of our five visible laser lines from
638nm to 458 nm. Figure 2 shows representative Raman
spectra of two tBLG with 9° and 16° rotation angles. As can
be seen, the intensities of folded phonons follow the same de-
pendence on laser excitation wavelength as G-line. For the 9°
tBLG, the G-line resonance was only observed with the 638-
nm laser. The resonance was centered around 458-nm for 16°
tBLG, and it disappeared when the laser was switched to ei-
ther 638-nm or 364-nm. The dependence of folded phonon
frequency on the rotation angle can also be clearly seen: The
frequency decreases when the rotation angle increases.

According to previous calculations, G-line resonance
should be observed even for tBLG with a large rotation angle
if the excitation energy is tuned high enough.'®'? This pre-
diction is verified when a 364-nm UV laser was used. Figure
3 shows a more than 30 times enhancement in G-line inten-
sity when a tBLG 25.6° sample was excited by the UV line.
It should be noted that UV lasers were used in the observa-
tion of phonons in twisted bilayer graphene,'>** but a direct
G-line enhancement compared to that of single layer gra-
phene was not reported, and the rotation angle was not pro-
vided. But where is the folded phonon? We show that the
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FIG. 3. 364-nm UV Raman spectra from single-layer (1L) and bilayer (2L)
regions of a ~25.6° tBLG. Inset: SEM image.
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strong Raman peak near D-line position is actually the folded
phonon.

This assignment of the folded phonon is based on the
following observations. First, the position of this peak is de-
pendent on the rotation angle of tBLG. Figures 4(a)—4(c)
show a series of UV Raman spectra in six different samples
including the 16° tBLG. It can be seen that the peak posi-
tions of 2D-band remain almost the same, but a large shift in
the positions of Raman peaks near the D-line is observed.
According to the relationship between D-line and 2D-band,
the Raman shift of the D-line is simply half the Raman shift
of the 2D-band. Thus, the strong Raman near D-line cannot
be the usual D-line as observed by visible laser lines.
Second, as before, such strong Raman peaks near D-line are
only observed when there is G-line resonance. This is sup-
ported by all six samples shown in Figs. 3(a)-3(c). Because
the 16° sample exhibits no G-line enhancement, there is no
observable peak near the usual D-line. The other five sam-
ples show different degrees of G enhancement from 5 to 20
times. Unlike Raman with visible laser lines, the UV Raman
D-line is very weak: the relatively strong D-line in single-
layer graphene shown in Fig. 3 is due to the defects created
by UV exposure during the Raman.”* The dependence of
observed phonon frequencies on the rotation angle is sum-
marized in Fig. 4(d). A general trend can be observed: A
larger rotation angle leads to a lower phonon frequency.

Folded phonons are frequently observed in 1-D superlat-
tices.**> The frequency of folded phonons can be estimated
by zone folding of the initial phonon dispersion curve into the
reduced Brillouin zone (rBZ) of the superlattices. Conversely,
the character of folded phonon is an important measure of the
quality of superlattice structure.”* Figure 4(a) shows BZ of
single-layer graphene and rBZ of the bilayer superlattice with
a rotation angle of 13.2°. Also shown are two sets of six-fold
reciprocal lattices A and B of the superlattice. It is the posi-
tion of these reciprocal lattices that determine the frequency
of folded phonons. This can be understood in the following
two ways using reciprocal lattice A as an example. When
transverse optical (TO) dispersion in the larger BZ of single-
layer graphene (SLG) is mapped into the reduced BZ of the
superlattice, point A will be mapped to the I'-point of the BZ,
and becomes I'-point optical phonons that can be probed by
Raman scattering. Based on the six-fold symmetry, phonons
at six reciprocal lattices equivalent to lattice A will have the
same frequency. Its frequency can be calculated directly for
the specific point A in the SLG BZ.”'"' For this purpose, we
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FIG. 4. (a)~(c): 364-nm UV Raman
spectra of the 16° (black) tBLG and
five other tBLGs with rotation angles
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note that the rBZ in Figure 5(a) nearly coincides with that of
the Moiré reciprocal lattice of tBLG at the same angle. The
Moiré lattice BZ vector ¢(0) = % sin(9) then is equal to I'-A
momentum.'"'* Figure 5(b) compares the experimental
folded phonon frequencies (open circles) with those calcu-
lated"® for point A in SLG BZ (red curve) at angles 0 between
0° and 30°. Both sets of frequencies are plotted against the
Moiré vector ¢(f). The experimental frequencies follow
closely the calculated frequency dependence, which suggests
that the Moiré lattice is a good approximation to the tBLG
superlattice realized in our samples.

According to the zone folding shown in Fig. 5(a), two
different phonon modes are expected from reciprocal lattices
A and B, but a lower-frequency phonon at B has not been
observed. This is the case for all of the samples we have
measured. We believe the following reasons explain why
only the phonon with the highest frequency is observed. Let
us take the 13.2° tBLG as an example. First, the crystal mo-
mentum I'-A is the fundamental reciprocal lattice vector of
the superlattice, while I'-B represents a higher-order crystal
momentum. Raman scattering is typically much stronger for
processes involving the fundamental mode than the higher
order modes. Second, the phonon I'-A is closer in energy to
the G-line compared with the folded phonon I'-B. The I'-A
phonon is thus more likely to be resonantly excited when the
resonance condition for the G-line is satisfied.”'"

It was speculated by the continuum model that the inter-
layer coupling becomes negligible for a tBLG with a large
rotation angle.! But our observations indicate that this is not
the case: A G-line resonance and a relatively strong folded
phonon are observed for large-angle twisted graphene. This
observation agrees with the calculation based on a graphene
superlattice, and it is a result of a smaller size of unit cell of
the superlattice for larger rotation angles.® The fact that both
G-line resonance and folded phonons are observed for any
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FIG. 5. Estimation of folded phonon frequency from transverse optical (TO)
dispersion of single-layer graphene. (a) rBZ and reciprocal lattices of 13.2-
degree twisted bilayer graphene in the BZ of single-layer graphene. The phonon
marked by A can be excited by Raman with the exchange of crystal momentum
I'"-A. (b) Calculated zone-folded phonon frequencies of TO and longitudinal
mode (LO) as a function of reciprocal wave vector of bilayer superlattice or
Moir¢ pattern. Circles are the observed folded TO phonons from Fig. 4(d).
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studied bilayer graphene islands implies that tBLG synthe-
sized by CVD are effective superlattices with a relatively
strong interlayer coupling.

In conclusion, we synthesized isolated bilayer graphene
hexagons and identified their superlattice structures using
TEM, STM, and Raman scattering. We obtained G-line
resonances and folded phonon spectra of tBLG with a wide
range of rotation angles. Such Raman characterization pro-
vides a solid basis for further understanding and exploring
rich physics and other unique properties of bilayer graphene.
Single-layer graphene, a one-atom-thick two-dimensional
lattice, thus provides us a different building block to engi-
neer two-dimensional structures with tunable properties.
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