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ABSTRACT

Single-crystal graphene domains grown by chemical vapor deposition (CVD)
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Accepted: 14 April 2016 intrinsically tend to have a six-fold symmetry; however, several factors can

influence the growth kinetics, which can in turn lead to the formation of graphene
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single-crystal graphene domains on Cu foils by CVD. We found that high-index
Cu planes contributed selectively to the formation of pentagonal graphene. Our
results indicated that lattice steps present on the crystalline surface of the
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underlying Cu promoted graphene growth in the direction perpendicular to the
steps and finally led to the disappearance of one of the edges forming a pentagon.
copper foil, In addition, hydrogen promoted the formation of pentagonal domains. This work
high index plane, provides new insights into the mechanism of graphene growth.
chemical vapor deposition,

large area

1 Introduction

Graphene has attracted much attention due to its
unique structure, superior properties [1], and potential
applications [2-7]. Metal-assisted chemical vapor
deposition (CVD), especially using copper (Cu) foils
as substrates, has been widely investigated for the
growth of high quality graphene [8-10]. Single-crystal
graphene grown on Cu shows various shapes such as,
hexagonal [11, 12], snowflake [13], rectangular [14]
and triangular [15]. Theoretical and experimental
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studies revealed that both the CVD process conditions
and the substrate crystallography influence the shape
of the obtained graphene [14-17]. The crystallographic
plane of Cu that is best matched with graphene, is the
(111) plane [14, 18], which has an interatomic spacing
of 0.148 nm, close to the graphene C-C distance of
0.142 nm (4% mismatch). For other Cu planes, the
mismatch between graphene and the Cu lattice is
higher; the lower atomic density and the presence of
a large number of steps on the surface lead to the
distortion of the graphene domains by altering the
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growth rate [17]. Besides, the growth of graphene on
Cu is strongly influenced by the partial pressure of
hydrogen (H,) [19, 20]; hydrogen acts both as an
activator for the decomposition of carbon precursors
and as an etching agent that determines the shape
and size of the graphene domains. While many studies
have focused on the controlled growth of hexagonal
graphene, there are few reports on the growth of
graphene domains having shapes with lower symmetry,
such as pentagonal graphene. Besides, it is still a big
challenge to control the orientation of graphene domains
during large-scale production, which is important for
the development of graphene-based devices.

Here, we report the growth of large-area aligned
pentagonal graphene domains on Cu foils by CVD,
followed by a systematic study on the shape depen-
dence of graphene domains on both the growth con-
ditions, and the crystallography of the underlying Cu
substrate. We found that high-index Cu planes led to
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the formation of aligned pentagonal graphene domains.
In addition, higher partial pressure of H, accelerated
the anisotropic etching of the graphene domain and
promoted the formation of pentagonal graphene, but
the direction of gas flow did not influence the
orientation of the domains.

2 Results and discussion

As shown in Fig. 1(a), large-area pentagonal graphene
domains with similar orientations were observed on
the as-prepared samples. The area covered by aligned
pentagonal domains could be as large as 1 cm? (see
Fig. S1 in the Electronic Supplementary Material (ESM)).
A pentagonal domain, transferred onto a silicon
substrate with a 285-nm oxide layer (285-nm SiO,/Si),
shown in Fig. 1(b), has two elongated edges with one
inner angle of 60°, while all the other angles are 120°.
Figure 1(c) is the transmission electron microscopy
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Figure 1 Pentagonal graphene domains grown on Cu foils. (a) Optical image showing large area pentagonal domains, all with the
same orientation, on a Cu foil. Scale bar: 500 pm. (b) Optical image showing an individual domain on a 285 nm SiO,/Si substrate. Scale

bar: 50 um. (c) TEM image showing a part of a domain. Scale bar: 2 pum. Inset is the SAED pattern taken from the area indicated by the

dot, showing a single set of hexagonal diffraction spots. (d) Plot of I vs. Vg from two groups of electrode pairs. Group I is with
neighboring electrodes (1-6, 2-3, 4-5) and Group II is with diagonal electrodes (1-4, 2—5, 3—6). Inset is an optical image of the device.
Scale bar: 10 pm. (¢)—(g) Raman maps of D-band (1,350 cm™), G-band (1,580 cm™) and 2D-band (2,690 cm™), respectively, of a

domain. Scale bar: 1 pm.
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(TEM) image of the sharp angle of a pentagonal
graphene domain. The crimping of the graphene edges
presumably occurred during the transfer process (see
the Experimental section). The selected area electron
diffraction (SAED) pattern shows a single set of
hexagonal diffraction spots (inset of Fig. 1(c)) revealing
the single crystalline nature of the pentagonal domain.
The electrical properties of the pentagonal graphene
domains were studied by fabricating a six-terminal
back-gated field effect transistor (see inset of Fig. 1(d)
and Fig. 52 in the ESM). As seen in Fig. 1(d), the drain
current vs. drain voltage (I4—V4s) curves for the two
groups (neighboring electrodes and diagonal electrodes)
overlap, demonstrating that the electrical properties
are uniform over the entire domain [21]. More details
on the measurement and the results can be seen in
Fig. S2 (in the ESM).

Raman spectroscopy is a direct tool to effectively
characterize the quality, thickness, edge attributes
and uniformity of graphene domains. A typical Raman
spectrum of pentagonal graphene is shown in Fig. S3
(in the ESM). We have carried out Raman mapping on
as-grown small pentagonal graphene. Figures 1(e)-
1(g) show the Raman maps of the D (1,350 cm™), G
(1,580 cm™) and 2D (2,690 cm™) bands. Figure 1(e)
shows that the intensity of the D peak (Ip) is quite small
in the whole region, confirming the high quality of the
graphene. Figures 1(f) and 1(g) show the intensities
of the G peak (Ig) and 2D peaks (I,p), respectively. Ip
is more than twice the value of Ic over the whole
graphene domain, characteristic of uniform monolayer
graphene. The ratio of I, to I; at the graphene edge is
~0.1, suggesting that the edges consist predominantly
of zigzag terminations, which is consistent with results
from previous studies [11, 20].

The shapes of the monocrystalline graphene domains
grown on Cu foils by CVD, i.e., hexagon or pentagon,
depended on the surface crystallography of the
underlying Cu grain. Prior to the CVD process,
commercial polycrystalline Cu foils were annealed at
high temperature that caused the Cu atoms in the
polycrystalline Cu foils to rearrange to form large
Cu grains, which led to the formation of aligned
pentagonal graphene domains on a large scale [22].
Figure 2(a) shows graphene domains on two
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neighboring Cu grains separated by a grain boundary,
where hexagonal domains were formed on the top
grain whereas pentagonal domains were observed on
the surface of the bottom grain, clearly demonstrating
the influence of the underlying Cu grain on the shape
of the graphene domains.

In order to establish the relationship between
the shapes of the graphene domains and the crystal
structure of the Cu grains, electron backscatter
diffraction (EBSD) was used to determine the orientation
of the underlying Cu crystal. Figure 2(b) is the EBSD
image corresponding to Fig. 2(a), showing the distinctly
different crystalline surfaces of the two neighboring
Cu grains. The top region corresponds to Cu (001)
plane, while the bottom region corresponds to Cu
(114) plane, which is a high-index plane vicinal to the
(001) plane with steps running along the <110>
direction. We further confirmed that the underlying
Cu crystallographic planes that formed pentagonal

Figure 2 Dependence of the shape and orientation of graphene

domains on the structure of the underlying Cu grains. (a) SEM
image showing hexagonal domains on the top Cu grain, and
pentagonal domains on the neighboring bottom grain. Scale bar:
200 um. (b) EBSD mapping showing the crystalline orientation
of the two neighboring Cu grains, shown in (a). (c) Optical image
showing three neighboring regions with pentagonal domains with
three different orientations. The arrow indicates the gas flow
direction in CVD. Scale bar: 1 mm. (d) AFM image of a whole
pentagonal domain showing the relationship between the graphene
orientation and the steps in the underlying Cu crystal surface.
Scale bar: 1 um.
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graphene domains are all high-index planes (see
details in Fig. 54 in the ESM). These results show
that high-index Cu planes lead to the formation of
pentagonal domains, and the Cu surfaces underlying
each aligned pentagonal graphene share the same
planar index.

Additionally, we found that the orientation of the
pentagonal graphene domain also depended on the
crystallographic orientation of the underlying Cu
surfaces. Figure 2(c) shows three neighboring regions
with pentagonal graphene domains, where the domain
orientations of the Cu grains are different. Figure 2(c)
also shows that the orientation of the graphene domain
does not depend on the direction of the CVD gas
flow, which is in disagreement with previous reports
[23]. Atomic force microscopy (AFM) was used to
characterize the morphology of an area covered by
pentagonal graphene. As seen in Fig. 2(d), the steps
in the crystalline lattice of the underlying Cu surface
are clearly observed. Interestingly, the symmetry axis
of the pentagon is perpendicular to the orientation of
these lattice steps, implying that the presence of steps
influences the growth rate of graphene in the direction
perpendicular the steps. Here, it is interesting to note
that due to the oxidation of the bare Cu surface after
the CVD process, the steps in the Cu lattice could be
observed only in the region covered by graphene.

It is interesting to understand the formation of
pentagonal graphene from the point of view of crystal
growth theory. If we transform the intrinsic Wulff
construction for hexagonal equilibrium to a pentagonal
shape, one of the edge energies should be at least twice
of the others, which seems unlikely. On the other hand,
if the morphology is kinetically controlled, even small
differences in kinetic barriers can have a large impact
due to the exponential relation between these two
parameters [16]. However, measuring growth velocities
from experimentally observed shapes (the “inverse
Waulff construction”) is not straightforward [24], since
the origin (sometimes called the “Wulff point”),
could in principle be any point inside the crystal. To
understand the formation of different shapes, we
need to first determine the location of the sites for the
nucleation of graphene domains. For highly symmetric
shapes, it is reasonable to place it at the geometric
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center of symmetry, since all other positions would
require exceptional fine-tuning of the velocity field to
produce a symmetric shape. However, for pentagons,
the only assumption that we can confidently make is
that the origin lies somewhere on the line of reflection
symmetry. However, impurities or lattice defects
present on the substrate, which usually act as nucleation
sites for the formation of a graphene island, could
also function as pathways to transport carbon for the
growth of a new layer [25, 26]. To further investigate
this possibility, we transferred the graphene layer onto
285 nm SiO,/Si substrates and imaged selectively,
those graphene domains with a small second layer,
so as to determine the nucleation sites for graphene
growth. Here, it is noted that the second layer of
graphene may not have the same shape as the first layer
since its growth is influenced both by the underlying
substrate and the first graphene layer which may alter
the concentration of hydrogen around its growing
edges. Figure 3(a) is the typical optical image of a
hexagonal graphene domain on a 285-nm SiO,/Si
substrate, with a second layer located at the center.
Figure 3(b) is the corresponding Wulff construction
for hexagonal graphene with six-fold symmetry having
six edges of the same length, implying an equal growth
rate in the six directions. Figures 3(c) and 3(e) show
two pentagonal graphene domains with different
shapes. It is clearly seen that the six-fold symmetry
is lost and the edges of pentagonal domains have
different lengths, implying that the growth rates are
different in the different directions. We analyzed 108
pentagonal domains and found that these could be
classified into two types. Figures 3(c) and 3(d) show
domains of Type I and Figs. 3(e) and 3(f) show Type
II domains. It was observed that the growth rate of
the pentagonal domains was different for the different
directions. The fastest growth occurred in the direction
along the symmetry axis toward the sharpest angle of
the pentagonal graphene domain. Interestingly, Type
I, which intuitively seems more symmetric (with only
two different edge lengths), is actually produced by a
less symmetric growth rate distribution (four distinct
values vs. three for Type II). Experimentally, we
observed more Type II pentagonal graphene domains
than Type I, the ratio of the two domains being 70/38
(see details in Fig. S5 in the ESM).
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Figure 3 Analysis of the shapes and growth rates for individual
edges for hexagonal and two kinds of pentagonal graphene domains.
(a) and (b) Optical image and kinetic Wulff construction for the
six-fold symmetry in hexagonal graphene. (c)—(f) Optical image
((c) and (e)) and the corresponding schematic diagram ((d) and
(f)) of Type I ((c) and (d)) and Type II ((e) and (f)) pentagonal
graphene. Scale bar: 50 pm.

In general, crystals have inherent high symmetries
[27-29]. The growth of a hexagonal graphene domain
is driven by the intrinsic six-fold symmetry of the
graphene lattice. However, for graphene domains on
the surface of a crystalline Cu substrate, the interaction
between graphene and the substrate may influence
the lattice structure of graphene, leading to a reduced
symmetry. On a high-index Cu plane, which has a
smaller atomic density, a higher surface energy with
a greater number of steps and defects, the symmetry
can be greatly reduced. Besides, the lattice mismatch
between graphene and the Cu lattice is larger for
high-index Cu planes. Additionally, the large number
of steps will distort the graphene island evolution [17],
as a result of which, all the graphene edges cannot be
strongly bonded to the metal steps. This gives rise to
an optimum growth direction that has the minimum
formation energy.
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In addition, we found that a high partial pressure
of H, favored the formation of pentagonal graphene.
As shown in Figs. 4(a)-4(c), with increased ratio of H,
to CH, (H,/CH,), one of the edges of the hexagonal
graphene domains stopped growing and eventually
disappeared. According to previous studies [12, 20],
H, acts both as a catalyst to promote the surface
bound carbon and as an etchant to remove “weak”
C—C bonds. In our CVD process, a large amount of H,
improved the growth kinetics of graphene because of
the excellent catalytic effect of hydrogen. In parallel,
increase in H, also accelerated the etching, and could
be the dominant effect in the growth process. This
etching could be highly anisotropic with the Cu
substrate playing an important role in the reaction.
In sites with high surface energy, the C—C bonds are
weaker and more vulnerable to active H atoms, leading
to anisotropic etching and the formation of graphene
domains with reduced symmetry.

3 Conclusions

In summary, we report the growth of oriented
large-area pentagonal graphene domains on Cu foils
by CVD. High-index Cu planes preferentially formed
pentagonal domains. Large areas up to 1 cm? consisting

of similarly oriented pentagonal domains, with their

Figure 4 Optical images of graphene domains on Cu foil
showing the evolution of the domain shape with increasing
H,/CH,. (a)—(c) Produced with H, flow of 45 sccm (a), 60 sccm
(b) and 75 scem (c), Ar flow was fixed at 1,000 sccm and CHy at
0.2 scem. Scale bar: 50 um.
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symmetry axis perpendicular to lattice steps on the
underlying Cu crystal surface were obtained. This
was attributed to favorable growth kinetics in this
direction induced by the presence of steps. In addition,
H, was found to promote the formation of pentagonal
domains due to anisotropic etching. This work sheds
new light on the growth mechanism of graphene by
CVD.

4 Experimental
4.1 Synthesis of pentagonal graphene

Large-area aligned pentagonal graphene was
synthesized on a copper foil (25 um thick, Alfa Aesar
Inc) using an atmospheric pressure chemical vapor
deposition system with methane (99.999% purity) as
the carbon precursor. The copper foil was cleaned in
FeCl;/HCl (1 mol/L) solution for 10s to remove
surface oxides and washed with acetone and isopro-
panol. The blow-dried copper foil was inserted into
the CVD chamber. The furnace was heated to 1,050 °C
in 65 min under a flow of a mixture of argon (250 sccm,
99.999% purity) and hydrogen (18 sccm, 99.999%
purity). When the temperature reached 1,050 °C,
200 sccm of hydrogen was introduced into the system
and maintained for 1.5h. The growth of large-area
aligned pentagonal graphene was carried out with
methane (0.26 sccm), hydrogen (75 sccm) and argon
(1,000 sccm) for 20 min. Hydrogen flow rates of 45
and 60 sccm have been used to prepare graphene
domains with other shapes, as indicated individually.
After the reaction, the samples were cooled under a

flow of argon and hydrogen.
4.2 Transfer of graphene

The following procedure was used for the transfer of
graphene: (1) The graphene film grown on the copper
foil was coated with poly(methyl methacrylate)
(PMMA) (300 nm) by spin coating (3,000 r/min for
30 s); (2) baked in a thermal drying oven at 170 °C for
10 min; (3) left overnight in FeCl;/HCI solution (1 mol/L)
to etch the copper; (4) the floating film was picked using
a clean glass slide and immersed in HCI (0.3 mol/L)
for 30 min to remove residual metal ions; (5) cleaned
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three times with deionized (DI) water ; (6) a target
substrate was dipped into the DI water to pick up the
film; (7) natural drying for 2 h followed by drying in
a blast oven for 30 min to remove water; (8) carefully
dipping the grid into acetone to dissolve the PMMA
layer; (9) natural drying for 2 h followed by drying in
a blast oven for 30 min to remove residual acetone.

4.3 Characterization of pentagonal graphene

The morphology of pentagonal graphene was charac-
terized by optical microscopy (LEICA DM2500 M),
field emission scanning electron microscopy (FE-SEM)
(FEI Quanta 650) and AFM (NanoScope V, Veeco).
The orientation of the underlying Cu crystal was
determined by EBSD technique. The crystallography
of the pentagonal domain was elucidated by field
emission transmission electron microscopy (FE-TEM)
and SAED test using a JEM2010F(JEOL, Japan). The
Raman spectrum and Raman mapping on the as-grown
small pentagonal graphene were carried out with a
laser excitation wavelength of 532 nm and a step size
of 0.5 pm.

4.4 Device fabrication and measurement

The six-terminal back-gated graphene field effect
transistor (FET) was fabricated using electron-beam
lithography (EBL) followed by electron-beam deposition
of metal thin films. Six electrodes (5 nm titanium and
50 nm gold) were deposited on the five edges and the
sharp corner of the pentagonal graphene. The obtained
FETs were characterized using the semiconductor
parameter analyzer Agilent B1500 A with probe station,
at room temperature and under high vacuum (~10°
mbar) conditions.
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