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ABSTRACT

Controlling the atomic configurations of structural defects in graphene nanostructures is crucial for achieving desired functionalities.
Here, we report the controlled fabrication of high-quality single-crystal and bicrystal graphene nanoislands (GNI) through a unique
top-down etching and post-annealing procedure on a graphite surface. Low-temperature scanning tunneling microscopy (STM)
combined with density functional theory calculations reveal that most of grain boundaries (GBs) formed on the bicrystal GNIs are
5-7-5-7 GBs. Two nanodomains separated by a 5-7-5-7 GB are AB stacking and twisted stacking with respect to the underlying
graphite substrate and exhibit distinct electronic properties, forming a graphene homojunction. In addition, we construct homojunctions
with alternative AB/twisted stacking nanodomains separated by parallel 5-7-5-7 GBs. Remarkably, the stacking orders of homojunctions
are manipulated from AB/twist into twist/twist type through a STM tip. The controllable fabrication and manipulation of graphene
homojunctions with 5-7-5-7 GBs and distinct stacking orders open an avenue for the construction of GBs-based devices in

valleytronics and twistronics.
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1 Introduction

Graphene nanoislands (GNIs) possess strong quantum con-
finement and edge effects, which make them excellent materials
for constructing nanoscale optical and electronic devices [1-9].
GNIs are readily to be displaced [10], rotated [7] and folded
[11, 12] for constructing complex nanostructures with engineered
quantum properties and, ultimately, quantum machines [13, 14].
Merging two single-crystal (SC) GNIs into a bicrystal (BC) GNI
with specific grain boundaries (GBs) attracts much interest [15],
because the BC GNI with specific GBs show distinct valley-
polarized transport behaviors [16-18] and unique mechanical
[19] or magnetic [20-22] properties, forming a novel graphene
homojunction. Furthermore, benefitting from the manipulability
of GNIs, the atomic structures of homojunctions can be
artificially controlled. However, it has been predicted that
the properties of homojunctions rely heavily on the detailed
atomic arrangements of GBs. Different from other type GBs,
5-7-5-7 GBs [16] and 5-5-8 GBs [17, 18, 23] show a strong valley
polarization. Therefore, controlling the atomic configuration
of GBs are crucial for practical applications of GBs-based
homojunctions. In experiments, most of GBs formed during
the growth of graphene are curved and nonperiodic [24].
Recently, several ordered GBs have been fabricated on epitaxial
graphene on SiC(0001) [25] and Cu(111) [26] through optimizing
growth conditions. However, controllable fabrication and
manipulation of graphene homojunctions with specific GBs

still remain a challenge.

In this work, we report the fabrication of disk-shaped GNIs
on highly ordered pyrolytic graphite (HOPG) substrate through
a radio frequency (RF) hydrogen plasma etching and thermal
post-annealing method. Low-temperature scanning tunneling
microscopy/spectroscopy (LT-STM/STS) combined with density
functional theory calculations (DFT) show that GBs with a
configuration of a periodic alternation of pentagons and
heptagons (5-7-5-7 GBs) are widely formed on the as-grown
GNIs. The two domains abutting GBs on GNIs, forming a
homojunction, are found to be stacked differently with graphite
substrate, that is, AB and twist stacking, respectively. In addition,
we fabricated homojunctions with alternative AB/twisted stacking
nanodomains separated by parallel 5-7-5-7 GBs. Interestingly,
using STM-lateral manipulation, we precisely modified the
stacking structures of two domains of homojunction.

2 Results and discussion

We fabricated disk-shaped GNIs on HOPG through a top-down
two-steps treatment, as shown in Fig. 1. The first preparation
step is cyclic H-plasma etching and thermal post-annealing
at 1,000 K, producing densed nanopores on the top layer of
HOPG (Fig. 1(b)). Following several cycles of H etching, for the
second step, the sample was annealed at a higher temperature
(1,500 K) which is a bit higher than that in the annealing
process of first step. This process results in the formation of
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Figure 1 Fabrication of disk-shaped GNIs on HOPG surface. (a)-(c) Illustration of fabrication of GNIs through two-step treatment of HOPG surface and
representative large-scale STM images (sample bias: Vs = —3.0 V; tunneling current: I = 0.01 nA). The green circle highlights a BC-GNI. (d) Three-dimensional
STM topography of a typical as-fabricated high-qualtiy GNI (Vs = —0.2 V; I =0. 1 nA). (e) A height profile along the blue arrow in (d), showing that single-layer
height of 0.35 nm. (f) Size distribution of the as-grown GNIs, showing that GNIs are 20 to 35 nm in size.

high-quality disk-shaped GNIs (Figs. 1(c) and 1(d)) due to the
carbon sublimation and edge reconstructions (see Fig. S1 in the
Electronic Supplementary Material (ESM) for detail information).
It is worthy to be noticed that there may exist amorphous C and
transformation into crystalline in the complex formation process.
But we did not observe amorphous C and its transformation into
crystalline ones in the STM images of sample after annealing at
high temperature (Fig. S1 in the ESM).

The height of GNIs is about 0.35 nm, indicating that all
the GNIs are monolayer (Fig. 1(e)). Except for SC-GNI, some
GNIs are bicrystal (highlighted by the green circle in Fig. 1(c)).
The disk shape of GNI suggests that the GNIs have similar
formation energies in all directions under these experimental
conditions (with a partial pressure of H, gas of 107> Pa at the
temperature of 1,100-1,500 K) [27]. The size of GNIs ranges
from 20 to 35 nm (Fig. 1(f)). In addition, the edges of GNIs
are expected to be H-terminated due to the hydrogen environment
during H-plasma etching. The atomically resolved STM images
demonstrate that the protrusions which exist on the edge and
interior of GNIs in STM images are attributed from the electronic
interference states of edges and defects (Fig. S2 in the ESM).

We next focus on the study of BC-GNIs (Fig. 2(a)). Compared
with round shape of SC-BNI, the BC-GNI display an elliptic
shape, which indicates that a BC-GNI may originate from
merging of two as-formed GNIs during the migration process
on the surface at high temperatures (Fig. 2(b) and Fig. S1 in
the ESM). On the BC-GNIs, there are one-dimensional line
structures (black dot line in Fig. 2(a)) which are interpreted as
GB between two adjacent nanodomains. We have checked 300
as-grown GNIs, and 98 of them have GBs. As one or two GBs
are found to appear on a GNI, we have found 126 GBs on these
GNIs. The fraction of GNIs with GBs is 32.6%, and the density
of GBs is 0.42 per island.

The type of GBs is categorized by the tilt angle between the
corresponding crystallographic directions in the two domains.
In the high-resolution STM image (top in Fig. 2(c)) and
corresponding fast Fourier transformation (FFT) patterns (left
in Fig. 2(d)) of two domains on BC-GNI, the GBs show a tilt
angle of 6 = 32° and a periodic pattern with a periodicity of

~ 0.9 nm, which provides a strong suggestion of the possible
structure of a 5-7-5-7 GB [16, 25]. For the statistical analysis
of as-formed GBs, we obtained the tilt angle of GBs through
high-resolution STM images and FFT patterns of hundreds
of BC GNIs (see Fig. S3 in the ESM). The histogram (right
in Fig. 2(d)) shows that the overwhelming majority is GB with
a tilt angle of ~ 32°, that is, 5-7-5-7 GBs, suggesting that the
5-7-5-7 GBs were widely formed during the formation process
of GNIs.

The dominance of GBs with 32° tilt angle arises from their
formation energy (0.338 eV/A) being lower than that of other
GBs, according to previously published theoretical results [28].
There are two reasons to explain why GBs with 32° tilt angle
can be fabricated in this work but mix of various GBs in the
literatures: One is that the GBs are formed on graphene
domains smaller than 100 nm, which may be generated by the
growth mechanism different from the domains in micrometer
scale. Another is that the GNIs are produced using a top-down
etching method where the merge of GNIs is controlled by
the post-annealing temperature while the reported GBs are
fabricated by chemical-vapor-deposition methods where the
merge of graphene is difficult to be controlled.

We further studied the detailed configurations of two nano-
domains abutting GBs with respect to the underlying substrate.
The lattice misorientations between two nanodomains and
the underlying graphite lattice can be clearly distinguished,
respectively, through high-resolution STM images (Fig. S4 in
the ESM). The orientation of one domain is the same with
the substrate, indicating a normal AB stacking. While, the
orientation of another domain is rotated with the substrate by
~ 32°, indicating a twisted stacking. Thus, we conclude that the
two domains abutting GBs on BC-GNIs are stacked differently
with graphite substrate, that is, AB and twist stacking respectively.
Figure 2(c) shows that the STM simulation (middle panel) based
on the AB/twist stacking bilayer graphene with 5-7-5-7 GB
(bottom panel) agrees well with the STM image (top panel),
further confirming the AB/twist stacking orders of two domains
and 5-7-5-7 atomic configurations of GBs.

At low sample bias, STM images show that the twisted domain
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Figure 2 Structures and electronic properties of two nanodomains abutting 5-7-5-7 GBs. (a) Presentative STM image of a BC-GNI, showing an elliptic
shape. The black dotted line indicates the GB. (Vs = =2.0 V, I = 0.02 nA). (b) Illustration of merging two SC-GNIs into a BC-GNI. (c) STM topography
(top), STM simulation (middle), and corresponding atomic configuration (bottom) of AB/twisted stacking nanodomains separated by a 5-7-5-7 GB. (Vs =
-0.2V, It = 0.1 nA). (d) Left: FFT pattern corresponding to the STM image in (c), showing a tilt angle of ~ 32° between two domains. Right: Histogram of
tilt angles observed on hundreds of GBs, showing that angles of ~ 32° are strongly preferred. (e) Top: dI/dV mapping in the same region in (c) at the bias
voltage of 0.38 V, showing that the tunneling conductance along GBs is higher than the one in other regions. Bottom: The calculated electronic-states
distribution at 0.38 V. (f) Top: dI/dV mapping in the same region in (c) at the bias voltage of —0.2 V, showing various distribution of density of states

between two nanodomains. Bottom: The calculated electronic-states distribution at —0.2 V.

(Twist domain) shows a stronger electronic (v/3 x +/3)R30°
interference patterns that are originated from intervalley
scattering induced by the GBs than the AB domain does
(Fig. S5 in the ESM). In dI/dV spectra obtained on the as-formed
GBs with tilt angle of 32° and calculated density of states based
on the 5-7-5-7 GBs models, two sharp and intense peaks at
—0.42 and 0.38 V (Fig. S5 in the ESM) are spatially localized
on the GBs (Fig. 2(e)), indicating that the two states are
originated from Van Hove singularities (VHS) [25, 28]. The
agreement between dI/dV spectra and calculated density of
states further demonstrates that the as-grown GBs are well-
defined 5-7-5-7 GBs at the atomic level. Meanwhile, the dI/dV/
mapping and calculated electronic-states distributions at —0.2 eV
shows a stronger intensity on Twist domain (Fig. 2(f)) than that
on AB domain. The distinct electronic properties of two domains
suggests the formation of a graphene homojunction.

Besides single GB, we fabricated parallelly assembled
5-7-5-7 GBs with various separation distances on a GNI. The
separation of the parallel GBs is related to the size of GNIs.
Figure 3 show six typical STM images and corresponding
atomic models of parallel 5-7-5-7 GBs. We checked the
stacking orders of each domains through high-resolution
STM images of the GNI edge (Fig. S4 in the ESM). As shown
in Figs. 3(a)-3(c), the parallel GBs separate the GNIs into
twist/AB/twist stacked domains. The separations are 3.2, 4.9,
and 13.3 nm, respectively. As shown in Figs. 3(d)-3(f), the
parallel 5-7-5-7 GBs separate the GNIs into domains with
AB/twist/AB stacking orders. The separation is 1.5, 2.5 and
4.0 nm, respectively. It is worthy to notice that if the distance
between parallel GBs is not far enough, in the middle domain,
the electronic (~/3 x ~/3)R30° interference pattern from left GB
interacts with that from the right GB, resulting in a different
electronic structure comparing with that from an isolated GB
(Fig. S6 in the ESM). The construction of parallel 5-7-5-7 GBs

provides possibilities to build periodic barriers in graphene-based
nanostructures, which may introduce anisotropic behaviors of
massless Dirac fermions and chiral tunneling [29]. As various
stacking in graphene systems exhibit different electronic properties
[30-32], the separated nanodomains with various stacking
orders and separation distances provide more degrees of freedom
for engineering the electronic structures of graphene. Furthermore,
the railroad-track-like structures enable the formation of
complex structures, and ultimately be used in graphene-based
scalable electronics [23].

To tune the stacking orders and electronic properties of two
adjacent nanodomains, we rotated the homojunction through
STM manipulation. By approaching the tip closer to the edge
of GNI and moving it along one direction, GNIs can be displaced
(Fig. S7 in the ESM), rotated (Fig. 4) and even folded [12]. We
attribute the lateral motion of GNIs to the weak van der Waals
interactions between the STM tip and sample [10]. Figure 4(a)
schematically shows the well-defined AB/twist stacking domains
with a 5-7-5-7 GB on a homojunction. Briefly, to rotate a
GNI, an STM tip is brought close to its edge by reducing the
tunneling resistance in the STM junction, followed by moving
across the GNI along an out-of-axis direction (green arrow in
Fig. 4(a)). Figures 4(a) and 4(b) schematically show the process
of rotating a homojunction, where the stacking modes of two
domains are tuned from AB/twist into twist/twist. Figures 4(c)
and 4(d) show the typical STM images before and after a
rotation at an angle of 3.4°. After rotation, moiré patterns were
observed on the initial AB stacking regions, due to the twist
angle between the homojunction and substrate induced by
rotation (Fig. 4(d)). Based on the periodicity of moiré pattern,
we calculated the twist angle to be 8 = 3.4° (Here 0 can also
be directly determined by measuring the periodicity d of the
moiré pattern (6 = 2arcsin(a/2d), where a is the graphene
lattice constant)) which is consistent with the angle of rotation
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Figure 3 Twist/AB/twist and AB/twist/AB arrays of nanodomains separated by parallel 5-7-5-7 GBs on the graphene homojunction. (a)-(c) STM images
and corresponding atomic models showing the formation of twist/AB/twist arrays of parallel 5-7-5-7 GBs in the separation of 3.2 nm (a), 4.9 nm (b), and

13.3 nm (c), respectively (Vs

parallel 5-7-5-7 GBs in the separation of 1.5 nm (d), 2.5 nm (e), and 4.0 nm (f), respectively (Vs

(a) (c)

(b)

—-0.2 V, I = 0.1 nA). (d)-(f) STM images and corresponding atomic models showing the formation of AB/twist/AB arrays of

-0.2V,I;=0.1nA).

Figure4 Rotation manipulations of graphene homojunction with 5-7-5-7 GBs. ((a) and (b)) Schematics of a homojunction before (a) and after (b) rotating
the islands through moving a STM tip (green balls in (a)) along an out-of-axis direction (green arrow in (a)), showing that the stacking orders of two

domains are changed after rotation. (c) Large-scale STM image (left) and high-
rotation. (d) Large-scale STM image (left, Vs = =1.0 V, I = 0.01 nA) and high-resolution STM image (right, Vs

resolution STM image (right) of homojunction with a 5-7-5-7 GB before
-0.2 V, It = 0.1 nA) of the same

homojunction after rotation by 3.4°. The newly-formed moiré patterns are highlighted by white circles. The stacking structures have been changed from

AB/twist to twist/twist through rotation.

manipulation. We also found that the distribution of electronic
states of the two domains abutting the GB changed significantly
compared to the initial one, due to the structural transition
from AB/twist to twist/twist stacking. As tiny changes in the
stacking orders have been reported to have significant effects
in the electronic [30-32], mechanical [33] and chiral [34] pro-
perties of the graphene, it stimulates interests to control the
configurations and properties of graphene homojunctions in
atomic precision. Furthermore, the bilayer or multilayer graphene
with magic-angle twisted stacking orders has been reported
to exhibit unique properties such as superconductivity [30].
Therefore, the atomically-precise construction of such twisted
graphene homojunctions also provides opportunities to study
graphene-based superconductor/normal-metal junctions and

related devices [35].

3 Conclusions

We fabricated graphene homojunctions with well-defined
5-7-5-7 GBs on the HOPG surface through a two-step top-down
method. The GNIs are in sizes ranging from 20 to 35 nm.
Post-annealing step induced the formation of BC-GNIs with
GBs by merging of two SC-GNIs. Statistical analysis shows
that 95% of the as-formed GBs are 5-7-5-7 GBs, which is
further verified by the high-resolution STM/STS and theoretical
simulations. Due to different stacking types of the two nano-
domains abutting the GB, distinct electronic properties are
observed in the two nanodomains, suggesting the formation
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of a graphene homojunction. Except for single GB, the 5-7-5-7
GBs arrays can be assembled in a parallel way, connecting
domains in alternate AB/twist stacking orders on the homojunction.
In addition, we succeeded in rotating the homojunction in a
tiny angle via STM tip, in which way to precisely manipulate
the stacking modes of the two nanodomains. This work paves
a way to fabricate and precisely manipulate lateral junctions
consisting of 2D materials with artificially controllable twist
angles.

4 Methods

41 Sample preparation, STM/STS measurement

The HOPG sample was cleaved in air by tape and subsequently
annealed at 900 K in an ultrahigh vacuum (UHV) chamber.
The hydrogen-plasma (H-plasma) etching was carried out in a
high-vacuum plasma chamber (base pressure of 1 x 10~ mbar)
using a helical, inductively coupled RF plasma source (13.56 MHz
at power of 220 W). A gas mixture of H,(15%) with Ar (85%)
at a pressure of 1 x 10 mbar was used. Ion deflection voltage
(350 V) was applied. The sample was heated to 750 K during
the etching process for maximum etching speed [36]. After
H-plasma etching, the sample was transferred to another
chamber (base pressure of 1 x 107 mbar) and heated using an
e-beam heating method (the temperature can be up to 1,500 K).
The experiments were carried out in a UHV LT-STM system
(Unisoku) with base pressure of 1 x 107° mbar at 4.2 K. STM
images were acquired in constant-current mode, and all given
voltages (Vs) refer to the sample. Differential conductance
(dI/dV) spectra were collected by using a lock-in technique
with a sinusoidal modulation at a frequency of 973.1 Hz. All
STM/STS experiments were performed with electrochemically
etched tungsten tips which were calibrated against the surface
state of the Au(111) surface before and after spectroscopic
measurements.

4.2 First-principles calculations

First-principles calculations based on DFT were performed
in a plane-wave formulation with the projector augmented
wave method (PAW) [37] as implemented in Vienna ab initio
simulation package (VASP) [38, 39]. Local density approximation
(LDA) [40] in the form of Perdew—Zunger was adopted for
the exchange-correlation functional. The energy cutoff of the
plane-wave basis sets was 400 eV. The calculational model for
BC graphene was in a 12 nm x 0.9 nm x 2 nm unit cell, designed
as a bilayer graphene ribbon containing one-layer pristine
graphene and another layer graphene with ordered 5-7-5-7 GB
in middle. In the ribbon, one domain is in AB-stacking and
the other is in twist-stacking with 32° tilt angle. The ribbon was
as wide as ~ 9.3 nm so as to eliminate the effect of the edge
states to the boundary. The distance between neighboring
ribbons was ~ 2.7 nm. The periodicity along the ribbon is 0.9 nm,
which agrees well with the experiment. The thickness of the
vacuum layer was 1.7 nm. In structural relaxation, all atoms were
relaxed until the force on each atom was less than 0.01 eV/A.
The k-points sampling was 1 x 3 x 1.
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