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Slip-Line-Guided Growth of Graphene
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Hailin Peng, Yujie Wei,* Luzhao Sun,* and Zhongfan Liu*

Manipulating the crystal orientation of emerging 2D materials via chemical
vapor deposition (CVD) is a key premise for obtaining single-crystalline films
and designing specific grain-boundary (GB) structures. Herein, the control-
lable crystal orientation of graphene during the CVD process is demonstrated
on a single-crystal metal surface with preexisting atomic-scale stair steps
resulting from dislocation slip lines. The slip-line-guided growth principle is
established to explain and predict the crystal orientation distribution of gra-
phene on a variety of metal facets, especially for the multidirectional growth
cases on Cu(hk0) and Cu(hkl) substrates. Not only large-area single-crystal
graphene, but also bicrystal graphene with controllable GB misorientations,
are successfully synthesized by rationally employing tailored metal substrate
facets. As a demonstration, bicrystal graphenes with misorientations of

~21° and =11° are constructed on Cu(410) and Cu(430) foils, respectively. This
guideline builds a bridge linking the crystal orientation of graphene and the
substrate facet, thereby opening a new avenue for constructing bicrystals
with the desired GB structures or manipulating 2D superlattice twist angles

in a bottom-up manner.

1. Introduction

The main principle of epitaxy, which emphasizes the lattice
match between the epilayer and underlying crystalline sub-
strates, has successfully guided the synthesis of single-crystal
metals, semiconductors, and dielectric thin films in modern
industry.l!! Current research on the controllable epitaxy of
emerging 2D materials provides new opportunities for enriching

the conventional epitaxy principle. Com-
pared with that of bulk materials, the epi-
taxial behavior of 2D materials is quite
different owing to their unique interfa-
cial structures. For instance, during the
growth of graphene on metal substrates,
the intralayer covalent bonds together
with no surface dangling bonds give rise
to weak graphene surface-metal substrate
interaction. The graphene edge-metal step
interaction is regarded as a key factor for
determining the alignments of graphene
on a metal surface.? A pioneering study
also revealed that step-edge complemen-
tarity enables the growth of 2D single
crystals.l Furthermore, the close-packed
<110> or <211> steps on face-centered
cubic (FCC) metal surfaces were proven to
have a strong binding with the edges of 2D
materials, thereby enabling the unidirec-
tional growth of hexagonal boron nitridel®”]
and MoS,B on vicinal Cu(110)/Cu(111) and
Au(111) facets, respectively. The step-edge
epitaxy is also applicable to the growth of borophene.l’! Recently,
based on the systematic analysis of interactions between 2D
materials and ideal metal surface structure, a symmetry rule
was put forward, revealing that the unidirectional growth occurs
when the symmetric group of the metal surface belongs to a
subgroup of that of the 2D materials.l'! Specifically, the sub-
strate should have Cgy, Csy, Cyy, or C; symmetry to enable the
unidirectional growth of graphene with Cgy, symmetry.
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While scientists have long sought to understand and control
the epitaxy of 2D materials, several bottlenecks/contradictions
remain owing to the far more complex experimental reality
of metal surface compared with that considered in previous
studies: I) Explaining and predicting the dominant orientations
of graphene grown on arbitrary metal facets is extremely chal-
lenging. Graphene domains do not grow unidirectionally on
the Cu(110) facet!! (C,y symmetry) and many high-index facets
of low rotational symmetry, but exhibit two or more preferen-
tial orientations. This fact does not support simple symmetry
rules.’ Such phenomena cannot be explained by current
growth theory, indicating that some key factors beyond sym-
metry must be clarified. IT) The arbitrary control of the crystal
orientation of graphene domains for maneuvering 2D grain-
boundaries (GBs) structures!'? is hardly possible due to the lack
of a comprehensive understanding of 2D materials growth and
the key determining factors of graphene orientation. Because
the previous studies mainly focus on ideal metal surfaces,
deeper insights into the real surface structure of metals, espe-
cially surface reconstruction at high temperatures, are essential
to understand the epitaxy of 2D materials.

Herein, we consider the slip phenomenon, a type of imprint
left by dislocation annihilation during high-temperature
annealing, of metal substrates to clarify the epitaxial growth
behavior of graphene. It was found that the slip lines on metal
surfaces are crucial for guiding the growth of graphene, deter-
mining its crystal orientation, and explaining the orientation
distributions of graphene grown on a variety of Cu facets. Den-
sity functional theory (DFT) calculations confirmed that the gra-
phene domains are prone to aligning with slip lines or intrinsic
steps which have high binding energy in graphene edge-metal
step configurations. The slip-line-guided growth principle was
established for predicting the possible epitaxial orientations of
graphene domains on arbitrary Cu(hkl) facets. As a demonstra-
tion, bicrystal graphene domains with designed GB structures
were successfully prepared by the rational design of metal sub-
strates with specific crystal facets.

2. Results and Discussion

Slip lines caused by dislocation annihilation during high-tem-
perature annealing are commonly observed in Cu foils/films
produced by cold rolling or sputtering process, leading to the
deviation of surface structures from the ideal models with
intrinsic metal steps.®l During the subsequent chemical vapor
deposition (CVD) process, these lines play an essential role in
determining the crystal orientation of the graphene domains.
Uni- or multidirectional growth occurs depending on the
number of active slip lines on the metal surface (Figure 1a).
In detail, we systematically examined the crystal orientations
of graphene domains grown on single-crystal Cu foils with
various facets, based on our previously established strain-
engineered anomalous grain growth method."'5 Typically, the
Cu(211) facet was determined by electron backscattering diffrac-
tion (EBSD) measurements, and three sets of slip lines were
detected on this facet by atomic force microscopy (AFM). The
measured internal angles of the triangle formed by the slip
lines are 44°, 68°, and 68° (Figure 1b). The graphene domains
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on Cu(211) grow unidirectionally with one edge aligned along
the [011] direction (Figure 1c). Statistically, these graphene
domains exhibit one prominent orientation with very few cases
of =30° misorientated domains (0.6%), which is consistent with
previous reports on aligned graphene growth (Figure 1d).1¢"]
Subsequently, the graphene domains were transferred onto a
transmission electron microscopy (TEM) grid for further accu-
rate orientation determination via selected area electron diffrac-
tion (SAED). Only one set of SAED patterns was obtained from
different graphene domains, thus confirming the high orienta-
tion consistency of graphene (Figure Sla—d, Supporting Infor-
mation). However, the multidirectional growth of graphene
occurs on certain high-index facets despite the low symmetry
of these substrates. For instance, on the Cu(410) facet with
four sets of slip lines (Figure 1le), the graphene domains show
three dominant orientations as indicated by the red, blue, and
yellow dashed lines in Figure 1f. In the corresponding statistical
results of the edge orientations, three prominent peaks with
an interval of =40° could clearly be observed (lattice orienta-
tion difference, =20°), along with some misoriented domains
(Figure 1g). The SAED results display three sets of diffraction
patterns with =20° mutual lattice orientation differences among
different graphene domains (Figure Sle-h, Supporting Infor-
mation), being in good agreement with the statistical results.
The unique orientation distributions of graphene domains
on distinct high-index facets cannot be explained by consid-
ering only the symmetry or ideal structures of metal surfaces.
An in-depth exploration of the slip-induced surface reconstruc-
tion is crucial for solving the puzzles. For the FCC metal Cu,
dislocations reside on the {111} close-packed crystallographic
planes and glide in the <110> directions, that is, the twelve slip
systems {111}<110> (Figure S2, Supporting Information). As
a consequence, slip-induced steps form on the crystal surface
after atomic rearrangements (Figure 2a). The detailed orienta-
tions of the slip lines on arbitrary metal facets can be calcu-
lated, and their distribution rules are summarized in Note S1,
Supporting Information. To describe the orientation distribu-
tion of slip lines on the crystal surface (hkl) in greater detail, we
used a specific surface (herein (410) facet is selected for illustra-
tion) to slice the octahedron composed of {111} slip planes and
obtained its cross-sectional profile. Each boundary of the quad-
rilateral section represents a set of slip lines (Figure 2b). An
atomic model of the Cu(410) surface is then constructed with
four sets of slip-induced steps along the [143], [143], [145], and
[145] directions and one set of intrinsic steps along the [001]
direction. The theoretical internal angles of the quadrilateral
formed by the slip lines on Cu(410) are 72°, 93.5°, 101°, and
93.5°, which are consistent with the experimental values shown
in Figure le. Table 1 shows the theoretical crystal orientation of
the slip lines on typical metal facets, as confirmed by EBSD and
AFM measurements (Figure S3, Supporting Information).
With the detailed distribution rules of slip lines in hand, we
explored the relationship between the graphene orientation and
slip lines. In the case of unidirectional growth represented by
graphene on the Cu(211) surface, one set of graphene edges was
found to keep parallel with [011] slip line (referred to as active
slip line in this work). By contrast, the [213] and [231] slip
lines show no activity toward guiding the growth of graphene
(referred to as inactive slip lines in this work). Consequently,
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Figure 1. The slip-line-guided growth of graphene. a) Schematic illustration of the slip-line-guided growth principle. The crystal orientations of graphene
are mainly determined by those of the active slip lines. b) AFM image of the Cu(211) foil. The slip lines are highlighted by white dotted lines. Inset:
the corresponding EBSD IPF map. c) SEM image of graphene domains on the Cu(211) foil. d) Statistics of the crystal orientation of graphene on the
Cu(21) foil. ) AFM image of the Cu(410) foil. The slip lines are highlighted by white dotted lines. Inset: the corresponding EBSD IPF map. f) SEM
image of graphene domains on the Cu(410) foil. g) Statistics of the crystal orientation of graphene on the Cu(410) foil.

unidirectional growth could be attributed to the existence of a
single set of active slip lines (Figure S4a,b, Supporting Informa-
tion). A similar result was also observed on the Cu(221) surface,
where the [110] slip line guides the growth of the aligned gra-
phene domains (Figure S4c,d, Supporting Information).
Interestingly, slip lines also account for the multidirectional
growth of graphene domains. For instance, the close-packed
<110> and <211> directions do not exist on the Cu(410) sur-
face. Instead, the graphene domains prefer to be aligned with
the [145] and [145] slip lines together with [001] intrinsic steps,
resulting in three dominant orientations. Meanwhile, the [143]
and [143] slip lines on Cu(410) were found to be inactive ones
(Figure 2c—f). Since the theoretical values of 6y 1z (i.e., the
included angle between the [001] and [145] directions, similarly
hereinafter) and 64y, 175, are 39.5° and 39.5°, the orientation
difference between corresponding graphene domains should be
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20.5° and 20.5° (60-39.5°), respectively, which agrees well with
the statistical results shown in Figure 1g.

Analogously, the majority of graphene domains on the
Cu(430) surface are aligned with the [347] and [347] slip lines
together with a minor part aligned with the [001] intrinsic step,
while the [341] and [341] slip lines keep inactive. On the Cu(431)
facet, the graphene domains are mainly guided by the [451] and
[437] slip lines rather than the [231] and [257] slip lines. On the
Cu(621) facet, the active slip lines are along the [178], [358] and
[374] directions, among which the [178] slip line is the most
active. For the Cu(821) facet, all four sets of slip lines guide the
growth of graphene, and the majority of graphene domains
are dominated by the [1910] slip line (Figure S5, Table S1,
Supporting Information).

DFT calculations were employed to understand the align-
ment of the graphene edges with the slip lines. Herein, a
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Figure 2. The determining role of slip lines in guiding the graphene growth. a) The formation of the slip-induced steps after the atomic rearrangements
along the (111)[101] direction. b) Schematic illustration of determination of the orientation of slip lines on FCC metal surface (1) and the corresponding
atomic model of the Cu(410) surface with the slip-induced steps and the intrinsic steps (Il). c—e) AFM images of graphene domains aligned with the
[145] (c), 145] (d), and [001] (e) steps on the Cu(410) facet. f) Schematic illustration of the graphene domains aligned with the [145], [145], and [001]
steps rather than the [143], [143] steps on the Cu(410) facet. g,h) Top (on the left) and lateral (on the right) views of Cu(410) substrates with the slip-
induced steps along the [145] (g) and [143] (h) directions and i) of a pristine Cu(410) substrate with the intrinsic step along the [001] direction. j) Binding
energies between graphene edges and Cu(410) substrates with different types of steps from DFT calculations.

typical Cu(410) substrate was chosen for general demonstra-
tion. The top and lateral views of Cu(410) substrates with slip-
induced steps along the [145] and [143] directions are shown in
Figure 2gh, respectively. The pristine Cu (410) substrate with
[001] steps is shown in Figure 2i. The binding energies between
the graphene edge and the Cu[145], Cu[143], and Cu[001]
steps are calculated to be 1.07, 0.98, and 1.01 eV A~!, respec-
tively (Figure 2j). For a nanoscale graphene island, the binding
energy differences among different steps will reach the scale of
several eV, which are sufficient to influence the alignment of
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graphene.'”] The strongest interaction between the graphene
edges and the Cu[145] steps (active slip line) accounts for their
leading role in guiding the crystal orientation of graphene.
Apart from the contribution of moderate binding energy,
the intrinsic Cu[001] steps are capable of guiding the graphene
growth owing to their large density. The Cu[143] steps are the
least favorable ones in terms of low binding energy and low
density compared with intrinsic Cu[001] steps. Therefore we
rarely see graphene islands along the Cu[143] steps in experi-
ments. On the Cu(211) facet, the Cu[011] steps have stronger
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Table 1. The crystal orientation of slip lines on typical crystal facets with
different Miller indexes.

Category Typical Slip line 13 Slip line 22 Slip line 33 Slip line 4
crystal facet
Basal facet (100) o1 [077] [077] [o771]
Basal facet m . [071] [107] [170]
Basal facet (110) [170] n12] 2] [170]
(hkk) (21) o] o1 [273] [237]
(hhk) (221) [170] [134] [374] [170]
(ko) (410) [143] [145] [145] [143]
(hkl) (431) [231] [257] [437] [457]

AThe slip lines 1, 2, 3, and 4 are formed by (111), (111), (171), and (171) slip
planes, respectively.

binding with graphene edges than that of the Cu[213] steps,
leading to the unidirectional growth of graphene (Figure S6,
Supporting Information).

The introduction of active slip lines well explains the orienta-
tion distribution of graphene on various metal facets, as shown
in Figure 3a and Figure S7, Supporting Information. In brief,
the unidirectional growth of graphene occurs on the metal
facets with one set of active slip lines, such as vicinal Cu(111)
(e.g., Cu(111), Cu(776), Cu(765), Cu(654), etc.), Cu(hkk) (e.g.,
Cu(533), Cu(211), etc.), and Cu(hhk) (e.g., Cu(332), Cu(331),
etc.) facets, as highlighted by the blue shadow in Figure 3a. On
the Cu(hk0) (e.g., Cu(410), Cu(430), etc.) or partial Cu(hkl) (e.g.,
Cu(621), Cu(431), Cu(821), etc.) facets, multidirectional growth
occurs with two, three, or even more dominant orientations,
which is attributed to the existence of multiple sets of active

a (111) b

(100)

4621 (431)

(821)4
(410) (430) (1090)

(100) (110)
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slip lines (red shadow in Figure 3a). In the multidirectional
growth cases, the edge orientation differences of the distinct
graphene domains also depend on the orientation differences
of corresponding active slip lines (Figures S5,S8, Supporting
Information).

The slip-line-guided growth principle was established based
on the above investigations, as summarized in Figure 3b. The
graphene domains tend to align with active slip lines pos-
sessing high binding energy with the graphene edges. I) On
Cu(hkk) or Cu(hhk) facets (excluding vicinal Cu(100) or vicinal
Cu(110) facets), the graphene domains grow unidirectionally
because one set of slip lines coincides with the close-packed
<110> directions; II) On Cu(hkO0) facets, the graphene domains
incline to grow multidirectionally with two major orientations
aligned along two sets of active slip lines and a small part
aligned along the (001) intrinsic steps. III) On Cu(hkl) facets,
the graphene domains may have one, two, or more dominant
orientations, depending on the number of active slip lines.
For example, vicinal (111) facets usually have one set of active
slip lines, while vicinal (100) and vicinal (110) facets have two
or more. Based on the geometric analysis of slip-induced
steps, the most probable orientation of graphene domains
on arbitrary metal facets can be conveniently identified by
selecting the active slip lines with the smallest deviation angle
with respect to the close-packed <110> or <211> directions
(Figure S9, Notes S1,S2, Supporting Information). Because
the binding energy between the graphene edge and metal
step is not simply linearly related to the deviation angle, slip
lines with relatively larger deviation angles may also guide the
growth of a certain proportion of graphene domains. A strict
and complete estimation requires a detailed calculation of the
binding energies on the given crystal facets.

&

Figure 3. The general orientation distribution rule of graphene grown on a variety of metal facets. a) The experimental orientation distribution rule of
the graphene grown on various Cu facets. The circle, square, and triangle represent one, two, and more than or equal to three dominant orientations,
respectively. The red and blue shadows denote the case of multi-directional and unidirectional growth, respectively. b) Schematic patterns of active
slip lines, inactive slip lines, and intrinsic <100> steps (highlighted by red, blue, and black dotted lines, respectively) on typical metal facets in IPF. The
crystal orientations of graphene domains (grey hexagons) are mainly determined by those of active slip lines.
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Figure 4. Engineering grain-boundary misorientation in bicrystal graphene. a) Schematic illustration of controlling the LM (6) of the GBs by the AS
angle @ on a specific crystal facet. b) Plot of ¢ and 6 as a function of & on Cu(hkO) facets. c) Schematic illustration of the theoretical AS angle ¢ on
the Cu(100), Cu(410), Cu(430), and Cu(110) facets. d) AFM image of bicrystal graphene with specific LM on the Cu(410) facet. €) Schematic of bicrystal
graphene formed on the Cu(410) facet in (d). The active slip lines in (c—e) are highlighted by red dotted lines. f) Corresponding SAED pattern of the

GB region with respect to the bicrystal graphene on the Cu(410) facet.

The slip-line-guided growth principle can not only direct the
epitaxial growth of single-crystal graphene films, but also tailor
the lattice misorientation of GBs in bicrystal graphene,[8-20]
which is important for both fundamental research and devel-
opment of novel nanodevices.2?! Intuitively, we can utilize
single-crystal Cu foils with at least two sets of active slip lines
as growth substrates, where graphene domains with differ-
ently designed orientations merge to form specific GB struc-
tures. In this case, the lattice misorientation (LM, 6) of the GBs
is determined by the included angle of active slip lines (AS
angle, @) and, ultimately, the Miller index of the metal surface
(Figure 4a). Given the sixfold symmetry of the graphene lattice,
the correlation between 6 and ¢ can be expressed as

6 = min{p,

¢—60°[},0 €[0,90°] @)

Adv. Mater. 2022, 34, 2201188
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In the case of Cu(hkO) facets, the four sets of slip lines
can be divided into two categories [u,v, £ wy] and [u,v, £ w,],
which correspond to two possible categories of AS angles
¢, and ¢@,, and two categories of LM angles 6, and 6,. Both
the AS angles and LM vary with the change in the deviation
angle 0 between Cu(hk0) and Cu(100) (Figure 4b; Table S2,
Supporting Information). Whether [u,v, £ wy] or [u,v, £ w,]
becomes the active slip lines can be roughly determined by
comparing their proximity to the <211>/<110> directions
(Table S3, Supporting Information), as distinguished by
regions with diverse colors in Figure 4b. Figure 4c further
elaborates the evolution of the AS angles with the variation
in the deviation angle & on the representative crystal facets
of Cu(100) (6 =0°), Cu(410) (& = 14°), Cu(430) (& = 36.9°), and
Cu(110) (8 = 45°).
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Based on the slip-line-guided growth principle, GBs with
LM angles of =21° and 11° were successfully constructed on
Cu(410) and Cu(430) foils, respectively. In detail, the active slip
lines on the Cu(410) surface are along the [145] and [145] direc-
tions, forming an AS angle ¢ = 79° and guiding the construc-
tion of the GB with 6 =19° (Figure 4d,e; Figure S10, Supporting
Information), which is very close to the value (21°) measured
by SAED characterization (Figure 4f). Analogously, the active
slip lines on the Cu(430) surface are along the [347] and [347)
directions, resulting in @ =71° and 6 =11°, which is consistent
with the SAED value (11°, Figure S1la—c, Supporting Informa-
tion). This strategy is also applicable to more general Cu(hkl)
surfaces. For example, the active slip lines on the Cu(431)
surface are along the [451] and [437] directions, resulting in
@ = 47° and 6 = 13° (SAED value = 10°, Figure S11d—f, Sup-
porting Information).

3. Conclusion

We have demonstrated the essential role of slip lines in
guiding the growth of graphene domains on metal surfaces.
The graphene domains tend to align with active slip lines,
which have a high binding energy with the graphene edge.
For practical applications, a geometrical criterion was pro-
posed to predict the possible crystal orientation of graphene
domains on arbitrary crystal facets. Under this guidance, the
controllable engineering of lattice misorientation angle of 2D
GBs was achieved on the designed metal facets. This work
deepens the fundamental understanding of crystal orienta-
tion control during 2D materials growth. Our findings could
inspire further developments in 2D GB engineering and lead
to reliable strategies to control the interlayer twist angles of
2D crystals via CVD.

4. Experimental Section

Preparation of Single-Crystal Cu Foils: The single crystal Cu foils with
a series of crystal facets were obtained according to our pre-established
method."]

Graphene Growth: Graphene was grown on single-crystal Cu foils with
a low-pressure CVD system. The as-prepared Cu foils were placed into
the tube furnace and then heated to 1020 °C under an 800 sccm flow
of Ar, then annealed at 1020 °C for 40 min under an 800 sccm flow of
H,. After annealing, graphene was grown on the surface of Cu foils for
2-10 min under an 800 sccm flow of H, and a 0.8 sccm flow of CH,.
During the whole CVD process, the pressure was kept at 2000 Pa.

Graphene Transfer onto TEM Grids: Graphene was transferred onto
TEM grids via a polymer-assisted method. The graphene/Cu sample
was first spin-coated with poly(methyl methacrylate) (PMMA) at
2000 rpm and then baked at 170 °C for 3 min to form PMMA/graphene/
Cu composite. Further, the Cu substrate was etched and removed by
Na,S,04 solution (1 mol L™). After being washed with deionized water,
the PMMA/graphene composite layer was subsequently picked up by a
TEM grid (QUANTIFOIL Holey Carbon supports). At last, PMMA was
dissolved by hot acetone.

Characterization: SEM (Thermo Scientific Quattro S), EBSD (AMETEK
EDAX DigitalView EBSD Camera in combination with EDAX’s TEAM,
under 20 kV), AFM (Bruker Dimension Icon with ScanAsyst mode),
TEM (FEI Tecnai F30 operated at 300 kV), and SAED (Gatan GIF994)
were employed to analyze the crystal orientation, surface morphology
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(slip lines) of the as-prepared Cu foils, as well as to character the crystal
orientation, grain morphology of the as-grown graphene domains.

Statistical Analysis: The statistical data of orientation angle of
graphene domain were measured with SEM images, and then presented
in the form of a statistical histogram. The horizontal right direction
in the SEM image is designated as the reference orientation (0°). The
counterclockwise and clockwise rotations with respect to the reference
orientation are designated as positive and negative orientations,
respectively. The sample sizes of Figure 1d,g and Figure S8af,
Supporting Information are 223, 488, 278, 331, 267, 281, 177, and 350,
respectively.

Calculations of Binding Energies: To acquire reasonable configurations
of the slip lines on Cu substrates, the atomistic models were first
optimized by molecular dynamics (MD) simulations before DFT
calculations. The interactions between Cu atoms were described by
EAM potential.?Z The models of the substrates were relaxed in NPT
ensembles at 300 K with zero pressure. Periodic boundary conditions
were applied in the Cu(410) plane. The time step is assumed to be
1 fs and the configurations shown in Figure 2g—i were acquired after a
relaxation of 50000-time steps. All the MD simulations were performed
using the LAMMPSIZ3] package and visualized through Ovito.?¥l Then
DFT calculations for the binding energies between the graphene edges
and the surface steps of Cu(410) substrates were performed using
the Vienna Ab initio Simulation Package code.?>?¢l The projector
augmented wave pseudopotentials?’?®l and the generalized gradient
approximation of the Perdew-Burke-Ernzerhof functional®3% are
used. The DFT-D3 van der Waals density functional was used for the
corrections of the interlayer van der Waals interaction. A plane-wave
basis set with a kinetic-energy cut-off of 520 eV was used for all the
interaction calculations. Periodic boundary conditions were applied
in the two in-plane directions for all the calculations conducted here.
Structural relaxations were performed through a conjugate-gradient
algorithm until the atomic forces converged to 0.01 eV. The Monkhorst—
Pack grids of k-points were 4 x 1 x 1 for all three kinds of substrates in
Figure 2.87 The binding energy Ey;nding between a graphene edge and a
Cu step is defined as

Eiotal —Ecu —E
Ebinding = — ot LCu = (2)
where Ec,, Ec, and Eyy refer to the energies of the Cu substrate,
graphene ribbon, and the total energy after binding, respectively. L is the
length of the graphene ribbon.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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