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Twisted bilayer graphene (TBG) has been extensively studied because of its novel physical properties and poten-
tial application in electronic devices. Here we report the synthesis and characterization of 30° TBG naturally grown on
Cug75Nig 25 (111) film and investigate the electronic structure by angle-resolved photoemission spectroscopy. Compared
with other substrates, our TBG with a wafer scale is acquired with a shorter growth time. The Fermi velocity and energy
gap of Dirac cones of TBG are comparable with those of a monolayer on Cug g5Nig 15 (111). The signature of moiré lattices
has not been observed in either the low-energy electron diffraction patterns or the Fermi surface map within experimental
resolution, possibly due to different Cu and Ni contents in the substrates enhancing the different couplings between the
substrate and the first/second layers and hindering the formation of a quasiperiodic structure.

Keywords: twisted bilayer graphene, electronic structure, Cu/Ni (111)

PACS: 61.48.Gh, 68.65.Pq, 71.28.4-d, 81.05.ue

1. Introduction

Van der Waals coupled two-dimensional (2D) bilayer ma-
terials can be twisted between each layer, and the interlayer
twist angle provides an exotic degree of freedom for the emer-
gence of various physical phenomena.l'"'?! Twisted bilayer
graphene (TBG) comprises two stacked and misaligned mono-
layer sheets. Stacking order has a strong impact on the cou-
pling between the two layers and determines its physical prop-
erties. For small twist angles, magic-angle TBG hosts su-
perconductivity, magnetism, insulating states and quantized
anomalous Hall states which emerge from correlation elec-
tron states by interlayer coupling.>-8! For large twist an-
gles, there are no correlation electrons in a wide range of
twist angles, but with interlayer hybridization of electronic
states under chiral crystal symmetry the crossed nonlinear dy-
namical Hall effect can arise.l®"'?) There are reports of 30°
TBG being naturally grown on SiC (0001),! Pt (111)1'%) and
Cu (111)[13] by chemical vapor deposition (CVD), and Dirac
cones with twelve-fold rotational symmetry were observed
by angle-resolved photoemission spectroscopy (ARPES).[%10]
Without translational symmetry, the charge Hall effect can be
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expected from the twisted interface coupling.[!!-1?]

Previously, we have successfully grown wafer-scale high-
quality wrinkle-free single-crystalline graphene (SCG) epitax-
ially on Cug g5Nig 15 (111) film at a relatively low temperature
of 750 °C;['# this is much lower than the temperature thresh-
old of epitaxial graphene on Cu (111) (about 1000 °C). The
low growth temperature not only decreases the energy costs
but also solves the problems of high contamination, metal
evaporation and wrinkles due to the mismatch of thermal ex-
pansion coefficients between the substrate and graphene. The
electronic structure of SCG on Cu/Ni (111) has also been stud-
ied by ARPES, "] and the gap size of the Dirac cone is smaller
than that of SCG on Cu (111), possibly due to less translational
symmetry breaking induced by the Cu/Ni (111) substrate.

In this work, we describe epitaxial growth of centimeter-
scale steady 30° TBG on Cug75Nigos (111) film by CVD
and characterize it by optical imaging (OM), scanning elec-
tron microscopy (SEM), Raman spectroscopy and low-energy
electron diffraction (LEED). Compared with growth on other
substrates, our TBG is acquired in a shorter growth time of

only 20 min and with a wafer-scale on Cu/Ni (111). Fur-
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ther, we investigate the electronic structure of TBG and find
Dirac cone-like dispersion comparable to that of a monolayer
on Cu/Ni (111) but with the chemical potential shift down
to around 164 meV. Our work provides a quick and efficient
method to grow large-scale high-quality graphene that could
benefit future applications.

2. Experiments

The 30° TBG was synthesized by CVD on Cug 75Nig 25
(111) thin film at 1050 °C with 500 sccm Ar, 50 sccm Hj and
50 sccm CHy for 60 min for pretreatment at atmospheric pres-
sure. Subsequently, the CHy was shut off and the sample was
rapidly cooled under the same Ar and H, gas flow. The source
of Cu/Ni alloy contains 75% Cu and 25% Ni atoms. Various
experiments were used to characterize TBG, including Raman
spectroscopy, OM and LEED.

ARPES measurements were conducted at the Dreamline
and 03U beamlines of the Shanghai Synchrotron Radiation Fa-
cility (SSRF). The energy and angular resolutions were set to
15 meV and 0.2°, respectively. The samples were heated from
room temperature to 400 °C and then kept at 400 °C for 4 h

. Cu/Ni (111) ]
CVD

Epitaxy

in the ultra-high vacuum (UHV) chamber to clean the surfaces
before measurements. During the measurements, the temper-
ature was kept at 20 K, and the pressure was maintained at
better than 6.7 x 10~° Pa.

3. Results and discussion

Figure 1 shows the manufacturing process of TBG on
a Cug75Nigos (111) substrate by CVD. Cug75Nigas (111)
thin film is fabricated on Al,O3 (0001) for graphene epi-
taxy. The thermodynamics-controlled nucleation process and
the kinetics-controlled growth process can precisely tailor the
stacking order and morphology of the bilayer graphene. The
first nucleation layer of graphene is deposited on Cug 75Nig 25
(111) with identical orientation because of the regulation of
the single-crystal substrate. Then the second layer of graphene
domains was formed in the same way but with 30° rotation rel-
ative to the first layer; this is a possible metastable state due to
the collaborative effect of both Cu/Ni single-crystal and the
first layer graphene. Subsequently, the graphene film domains
of the two graphene layers seamlessly stitched and formed
TBG.

Fig. 1. Schematic diagram of the experimental design for natural growth of 30° TBG on Cug 75Nig s (111).

Figures 2(a)-2(b) show the ultra-flat 30° TBG film grown
on Cug 75Nig .25 (111) characterized by SEM and Raman spec-
troscopy, respectively. Based on our experience in fabricat-
ing graphene on Cu/Ni (111), we have observed that a mul-
tilayer is more likely to form under certain conditions with a
Ni content of more than about 20%, while a monolayer forms
with a Ni content of less than around 20%. Indeed, identify-
ing a monolayer region in large-size TBG on a Cug 75Nig 25
(111) background poses a challenge. We have made signifi-
cant efforts to locate a monolayer region in our sample, which
exhibits clear differences from the TBG region in the SEM
image and the peaks of Raman shifts, as shown in Figs. 2(a)
and 2(b). From the SEM image of the Cu/Ni surface coated
with graphene (Fig. 2(a)) it is clear that there is a discernible
color contrast, which is due to the differences in the number of
graphene layers present. To confirm the number of layers, we
conducted Raman spectroscopy measurements in the two re-
gions (Fig. 2(b)). These indicate that the G peak and 2D peak

heights in region I are almost identical, suggesting that it is
double-layer graphene. Conversely, the contrast between the
G peak and 2D peak in region II is pronounced, indicating that
it is single-layer graphene.

LEED measurements were adapted to investigate the ori-
entation structure and layers for monolayer and TBG grown
on Cu/Ni (111) alloy film with different Ni contents. As
shown in Fig. 2(c), the LEED pattern of the graphene grown
on CuggsNig s (111) with 15% Ni shows only one set of
diffraction patterns with aligned six-fold rotational symmet-
ric spots arranged in a suitable honeycomb lattice, indicating
SCG with uniform size and orientation. As shown in Fig. 2(d),
the graphene grown on Cug 75Nigo5 (111) shows two sets of
diffraction patterns with aligned six-fold rotation rotational
symmetric spots arranged in a suitable honeycomb lattice, in-
dicating two layers SCG with 30° rotation with respect to each
other. The domain structure and the atom arrangement of TBG
according to the LEED pattern are shown in Figs. 2(e)-2(f).
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Fig. 2. Characterization of 30° TBG on Cug75Nigp s (111). (a), (b) SEM morphology images and Raman spectra of TBG and monolayer
graphene (region I, TBG; region II, monolayer graphene). (c), (d) LEED patterns of monolayer graphene on Cug gsNig .15 (111) and TBG on
Cug75Nigos (111). (e) Schematic structure of the graphene domain with the two superimposed concentric hexagons rotated by 30°. (f) An

atomic structure model of TBG with 30° rotation.

To study the low-energy electronic structure, we perform
numerical calculations for monolayer, bilayer and twisted bi-
layer graphene at a 30° orientation around the K and K’ points
utilizing the tight-binding model, as shown in Fig. 3. Ow-
ing to graphene’s distinctive crystal structure, a Dirac cone
manifests at both K and K’ points, illustrated in Fig. 3(a) for
the K point. Bilayer graphene exhibits two prevalent stack-
ing patterns: AA stacking and AB stacking. In the case of
AA stacking, the paired Dirac cones at K and K’ do not split
but experience a shift by approximately 0.3 eV due to inter-
layer coupling, as depicted in Fig. 3(b). For AB stacking,
one of the paired Dirac cones develops a small gap while the
other remains, as shown in Fig. 3(c). TBG at 30° assumes a
quasi-crystal structure where the top and bottom layers can-

(a)

E (eV)

not achieve commensurate periods. To derive the quasi-band
structure of TBG at 30°, we employ the 15/26 approximant
method,['®) which starts from AA stacking and introduces
slight stress to the top layer, altering the lattice constant from
2.456 A to 2.454 A. In this approximant, a commensurate pe-
riod of 15 x /3 x 2.454 = 26 x 2.456 for both the top and
bottom layers of graphene is achieved. The unit cell of the
15/26 approximant for tight-binding calculations is illustrated
in the inset of Fig. 3(d). Due to the moiré pattern induced by
the 30° rotation, the first Brillouin zone of TBG encompasses
12 K and K’ points. As illustrated in Fig. 3(d), each K and
rotated K point exhibits a Dirac cone originating from the pe-

culiar structure of the twisted bilayer.

Fig. 3. Numerical calculations of energy band structures of (a) monolayer graphene around the K point, (b), (c) bilayer graphene in AA stacking
and AB stacking around K and K’ points and (d) 30° TBG around Kand K. The inset in (d) shows the 15/26 approximant unit cell for simulating

the quasi-band structure of 30° TBG.

Subsequently, we experimentally studied the electronic
structure of TBG grown on Cug 75Nig 25 (111) film by ARPES.
As shown in Fig. 4, the clear image of the Fermi surface and
the Dirac bands indicates the high crystalline quality of the

sample. Figure 4(a) shows the integrated intensity plots at the
Fermi level (Eg) and —0.6 eV below Eg. As mentioned above,
one extra set of bands with 30° rotation is clearly observed

relative to the bands of monolayer graphene. The bright spots
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at the Ky and K’ points are attributed to the spectra from the
two layers. We record the intensity plots at I" and K’ to study
the bands, as cut 1 and cut 2 in Fig. 4(b). Figure 4(c) shows
the wide valence bands and reveals the s, p and d bands from
the Cu/Ni substrate. At the K’ point, the crossed linear dis-
persions form a Dirac cone with a Fermi velocity of approxi-
mately 7.3x10% m-s~!. For a detailed study of the low-energy
dispersions, we show the energy distribution curves and mo-
mentum distribution curves centered at the K’ point, as shown

(a)
1.0

-0.8 0 0.8
ky (A7)

ky (Afl)

—-0.8 0 0.8

in Figs. 4(e) and 4(f), respectively. One can see three bands
from the energy distribution curves, namely a, 8 and y. The o
band is the Dirac-like dispersion with a possible energy gap of
around 150 meV at the center energy of about 140 meV. The
B and 7y bands are derived from Cu/Ni sp bands. Compared
with monolayer graphene on Cug gsNig 15 (111), the chemical
potential of TBG shifts down to around 164 meV, possibly due

to different interactions and work functions of the metal sub-
17]

strates with different Cu and Ni contents.[

Intensity

T T T T
-1.5 -1.0-05 0

f 2
®) A B
(10}
. ZR —0.15 eV
= N
g B
[5) f
H= A=
[l A/
/’/\\ 0
Az
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—0.8 0 0.8 —0.2 0 0.2
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Fig. 4. Femi surface and electronic structure of 30° TBG on Cuy 75Nig25(111). (a) Integrated photoemission intensity plots (£10 meV) at Er
and —0.6 eV below Ef, respectively. (b) Brillouin zones (BZ) with 0° (red) and 30° (blue) rotations. (c) Photoemission intensity plot along
cut 1 as indicated in (b). (d) Photoemission intensity plot and corresponding second derivative plot along cut 2 as indicated in (b). (e), (f)
Energy distribution curves and momentum distribution curves around the K’ point in (d).

4. Conclusions

In summary, we have reported a new approach for the
fabrication of ultra-flat 30° TBG on Cug 75Nig o5 (111). Com-
pared with growth on the other substrates, our method requires
a shorter growth time and achieves wafer-scale high-quality
graphene. The electronic structure observed by ARPES re-
veals two sets of Dirac dispersions with 30° rotation to each
other. The Dirac dispersion of TBG is comparable to mono-
layer graphene on Cu/Ni (111). Our findings suggest that
Cu/Ni (111) substrate is a good platform for epitaxial growth
of large-scale, high-quality graphene for further study and
application of the novel physical properties related to Dirac

fermions.
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