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Large-Area Single-Crystal Graphene via Self-Organization

at the Macroscale

Huy Quang Ta, Alicja Bachmatiuk, Rafael Gregorio Mendes, David |. Perello, Liang Zhao,
Barbara Trzebicka, Thomas Gemming, Slava V. Rotkin,* and Mark H. Riimmeli*

In 1665 Christiaan Huygens first noticed how two pendulums, regardless of
their initial state, would synchronize. It is now known that the universe is
full of complex self-organizing systems, from neural networks to correlated
materials. Here, graphene flakes, nucleated over a polycrystalline graphene
film, synchronize during growth so as to ultimately yield a common crystal
orientation at the macroscale. Strain and diffusion gradients are argued as
the probable causes for the long-range cross-talk between flakes and the
formation of a single-grain graphene layer. The work demonstrates that
graphene synthesis can be advanced to control the nucleated crystal shape,
registry, and relative alignment between graphene crystals for large area,
that is, a single-crystal bilayer, and (AB-stacked) few-layer graphene can been

grown at the wafer scale.

The development of chemical vapor deposition (CVD) for syn-
thetic single-crystalline graphene at the wafer-scale without
grain boundaries between graphene domains, which, otherwise
leads to the degradation of the graphene’s electrical, thermal
and mechanical properties, is vital. Thus far, two approaches
have been exploited to obtain single-crystal graphene at the
wafer-scale. The first strategy involves reducing the nucleation

density to grow a “giant” single domain
of monolayer graphene. Such a process
requires a complex substrate pretreatment
which includes annealing at high tem-
perature,"?l polishing and oxidizing.>
The main drawbacks of this strategy are
that the growth process usually requires
a long reaction time and can be easily
terminated Dby self-limited growth. The
second strategy involves the unidirectional
alignment of multiple graphene domains
which coalesce to form a monocrystal-
line graphene layer over substrates which
are either in a single-crystal phase or
liquid phase. In the case of single-crystal
substrates, hydrogen-terminated germa-
nium (110),P! copper (111) surfacel® and
hexagonal boron nitride (h-BN)! have been demonstrated to
work successfully. The underlying mechanisms are due to epi-
taxial growth on a low lattice mismatch substrate with that of
graphene, for example, Cu (111) and h-BN, or, the presence of
a step-pattern in Ge (110)®! which influence the co-alignment
of the graphene domains during growth. Other examples of
epitaxial growth are over Ni (111) by CVD! and also by SiC
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Figure 1. Schematics showing large-area single-crystal graphene growth steps from early grown secondary graphene flakes self-aligning over a poly-
crystalline graphene base. Secondary layer flakes all nucleate as randomly oriented AB-stacked hexagons initially (a). These flakes rotate (b) to form
global self-alignment with respect to each other, overriding the underlying polycrystalline graphene orientations (c). As they grow larger these twisted
flakes acquire more complex (fractal-like) shapes (c,d), which strongly correlates with the stacking rotation (twist) angle with respect to the underlying
graphene. The self-aligned flakes merge as they grow to yield a large-area single-crystal graphene domain, namely, grain boundary free (e) on top of

the polycrystalline graphene base.

sublimation.’! In an alternative method,™ when Cu is in a
liquid phase (amorphous form), graphene domains form in an
isotropic shape (circle) with mixed edges (sawtooth-like) which
exhibit high activity. During coalescence, the orientation of
adjacent grains can easily adjust to match each other when over
a liquid Cu surface. The driving force is attributed to the energy
minimization at the stitched region. Zeng et al.l'? reported the
self-assembly and alignment of graphene domains with a reg-
ular facetted shape (hexagon) over liquid metal surfaces.

In this work, we examine flakes forming over a contiguous
polycrystalline graphene layer [Stranski—Krastanov (SK) growth)]
by chemical vapor deposition (CVD). We show the remarkable
and ubiquitous self-alignment of secondary graphene domains
after nucleation during SK growth over millimeter areas over
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an initial base layer of polycrystalline graphene, namely, large-
area single-crystal graphene forms over a polycrystalline
substrate. The steps in which the early grown secondary
graphene flakes self-organize at the macroscale enabling
large-area single-crystal graphene to form are shown in Figure 1.
Extensive statistical analysis shows that the nucleating sec-
ondary graphene domains always initially form as hexagons,
presumably due to epitaxial considerations. The as-nucleated
flakes initially adopt an AB (Bernal) stacking with the underlying
graphene. Due to the random orientation of the primary layer
domains, these flakes are also randomly aligned on the scale of
a wafer. Yet, astonishingly, at a later stage of growth many flakes
rotate to form a twisted bilayer configuration (which is a less
favorable stacking configuration) in order to self-align globally,

© 2020 The Authors. Published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

and in doing so, the secondary domains continue growth,
adopting a fractal-like shape. Thus, global alignment between
secondary flakes dominates over the (non Bernal) stacking
energy penalty, similar to that found with graphene growth over
liquids in ref. [12]. Nucleation and formation of further layers
above the self-aligned secondary domain automatically produce
a new AB-stacked single-crystal lattice. Tertiary flakes already
aligned at the nucleation stage, then merge to form a single-
crystal AB-stacked tri- or few-layer graphene film.

The rotation of secondary flakes seems counterintuitive, yet
the facts show that the flakes self-align their crystal orienta-
tions over the mm range and continue synchronized growth to
ultimately form large-area single-crystal graphene (Movie S1,
Supporting Information) without grain boundaries, as we now
present.

Details of the SK growth of graphene are provided in the
methods section and in more depth (for example aspects of the
CH,/H, ratio) in reference.3] Very briefly, to achieve SK growth,
relatively high CH, to H, gas ratios are implemented in a chem-
ical vapor deposition (CVD) process. The SK growth mode is a
two-step process in which initially complete films of adsorbates
form after which synthesis continues through nucleation and
growth of adsorbate “islands” over the initially formed film. In
this study, the SK growth of graphene is rapid and an initial full
coverage of polycrystalline monolayer graphene forms over the
Cu substrate in a matter of seconds. New secondary graphene
flakes (islands) then nucleate above the fully grown initial gra-
phene film.8] Moreover, we observe that the nucleation of
AB-stacked secondary graphene domains occurs in a temporal
pulsed (on/off) manner. Samples were prepared and collected
for 3, 5 and 7 s with an average growth rate of the order of 0.5 +
0.1 um s7! (flake radius). Scanning electron microscopy (SEM)
has been combined with Raman microscopy, dark-field trans-
mission electron microscopy (DF-TEM), and selected-area elec-
tron diffraction (SAED) to unambiguously identify and correlate
the twist and/or orientation angle and the shape of the flakes as
well as to collect shape (reflecting twist angle) statistics for large
number of flakes over a big surface area.

Electron backscatter diffraction (EBSD) studies confirmed
the secondary flakes form above the initial graphene film.[3! In
short, previous studies have reported that for graphene growth
over Cu(111) faces, the graphene always nucleates with a hex-
agonal shape. Moreover, the independent flakes are all oriented
with respect to each other, so that when they merge, no grain
boundary forms between the domains.l! This is due to the
low lattice mismatch (4%) of graphene with the Cu (111) face
which has strong influence on the growth. In the case of other
Cu faces, the graphene domains are non-hexagonal.’l With this
fact in mind we can carefully examine the flakes formed in
our graphene (SK growth), such that if our bilayer flakes grew
under the first layer and resided on a Cu(111) face, then they
must be influenced by the Cu substrate leading to the forma-
tion of only hexagonal flakes. However, in this study, even on
Cu (111) faces, we see a mix of hexagonal flakes and flower-like
flakes. This tells us, that in our case, the bilayer flakes are not
influenced by the Cu (111) surface and, thus, form on top of the
surface of the initial graphene layer.l"’!

The SEM data showed that the flake edges exhibit various
morphologies, however they all comprise a 6-fold symmetry
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shape with six or twelve lobes. We found the morphology corre-
lates with the bilayer twist angle, which allows for quantitative
statistical analysis of flake orientations.™

For all flakes, the 6-fold symmetry allows one to define a
flake axes. Remarkably, Figure 2-I shows that these axes align
over the entire substrate which is 5 x 5 mm, namely, crystal
alignment occurs over the mm range. This is all the more
astonishing given that the underlying monolayer graphene film
is polycrystalline and randomly oriented (since the Cu sup-
port is also polycrystalline it should not help the alignment).
Figure 2-1I demonstrates reproducibility studies for a number
of samples and shows that the orientation does not depend on
the gas flow direction.

The lobe/corner alignment of the flakes occurs for well over
90% of all flakes. Alignment distortion at the macroscopic level
can vary up to 7° which we attribute to distortions from the
transfer process.

Although Figure 2 provides an explicit visualization of the
aligned growth phenomenon, defining a flake’s axial direction
could be ambiguous for a flake with a complex shape and can
be used for determining the global alignment only qualitatively.
Thus, we combined SEM with transmission electron micro-
scopy (TEM) studies to quantitatively confirm that the flakes
align both in terms of lobe/axis orientation and crystal orien-
tation, even though they grow over grains of different orienta-
tions in the underlying polycrystalline graphene film. Figure 3-I
and Figure S1, Supporting Information, show relevant sections
of the SEM images collected using TEM and then stitched
together. Furthermore, DF-TEM confirms that the crystal align-
ment occurs in all flakes, across different grain boundaries with
different stacking orientations (Figures S1 and S2, Supporting
Information). In depth analysis of the DF-TEM data show that
the majority of the flakes are single crystalline (Figure S5, Sup-
porting Information). With TEM we track the crystal orienta-
tions of the secondary flakes and the underlying polycrystalline
graphene over the mm scale (Figure 3-II and Figure S3, Sup-
porting Information). The reflexes from the Fourier domain,
namely, SAED, provide the exact orientation angle. The data
show a common crystal orientation for all flakes (Figure 3) over
the mm scale despite a polycrystalline monolayer graphene
substrate (Figures S3 and S4, Supporting Information). The
overall data (from SEM, DF-TEM, SAED and micro-Raman)
confirm that the global crystal alignment of the flakes is inde-
pendent of their registry with the underlying graphene. This is
a key point and is one which we build on next.

To gain further insight into the alignment the relationship
between the flake shapes and their stacking to the underlying
graphene film was investigated. As shown in Figure 4-I and
Figures S6-S8, Supporting Information, the most apparent cor-
relation is that between the geometrical shape (faceting) of the
flake (as seen in SEM or micro-Raman) and twist angle (from
SAED and DF-TEM). Small twist angles are always observed
in regular hexagonal flakes, while the complexity of the flake
shapes increases and their perimeter becomes more fractal-like
as the twist angle increases (Figure 4-I; Figures S6-S8, Sup-
porting Information). As depicted in Figure 1, all secondary
flakes nucleate with zero twist angle with respect to the gra-
phene grain underneath, and are, thus, only aligned within a
single grain domain. Upon global alignment, discussed later in

© 2020 The Authors. Published by Wiley-VCH GmbH
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Gas flow axis

Figure 2. 1) Example showing long range axes orientation of graphene crystals over large-scale (macroscopic) polycrystalline graphene (grown together
by Stranski—Krastanov growth in CVD). a—e) SEM images taken in different positions from the same sample showing the long-range alignment of
graphene flakes; scale bars = 10 um. We observed that 93.6% of all the flakes are aligned with angle variation of =7° at the macroscopic level. f-h)
SEM images of flake alignment at higher magnification. Scale bars = 2 um. 11) Reproducibility of self-alignment: SEM images of different samples all
demonstrating global alignment. No alignment with respect to the gas flow axis is observed (note: the gas axis is the same as the long axis of the CVD
reactor tube). The inset in (c) shows the Cu foil placement within the reactor tube. All scale bars =10 um.

more detail, flakes acquire non-zero twist angle with respect to
their parent grain, thus their further growth becomes diffusion
limited and anisotropic, producing a dendritic edge for large
twist angles.

Micro-Raman, while less accurate than the SAED technique
to track flake orientation, does enable a larger number of flakes
to be observed for superior correlation analysis (Figure S8, Sup-
porting Information). Exploiting the dependence of the Raman
G band (<1580 cm™) and 2D band (<2670 cm™) with respect to
twist angle, one can broadly classify bilayer graphene into three
different types; close to AB stacked with relative rotation angles
of 0-5° (A-type flakes), close to “critical angle”™ 7-14° (B-type

Adv. Mater. 2020, 32, 2002755
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flakes), and heavily twisted t-BLG, 17-30° (C-type flakes).'31>16]
A statistical analysis of the different flake shapes and their rela-
tive stacking angle window from Raman spectroscopy is pro-
vided in Figure S6, Supporting Information, for samples with
growth times of 3, 5and 7 s.

Knowing the relationship between the shape and twist angle
(see Figure 4-1), the SEM data allow one to study the kinetics of
the process. For the shortest synthesis period of 3 s, only four
flake shape categories can be identified: a pure hexagon shape
occurs for a twist angle of 0° (Bernal graphene) which we label
A*; and three structures that we label Al1*, B*, and C*, with
respect to their ever increasingly complex edge morphology;

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. 1) a,b) Grain mapping of graphene flakes over a poly-crystalline graphene film by DF-TEM (stitched together due to the limited field of view
at higher magnifications in TEM). The data show that the graphene flakes are oriented/aligned independently of the crystal direction of the underlying
graphene film. The red arrows with the numbers in the yellow boxes indicate the orientation of the underlying graphene film grains with respect to the
orientation of grain A. The blue arrows with a blue number indicate the orientation of a given secondary flake with respect to the orientation of grain
A. Scale bar is 5 um. Il) SAED data collected over the mm scale showing a common graphene domain orientation of bilayer flakes. SAED mapping
over large area [millimeter scale as shown in (a)] showing that all the bilayer flakes have the same domain orientation (This is confirmed by comparing
the data in Figure S3, Supporting Information, showing the base layer polycrystalline graphene grain orientations. Figure S4, Supporting Information,
confirms the base layer is monolayer). Scale bar is 1 mm N.B. Small variations in the orientations can be seen (£2°), which we attribute to wrinkling

due to the transfer process.

which correlate to increasing twist angle of 2-5°, 7-12°, and
17-28°, respectively. For the samples from longer CVD reac-
tion times (5 and 7 s), six shape categories were identified: A,
Al, B, B1, C, and Cl, from a hexagonal shape at 0° to more
complex fractal-like structures as the rotation angle increases.
In particular, C1 and C have 12 clear lobes present. The data
highlight that with increasing reaction time the partition is
shifted towards twisted bilayer flakes. Visually, larger number
of flakes evolve to have a more complex perimeter and this edge
complexity (and lobe number) is greater for the larger twist
angle between the flake and its primary (parent) grain. Despite
the complexity of the flake shapes one can always determine
their symmetry and orientation [Figure 4-II(a—c)], and, thus,
define the global alignment axis

Adv. Mater. 2020, 32, 2002755
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The statistical data also include cases when a particular flake
is comprised two (or more, rarely) shapes/twist angles, easily
observable from micro-Raman maps of the 2D to G mode
intensity ratio. Examples from 3, 5, and 7 s samples are pro-
vided in Figure S8, Supporting Information, along with the
SEM images of the same flakes. Such compound flakes should
correspond to (occasional) close nuclei over two parent grains,
merged together.

From the SEM (and micro-Raman) data we extract informa-
tion on the growth rate of the flakes of different shapes/twist
angles (Figure S9, Supporting Information): the average dis-
tance between flakes, the flake density, the average radius and
the area of the flakes with respect to the CVD reaction time
(3, 5, 7 s). The growth rate decreases with increasing reaction

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. 1) Flake shape correlation to its twist angle with respect to the underlying graphene. The top row shows the shape types (families) for flakes
grown in 3 s. They are divided into four categories A*, Al*, B*, C* from low to high rotation angle. The bottom row shows the six shape (family) cat-
egories of flakes grown in 5 and 7 s. Note: Only four discernable categories are found for 3 s growth because after rotation the non-hexagon flakes have
had insufficient growth time to clearly present dendritic structures. All scale bars are 2 um. Il) Typical examples showing how one can determine the
symmetry and orientation (axis) for different flake shapes for A type (a), B type (b), C type (c). d—e) SEM images showing examples of the non-aligned
new-born hexagonal flakes prior to rotation [marked in red arrows against the dominant (global) alignment direction in blue arrows]. The scale bars
in (a—c) are 2 um and in (d—e) are 5 um. Ill) Size/shape distribution of single-crystal graphene flakes (from SEM data) for different growth times.
(a—d) show the distribution for the four shape categories after 3 s growth. (e—j) and (k-p) show the distribution for the six shape categories for flakes
grown over 5 and 7 s growth, respectively. With longer growth times multiple peaks in growth distributions can be seen indicating pulsed or discrete
nucleation. Only hexagons (shape type A) show a non-vanishing distribution at a very small size indicating all flakes nucleate as hexagons.

time which is reflected by a relative change in the rate of the  shape as follows: A > B > C, the more complex the flake shape,
average distance between flakes, radius and area (Figure S9c,d,  and hence the larger the perimeter, the slower the growth rate,
Supporting Information). The growth rates depend on the flake  which would support a diffusion-limited growth mechanism. The
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flake density (Figure S9b, Supporting Information) increases
with reaction time and this indicates that new nucleation of
flakes takes place throughout the reaction. Moreover, nuclea-
tion of new flakes occurs in a temporal discrete manner. In
Figure 4-I1I(a—p), we present the flake size distribution in
terms of shape category (A, Al, B, B1, C, and C1),for the reac-
tion growth times larger than 3 s multiple peaks are seen in
the distribution function. Although smaller than the main
peak, coming from initial nucleation, these peaks are distinct
and follow the same growth rates as the majority of flakes
[Figure S9d (inset), Supporting Information).

The size distribution data [Figure 4-I1I(a—p)] show that only
shapes of type A, namely, hexagons exist close to zero which
indicates that all flakes initially nucleate as hexagons (Bernal
stacking with respect to the under layer) and therefore a single
rotation to form a twisted bilayer configuration occurs post
nucleation.

Since the data in Figure 4-111(a—p) suggests all flakes nucleate
as AB-stacked hexagons and we know the bottom layer is poly-
crystalline with random grain crystallographic directions, then
we should be able to find small hexagon flakes that follow the
parent grain orientation and are not aligned with the majority
of those that nucleated earlier and have already synchronized
their orientation to the global axis; we observe small hexagonal
flakes not aligned with the global flake alignment axis. Such
flakes are shown in Figure 4-II(d,e) and Figure S10, Supporting
information. Moreover, these newly nucleated hexagon flakes
are AB stacked as confirmed in Figure S11, Supporting Infor-
mation. This indicates that growing hexagons rotate affer nucle-
ation to align with a single (global) flake alignment direction.
The size of the hexagonal flakes not aligned to the global orien-
tation are less than 1-3 um in diameter. One can safely assume
that the upper size limit for rotation is close to this value as, in
general, we do not see larger misaligned flakes. We attribute
this to the thermally activated rotations becoming frustrated as
the flake sizes increases due to the increased rotational friction.
The flakes become aligned along the global axis, leading to a
twisted registry with the supporting grain, with the twist angle
depending on the grain lattice orientation. The twist angle
determines the anisotropy of further growth, during the post
rotation stage, and the edge shape as explained below.

A more comprehensive statistical evaluation of the different
flake shapes (Figure S12, Supporting Information) shows that
the most common shape for single-crystal flakes is the hexagon
(A/A1) followed by C1/C2 which is close to 30° twist. The same
pattern is also true for the flakes of mixed shape, and in keeping
with the above, flakes combining A/A1 and C/C1 shapes domi-
nate. This is consistent with polycrystalline support layer
having grains of two major orientations at =30° to each other.
Interestingly, the second energetically preferred twist registry
from CVD grown graphene tend to have twist angles between
20° and 30°,7) which matches our statistics of C-type flakes.

The dominance of the A type shape means that, while the
major contribution to the free energy is due to the global align-
ment of the flakes, the overall global axis is along the domi-
nant orientation of the grains in the polycrystalline substrate.
Indeed, the AB-stacked bilayer graphene configuration is ener-
getically and kinetically preferred (cf. all flakes nucleate as hexa-
gons). One can consider this to be the equilibrium graphene
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shape under our CVD conditions, commensurate with the
underlying graphene film. Upon rotation though, the registry
between the flake and underlying film is altered, increasing the
external chemical potential, ., (the internal chemical poten-
tial, f4,, remains constant). An increase in the total chemical
potential, = t; + Uy may lead to finger formation (fractal-like
structure) on a growing flake by changing the growth kinetics
toward a slower rate.®21 The actual value of u will depend on
the relative orientation and anisotropy of the surfaces. More-
over, the larger perimeter of increasingly fractal-like structures
will lead to even slower growth, as compared to hexagons and
less fractal-like shapes, in agreement with our experimental
observations.

As mentioned above, nucleation and initial growth lead to
formation of hexagons with AB stacking with respect to parent
graphene grains (confirmed by the micro-Raman, SAED and
DF-TEM). Orientations of such hexagons would be consistent
over a single grain domain and randomly distributed on a large
scale. Since large size flakes, in addition to hexagons also show
fractal-like shapes (with non-zero twist angle), and all flakes
have the same orientation, the only possible explanation is that
some hexagon flakes rotate in the early stages of growth into a
twisted-angle globally aligned configuration, and then adopt a
fractal-like shape (with lobes) because of the anisotropic growth
conditions. The SAED and DF-TEM data provide the actual
crystal orientation of both the secondary flakes after rotation
and that of the graphene substrate, globally. The data show
a full synchronization of all flakes across the mm range. We
speculate that this synchronized growth is the reason for the
re-orientation of small flakes. We assume these flakes experi-
ence thermal orientation fluctuations around a preferred global
axis until frozen at a given size when the thermal energy drops
below the rotational friction threshold. The all-synchronized
flakes grow, depending on local twist registry, either still in hex-
agonal shape (most favorable configuration), or in fractal shape,
until they start to merge in to a complete second layer.

In Figure 5, a group of at least three secondary flakes merge
over three independent primary grains with different orientations
from the base graphene. The data show the merged flakes form
a large single-crystal piece of graphene without grain boundaries.
This large single-crystal secondary grain lies across three dif-
ferent primary grain orientations of the base polycrystalline
graphene. Hence, for longer growth periods these flakes would
merge with other synchronized flakes to form a single-crystal
(secondary) graphene layer over the whole sample (as confirmed
in Figure 6 and in section B with Figures S13 to S23, Supporting
Information). Moreover, new flakes forming over secondary
large-area single-crystal graphene (in turn formed over the poly-
crystalline base layer) will all have the same (Bernal) orientation
when as-nucleated. The DF-TEM (as shown in Figure 5e) shows
that tertiary hexagon crystals are fully aligned. This demon-
strates that the technique, aside from yielding large-area single-
crystalline graphene, can also yield large area AB-stacked bi-, tri-,
and multi-layer Bernal graphene.

From this remarkable synchronization process the key
question remains; what is/are the driving force/s to rotate the
secondary layer flakes that aligns their lobes and more impor-
tantly, aligns them to a single common crystal orientation
over very large ranges? At this stage it is not obvious what the

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Typical example of common alignment of secondary (and ternary) flakes over a polycrystalline graphene substrate. a) Stitched scanning
transmission electron microscopy (STEM) image of SK-bilayer graphene transferred on to a lacey carbon TEM grid. Changes in contrast reveal bi- and
trilayers over the underlying base graphene. b) STEM image with false color to highlight bilayer regions. c) Stitched DF-TEM images overlapping the
STEM image confirm that the merged bilayer graphene piece is a single crystal, and trilayer graphene flakes above are AB-stacked with respect to the
single (bilayer) piece below. Labels 1, 2, and 3 represent SAED measurement (aperture) regions (red circles highlighted in the image). The red lines
in the SAED inset represent the common crystal orientation of the bilayer graphene. The red circles in the SAED insets indicate the position of the
objective aperture for DF-TEM mapping. d) Stitched DF-TEM images overlapping a STEM image confirming the polycrystallinity of underlying graphene.
The single-crystal bilayer graphene from various merged flakes) cross over three grains from the underlying base graphene. The pink, white, and blue
circles in SAED highlight the crystal orientation of underlying graphene grains 1, 2. and 3, respectively. e) Magnified image of stitched DF-TEM from
green dashed box in (c) for detailed observation of the single-crystal bilayer graphene crossing over various grains from the underlying graphene. f)
A simple schematic to describe the structure of layers and their crystal orientation (one color corresponds to one crystal orientation). The green, dark
green, and yellow arrows indicate the crystal orientation of the first, second and third layer, respectively. Inset shows the cross-section from the white
dashed line. Scale bars are 2 pm for (a—d) and 1T um for (f).

underlying mechanism is, however, we can postulate some
ideas. We begin with mechanisms we can rule out, namely, the
formation of a macroscopic electrostatic field to align the flakes,
since our polycrystalline Cu foil over which the graphene film
and subsequent flakes form is conductive and so would screen
an electrostatic potential at a distance of around one nanom-
eter. Alignment due to macroscopic gas flow can also be ruled
out since our studies show there is no correlation of the align-
ment axis and the gas flow direction. In addition, anisotropy
in adatom diffusion constants due to the crystal orientation of
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underlying graphene must be neglected since the polycrystal-
line graphene film does not have a single orientation and, in
addition, this would contradict our observation of the align-
ment process occurring at a global level, even across grain
boundaries. One possible mechanism could rely on an adatom
diffusion gradient which could arise along the dominant orien-
tation (in terms of cumulative surface flake area) of the initially
formed hexagonal flakes (base shape A). This direction might
be then related to the dominant grain orientation of the first
layer graphene film (and ultimately the dominant grains of the

© 2020 The Authors. Published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

Figure 6. |) Time evolution of bilayer graphene growth. a—d) SEM images showing time dependent growth of bilayer graphene from small islands at
3's (a) to full coverage at 15 s (d). e-g) SEM images at lower magnification of the 15 s growth time. I1I) SAED data collected over the mm scale from
full coverage bilayer graphene (15 s growth time) showing a common graphene domain orientation of bilayer graphene. SAED mapping over large area
[millimeter scale as shown in (a)] showing that all the measured bilayer areas have the same domain orientation (b-l). For (e) and (k) the intensity
profiles over the [1010] and outer [1120] reflexes are presented as the graphene is AB stacked in these regions. The larger intensity of the outer [1120]

reflexes confirms bi-layer graphene. Scale bar is 1 mm.

Cu substrate), namely, epitaxial aspects between the underlying
graphene and the bilayer flakes dictate the prevailing diffusion
gradient direction that defines the global axis. Should the flakes
have strong and anisotropic interactions, the synchronization
could emerge spontaneously, as an order parameter in phase
transitions—which is an intriguing possibility. We note that
the flake statistics indicate that the nucleation and/or growth
are discrete (pulsed in time). Therefore, it could be that during
periods of intense growth the adatom concentration (and flux)
fields are much larger and fluctuate strongly (non-uniform),
thus producing substantial synchronization over macroscopic
areas. Additionally, the nucleation of tertiary flakes above the
main flakes (which are experimentally observed, e.g., Figure 2)
may disturb the growth. Indeed, before a tertiary flake is
formed, the whole top surface of secondary flake may collect
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the carbon stock from the gas phase and contribute to flake
growth, along with the open area outside the flake. The ratio
of the (local) flux of add-atoms from flake surface (flake flux)
to the external (primary) flux on the underlying graphene sub-
strate increase with growth time, until the tertiary flake nucle-
ates. The local flux contribution from the flake surface could
overcome and destroy the global lobe alignment synchroniza-
tion derived from the primary flux of C species on the graphene
substrate outside the flake. Once the third layer nucleates,
the surface flux would not contribute much to secondary flake
growth, rather being consumed by the tertiary flake. Then the
flux of primary flakes returns to a stage similar to that found
before, right after the secondary flake formation and thus the
creation of the global alignment order derived from local inter-
flake interactions would continue. In this way, the nucleation of
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new secondary flakes would also occur in a discrete manner (as
observed). In short, variations in the partial fluxes could account
for both the synchronized alignment and pulsed nucleation of
new flakes. Strain may also play a role in the synchronization
process. Strain from the underlying graphene could lead to a
diffusion gradient or anisotropic concentration of adatoms. It is
well known that graphene in seeking to be as commensurate as
possible with the underlying substrate (copper in our case) will
stretch or compress depending on the underlying crystal struc-
ture. Of course, in this work the underlying Cu is polycrystal-
line and so the local strain varies depending on the underlying
Cu grain orientation, however, that said, one could envisage a
net strain forming globally on the graphene film which in turn
alters the commensurability of the graphene flakes growing
over its surface. This process would depend on the size of the
flake such that for very small flakes the influence of strain is
limited and commensurability will be closer to that of AB
stacking with the underlying graphene. As the flake grows, the
effect of lattice distortions in the underlying graphene film will
be more pronounced as the interaction area is larger such that
eventually a growing flake instantly rotates to release the stress.
We cannot exclude that the flake-to-flake interactions can be
facilitated by thermal phonons (at high synthesis temperature)
or, given, both the Cu and graphene substrate are conductive,
by plasmons (with or without charge exchange). It may also be
true that both strain, potential and diffusion gradients play a
role simultaneously enabling the long-range cross-talk (syn-
chronized alignment) between flakes which is experimentally
observed.

In summary, we have shown that CVD-grown graphene
crystals forming over a graphene substrate during Stranski—
Krastanov growth always nucleate as hexagons and in the
lowest energy stacking configuration, namely, Bernal stacking.
However, most of these new (secondary) crystals have a ten-
dency to rotate and adopt a common crystal alignment after
nucleation and initial growth. Since the initial polycrystalline
graphene has grains of multiple orientations, a sub-population
of secondary flakes becomes non-AB-stacked (twisted). Sub-
sequently, some of the secondary crystals adopt a fractal-like
shape since the surface potential between the graphene film
and crystal increases upon misorientation. The complexity of
the fractal-like shape thus correlates with the stacking twist
angle between the flake and the underlying graphene. Remark-
ably all the graphene crystal flakes align their lobe and crystal
orientation globally over the mm scale regardless of their shape
or twist angle/registry with the underlying polycrystalline gra-
phene. We conclusively show how this synchronization process
allows for large area single-crystal graphene formation over a
polycrystalline base/substrate. Moreover, subsequent layer for-
mation yields AB-stacked graphene. The synchronization pro-
cess of the secondary graphene flakes, we hypothesize, is due
to (global) strain and/or fluctuation potential and/or diffusion
gradients. The observations shown in this work provide aston-
ishing insight into graphene formation and demonstrate global
cross-talk between growing graphene crystals is possible and
could pave the way for advanced synthetic graphene (and other
2D materials) procedures in terms of crystal shape, registry and
relative alignments between graphene crystals at the macro-
scale and large-area single-crystal 2D material fabrication.
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Experimental Section

CVD Growth: Stranski—Krastanov-like graphene was synthesized using
an atmospheric pressure CVD system over polished copper with methane
(99.999%) as the feedstock. In the CVD system, the reaction takes place
in a horizontal quartz tube of length 75 cm and diameter of 5 cm. In
order to obtain a flat substrate, a 100 um thick copper foil (from Nilaco,
99.96%) was pre-annealed at 1060 °C with 1000 sccm Ar and 200 sccm H,
for 2 h, then polished using a chemical mechanical polishing method.™l
The polished copper was then loaded in the chamber and heated up to
1060 °C in 40 min with constant flow of 1000 sccm Ar and 200 sccm H,.
After reaching 1060 °C, the copper foil was annealed for 1 h with the same
gas flow. During the growth process, H, was reduced to 70 sccm and CH,
was set at 30 sccm while Ar was maintained at 1000 sccm. For the CVD
growth of SK-like graphene, reactions times of 3, 5 and 7 s were applied
(the growth time was controlled by measuring time between switching
on and off the CH, and H, mass flow controllers. After the reaction, the
CH,4 and H, flows were shut down and the sample was cooled to room
temperature in Ar and then removed.

Graphene Transfer. After growth, a poly(methyl methacrylate)
(PMMA) solution (950 k C4,) was spin-coated on the graphene/Cu at
1000 rpm for 60 s to protect the graphene film during transfer process.
The sample was floated in copper etchant (CE-100, Transene) for
=30 min to etch the Cu substrate. The PMMA/graphene layer was rinsed
thoroughly in deionized water several times and then transferred onto
an SiO, (300 nm)/Si wafer. After drying in an oven (80 °C in 10 min), the
sample was dipped in acetone for 2 min to remove the PMMA. For TEM
characterization, the same process was also used for a transfer onto a
lacy carbon grid.

Characterization: A confocal Raman CRM 200 (Witec, Germany)
with 100 x lens (Olympus, N.A. 0.9) and =1 mW power from 532 nm
excitation laser was implemented for Raman spectroscopy and mapping.
For SEM characterization, a field emission scanning microscope JSM-
7600F (JOEL, Korea) at 15 kV was used. A FEI Titan cubed image Cs
corrected TEM with an acceleration voltage of 80 kV was used for TEM
image, DF-TEM image, and electron diffraction patterns acquisition.
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