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Selective fabrication of free-standing ABA and ABC
trilayer graphene with/without Dirac-cone energy bands

Katsuaki Sugawara1,2, Norifumi Yamamura3, Keita Matsuda4, Wataru Norimatsu4, Michiko Kusunoki5,
Takafumi Sato2,3 and Takashi Takahashi1,2,3

Graphene is a single-layer carbon sheet with a honeycomb structure, and bilayer graphene consists of two graphene sheets with

AB stacking. In trilayer graphene, the third graphene sheet has two possible stacking sequences, A or C, when it is overlaid on

bilayer graphene. It has been theoretically predicted that trilayer graphene exhibits a variety of novel electronic properties with/

without a Dirac-cone band, depending on the stacking sequence. In this regard, trilayer graphene has a high potential for

widening the capability of graphene-based electronic devices. However, the difficulty of selective fabrication has hindered the

progress of research. Here, we report the first success in the selective fabrication of quasi-free-standing trilayer graphene with

ABA or ABC stacking grown epitaxially on hydrogen-terminated silicon carbide. Angle-resolved photoemission spectroscopy

(ARPES) clearly demonstrated that our trilayer graphene with ABA stacking has a massless Dirac-like band near the Fermi level,

while that with ABC stacking shows a parabolic non-Dirac-like band dispersion.
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INTRODUCTION

Controlling the stacking sequence of layered materials is a useful
approach to realizing exotic physical properties and novel electric
devices, as observed in the drastically different physical properties
between the 1T- and 2H-phases of transition-metal dichalcogenides.1–5

Graphite—multilayer graphene with a honeycomb lattice network of
carbon atoms—is perhaps the most famous representative of layered
materials and has been a target of intensive studies for more than a
century.6 Owing to the weak van der Waals coupling between adjacent
layers, graphite has several different forms depending on its crystal-
linity, such as highly oriented pyrolytic graphite (HOPG), natural
graphite and kish graphite (artificial single-crystal graphite). While
HOPG has no specific stacking sequence, natural and kish graphite are
mainly composed of AB-stacking layers (Bernal structure)7 with some
admixture from ABC stacking (rhombohedral structure).8 It has long
been empirically known that realizing a purely ABC-stacking phase is
extremely difficult despite the fundamental interest in its expected
peculiar properties because the ABC-stacking phase is relatively
unstable. In this regard, trilayer (TL) graphene serves as a useful
platform for studying the relationship between stacking sequence and
physical properties, as it is the thinnest (and therefore the simplest)
unit for realizing ABC stacking.
It is known that, compared with TL graphene, monolayer (ML) and

bilayer (BL) graphene can be obtained more easily using various
techniques such as exfoliation and epitaxial methods. Intensive studies
on ML and BL graphene have clarified a close relationship between

their electronic and physical properties. For example, in ML graphene,
the massless Dirac-cone state with a linear band dispersion around the
K point leads to the integer quantum Hall effect9 and the valley filter
effect,10 while bilayer graphene with AB stacking can be used as a
semiconductor device by utilizing the gapped Dirac cone under an
external electric field.11,12 On the other hand, experimental investiga-
tion of trilayer graphene is relatively scarce, partially because of the
difficulty in selectively obtaining two different types of TL graphene,
that is, ABA and ABC type (Figures 1a and b). Band-structure
calculations have predicted that the electronic states of TL graphene
strongly depend on the stacking sequence.13,14 As shown in Figures 1c
and d, TL graphene with ABA stacking (called ABA graphene) features
three bands near EF, two of which cross the Fermi level (EF) at the K
point. Importantly, the inner band shows massless Dirac-fermion-like
behavior with a linear energy dispersion around EF. In contrast, in TL
graphene with ABC stacking (ABC graphene), a parabolic band
touches EF at the K point.13 It was theoretically proposed that applying
an external electric field leads to energy-gap opening in ABC graphene,
while a finite density of states (DOS) persists at EF in ABA graphene
due to the hybridization between the inner and outer bands.13 Such
characteristic band dispersions and physical properties of TL graphene
have been recently examined by optical and magneto-transport
measurements of ABA and/or ABC graphene obtained by mechanical
exfoliation. These studies have revealed the emergence/absence of a
predicted energy gap under the application of electric field and the
unusual quantum Hall effect.15–17
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To further investigate the essential difference in the electronic states
between two types of TL graphene and to realize feasible TL-graphene-
based devices, it is of great importance to selectively fabricate free-
standing ABA and ABC graphene with a large terrace size by the
epitaxial technique. Although epitaxial graphene has several advantages

in practical applications because of the precise controllability of the
stacking sequence, selective fabrication via the epitaxial method has
not been feasible to date. In fact, previous angle-resolved photoemis-
sion spectroscopy (ARPES) studies on epitaxially grown TL graphene
have suggested the mixture of ABA and ABC domains in a film.18–20

In addition, TL graphene grown on an SiC substrate exhibits a metallic
character because of charge transfer from the substrate through a
buffer layer with a graphene-like structure.15 Therefore, graphitization
of the buffer layer and the reduction of interference from the substrate
are essential to revealing the intrinsic electronic properties of genuine
TL graphene. Here, we report the first success in the selective
fabrication of quasi-free-standing ABA and ABC TL-graphene epitaxial
films on hydrogen-terminated SiC and their characterization using
ARPES and transmission electron microscopy (TEM).

METHODS
ARPES measurements were performed using an Omicron-Scienta SES2002
electron analyzer with a high-flux helium discharge lamp and a toroidal grating
monochromator. We used the He IIα (40.814 eV) resonance line to excite
photoelectrons. The energy and angular resolutions were set to 16 meV and
0.2°, respectively. High-resolution TEM measurements were carried out on a
JEM-2010F-type microscope at an accelerating voltage of 200 kV.

RESULTS AND DISCUSSION

First, we explain how quasi-free-standing TL graphene is selectively
fabricated. We first prepared BL graphene with a buffer layer by
annealing n-type Si-terminated 6H-SiC(0001)18,21,22 under two different
experimental conditions. For ABA graphene, we annealed SiC at 1510 °C
under a 0.1 MPa Ar atmosphere, while for ABC graphene we annealed
SiC at 1300 °C in a high vacuum of ~1.0×10−7 Torr. It should be

Figure 1 Crystal and electronic structures of trilayer graphene with ABA and
ABC stacking. (a and b) Crystal structure of TL graphene with (a) ABA and
(b) ABC stacking. (c and d) Calculated band structure around the K point for
(c) ABA and (d) ABC TL graphene.13,19

Figure 2 Dirac and non-Dirac dispersions in ABA and ABC trilayer graphene. (a and b) ARPES-derived band dispersions near EF around the K point of BL
graphene with buffer layer on SiC(0001) fabricated by keeping the substrate (a) at 1510 °C under 0.1MPa Ar atmosphere (labeled Ar-BL graphene) and (b)
at 1300 °C in a vacuum of ~1.0×10−7 Torr (labeled Vac-BL graphene). (c and d) Same as (a and b), but for quasi-free-standing TL graphene obtained by
spraying hydrogen atoms onto samples. Right upper and lower panels show the schematic illustration of BL graphene with buffer layer on SiC and TL
graphene on SiC after hydrogen termination, respectively. The band dispersion in (a–c) was obtained at T=30 K, while that in (d) was at T=300 K to
visualize more clearly the parabolic band dispersion above EF by using the thermal broadening.
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noted that this precise temperature and pressure control is the key to
selectively fabricating ABA and ABC phases. We then sprayed ‘cracked’
hydrogen gas onto the as-grown BL graphene film in a vacuum of
1.0×10− 3 Torr by keeping the substrate at 500 °C. The duration of
hydrogen gas flow was 120 min. The cracking of hydrogen molecules
into hydrogen atoms was performed by a tungsten filament heated to
1600 °C22,23 in front of the BL graphene sample. This hydrogenation
process terminates chemical bonding from the SiC substrate and
simultaneously converts the buffer layer into a single graphene layer,
leading to the formation of quasi-free-standing TL graphene.19,22–24

Figures 2a and b show a side-by-side comparison of the band
dispersion near EF around the K point obtained by ARPES between
two BL graphene samples prepared under different experimental
conditions. BL graphene, labeled ‘Ar-BL’ (Figure 2a), was prepared
under an Ar atmosphere, while that labeled ‘Vac-BL’ (Figure 2b) was
obtained under high vacuum as previously described. It is noted that
both BL graphene samples are on a buffer layer at this stage (see the
schematic illustration in the right panel of Figure 2). As shown, the
observed band structures are very similar to each other despite the
very different sample-growth conditions. For example, two π bands
with the top of the dispersion at binding energies (EB) of ~ 0.4 and
~ 0.7 eV (upper and lower π bands, respectively), as well as a π* band
with the bottom at ~ 0.2 eV, are observed in both samples. The Dirac
point ED defined as the midpoint of the π*-band bottom and the π-

band top is located at EB~ 0.35 eV, suggesting charge (electron)
transfer from the substrate through the buffer layer.
Figures 2c and d show the band dispersion near EF after hydro-

genation. One can immediately recognize that the π bands are pushed
upward, leaving no signature of the π* band. Additionally, the Dirac
point is moved to EF. This change in the electronic structure suggests
that hydrogenation suppresses charge transfer from the substrate, and
the buffer layer is graphitized to form quasi-free-standing TL
graphene, as schematically illustrated in the right panel of
Figure 2.19,22,24 However, despite the similar upward shift in overall
band dispersion, we find several interesting differences between Ar-TL
graphene (Figure 2c) and Vac-TL graphene (Figure 2d). First, the
upper π band in Ar-TL graphene appears to show a straight dispersion,
as in the case of a Dirac cone in free-standing ML graphene (the Fermi
velocity is estimated to be 5.7 eVÅ (8.7× 105 m s− 1) by linear
extrapolation of bands), while that in Vac-TL graphene is apparently
‘rounded’ near EF and is not Dirac-cone-like. Second, the top of the
lower π band in Ar-TL graphene (indicated by horizontal dashed line)
is located at EB ~ 0.5 eV, while that of Vac-TL graphene is observed at
EB ~ 0.4 eV. These differences suggest that TL graphene samples
fabricated under two different conditions should be fundamentally
different from each other.
To understand the origin of such differences, we compare the

ARPES-derived band dispersion of Ar-TL graphene with the band

Figure 3 Comparison of band dispersions near the Fermi level between experiment and calculation for ABA and ABC trilayer graphene. (a and b) ARPES-
derived band dispersions near the Fermi level for Ar-TL graphene compared with the tight-binding calculations for (a) ABA and (b) ABC graphene,
respectively, performed by referring to refs. 25 and 26. (c and d) Same as (a and b) but for Vac-TL graphene. The hopping parameters (γ0, γ1, γ3) in the
calculations25,26 are set at (−3.12, −0.34, −0.24) (in eV unit) for ABA graphene and (−3.12, −0.38, −0.24) for ABC graphene. Comparison of these values
suggests that γ1 slightly depends on the stacking sequence.
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structure calculated for ABA and ABC graphene by using the tight-
binding model25,26 in Figures 3a and b, respectively. The straight
feature of upper π band observed in the experiment shows better
agreement with the calculated band for ABA graphene than that for
ABC graphene (note that the ARPES data do not resolve the inner and
outer bands in calculated ABA graphene, likely because of the finite
resolution and quasiparticle scattering effects). Moreover, the experi-
mental dispersion of the lower π band is reproduced well by the
calculation for ABA graphene. On the other hand, when we compare
the ARPES result for Vac-TL graphene with the calculated bands in a
similar manner (Figures 3c and d), we immediately recognize that the
overall experimental band dispersion nicely overlaps with the calcu-
lated bands for ABC graphene, as indicated by the rounded shape of
the upper π band and the location of the lower π band. These results
strongly suggest that Ar-TL and Vac-TL graphene are attributed to
ABA and ABC graphene, respectively. It is noted that if the
contribution of ABA stacking is combined with the ARPES intensity
of the fabricated ABC graphene sample, one would expect to observe a
subpeak structure at 0.5 eV at the K point arising from the top of the
lower π band. We carefully examined this possibility by analyzing the
energy distribution curve at the K point and found no clear evidence
for such a subpeak. This result suggests that, while it is difficult to
completely rule out the possibility of a finite admixture of other
stacking sequences, their volume fraction is likely less than a few
percent with respect to that of ABC stacking. We emphasize here that
ABA graphene is generally more stable than ABC graphene,8,27 and
previous ARPES studies of TL graphene have mainly focused on the
electronic states of ABA graphene.18 In contrast, in this study, we
succeeded in fabricating unstable ABC graphene by precisely tuning
the sample-growth conditions and revealed the differences/similarities
between ABA and ABC graphene.

To further examine the validity of our assignment on the ABC
nature of Vac-TL graphene, we performed high-resolution TEM
measurements for Vac-TL graphene. As shown in the TEM image
(Figure 4a), three well-resolved graphene layers are systematically piled
on the 6H-SiC substrate, confirming that our graphene film is indeed
TL graphene. Additionally, as indicated by yellow circles, carbon atoms
are arranged such that they are slightly slanted relative to the normal
of the graphene plane, indicative of ABC stacking. Figure 4b shows the
fast-Fourier transform (FFT) pattern obtained from the TEM image
(Figure 4a), which is equivalent to the electron diffraction pattern. The
several sharp spots observed in the FFT pattern indicate the existence
of long-range periodicity in the arrangement of carbon atoms. As
shown in Figure 4b, the angle between the line connecting the 003 and
000 spots and the line connecting the 111 and 000 spots is ~ 78.5°.
This value is in good agreement with that estimated from the
simulated FFT pattern for ABC graphene (78.0°) (Figure 4c),28

confirming that graphene sheets in our Vac-TL graphene are stacked
in the ABC sequence. It is noted that the TEM image shows a dark gap
between SiC and trilayer graphene. This gap may be attributed to
possible damage of the SiC top surface by irradiation of the high-
energy electron beam during the TEM measurement. In turn, this
effect may be related to the unstable nature of the SiC top surface,
which is terminated by hydrogen atoms but not by the buffer layer
consisting of carbon atoms.
Finally, we comment on the key factors for selectively fabricating

two different types of TL graphene. We applied the same hydrogena-
tion procedure to both Ar-BL and Vac-BL graphene but obtained two
different types of TL graphene with ABA and ABC stacking. This
finding indicates that hydrogenation is not related to selective
fabrication, and more importantly, the buffer layer is already arranged
in the ABA or ABC stacking sequence before hydrogenation. Other
parameters observed to control the sample-growth conditions in the
present study are temperature and pressure (atmosphere). Ar-BL
graphene, which is converted into ABA TL graphene, is prepared at
1510 °C, a much higher temperature than that (1300 °C) for Vac-BL
graphene, which transforms into ABC TL graphene. Considering the
natural abundance of ABA and ABC portions in natural graphite, it is
inferred that the ABA structure is more stable than the ABC one. This
difference suggests that the high annealing temperature of Ar-BL
graphene is favorable for forming a local atomic arrangement with an
ABA stacking sequence, while the low annealing temperature of Vac-
BL graphene may lead to a metastable local atomic arrangement with
an ABC stacking sequence. Although the environmental effects (Ar
atmosphere (ABA sequence) versus high vacuum (ABC)) during
annealing are not well understood at present, we think that the
terrace size on the sample surface is much larger in Ar-BL graphene
than in Vac-BL graphene, as reported in previous studies.29,30 We infer
that the 0.1 MPa Ar atmosphere may exert a certain pressure effect on
a graphene sheet during the stacking process. Furthermore, the small
terrace size in Vac-BL graphene may favor the formation of less stable
ABC TL graphene. To elucidate the mechanism and tune more
precisely the growth conditions of TL graphene, it is important to
study the structure at the boundary between graphene and the
corresponding buffer layer.
In summary, we have reported the first success in the selective

fabrication of quasi-free-standing ABA and ABC TL graphene on a SiC
substrate. We employed the hydrogen-termination method to convert
bilayer graphene with a buffer layer into trilayer graphene. We found
that the temperature and pressure (atmosphere) applied in preparing
bilayer graphene are the key factors for the selective fabrication.
ARPES measurements revealed that ABA graphene possesses a

Figure 4 Characterization of stacking order in ABC trilayer graphene by TEM.
(a) High-resolution TEM image of Vac-TL graphene. Incident electron beam
is parallel to the (1100)SiC direction. Yellow circles indicate the stacking
sequence of graphene layers. (b) FFT pattern obtained from the TEM image.
Diffraction spots indicated by red and blue arrows correspond to TL
graphene and SiC, respectively. (c) Simulated FFT pattern for ABC TL
graphene.28
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massless Dirac-cone-like band at the K point, while a parabolic non-
Dirac-like band exists at that point in ABC graphene. The present
success in the selective fabrication of ABA and ABC TL graphene
could enhance the feasibility of fabricating graphene-based nanoelec-
tronic devices with variable layer numbers and stacking sequences.
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