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ABSTRACT

Given its intriguing band structure and unique tunable bandgap, AB-stacked bilayer graphene has great potentials in the
applications of high-end electronics, optoelectronics and semiconductors. The epitaxial growth of AB-stacked single-crystal
bilayer graphene films requires a strict AB-stacked lattice, identical orientations and seamless stitching of bilayer graphene
islands. However, the particles inevitably present on the metal surface that produced during high temperature growth would
induce random orientations, twisted stacking islands, and uncontrollable multilayers, which is a great challenge to overcome.
Here, we propose a heat-resisting-box assisted strategy to produce nearly pure AB-stacked bilayer graphene single-crystal films
on Cu/Ni (111) foils. With our technique, the particles on the Cu/Ni (111) surface are effectively eliminated, which greatly
minimizes the occurrence of randomly twisted islands and uncontrollable multilayers. The as-grown AB-stacked bilayer graphene
films show > 99% alignment and > 99% AB stacking order. Our work provides a promising method towards the growth of pure AB-

stacked bilayer graphene single crystals and would accelerate its device applications.
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1 Introduction

The tunable bandgap in graphene offers exciting potential
applications in nanoelectronics [1-5]. In contrast to the
monolayer graphene with zero bandgap, AB-stacked bilayer
graphene exhibits a parabolic energy band structure owing to the
interlayer m-orbitals coupling [6]. This unique configuration
allows for the generation of a potential displacement field between
graphene layers by applying an external vertical electric field,
thereby enabling a bandgap up to 0.25 eV [7]. The bandgap can
also be tuned by the applied electric field, strain and molecular
doping [8-11]. Recently, some novel quantum states including
topological energy valley transport [12], tunable excitons [13],
giant valley selective Hall effect [14] and fractional quantum Hall
states [15] in AB-stacked bilayer graphene have been observed. In
addition to the interesting physical phenomena, it also presents a
vast array of opportunities for electronics and photonics, ranging
from field effect transistors, photodetectors, modulators to
topological quantum computing [16-19]. As such, the scalable
production of highly crystalline bilayer graphene with a precisely
controlled AB-stacked structure holds paramount significance for
both fundamental researches and those prospective applications.

Over the past decade, extensive efforts have been employed on
the controllable growth of AB-stacked bilayer graphene single
crystals [20-25]. Initially, early attempts were focused on the
growth on Cu (111) foils due to its well-established mature and
extensive growth process [26-29]. However, this approach was
plagued by a “self-limited” growth behaviour, where the growth of
the second layer was impeded once the first layer fully covered the
Cu surface. Although some methods such as the spatial
arrangement of Cu foils [30], high H,/CH, ratio [31, 32], special
Cu enclosures [33], or the employment of O-rich Cu foils were
tried [34], the controlled growth of bilayer graphene films remains
to be improved. Subsequently, researchers found that using Cu-Ni
or Cu-Si alloy substrates was a better choice and the growth of
bilayer graphene single crystal has been partially realized [20, 21],
where the solubility of carbon atoms can be finely modulated
through alloying. Nevertheless, despite these developments, several
hurdles are still waiting to be found and overcome. As previously
reported, the high temperature will produce silica particles
shedding from the quartz tube during growth [35-37], which may
act as nucleation sites and result in random orientations and
multilayer areas that often observed in the actual chemical vapor
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deposition (CVD) growth. Therefore, there are still ample room
for further exploration and advancement in the production of
pure AB-stacked bilayer graphene single crystals.

In this work, we used a simple heat-resisting box technique to
ideally avoid particle contamination on the metal surface to
prepare almost pure AB-stacked bilayer graphene single-crystal
films on Cu/Ni (111) foils. With our technique, almost all of the
particles on the Cu/Ni (111) surface were effectively eliminated,
thus significantly reducing the random orientations and
uncontrollable multilayers. Systematic analysis demonstrated that
compared with the Cu/Ni (111) without treatment, the treated
substrates showed significant improvement in the alignment of
monolayer graphene, AB-stacking ratio and the uniformity of
bilayer graphene films. The grown AB-stacked bilayer graphene
films show > 99% alignment and < 1% multilayer areas. Our work
addresses an often-overlooked problem in the production of AB-
stacked single-crystal bilayer graphene and is expected to advance
their device applications.

2 Results and discussion

In a conventional CVD system, Cu/Ni foils are usually directly
exposed to the atmosphere throughout the growth process and
some small particles are always observed on the Cu/Ni surface
(Figs. 1(a) and 1(b)), which were demonstrated to be silica
particles from the quartz tube during the CVD process (Fig. S1 in
the Electronic Supplementary Material (ESM)) [38]. Such particles
are very difficult to remove once deposited on the substrate, and
they would serve as “undesirable” nucleation sites during
graphene growth and induce islands with uncontrollable
orientations (Figs. 1(c) and 1(d)). That is why misaligned
graphene islands are frequently observed in CVD-grown
graphene, even on a lattice-matched Cu (111) substrate [39]. By
further characterizations of the as-grown monolayer graphene on
Cu/Ni (111) foils, we found that the misaligned graphene islands
are randomly oriented, which would inevitably affect the aligned
growth of the second layer graphene. In order to solve this
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problem, we introduced a home-designed heat-resisting box into
the CVD system (the box is made of graphite and is rectangular in
shape. There are several small holes on the side to allow air flow
in, the optical image of the box is shown in Fig. S2 in the ESM),
which has been used to grow graphene with low dot defects [38].
The Cu/Ni foil was placed in the box and loaded into the CVD
system, which prevented the released silica particles in the
atmosphere from deposition on the surface (Fig. 1(e)). Then a
clean and uniform Cu/Ni (111) surface can be obtained after
annealing (Fig. 1(f) and Fig. S3 in the ESM), followed by the direct
growth of high-quality graphene. Without the influence of
particles on the surface, all the graphene islands trend to grow
with the same orientation that dominated by the van der Waals
interaction (Figs. 1(g) and 1(h)) [39,40]. To grow AB-stacked
bilayer graphene, we need the strict epitaxy of the second layer
graphene. However, the silica particles existing in conventional
CVD system would also act as nucleation sites for the second layer
graphene, thus inducing multilayer areas and uncontrollable
twisted stacking (Figs. 1(i) and 1(j) and Fig. S4 in the ESM). With
our design, the particles are avoided and most of the second layer
graphene are grown with AB stacking as this configuration is most
energetically favourable [41]. Better yet, the multilayer areas can
also be greatly reduced as the particles that act as multilayer
nucleation sites disappear (Figs. 1(k) and 1(1)).

Further improving the alignment of the first layer graphene and
AB stacking ratio of the second layer graphene lays a foundation
for the production of nearly pure AB-stacked bilayer graphene
single crystals. And the elimination of multilayer regions ensures
the uniformity of the sample. We performed statistical analysis of
more than 1000 bilayer graphene islands with and without the
heat-resisting boxes (typical optical images are shown in Fig. S5 in
the ESM). The statistical distribution of misalignment of
monolayer graphene grown with and without box is shown in
Fig. 2(a). The misalignment percentage of monolayer graphene
grown without box is about 2%, while changing to 0.2% with our
design, about 10 times decreasing. For bilayer graphene growth,
the ratios of twisted bilayer graphene and multilayers are up to
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Figure1 Designed growth of AB-stacked bilayer graphene. (a) Schematic diagram of a conventional CVD growth system of graphene on Cu/Ni (111) foil. (b)
Representative SEM image of annealed Cu/Ni (111) surface directly placed in a quartz tube. Many particles can be found. (c) Schematic diagram and (d) optical image
of monolayer graphene grown by conventional CVD method. Twisted domains are marked with dashed red hexagons. (e) Schematic diagram of a designed CVD
growth system with a heat-resisting box. (f) Representative SEM image of annealed Cu/Ni (111) surface. No particles can be observed. (g) Schematic diagram and (h)
optical image of monolayer graphene grown with the box. (i) Schematic diagram and (j) optical image of bilayer graphene grown by conventional CVD method.
Twisted and multilayer islands can be found. (k) Schematic diagram and (1) optical image of bilayer graphene grown with the box, and only uniform bilayer graphene

exists.
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Figure2 Statistical data and characterizations of as-grown bilayer graphene with and without heat-resisting box. (a)-(c) Statistical distributions of misalignment in
monolayer (a), twisted (b) and multilayer regions (c) in bilayer graphene grown with and without heat-resisting box. (d) Optical image and (e) the corresponding
FWHM mapping of 2D band of an as-grown AB-stacked bilayer graphene island. (f) and (g) TEM images of the edge area of monolayer and bilayer graphene samples.

14.6% and 11.4% in conventionally growth, but decrease to 1%
and 0.2% when growing with box (Figs. 2(b) and 2(c)). These data
demonstrate that the epitaxy of uniform AB-stacked bilayer
graphene has been greatly improved.

Subsequently, we verified the AB stacking structure and high
quality of the as-grown bilayer graphene samples by spectroscopic
and atomic-resolved transmission electron microscopy (TEM)
characterizations. For the Raman spectra, the intensity ratio of
2D/G is about 1, the 2D band can be perfectly fitted by four
Lorentz curves, the full-width at half maximum (FWHM) of 2D
band and the four Lorentz curves are 54 and 31 cm™, respectively,
all the data indicate that the samples are uniform AB-stacked
bilayer graphene (Figs. 2(d) and 2(e), and Fig. S6 in the ESM).
Further TEM images and selected area electron diffraction
(SAED) patterns undoubtedly demonstrated the AB stacking
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order at atomic scale directly in both real space and reciprocal
space (Figs. 2(f) and 2(g), and Fig. S7 in the ESM).

So far, we have shown that the uniform AB-stacked bilayer
graphene islands can be achieved by removing the silica particles
on the Cu/Ni (111) surface. Then, we further validated our design
on the production of AB-stacked bilayer graphene single crystals
by the seamless stitching of both monolayer and bilayer graphene
islands. By increasing the growth time, we can successively obtain
aligned monolayer graphene islands (Fig.3(a)), single-crystal
monolayer graphene films (Fig. 3(b)), bilayer graphene islands
(Fig. 3(c)), and single-crystal bilayer graphene films (Fig. 3(d)).
The high coverage of bilayer graphene on the Cu/Ni (111)
substrate is primarily facilitated by the segregation, rather than
surface-mediated growth, which is attributed to the optimal Cu/Ni
ratio [20]. The stacking order and lattice orientations over large

(a)-(d) Optical images showing the time evolution of AB-stacked bilayer graphene

samples transferred onto SiO,/Si substrates. (e) A typical LEED pattern of the as-grown bilayer graphene. (f) Low-magnification TEM image of a merged area of two
bilayer graphene islands. The white floc-like deposition on graphene is the residual PMMA during the wet transfer of samples onto TEM grids. Atomically-resolved
TEM images of the (g) monolayer (marked as 1 in (f)) and (h) bilayer (marked as 2 in (f)) regions of graphene, no grain boundary was found.
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area were verified by low energy electron diffraction (LEED)
characterizations. The LEED patterns show nearly identical
orientations throughout the samples, indicating perfect alignment
of the graphene lattice. Only one set of hexagonal diffraction spots
in the LEED patterns also once again demonstrate the AB stacking
order (Fig.3(e) and Fig.S8 in the ESM), as twisted bilayer
graphene will produce two sets of hexagonal diffraction spots [42].
The seamless stitching of the bilayer graphene islands was checked
by TEM characterizations at the merged region. The atomic-
resolved TEM images clearly show the seamless stitching of two
neighbouring bilayer graphene islands (Figs. 3(f)—3(h)). With our
design, we have successfully produced 4 cm x 4 cm uniform AB-
stacked single-crystal bilayer graphene films (Fig. S9 in the ESM).

The quaility of the samples was first checked by Raman spectra.
We extracted the data to show the statistical distributions of the
FWHM of 2D band and the intensity ratio of 2D/G band of
graphene (Fig. 4(a)). The highly concentrated distribution proves
the good homogeneity of the sample. Furthermore, we compared
the quality of AB-stacked bilayer graphene samples obtained with
and without the box, and found obvious improvement with our
technique. Since the particles on the surface are removed, the
graphene surface should be cleaner and more intact, so the quality
of the sample should be higher. The field-effect transistors (FETS)
were directly fabricated on 300 nm SiO,/Si substrates (Fig. 4(b))
with a conventional process (see details in the Method section).
The electrical measurements were conducted at room temperature
and an averaged carrier mobility of 7348 cm*V s was obtained
for the sample grown with box. As a contrast, the carrier mobility
of graphene grown without the box is just 5125 cm*V™"s”, which
may be attributed to the uncontrollable nano-particles on the
substrate surface (Fig. 4(c)).

3 Conclusion

In summary, we proposed an effective strategy for achieving the
epitaxial growth of bilayer graphene single crystals with highly
aligned orientation and strict AB-stacking by eliminating substrate
impurities on Cu/Ni (111) foils. We revealed that the inevitable
particles on the surface would influence the growth of graphene
and result in twisted islands and multilayers. By applying a
designed heat-resistant box to prevent particles deposition on the
substrate, we were able to successfully produce large-area AB-
stacked bilayer single-crystal graphene films, of which the
orientation consistency and AB stacking sequence show more
than 99%. The high crystalline quality and uniformity of the as-
grown film were confirmed through Raman spectroscopy, TEM
and electrical measurements. Our work provides a simple method
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towards the growth of pure AB-stacked bilayer graphene single
crystals and would accelerate its device applications.

4 Method

Preparation of Cu/Ni (111) foils: 25 pm thick Cu (111) foils were
prepared by high-temperature annealing (~ 1050 °C) of
commercial Cu foils (25 um thick, 99.8%, Sichuan Oriental Stars
Trading Co. Ltd) under an Ar/H, flow at atmospheric pressure. A
nickel layer was plated on both sides of the Cu (111) foil in an
electrolyte, which was prepared by dissolving 70 g of NiSO,-6H,0,
2 g of NiCl,,6H,0O, 1 g of NaF and 7.5 g of H;BO; in 250 mL
deionized water. The applied current density was 0.02 A-cm™
After washing and drying, the Ni-plated Cu (111) foil was
annealed in a CVD system at 1050 °C for 5 h to obtain the Cu/Ni
(111) foil. The optimal Ni concentration is 14 at.% in our
experiment, which gives the best uniformity and coverage of
bilayer graphene (Fig. S10 in the ESM).

Growth of bilayer graphene on Cu/Ni (111) foils: The Cu/Ni
(111) foils were placed in a heat-resisting box and then directly
loaded into a CVD furnace (Tianjin Kaiheng). The system was
heated to 1100 °C in 1 h with Ar (500 sccm) followed by annealing
in additional H, (30 sccm) for 40 min. Then CH, (4.0 sccm) was
introduced as the carbon source for graphene growth for different
time (the growth behaviours at different temperature and H,/CH,
ratio can be seen in Fig. S11 in the ESM). Finally, the sample was
rapidly cooled down to room temperature by moving the heat-
resisting box to the upstream side of the CVD chamber under a
constant Hy/Ar flow.

Characterization: LEED measurements were performed using
Omicron LEED system in ultra high vacuum (UHV). Scanning
electron microscopy (SEM) images were obtained using a
Thermal Fisher Quattro S Environmental SEM. The graphene
sample for TEM characterization was prepared by transferring
graphene onto commercial holey-carbon TEM  grids
(Zhongjingkeyi GIG-2010-3C) using the polymethyl methacrylate
(PMMA) transfer technique. Scanning TEM (STEM) and SAED
experiments were performed in an FEI Titan Themis G2 300
instrument operated at 300 kV. Optical images were conducted
with an Olympus microscope (Olympus BX51). Raman spectra
and mappings were obtained with an alpha300R system (WITec,
Germany) with a laser excitation wavelength of 532 nm.

Device fabrications and measurements: The FETs were
fabricated through standard microfabrication process by electron
beam lithography techniques. The Cr/Au contact electrodes
(~ 5/50 nm) were fabricated by e-beam deposition system with a
low vacuum ~ 3 x 107 Pa. All the electrical measurements were
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Figure4 The quality characterizations of as-grown AB-stacked bilayer graphene. (a) Statistical distributions of the FWHM of 2D band (upper panel) and intensity
ratio of 2D/G band (lower panel) of graphene in large area. (b) Optical image of an FET device. (c) Carrier mobility of graphene grown with and without heat-resisting

box at room temperature.
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carried out in a probe station (base pressure 10* Pa) with Agilent
semiconductor parameter analyzer (B1500, high resolution
modules) at room temperature.
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