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A simply and reproducible way is proposed to significantly suppress the nucleation density of graphene on
the copper foil during the chemical vapor deposition process. By inserting a copper foil into a tube with one
close end, the nucleation density on the copper foils can be reduced by more than five orders of magnitude
and an ultra-low nucleation density of ~10 nucleus/cm* has been achieved. The structural analyses
demonstrate that single crystal monolayer graphene with a lateral size of 1.9 mm can be grown on the copper
foils under the optimized growth condition. The electrical transport studies show that the mobility of such
single crystal graphene is around 2400 cm?/Vs.

raphene, a monolayer of carbon atoms arranged in a two-dimensional hexagonal lattice, was first isolated

by mechanical exfoliation from HOPG' and has shown extraordinary electronic properties for fun-

damental studies and potential applications in future electronics. Although various methods have been
used to grow graphene on solid surfaces® >, chemical vapor deposition (CVD) on metal foils is believed to be a
promising way to produce large-area mono or few layer graphene®. However, a polycrystalline structure and a
high density of domain/grain boundaries in typical graphene grown by CVD on metal foils cause variable
electronic properties in difference areas and hinder the applications of graphene in devices”. It is still a challenge
to grow large size singe crystal graphene to meet the requirements for large-scale production and integration of
graphene-based electronic and optoelectronic devices.

In generally, reducing nucleation density is a crucial step to grow millimeter-size or larger size single crystal
graphene by CVD. Nucleation mechanism for graphene grown on Cu foils by CVD is unclear so that many
approaches have been explored to grow single crystal graphene with sub- or millimeter-size®. A long duration pre-
annealing of copper foils with high flow or high pressure of H, has been used to achieve millimeter-size single
crystal graphene’. Suppressing evaporative loss of Cu from the foils during the CVD process is also suggested to a
key point to fabricated 2 mm single crystal graphene'®. Maintaining a Cu,O layer during the initial nucleation
stage has been used to suppress the nucleation density to grow 5 mm single crystal graphene on Cu foils''~*?

Here we report a simply and reproducible way to significantly suppress the nucleation density by slowing the
gas flow close to the surface of the copper foil during the CVD process. The nucleation density on the copper foils
can be reduced by more than five orders of magnitude and an ultra-low nucleation density of ~10 nucleus/cm*
has been achieved by circumfluent CVD. Single crystal monolayer graphene with a lateral size of 1.9 mm and the
mobility of 2400 cm?/V's has been successfully grown on the copper foils under the optimized growth condition.

Results

Figure la shows the schematic drawing for the so called circumfluence CVD system used in this work. A small
cuvette-like quartz tube'® with a diameter of 40 mm is inserted into a quartz tube in a typical low pressure CVD
system which is pumped by an oil pump to maintain the pressure to be 100 Pa. The close end of the inner tube
highlighted as red in Fig. 1a faces the flow direction of the inlet mixture of Ar, H, and CH,. A copper foil for the
growth of graphene is placed into the inner tube and near the close end of the inner tube. Flow field distribution
within in the inner tube during the CVD process has been simulated by computational fluid dynamics (CFD)
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Figure 1| (a) Schematic of home-built CVD system for synthesis of large-size graphene domains. The red dotted line frames constant temperature
zone. The orange arrows indicate mixed gas flow (b).The streamline of mixed gas in inserted quartz tube from the simulation calculation.(c)A copper foil
after CVD process.(d),(e).(f) Optical images of graphene domains on copper foil treated by H,O,.

method, as shown in Figure 1b. The mixture of the gases can not
directly flow to the copper foil and form several vortices at the open
side of the inner tube, which causes a circumfluent portion of the
gases reach on the surface of the copper foil. Although the circum-
fluent gases are caused by the vortices, the analysis on the velocity of
the gases reveals that the circumfluent gases close to the copper foil
flow parallel with the surface of the copper foil and the velocity of the
circumfluent gases can be reduced by 5 order magnitude compared
with the velocity of the gases in the outer tube (Supplementary Figure
S1).

Figure 1c gives an optical image of a copper foil with a length of
320 mm and a width of 20 mm after graphene was grown on the foil
with the parameters: furnace temperature 1050°C, Ar:H,:CH, =
100:50:0.1 (in the unit of sccm) and the growth time of 15 mins.
During the growth process, the left side of the foil was placed near the
close end of the inner cuvette-like tube. The copper foil was treated
by H,0, to distinguish the graphene domains on the foil by optical
microscopy'. The optical images for the marked areas (d, e and f) of
the foil are shown in Fig. 1d, le and 1f, respectively. Each of the
golden-bright starfish-like features in these optical images represent

a graphene domain'. Although the graphene domains can be grown
on the whole copper foil, there is a huge change on the density of
graphene domain along the length direction of the copper foil. The
density of graphene domains significantly increases from 4 domains/
mm” in the area d on the left side of the foil near to the close end of the
inner tube to 270 domains/mm?” in the area f on the right side close to
the open end of the tube. As the graphene domains are grown from
the nuclei on the foil, the domain density directly reflects the nuc-
leation density during the graphene growth process. Our observa-
tions suggest that the nucleation density on copper foil can be
reduced to an ultra-low density of 4 nucleus/mm® (Supplementary
Figure S2) in this designed circumfluence CVD, which gives the
possibility for the fabrication of millimeter size graphene domains.
Figure 2a shows that a photograph of a copper foil after the growth
of graphene with a ruler as a guide. The bright features in Fig. 2a
represent the graphene domains while the yellow parts are the bare
copper foil. All the graphene domains shown in the SEM images and
the optical images appear elongated hexagonal shape with straight
edges. The size of the largest graphene domain is larger than 1 mm
(Fig. 2b) and this large graphene domain can be intactly transferred
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Figure 2| (a), (b) Optical and SEM images of as-produced graphene domains on copper foil. (c) Optical image of one graphene domain transferred onto

Si0O,/Si. (d) Raman spectra of graphene domain on SiO,/Si.

from the copper foil to a SiO,/Si substrate (Fig. 2¢). A typical Raman
spectrum (Fig. 2d) taken on this graphene domain after being trans-
ferred on SiO,/Si substrate exhibits sharp G (1587 cm™") and 2D
(2719 cm™") peaks with a G/2D ratio of 0.3, which confirming that
the graphene domains are single layer graphene sheets. On the
other hand, the fact that the disorder-induced D band
(1350 cm™') is hardly detected on such graphene domains further
indicates the graphene domains are of high quality.

In order to characterize the crystalline of the millimeter-size gra-
phene domains by transmission electron microscopy (TEM), the as-
grown graphenes were transferred on an amorphous carbon-covered
TEM grid. The SEM image of the graphene on TEM grid, Figure 3a,
clearly shows that a 1.2 mm-size hexagonal graphene domain was
successfully transferred without any obvious damages to its struc-
ture. Figure 3b, the TEM image taken at the area highlighted as
yellow frame in Fig. 3a, demonstrates the same edge structures as
that observed by SEM, which allow us to determine the specific areas
around this graphene domain with this edge as mark. Selected area
electron diffraction (SAED) measurements were performed on 14
areas across this graphene domain to determine the crystalline.
Figure 3d-i gives the six SAED patterns taken at the areas that are
labeled correspondingly in Fig. 3a. The sharp and bright spots in all
the SAED patterns fit the typical hexagonal structure well and are
consistent with the previous reports''>. The relative angle of gra-
phene lattice derived from the SAED patterns on 14 areas shows less
than 2° rotation of the graphene lattice direction (Supplementary
Figure S3), confirming that the millimeter-graphene domain is a
single crystalline monolayer. Moreover, a domain visualization
method based on polarized optical microscopy (POM) was also
employed to confirm the crystallinity of the millimeter graphene
domains®'®. The transmission POM images taken at the liquid-crys-
tal molecules (5CB) coated graphene domains on a quartz substrate
(Supplementary Figure S4) show that the areas within each graphene
domain are in similar colors, further confirming that there are no

boundaries in the millimeter graphene domains, or in other words,
these millimeter graphene domains are indeed single crystalline.

Discussion
The mobility measurements of graphene single crystal domain were
performed on a back-gated field effect transistor (FET) built within a
graphene domain on a highly doped p-type silicon substrate with
300 nm oxide. Figure 4a shows a photograph of the two-probe gra-
phene FET with the length (L) and width (W) of the graphene chan-
nel of 10 um and 3 pm, respectively. Figure 4b gives the transfer
character curve of drain current (Ig;) versus gate voltage (V,) in a
vacuum chamber (<107° Pa). The gate voltage was applied through
the doped Si substrate and the source-drain bias (V4,) was constant
at 0.1 V. It manifests a positive shift in the Dirac point
(Vbirac™=139V), indicating that the graphene is highly p-doped.
The mobility of the graphene domain was retrieved by fitting the
transfer character curve to the equation'”:

L 1
Rtotal = Rc + W ) (1)

78 (Vs — Vo)

where Ry, is the total resistance of the device including the channel
resistance and contact resistance R, e is the electron charge, C,, is the
back-gate electrostatic capacitance, and n, is the carrier density due
to residual impurities. A fitted curve is plotted in Figure 4b by the
dashed red line with the field effect electron mobility of
~2440 cm*V~'s™" and hole mobility of ~1750 cm®V~'s™" consist-
ent with that of single-crystalline hexagonal grapheme flakes grown
on a solid"*" and liquid*® Cu surface. The mobility of the millimeter
graphene in our study is smaller than the previous reports®™' for
single crystalline graphene. It is well known that the interfacial prop-
erties between graphene and SiO, have great influences on the mobil-
ity of the FET device. Therefore, we tentatively consider that the poor

| 4:4537 | DOI: 10.1038/srep04537

3



Figure 3 | (a), (b) SEM images of an as-produced graphene domain on an amorphous carbon-covered TEM grid. (c) TEM image of a corner of graphene
domain.(d—f) SAED patterns correspond the areas in (a), small angle shifts may be due to the uneven copper grid surface.

interface between the graphene and the SiO, in our study causes such
small mobility of single crystal graphene.

In conclusion, the millimeter-size single crystal graphene domains
have been fabricated on copper foils by the proposed circumfluent
CVD method. The nucleation density of graphene on the copper foils
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Figure 4 | Plot of drain current (I4) versus gate voltage (V) of graphene
FET device measured at 300 K. The collected data are plotted as a blue
line, while the data fitted by red dash. The illustration is the optical image
of the device.

can be greatly reduced by controlling the gas flow distribution during
the CVD process. The structural and electrical measurements con-
firm that the graphene obtained by this method is in single crystal
and with highly electrical characteristic. The circumfluent CVD pro-
vides a simply and reproducible way to produce high quality single
crystal graphene for large-scale integration of graphene device.

Methods

Graphene synthesis. A split tube furnace with a 40 cm heating zone and a7 cm outer
diameter quartz tube was used in a low-pressure CVD mode to grow graphene films
on the 25 pm thick Cu foil (99.8%, Alfa Aesar, annealed, uncoated, item no. 46365).
The copper foils were loaded into the home-built CVD system. The system was
pumped down to a vacuum of 2 Pa in 10 min then filled with pure Argon, heated to
1050°C within 120 min with 50 sccm of pure Argon. Then different molar ratio of
CH,4(0.1-0.5 sccm)/H,(25-100 sccm)/Ar (0-100 sccm)was introduced into the
CVD system for the graphene growth at 1,050°C under variable pressure of 50—
150 Pafor 5 min-5 h. After that the quartz tube was cooled in ambient environment.

Simulation of the flow field. Using the general computational fluid dynamics (CFD)
software FLUENT, we analyzed the flow field of the crystallizer and obtain the whole
flow solution including the pressure, velocity, temperature and density of the gases.
The FLUENT, as an international popular CFD software, can simulate complex flows
from incompressible to highly compressible. The streamline photograph of the
crystallizer flow reflects the movement of the gases (the tangent direction of
streamline is just the velocity direction of the local fluid). In our simulation, the gases
were treated as a mixture and the flow was assumed to be steady.

Graphene transfer and mobility measurements. Graphene films were transferred
onto p-type Si wafers with a 300 nm thick SiO, layer using the same transfer method
as previously®' and FET devices were fabricated using standard photolithography and
electron beam lithography processes. The measurement was performed in the high
vacuum of ~ 107 Pa with a Keithley 4200 analyzer at room temperature, and before
measurement devices were kept in the vacuum at least over night and treated by
current annealing process to further desorb surface species on graphene.

Characterizations. The morphology and structure of the graphene were
characterized with optical microscopy (SDC), scanning electron microscopy
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(FEI-Quanta 200F), transmission electron microscopy (JEOL JEM-2100 at 80 keV)
and Raman spectroscopy (Buker SENTERRA, 514 nm laser wavelength).
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