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Self-organized graphene crystal patterns

Bin Wul?, Dechao Geng1’3, Zhiping Xu?, Yunlong Guol, Liping Huangl, Yunzhou Xuel, Jianyi Chen!,

Gui Yu! and Yungi Liu!

The phenomenon of ordered pattern formation is universal in nature but involves complex non-equilibrium processes that are
highly important for both fundamental research and applied materials systems. Among countless pattern systems, a snowflake
is possibly the most fascinating example offered by nature. Here, we report that single-layered and single-crystalline graphene
flakes (GFs) with highly regular and hexagonal symmetric patterns can be grown on a liquid copper surface using a CHy
chemical vapor deposition (CVD) method. The different morphologies of these GFs can be precisely tailored by varying the
composition of the inert gas/H, carrier gas mixture used to produce the GFs, and the GF edges can be continuously tuned

over the full spectrum from negative to zero to positive curvature in a controllable way. The family of GF crystal patterns is
remarkably analogous to that of snowflakes, representing an ideal two-dimensional (2D) growth system. Pattern formations from
compact to dendritic GFs can be explained by the continuous modulation of the competition between adatom diffusion along

island edges or corners and surface diffusion processes.
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INTRODUCTION

Self-organization into ordered patterns is ubiquitous in nature and
involves a transition from disordered building blocks to ordered/
crystalline assemblies. In addition to the most thermodynamically
stable structure, a system of many particles can adopt various
metastable structures as aggregate forms in non-equilibrium pro-
cesses, depending on various thermodynamic variables, and the
transport of materials and energy in the system. The ability to control
pattern formation and a better understanding of the process are of
technological and scientific importance. For example, controlling the
process of pattern formation has been extensively studied in several
model systems, including snowflake formation,! =3 metal aggregation
on a substrate,*> and colloidal nanocrystal growth.®” However, owing
to the many atomic-level complex processes involved, the formation
of self-organized patterns at nanometer/micrometer length scales is
very sensitive to various conditions, thus posing a great challenge for
controllably tailoring the structures of patterned materials. Of the
countless pattern systems of materials, a snowflake—which can
exhibit a large number of various beautiful shapes with high, six-
fold symmetry depending on the temperature and supersaturation—
is likely the most fascinating example formed by a non-equilibrium
process as it offers conceptual simplicity and allows theoretical studies
to probe the kinetic mechanisms of atomic growth. The controlled
formation of other well-defined snowflake-like systems of materials,
however, has met with very limited success.?

As an important two-dimensional (2D) material, graphene shows
unique properties that are controlled by its layer number, degree of
lattice order, size, shape and edge structure.” ~12 Controlling these
parameters is not only highly important for obtaining the desired
characteristics but can also have a profound impact on our
understanding of non-equilibrium growth processes as graphene
represents the simplest 2D model system. Given that small
graphene flakes (GFs) can be grown on a Cu surface via a surface
nucleation growth mechanism,'»* a chemical vapor deposition
(CVD) approach thus provides a platform to manipulate the shape
of these GFs and tests the validity of the classical theory of nucleation
and growth. Previous work has shown that GFs exhibiting a variety of
shapes, including hexagons,'®> 20 four-lobed grains*"»*? and six-sided
polygons,?® can be formed on solid Cu surfaces under appropriate
conditions.

Precise control over GF shapes fabricated using a CVD method
relies on an understanding of growth kinetics. At the atomic level,
CH, molecules are first adsorbed on a Cu surface and then dissociated
into free C atoms during the CVD growth process. The adatoms
(adsorbed C atoms) can migrate on the surface and aggregate into
small critical nuclei that are further enlarged over the 2D space. The
grain expansion process is mainly affected by the rates of adatom
diffusion on the surface, along steps, and around island corners, as
well as the deposition flux of C atoms, and the interplay between
these factors is responsible for the final morphology of GFs.>® In
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general, the rates of these processes can be manipulated by varying the
temperature, the flux of the CH, precursor gas and carrier gas and the
substrate. However, it is generally difficult to separately manipulate
the rates of microscopic steps and then link the effect of varying these
parameters directly with these rates, leading to the ineffective
manipulation of the overall process. Here, we demonstrate a general
shape engineering approach that allows for the controlled growth of
GFs with various well-defined shapes on a liquid Cu surface using a
CH4-CVD method. The collection of GF shapes closely resembles the
family of snowflake shapes and constitutes a well-defined and simple
2D model system for studying other materials. The GF morphologies
can be directly modulated by changing the flow rate ratio between the
inert gas (Ar or He) and H,, following a universal rule for shape
evolution.

MATERIALS AND METHODS

Materials

Cu foil (99.8% purity, 25 pum thick), brass foil (alloy 260, 0.13 mm thick) and
W foil (99.95% purity, 50 um thick) were obtained from Alfa Aesar, Tianjin,
China.

CVD graphene synthesis and transfer

Cu foils or brass foils on W substrates were loaded into a one inch quartz CVD
tube. The tube was then heated in pure H, gas in a furnace (Lindberg/Blue M,
TF55035A, Thermo Fisher Scientific Inc., Asheville, NC, USA) to 1080 °C (the
melting point of Cu). The samples were then annealed for 30 min. At the
beginning of growth, the Ar (or He gas) and H, flow rates were adjusted to the
desired values, and CH, was then introduced to the chamber at the required
rate for a certain time. Finally, the flow of CH4 was turned off, and the system
was cooled to room temperature at a cooling rate of ~25°Cmin ~!. Different
temperatures such as 1050, 1065 and 1080 °C were employed to study their
role in affecting GF shapes. In each case, the temperature was changed by
switching off the furnace after the annealing process, dropping the temperature
from 1080 °C to the desired value in ~2—4 min. Then, the furnace was turned
on until the desired temperature was obtained. The growth process was then
induced using a procedure similar to that described above. The GFs grown on
flat Cu/W surfaces were transferred to 300 nm SiO,/Si substrates and TEM
(transmission electron microscope) grids by a poly(methyl methacrylate)-
assisted method. The poly(methyl methacrylate)-supported films were
removed with acetone.

Characterization of GFs

The samples were characterized by scanning electron microscopy (SEM)
(Hitachi S-4800, 1kV, Hitachi, Ltd., Tokyo, Japan), optical microscopy, AFM
(Veeco Nanoman VS, Veeco Instruments Inc., New York, NY, USA) in tapping
mode, Raman spectroscopy (Renishaw inVia Plus, with laser excitation at
514nm and a spot size of 1 —2 um, Renishaw plc, Gloucestershire, UK) and
TEM (Tecnai G2 F20 U-TWIN, operated at 200 kV, FEI, Hillsboro, OR, USA).

Kinetic Monte Carlo simulation of GF growth and electrical
measurements of GFs

The detailed simulation procedure is described in the supporting information.
The electrical properties of the GFs transferred onto 300 nm SiO,/Si substrates
were measured. Graphene back-gated field-effect transistor (FET) devices were
fabricated using our previously reported method.?®> Briefly, 2 —5um wide
organic nanowires were deposited on individual GFs; then, a 30 —40 nm gold
film was evaporated on the sample. Finally, the nanowires were removed by a
micromanipulator, and the desired electrodes were fabricated by mechanically
scratching the gold film to produce isolated FET devices. The tests, including
the measurement of two-terminal I—V curves and the back-gated FET
properties of GFs, were conducted with a Keithley 4200 analyzer at room
temperature in air, and the 2D resistivity and saturation current density of the
GFs were calculated from the data. The mobility of hole carriers was extracted

from the equation: p ,, = m . %, where L and W are the device channel
- e
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length and width, respectively, V), is the voltage between the source and drain
electrodes, and C,, is the gate capacitance per unit area.”?

RESULTS AND DISCUSSION

Our primary CH4-CVD approach involves the growth of GFs on a
liquid Cu surface in a mixture of Ar and H, gas at ambient pressure,
as schematically shown in Figure la. We recently demonstrated that
using a liquid Cu phase catalyst is an effective way to achieve the
homogeneous nucleation and growth of single-crystalline hexagonal
GFs in a pure H; gas environment.?® It is important to recognize that
GFs grown on liquid Cu surfaces predominantly have highly
symmetric shapes. In contrast, when GF structures are grown on a
solid Cu surface, the intrinsic regular hexagonal symmetry is usually
distorted by the anisotropic surface, resulting in deviations from a
regular hexagonal shape.!” Our subsequent experiments, reported
here, showed that the introduction of Ar into the pure H, gas
atmosphere resulted in a dramatic change in GF shape. Figure 1
shows a typical result, in which dendritic GFs were grown on a liquid
Cu/W surface at 1080 °C using 0.5 sccm (standard cubic centimeters
per minute) CHy, 10sccm H, and 800 sccm Ar for ~5min. These
dendritic GFs were well dispersed on the Cu surface and formed in
high yield (Figures 1b and c). The structures show six-fold symmetry
(Figure 1d) and are highly reproducible. Both SEM and optical
images show uniform contrast of the GFs with respect to the Cu
surface, indicating the single-layer nature of the as-grown GFs. A
Raman spectrum of a typical GF transferred onto a 300 nm SiO,/Si
substrate (Figure le) shows single-layer features, consistent with those
reported for hexagonal GFs grown on solid and liquid Cu
surfaces.!”?3

The manipulation of the Ar:H, flow rate ratio results in the
evolution of GF shapes in a definite manner. Figures 2a—k show a
series of SEM images of typical GFs grown on liquid Cu surfaces with
the different flow rate ratios of Ar:H, shown in Table S1. Using higher
ratios of Ar:H,, GFs with a symmetric dendritic structure are formed
(Figures 2a—d). As the Ar:H, ratio is decreased, more-compact
structures appear (Figures 2e-h), and eventually, regular hexagonal
GFs with straight edges are obtained (Figures 2i and j). Using pure H,
leads to a slight deviation from perfect hexagonal structures, produ-
cing edges with positive curvature (Figure 2k). Each GF has six-fold
hexagonal symmetry, and SEM images of large areas (Supplementary
Figure S1) show that the geometry of the GFs formed under a specific
set of conditions is highly uniform and reproducible. Remarkably, a
clear trend in GF shape evolution can be recognized from Figures 2k
to 2a; that is, the edges of the regular hexagon progressively curve
toward the center of the hexagon as the proportion of Ar is increased.
The entire set of GF morphologies is an excellent analog to the family
of snowflake shapes. Moreover, we also found that the edges of the
hexagonal GFs adopted a positive curvature upon increasing the CH,
flow rate in a pure H, environment, eventually forming circular GFs
as shown in Figure 2] when using 22 sccm CHy rather than 5 sccm, as
in the case of the GF shown in Figure 2k. These results demonstrate
that GF edges can be tuned over the full spectrum from negative to
zero to positive curvature in a controllable way. This provides an ideal
system for the study of non-equilibrium growth processes and
graphene edge/property correlations.

The GFs were characterized by atomic force microscopy
(Supplementary Figure S2), Raman spectroscopy and transmission
electron microscopy. The Raman spectra of GFs with different
morphologies were all similar to the spectrum shown in Figure le,
confirming the presence of single-layer graphene in each case. The
formation of monolayer GFs was also confirmed by a high-resolution



Self-organized graphene crystals
B Wu et al

€ 7D
-
=.'
g
£
z
=
2
=
G
1200 1600 2000 2400 2800 3200

Raman shift (em™)

Figure 1 The growth of dendritic GFs on a liquid Cu surface. (a) A schematic illustration showing the process of GF growth using the CH4-CVD method. Left
image: solid Cu pieces on a W substrate. As the temperature is increased above the melting point of Cu, solid Cu turns into a liquid phase that forms a flat
surface owing to the good wetting behavior between Cu and the substrate (middle image). Finally, the GFs are grown on the liquid Cu surface under
different conditions. Typical SEM (b) and optical (c) images showing well-dispersed dendritic GFs produced on a liquid Cu surface using 0.5sccm CHyg,
10scem Hp, and 800scecm Ar at 1080 °C for ~5min. (d) A magnified SEM image of an individual GF. () A Raman spectrum of a GF transferred onto a

300 nm SiO,/Si substrate, confirming its single-layer characteristics.

TEM image of a GF edge, shown in the inset of Supplementary Figure
S3a. The results of selected-area electron-diffraction measurements on
different-shaped GFs were explored under a TEM, and the results for
typical hexagonal (Figure 2k), flower-like (Figure 2f) and dendritic
GFs (Figure 2c) are shown in Figures 2m—q, Supplementary Figure S3
and Figures 2r—v, respectively. The sets of six-fold symmetric selected-
area electron-diffraction patterns at different locations of the GFs
adopt essentially the same orientation, confirming the single-crystal-
line nature of the materials. Because the GF shape changes in a
continuous manner, it is to be expected that all the other GFs are also
single crystalline (neglecting the branched parts).

In addition, the use of Cu alloy (brass, 30% Zn and 70% Cu) as a
liquid catalyst also resulted in a similar manipulation of GF
morphologies using the approach described in this paper, as shown
in Figure 3, Supplementary Table S2 and Supplemantary Figure S4,
reflecting the possibility of fine tuning GF morphology. For example,
when the Ar:H; ratio was low, the GFs assumed a compact hexagonal
shape (Figure 3a). As the Ar:H, ratio increased, the vertices of the
hexagonal GF crystals were shaped (Figures 3b—e), producing
increasingly more concave polyhedral structures. Further increasing
this ratio led to the formation of flower-like GFs (Figure 3f), similar
to the case in which pure Cu was used.

Experiments were performed to gain insight into the GF growth
mechanism by varying the following parameters: temperature, the use
of inert He gas instead of Ar and the CH, flux. Within the

temperature range from 1050 °C to 1080 °C (see the description in
Methods), we observed that the GF shapes evolved in exactly the same
way upon varying the Ar to H, flow ratio. The use of He gas also
leads to the production of the same spectrum of GF shapes. These
results rule out any critical roles that either temperature or the
‘chemistry’ of Ar has in shaping GF geometry or edge structures.
Finally, the conditions used to prepare the GF shown in Figure 2g
(800 sccm Ar, 50sccm H,) were varied by increasing the CH, flow
rate from 0.5sccm (as in Figure 2g) to 2sccm. As shown in
Supplementary Figure S5, GFs with similar morphology were
obtained, but there was a slight increase in the negative curvature
of the edges with increasing CH, deposition flux.

The variation in the atomic-level mechanism of GF pattern
formation as a function of the composition of Ar and H, in the
gas can be understood in a qualitative manner. As schematically
shown in Figure 4a, the competition between adatom diffusion along
island edges (process 1 indicated in Figure 4a) and adatom surface
diffusion (process 2 indicated in Figure 4a) determines the final
kinetically controlled morphologies of GFs. A compact island is
formed when an adatom relaxes sufficiently to find an energetically
more favorable location along island edges or corners before addi-
tional adatoms migrate by surface diffusion to join it. In the absence
of such relaxation, growth leads to dendritic structures.»> An analysis
of our results suggests that kinetic control over the growth of GFs is
owing to the effect of the composition of the inert gas/H, carrier gas

w
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Figure 2 SEM and TEM images and selected area electron diffraction patterns of a series of GFs grown on a liquid Cu surface with different shapes formed
by varying the Ar:H, ratio. (a-l) Typical SEM images of separated GFs under different conditions as summarized in Supplementary Table S1 (in the
supporting information). All scale bars are 5pum. TEM image (m) of one hexagonal GF similar to that shown in Figure 2 (k), illustrating the apparent shape
and the selected area electron diffraction (SAED) patterns (n—q) at four different locations labeled 1, 2, 3 and 4 in the TEM image. (r-v) TEM image of one
GF similar to that shown in Figure 2 (c), together with SAED patterns obtained at different locations.

mixture on adatom surface diffusion. This control is realized by
tuning the ratio of the density of adsorbed CH4 molecules to that of
free C atoms on the liquid Cu surface. For example, the partial
pressure of H, in the mixed gas is capable of modulating the
percentage of CH,; molecules adsorbed on the surface being
converted to free C atoms by affecting the chemical equilibrium of
CHy, dissociation, that is, lower partial pressures of H, (higher partial
pressures of Ar) favor the dissociation of CHy, leaving fewer
undissociated CH4 molecules on the surface. Thus, the presence of
CHy, results in an energy barrier to C atom surface diffusion, which
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hinders the mobility of C atoms.> With a reduced energy barrier, the
use of a higher Ar flux thus leads to the more rapid surface diffusion
of C atoms toward GF islands (process 2 in Figure 4a), and eventually,
adatom surface diffusion is so rapid that the relaxation process of C
atoms along island edges (process 1 in Figure 4a) becomes insuffi-
cient, leading to the formation of dendritic GF patterns.

Based on the proposed mechanism, GF branching was studied by
kinetic Monte Carlo simulations (see the detailed description of the
simulation methods in the supporting information). Figures 4b and ¢
show the simulation results for two cases, in which the C adatom
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Figure 3 Variously shaped GFs formed on a liquid brass surface under different growth conditions. (a—f) Typical SEM images of individual GFs prepared
under the conditions summarized in Supplementary Table S2 (in the supporting information). All scale bars are 10 um.

Figure 4 Kinetic growth mechanism of GFs. (a) A schematic picture showing the presence of adsorbed CH4 molecules, free C atoms and a graphene island
on the Cu surface during the CVD process. Two processes of C atom diffusion are indicated by 1 and 2, which refer to adatom diffusion along edges/corners
and on the surface, respectively. (b) Hexagonal GF observed in the kinetic Monte Carlo simulation with a low adatom diffusion rate on the surface,
representing growth conditions featuring a low Ar:H, mixed gas ratio. (c) Branched GF structure formed in kinetic Monte Carlo simulation with a high
adatom diffusion rate on the surface, representing growth conditions featuring a high Ar:H, mixed gas ratio. (d) A typical SEM image of different-sized GFs
grown under the same conditions (0.5sccm CH4/35sccm Hy/800 scecm Ar), clearly showing that GF edges become rougher with increasing GF size.

diffusion rate on a structureless substrate is modulated to be lower or
higher than that at graphene edges, reflecting a lower or higher Ar:H,
ratio during the growth process, respectively. The simulation (Figures
4b and c¢) clearly shows that a hexagonal GF is formed when the
Ar:H, ratio is low, and at a higher Ar:H, ratio, the GFs grow into
rather branched structures.

The proposed mechanism can also explain the finding that shaped
GFs grown on liquid brass (Figure 3f) are much less dendritic than
those grown on liquid Cu (Figure 2a) using the same Ar:H, flow rate

ratio. Zn atoms on liquid brass surface behave as impurity sites
(similar to adsorbed CH, molecules on a surface) that reduce the
adatom surface diffusion mobility. In addition, the dynamic evolution
of growing GFs could be detected by comparing different-sized GFs of
the same sample. The edges of larger GFs nucleated in the early stages
of growth are more rough than those of smaller GFs nucleated in the
later stages of the growth process, as clearly shown in Figure 4d and
Supplementary Figure S6. This edge roughening of GFs over time is
similar to the case of snowflake formation and is owing to higher

o1

NPG Asia Materials



Self-organized graphene crystals
B Wu et al

(&)

growth rates occur at the intrusions along the edges of the GFs in
diffusion-limited growth as growth proceeds.!

The evolution of GF patterns as a function of CH, flux
(Supplementary Figure S5) is also consistent with the above mechan-
ism. As the CHy flux increases, the ratio of the density of adsorbed C
atoms to that of CH, molecules remains essentially the same when
using the same composition of Ar and H; gas. However, the increased
overall density of C atoms on the surface reduces the average time for
adatom diffusion to GF islands, resulting in GF edges with a more-
negative curvature. Note that the degree of modulation of GF shapes
with varying CH, flux is much weaker than the effect of varying the
composition of the Ar/H, mixture, indicating that the latter is the
main driving force for GF-shape engineering.

Electrical measurements were also performed to compare the
electrical properties of GFs grown in mixed Ar and H, with those
of our previously reported hexagonal GFs grown in pure H,%* using
the same device fabrication process. Figures 5a and b show typical
SEM and optical images of a single-layer GF (corresponding to the
sample in Figure 2h) device, respectively. A typical current —voltage
(I—V) curve measured for a device is shown in Figure 5¢, showing a
linear relationship and low resistance (~60€Q). Figure 5d shows a
plot of 2D GF resistivity (defined as R x W/L, where W is the width of
the GF, L is the channel length of the device and R is the resistance) as
a function of GF width, giving an average value of 742 £ 95Q, which
is similar to the value of 609 +200Q? for hexagonal GFs. Large

saturation current densities (defined as saturation current divided by
graphene device width) were also calculated from the I —V curves of
these two-terminal devices. Figure 5e shows a typical I —V curve of a
GF device exhibiting current saturation. The average value of the
saturation current for the GFs was estimated to be
0.88+0.32mAum ™!, with the highest value reaching up to
1.7mApm~! (which is ~3.9 times higher than the value of
0.44mApum~" reported for CVD-grown graphene’* shown in
Figure 5f). Moreover, the electronic quality of transferred GFs with
different edge curvatures was also evaluated using these back-gated
FET devices under ambient conditions. Figure 5g shows a typical SEM
image of a GF device, in which the edge of a GF with negative
curvature can be clearly identified. The representative transfer curve is
shown in Figure 5h. For most devices, the Dirac point was not clearly
observed in the range of applied gate voltages, possibly because of
oxygen adsorption or doping effects from the transfer process.
Figure 5i shows the extracted hole mobility values for 30 devices.
These scattered values essentially fall into the range of 800 —
2000cm?V ~1s~! for GFs with different edge curvatures. Both two-
and three-terminal measurements of GF devices demonstrated that
the quality of GFs grown in mixed Ar and H, is compatible with that
of hexagonal GFs grown in pure H,.

In conclusion, this study provides a well-behaved 2D crystal growth
system mimicking snowflakes, opening up rich opportunities for the
engineering of graphene patterns and for the study of graphene
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Figure 5 Electrical characterization of GFs. (a) SEM image of one typical two-terminal device based on an individual GF contacted by 40 nm left and right

gold electrodes. (b) The corresponding optical image of the same GF device.

(c) /—V curve of a device with a resistance of ~60Q. (d) A plot comparing

the 2D resistivity of GFs as a function of GF width among many devices. (e) A typical /—V curve of a GF device showing current saturation before the GF
was broken down. The arrow indicates the turning point of the current and is used to calculate the saturation current density. (f) A plot of saturation current
density (scaled on-current) versus GF width measured for many graphene devices. The dashed line indicates the value of 0.44 mAum~! for CVD-grown
graphene from ref. 24. (g) SEM image of a typical FET device based on a monolayer GF with negative edge curvature. (h) /ps—Vgs curve measured at
Vps= —0.01V for a representative graphene FET device. (i) Hole mobility values for GFs with different edge curvatures. Each mobility value represents the
result for one graphene FET device. The three regions separated by a dashed line in the graph show the results for different-shaped GFs, each of which is

indicated by a schematic drawing inside the corresponding region.
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structure/property relationships. Furthermore, this truly 2D system is
also amenable to simulation and theoretical studies, which should
lead to a better understanding of the basic process of crystal growth
under non-equilibrium conditions.
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