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ABSTRACT: To synthesize large-area graphene single
crystals, we specifically designed a low-pressure chemical
vapor deposition (LPCVD) reactor with confined reaction
space (L 22 mm X W 13 mm X H S0 ym). Within the
confined reaction space, a uniform distribution of reactant
concentrations, reduced substrate roughness, and the shift of
growth kinetics toward a diffusion-limited regime can be
achieved, favoring the preparation of large-area, high-quality
graphene single crystals. The gas flow field and mass transport
pattern of reactants in the LPCVD system simulated with a
finite element method support the advantages of using this
confined reaction room for graphene growth. Using this space-
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confined reactor together with the optimized synthesis parameters, we obtained monolayer, highly uniform, and defect-free

graphene single crystals of up to ~0.8 mm in diameter with the field-effect mobility of ygz ~ 4800 cm® V™' s

~! at room

temperature. In addition, structural design of the confined reaction space by adjusting the reactor’s dimensions is of facile
controllability and scalability, which demonstrates the superiority and preference of this method for industrial applications.

B INTRODUCTION

The metal catalytic growth of graphene via chemical vapor
deposition (CVD) reaction is considered as one of the most
promising methods to enable mass production of high-quality
graphene films. =5 However, most of these CVD processes
produce polycrystalhne graphene composed of relatively small
graphene grains.’
graphene, such as grain boundaries and multilayer regions, will
cause degradations in both the physical and the chemical
properties of a synthesized graphene, including restricted
electrical mobility,” suppressed thermal conductivity,® reduced
sheet strength,g'10 and less oxidation resistance.'' Considerable
efforts have been made recently to prepare large single-crystal
graphene that is free of structural variations induced by the
coalescence of different graphene grains. The key point to
obtain large single-crystal graphene is to reduce the nucleation
density in the graphene growth; to this end, several strategies
have been implemented in the CVD methods. For instance, a
trace amount of oxygen introduced onto a catalytic Cu
substrate right before the graphene growing reaction was
demonstrated to be able to reduce the nucleation density
significantly and to promote the graphene growth rate.'” In
addition, suppressing the Cu sublimation in low-pressure CVD
(LPCVD) system,"”'* melting followed by resolidifying Cu
substrates,"> and annealing Cu substrates under high pressure

The presence of structural variations in
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of pure H, for a prolonged time'® could reduce the surface
roughness of Cu foils effectively, resulting in low nucleation
density. Other methods, by using Cu substrates covered with
catalytic inactive oxides'”'® or decorated with nanoparticles as
preseeding nucleation sites,'” were reported to lower the
nucleation density to <100 nuclei/cm’. Graphene single
crystals with submillimeter to millimeter sizes can now be
obtained with these reaction recipes, despite harsh synthetic
conditions being involved, e.g., high annealing pressure (~2
atm),' elevated temperature (1100 °C),"* extended annealing
period (>3—7 h),'**® and prolonged growth time (6—48 h)."”
Recently, a small one-end open quartz tube (of about a half
inch in diameter) was introduced into a conventional CVD
tube furnace for reactant vapor trapping, which allowed the
modulations of both gas compositions and gas flow rates within
the small tube. Consequently, a successful enlargement of
graphene single crystals up to 100 pm was achieved without
applying harsh synthetic conditions.”" With the similar strategy,
a circumfluence CVD reaction was reported to achieve ultralow
density of ~10 nuclei/cm® However, a broad distribution of
nucleation densities, ranging from 30 000 to 10 nuclei/ cm?, was
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observed along the entire catalytic Cu substrate from the end
nearby the gas inlet to the other end of the gas outlet.”” Herein,
we report an alternative approach to preparing large-area
graphene single crystals using a specifically designed LPCVD
reactor with confined reaction space (L 22 mm X W 13 mm X
H SO um). Within the confined reaction space, a uniform
distribution of reactant concentrations and reduced substrate
roughness, as well as the shift of growth kinetics toward a
diffusion-limited regime, can be achieved, favoring the
preparation of large-area, high-quality graphene single crystals.
With this reactor configuration, we were able to prepare
submillimeter graphene grains (~0.8 mm) under conventional
synthesis temperature (1050 °C) and low chamber pressure
(<2 Torr) within a reasonable time lapse (<5 h).

B EXPERIMENTAL SECTION

Catalytic Growth of Graphene. The catalyst-assisted syntheses
of graphene single crystals were carried out in an LPCVD system with
a 25-um-thick Cu foil (Alfa Aesar, purity 99.8%) placed in the 10-cm-
long heating zone of a tubular furnace (Thermo Scientific, Lindberg/
Blue M). To grow large-area graphene single crystals, a few LPCVD
reactors with various configurations designed to accommodate the
catalytic Cu substrate were tested. An optimal configuration containing
a confined reaction room (L 22 mm X W 13 mm X H 50 pgm) in the
synthesis reactor to locate the 25-um-thick Cu foil was finally selected
to systematically examine the synthesis protocols (as listed in Table
S1), including reaction temperature, chamber pressure, flow rates, and
reaction precursor compositions during the annealing and growing
periods in the LPCVD reaction. Details of the catalytic growth of
graphene are described in Section 1 of the Supporting Information.

Raman Characterization and Mapping. The graphene domains
transferred on a SiO,/Si substrate were characterized by micro-Raman
microscopy (NT-MDT, NTEGRA) with a semiconductor laser
(Sapphire, 488 FP) of ~80 mW at 488 nm as an excitation source.
A 100X objective was used to focus the laser beam onto the graphene
sample with a spot size of ~1 ym? Signals with the Raman shifts from
1200 to 3500 cm™' were collected with a CCD camera (Andor
Technology, DV401) integrated into the NTEGRA spectral system.
The characteristic peak of the Si substrate at 521 cm™" was utilized as
an internal standard to calibrate the relative spectral intensities. Raman
mapping was conducted by raster scanning the laser spot over a
selected area of the sample surface with a step size of 0.5 ym and an
exposure time of 0.5 s at each imaging point.

Electron Microscopy Characterization. Filed-emission scanning
electron microscopy (FE-SEM, JEOL, JSM-7600F) operated at an
acceleration voltage of 5 kV and high-resolution transmission electron
microscopy (HR-TEM, FEI Tecnai G2 20 LaB6) operated at 160 kV
were utilized to characterize the morphology and crystal structure of
the as-synthesized graphene domains. From the SEM images, fine
structures such as wrinkles and dendritic shapes of graphene domains
can be observed, providing additional information about morpho-
logical variations of the as-synthesized graphene. The crystallinity of a
graphene grain was characterized by examining the angle shifts of
individual selective-area electron diffraction (SAED) patterns recorded
at different positions across the graphene domain of interest.

Simulation of the Flow Field in Confined Reaction Space.
The gas flow pattern plays a significant role for the thin-film deposition
in CVD reactions. In this study, we employed the finite element
method (FEM) simulation to examine the gas flow pattern within a
confined reaction room for graphene synthesis in the LPCVD reaction
(see also Section S of the Supporting Information). Numerical results
of the gas flow field and reactant mass transport computed from the
FEM simulation provide insight into the transport of reactants within
the confined reaction space for the effective growth of large-area,
single-crystal graphene.
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B RESULTS AND DISCUSSION

As illustrated in Figure la and Figure S1 of the Supporting
Information, a rectangular reactor with confined space located
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Figure 1. Illustration of an LPCVD reactor and computational results
of the FEM simulation. (a) Schematic of the 10-cm-long heating zone
of a tubular furnace utilized for graphene synthesis. Located in the
central heating zone is a reactor with confined space (L 22 mm X W
13 mm X H 50 pm) to accommodate a 25-um-thick Cu foil. On the
plane of symmetry, flow areas that reacting gases can reach are marked
in blue. (b) Computational result from the FEM simulation manifests
the flow velocity on the plane of symmetry where white arrows exhibit
the transport direction of reactants flow. (c) The transport of reactants
flow is represented by the streamlines colored by flow speeds with
their widths proportional to the cell Reynolds number, which defines
the relative ratio of convective to diffusive fluxes. (d) The simulated
concentration distribution of reactants on the plane of symmetry.

in the 10-cm-long heating zone of a quartz tubular LPCVD
system was applied for the graphene synthesis. The strategy of
using this space-confined configuration to reduce the
nucleation density for preparing large-area graphene single
crystals was confirmed by comparing three reactors with
different designs (Figure 2a—c). In a conventional CVD
experimental setup (Figure 2a), the catalytic Cu foil was placed
on a tungsten (W) boat with its front side exposed directly to
reacting precursors. After synthesis, the Cu substrate with
grown graphene grains was oxidized on an ambient hot plate,
where the Cu surface covered with graphene was oxidation
resistant, rendering the synthesized graphene grains easily
identified by the color contrast of an optical micrograph
(Section 2 of the Supporting Information).”* We found that the
graphene growth rates on both sides of the Cu substrate are
different. With the synthetic protocol of P1 (as listed in Table
S1 of the Supporting Information) adopted in the reaction, the
front Cu surface (Figure 2g), which is almost fully covered with
graphene grains, displayed a much higher growth rate
compared to the rear Cu surface (Figure 2d). This outcome
was attributed to the difference in the mass-transport rates of
carbon species through the boundary (stagnant) layer in the
vicinity of the Cu surface and can be explained with a
conventional kinetic model for the thin-film deposition in a
CVD reaction. The growth kinetics involves the competition
between the mass-transport (diffusion) and surface-reaction
(edge-attachment) processes. For the mass-transport process,
the synthesis/deposition rate is governed by mass transport
coeflicient of hg = Dg/ 8, where D, is the gas diftusion coeflicient
and ¢ is the boundary layer thickness. In contrast, graphene
deposition through the surface-reaction processes is propor-
tional to the surface reaction constant (k,), which increases
exponentially with the reaction temperature.

DOI: 10.1021/acs.chemmater.5b01430
Chem. Mater. 2015, 27, 6249—6258


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b01430/suppl_file/cm5b01430_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b01430/suppl_file/cm5b01430_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b01430/suppl_file/cm5b01430_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b01430/suppl_file/cm5b01430_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b01430/suppl_file/cm5b01430_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b01430/suppl_file/cm5b01430_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b01430/suppl_file/cm5b01430_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b01430/suppl_file/cm5b01430_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.5b01430

Chemistry of Materials

W spacer

b ~ C +

a

Cu foil /
W boat [

V L

|

Gas flow direction

rear side

2 el
iy W% F

ES
s

front side

Figure 2. Illustrations of three reactor configurations and optical
micrographs of the as-synthesized graphene. (a) The Cu substrate
placed on a tungsten (W) boat is exposed to gaseous reactants directly.
(b) The Cu substrate is sandwiched between two quartz slides. (c) A
tungsten (W) spacer is placed between two quartz slides to prevent
their coalescence with the Cu substrate and to create a confined
reaction space. (d—i) Optical micrographs of the as-grown graphene
on the rear (d—f) and front (g—i) sides of the catalytic Cu substrate.
Enlarged optical micrographs of parts d—f are shown in Figure S3 for
easier comparison of the graphene-shape transformation due to
different growth-controlling mechanisms, i.e., surface-reaction (edge-
attachment) versus mass-transport (diffusion).

According to the Blasius model, the thickness of the laminar
boundary layer (§) is inversely groportional to the square root
of the reactant’s flow velocity.”” Compared with the front Cu
surface (Figure 2g), which experienced a higher flow rate, the
rear Cu surface (Figure 2d) was subjected to a much slower gas
flow due to the reduced interface between the Cu surface and
the tungsten boat (Figure 2a). The decreased flow velocity
therefore induced a thicker boundary layer, thus reducing the
mass transport efficiency (h, = D,/6) of carbon deposition onto
the rear Cu surface and leading to the final decrease of
graphene growth. Therefore, the observed difference in the
growth rates on different sides of the Cu substrate
demonstrates the unequivocal effect of mass-transport process
on the graphene synthesis. Furthermore, the shape of the
generated graphene grains contains a compact structure with
sharp edges (Figure 2d and an enlarged image in Figure S3a),
which was considered as a result of the edge-attachment-limited
growth, implying that the surface-reaction process also took
part in the growth reaction.'”*® Therefore, using the protocol
P1 in the reactor configuration of Figure 2a, the synthesis
kinetics falls into the region where both the mass-transport and
surface-reaction processes were involved in the graphene
growth.

The growth of large-area graphene single crystals can be
manipulated judiciously by shifting the synthesis kinetics from
surface-reaction (edge-attachment)-limited to mass-transport
(diffusion)-limited reﬁimes via the introduction of oxygen to
the CVD reaction.'”"” Inspired by these pioneering studies and
our own observation from Figure 2d that the mass-transport
(diffusion) process becomes noticeable under reduced gas flow,
we proposed to guide the graphene growth by significantly
suppressing the local flow of reactants on the Cu surface. To
this end, a confined reaction space was delicately designed,
where the Cu foil was sandwiched by a pair of quartz slides and
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secured with a tungsten clamp (Figure 2b). With this setup and
the synthesis protocol of P2 (Table S1, which differs from P1
only by reaction time), the graphene grains grown on both
sides of Cu were found to have similar size, coverage, and
nucleation density (Figure 2eh). In addition, within the
confined space, the sublimation and redeposition of Cu
atoms tended to reach equilibrium, leading to the significant
suppression of surface roughness on the catalytic Cu
substrate'”'* and the consequent facilitation of reducing
nucleation density."* Comparing the nucleation densities, the
sandwiched configuration (~6.8 X 10* nuclei/cm? Figure 2e)
has improved the conventional setup (~9.6 X 10° nuclei/cm?,
Figure 2d) by 14-fold. Furthermore, the gas flow velocity on the
Cu surface in the sandwiched configuration was reduced
significantly, resulting in a thick boundary layer extending over
the space between the Cu surface and quartz slides (Section 6
of the Supporting Information). Consequently, the diffusion
transport of carbon flux through the boundary layer to the
substrate surface becomes dominant in the graphene synthesis,
which was confirmed by the shape transformation of graphene
grains toward a multibranched or dendritic structure (Figure 2e
and an enlarged image in Figure S3b), which is a hallmark of
mass-transport (diffusion)-limited grov»rth.lz’27’28 The lack of
high velocity bulk flow in the confined space provided an
additional advantage: Collision-desorbed carbon species failed
to escape easily from the catalytic Cu surface and were prone to
incorporate into the existing carbon clusters, eventually
improving the enlargement of graphene grains within a
reasonable reaction time.*’

However, parts of the Cu substrate melted at elevated
temperature to coalesce with the reactor (Figure S4), making it
difficult to remove the as-grown graphene/Cu substrate from
the quartz slides after the reaction for further optical
characterization and device fabrication. Therefore, we modified
the design by introducing a U-shaped tungsten spacer (50 ym
in height) between the quartz slides to create a tiny, but
sufficient, reaction room to accommodate a 25-ym-thick Cu foil
(Figure 2c), where the gas inlet was oriented toward tailwind to
prevent the direct injection of gas flow. With this setup, the
nucleation density was further reduced (~4.7 X 10* nuclei/cm*
in Figure 2f;i and an enlarged image in Figure S3c) in the CVD
reaction, where the required reactants (P3 in Table S1) could
be diluted substantially, and the coalescence of Cu foil with
quartz slides was finally avoided. To find an optimal gap
dimension (ie., the spacer height) of the confined reaction
room, various gap sizes (50, 100, 180, 300, and 500 ym) of the
reactor were examined. With the same synthesis protocol
(Table S1, P13) tested, the resultant nucleation density
decreases monotonically with the reduction of gap size (Figure
SS). Since the confined space with a gap of <50 um to
accommodate a 25-um-thick catalytic Cu foil could cause the
coalescence of a melted copper foil with the reactor, the tested
reactors with a spacer of 50 pm in height were utilized for the
rest of the experiments. In addition, the study of gap-size effect
clearly demonstrates the controllable scalability of the reactor
reported here. The gap size of the reactor can be easily adjusted
for the Cu foils of different thickness to achieve the best
synthesis condition. It can also be expected that the lateral
dimensions (length and width) of the reactor can be expanded
to accommodate a large Cu substrate. Moreover, multiple
reactors can be piled up and applied simultaneously in a CVD
reaction to facilitate a high production throughput.
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Figure 3. Effects of H, concentration on the nucleation density. (a) With the same reaction temperature, reacting precursors, and chamber pressure,
the reduced H,/Ar ratio during annealing (for 60 min) assists the decrease of nucleation density. Scale bars: 200 ym. (b) Additional decrease of the
H,/Ar ratio with the concomitant reduction of exposure time (down to 30 min) to H,/Ar further lessens the nucleation density, rendering the
growth of larger graphene grains. Scale bars: 200 ym. (c) The measured nucleation density as a function of H, concentration and exposure time to
H,/Ar. A low density of ~200 nuclei/cm” can be achieved by reducing H, concentration (from H,/Ar ratio of 0.05 to 0.0025) and shortening the
exposure time (30 min) to H,/Ar during annealing. (d) Graphene domains of various sizes were obtained from different synthesis protocols (as
listed in Table S1). Single-crystal graphene of ~0.8 mm in diagonal diameter can be prepared with the optimal synthesis protocols.

To verify the advantage of using this confined reaction room
(Figure 2c) for large-area graphene synthesis, numerical FEM
simulation was employed to unveil the gas flow field in the
CVD reaction. The geometry utilized to simulate the CVD
system is illustrated in Figure Sla with a tailwind gas inlet of
reacting precursors. In the 10-cm-long central heating region of
the tubular furnace (Figure la) where graphene synthesis
occurs, the simulation results (Figure 1b) show that the
extremely low gas flow velocity (2.5 X 107> m/s) within the
confined reaction room was reduced by >10 orders of
magnitude compared to the bulk flow rate (7.2 m/s) outside
of the confined space. The white U-shaped area without
velocity distribution indicates the location of the tungsten
spacer, which defined the dimension of the confined reaction
room. Inside the confined reaction room (Figure 1b), white
arrows indicate the transport of reactants that flow in along the
sidewalls and circulate out from the central axial region of the
confined space. The simulation also confirms our expectation
that the gas flow within the confined space significantly
reduces; meanwhile, the thickness of the boundary layer on
catalytic Cu surface increases extensively to cover the whole
space between the Cu surface and quartz slides (Section 6 of
the Supporting Information). Consequently, the mass transport
of reactants onto the catalytic Cu substrate is effectively
reduced, leading the growth kinetics toward the mass-transport-
limited regime. Figure 1c provides a comprehensive map of the
reactant flow, where the streamlines are colored by flow speeds
with their widths proportional to the cell Reynolds number.
The cell Reynolds number is considered as the Péclet number
that defines the relative ratio of convective to diffusive fluxes
across the unit simulation cell.’” Narrow lines hence signify
diffusion-dominant flows, to which the majority within the
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confined space belongs, rendering a homogeneous distribution
of the reactants in the reaction room (Figure 1d). From these
simulations, we prove that the reduced flow velocity, diffusion-
dominant mass transport, and homogeneous distribution of
reactants in the confined CVD reaction space benefit the
preparation of large-area graphene single crystals. Furthermore,
to demonstrate the scalability of the CVD method with a space-
confined reactor adopted in this study, we performed a
simulation for the reaction system composed of a large tube
furnace (Figure S6a—c, 20.32 cm in diameter and 120 cm in
length) with an amplified rectangular reactor (Figure S6d, L 20
cm X W 14.4 cm X H 4 mm with a confined reaction room of L
17.6 cm X W 104 cm X H SO um). To facilitate an efficient
computation, the geometry of the reaction system was divided
into five different domains with appropriate mesh resolutions
(Figure S6e). The simulation of this enlarged CVD system
(Figure S6f—h) confirmed that the fluid conditions, including
reduced flow velocity, diffusion-dominant fluxes, and a
homogeneous reactant distribution, are similar to those (Figure
1) of the chamber/reactor with much smaller dimensions,
demonstrating the scalability of this space-confined reactor for
the synthesis of large-area graphene single crystals.

Adopting the setup shown in Figure 2¢, we focused on
testing the synthesis parameters to further reduce the
nucleation density. First, we adjusted the H, concentration
during annealing in the graphene synthesis (Figure S2). It is
known that annealing the Cu substrate in the presence of H,
helps to remove contaminations and oxides on Cu, thus
providing a clean, active catalytic surface for graphene growth.
However, an overactive surface could cause the increase of
nucleation density, which is ultimately detrimental to growing
large graphene grains. Therefore, we treated the Cu substrate
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with acetic acid to partially remove contaminations and oxides
on Cu to reduce the gas amount and exposure time of H,
required during the annealing. From the measurements, we
found that the nucleation density could be effectively lowered
by reducing the H,/Ar ratio (Figure 3a,b) and shortening the
exposure time to H, during the annealing (Figure S7).
Nucleation densities formed as a function of reacting H,
concentration in combination with annealing time, where the
nucleation density decreases monotonically by ~100-fold upon
reducing the H, concentration, are summarized in Figure 3c. As
a result, a nucleation density of ~200 nuclei/ cm? concomitant
with the consequent growth of graphene grains of ~0.8 mm in
diameter were achieved (Figures 3d and S8).

In addition to the optical imaging, SEM characterization was
applied to examine the morphology of the as-synthesized
graphene. With the optimized synthesis protocol (Table S,
P12), large graphene domains with similar sizes (~0.8 mm in
diagonal diameter) developed from ~6 distinct nuclei were
identified in an area of 3.1 mm? (ie., ~200 nuclei/cm?, Figure
4a). To obtain isolated graphene single crystals, the growth

nucleation site

Figure 4. (3, b, d, e) SEM images were used for detailed investigations
of the size and morphology of the as-synthesized graphene samples on
Cu substrates. The extension process of a representative single-crystal
graphene grain shown in (b) is illustrated in (c), where black arrows
depict the growth direction of a lobe. Occasionally, small graphene
grains, marked with the white-dashed circles in (d) and (e), were
found nearby the pre-existing large domains. (e) A large polygonal
graphene grain composed of two patches, which was developed from
distinct nuclei, was also observed. (f) The peripheries of these
constituent graphene grains are indicated with different colors, where
the black-dashed line indicates the location of a grain boundary. The
small black spots on the Cu substrate in (e) came from the oil vapor
contamination, unintentionally introduced during the sample storage.
Scale bars: (a) 200 ym and (b, d, e) 100 ym.

reaction was ceased in 270 min to prevent the conjunction of
neighboring grains; nevertheless, some coalescences between
graphene domains did occur at the areas indicated with the
white-dashed arrows in Figure 4a. Occasionally, small graphene
grains (marked with the dashed circles in Figures 4d,e) were
found nearby and tended to merge with the pre-existing large
domain, resulting in polycrystalline films. Typically, the isolated
graphene grains prepared in this study were developed from
single nucleation sites and displayed a symmetric six-lobe
geometry of clear dendritic structures at the edge (Figure 4b).
Figure 4c illustrates the extension process of an isolated
graphene grain shown in Figure 4b, which is regarded as a
single crystal of slightly anisotropic growth introduced by the
crystal direction of the underlying Cu substrate.”’ Additionally,
large graphene grains with a polygonal (more than six lobes)
geometry were also observed. As shown in Figure 4e, two
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distinct nucleation sites were identified in a large graphene
grain, demonstrating that this large polygonal domain consisted
of two patches developed from different nuclei. In Figure 4f,
enlargement of the peripheries of constituent graphene grains
are indicated with different colors to illustrate how these two
patches merge to form a large domain. The black-dashed line in
Figure 4f indicates schematically the location of a grain
boundary. Recently, practical geometric models have been
reported to effectively describe the dynamic formation of grain
boundaries, resulting from the coalescence of hexagonal
graphene grains with straight edges.”> Comparatively, the
structure of grain boundaries formed by graphene grains with
dendritic lobes is more complicated and requires the HR-TEM
images with atomic resolution to determine its actual
distribution.

The as-synthesized graphene on the Cu surface was then
transferred onto a receiving Si wafer (i.e.,, SiO,/Si substrate) for
further optical and electrical characterizations (Section 3 of the
Supporting Information). Figure Sa shows the optical image of
a graphene grain of 0.45 mm in diagonal diameter, of which the
Raman spectroscopic recording was conducted to characterize
its layer number, structural defect, and sheet quality. In Figure
Sb, Raman-scattering signals observed at seven randomly
selected positions on the graphene grain (Figure Sa)
demonstrate their excellent spectral consistency, indicating
the uniformity of the as-synthesized graphene. Moreover,
judging from the negligible D-band intensity at ~1350 cm™, no
apparent defects in the graphene grain were observed. The
positions and relative intensities of G (~1572 cm™') and 2D
(~2684 cm™) bands also agree with those of the monolayer
graphene reported previously.”>™*° In addition, two-dimen-
sional Raman mapping over a selected area, marked by a red-
dashed square in Figure Sa, was performed to examine the
spatial uniformity. The obtained Raman mappings of 2D, G,
and D bands together with the 2D bandwidth (fwhm: full width
at half-maximum), 2D peak position, and the intensity ratio of
Lp/Ig are displayed in Figure Sc—e and Figure S9a—c,
respectively. While the dendritic structure of grain edges and
the wrinkle distribution in the 2D and G band mappings
(Figure Sc,d) are recognized, the extremely low intensity of the
D band over the whole mapping area (Figure Se) again
indicates the high uniformity and defect-free properties in the
as-synthesized graphene. Figure 5f—h summarizes the narrowly
distributed histograms, analyzed from the mappings of Figure
S9a—c, to yield the 2D fwhm of 34.0 + 2.4 cm™, 2D peak
position of 2684.5 + 3.7 cm™', and Lp/I;; of 3.9 + 0.7 (where
Lp/Ig > 3 for >93% data points), which further support a
uniform monolayer of the as-synthesized graphene.”*~”

The crystallinity of the as-synthesized graphene was
examined by normal-incident selective-area electron diffraction
(SAED) from nine randomly selected locations (the labeled red
spots of c—k in Figure 6a with the separation of >50 ym among
these spots) on a graphene grain (~0.35 mm in diameter) to
display a typical 6-fold symmetry (Figure 6c—k).>’ The
representative line profile of the diffraction peak intensities
(Figure 6b) along the white arrows shown in Figure 6¢
indicates that the {1100} spots are more intense than the
{2110} spots with Iy 003/I(110y ~ 1.1, supporting the
monolayer characteristic of graphene.’®*” The graphene lattice
orientation, defined by the angle (¢) between [1010] and the -
axis (Figure 6d), is extracted from individual SAED patterns,
where a rotation less than 1.4° was observed for the lattice
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Figure S. Raman characterization/mapping of the as-grown graphene. (a) Optical image of the as-grown graphene of 0.45 mm in diameter after it
was transferred to a Si wafer from the catalytic Cu surface. Scale bar: 100 ym. (b) Raman spectra were recorded at seven spots, as indicated in (a) on
the transferred graphene grain. (c—e) Raman intensity mappings of the 2D, G, and D bands of graphene in the selected area marked by a red-dashed
square in (a). Scale bars: 30 ym. (f—h) Histograms summarized from the Raman mappings of (f) 2D bandwidth (fwhm), (g) 2D peak position, and
(h) the intensity ratio of Lp/Ig.
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Figure 6. (a) SEM image of a graphene grain of ~0.35 mm in diameter (with its contour marked by yellow-dashed lines) on a Lacey carbon-coated
Cu grid for TEM examination. (b) A line profile of the diffraction peak intensities along the white arrows indicated in (c). (c—k) SAED patterns
recorded from different locations on the graphene grain, as labeled by red spots in (a). The graphene lattice orientation, defined with an angle (0), is

extracted from each SAED pattern and gives a rotation less than 1.4°. Scale bars: 5 nm™.

orientation of the graphene grain under study, once more Finally, the electrical transport properties of a graphene-
manifesting its single crystalline nature. based field-effect transistor (called graphene-FET) were
6254 DOI: 10.1021/acs.chemmater.5b01430
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V4 curves of the as-fabricated graphene—FET device measured at various

V, values. The inset shows the optical micrograph of a representative graphene—FET device (S: source and D: drain) with a conducting channel of
24 X 8 um? (b) Channel resistivity of the graphene—FET device is plotted as a function of Ve (c) The variation of gy with respect to n is deduced
from the experimental data. (d) The o of the as-fabricated graphene—FET is plotted as a function of n, where a self-consistent diffusive transport
model (red solid line) was applied to fit the experimental data (green spheres).

characterized by conducting the source—drain current vs
source—drain voltage (I4—V,;) and source—drain current vs
gate voltage (Isd—Vg) measurements, where the device
fabrication and electrical measurements of graphene—FETs
are described in Section 4 of the Supporting Information. In
Figure 7a, the linear I4—Vy curves recorded at various V,
values indicate a good ohmic contact between the graphene
channel and Cr (10 nm)/Au (50 nm) electrodes. The device
resistance (R, = V,4/I4) is a combination of the metal/
graphene contact resistance (R ope) and the graphene channel
resistance (Rgnnel)- The Rignaee Was determined from a fit to
experimental data (Section 4 of the Supporting Information) to
be ~194 Q, which was then subtracted from R, to enable the
direct evaluation of channel resistivity (9 = Renet X (W/L);
W, channel width; L, channel length) as a function of Ve
(Figure 7b). As a result, the low resistivity of p ~ 230 2/sq at
high V, and the peak resistivity of ~1.9 k€/sq at the Dirac
point fVDim = —1.5 V) were obtained, rendering an on/off
ratio of ~8. The nonzero Vp,,. value implies an unintentional
charged doping on the graphene film.

Figure 7c shows the field-effect mobility (upp = 1/nep; n,
carrier density; e, elementary charge)‘m’41 as a function of n,
which can be calculated from n = Cg(Vg — Vpirac)/€ with C =
11.5 nF/cm? being the capacitance for the 300 nm-thick SiO,
dielectric layer."” The recorded data demonstrate that pg: >
8300 cm® V™! s™'at n < 5 X 10" cm™ and a limit of g ~
4800 cm® V™! s7! is achieved at #n = 3 X 10 cm™. The
electrical conductivity (o) defined by the self-consistent
diffusive transport model gives o' = (neu. + 6,)”" + p,
where . refers to the carrier-density-independent mobility
corresponding to the Coulomb long-range scattering by
charged impurities, o, is the residual conductivity at the Dirac
point, and p, is the resistivity associated with short-range
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scattering due to the lattice defects of graphene.” The o—n fit
in Figure 7d yields y. ~ 5300 cm* V' s, which is of medium
value among those of the synthesized single-crystal graphene
reported.'>~ #1¢17224647 e glso found that the recorded
minimum conductivity (6, ~ 13.8 ¢*/h) is higher than 4 ¢*/h
of a perfect graphene, which is likely due to the inhomogeneous
distribution of charged impurities on graphene.*” Both nonzero
Vpirae and deviated o, imply the degraded mobility of our
single-crystal graphene; therefore, reducing charged impurities
by modifying the surface of the SiO,/Si substrate and
developing a residue-free transfer process in the sample
preparation should substantially improve the electric transport
in graphene.

In addition, taking advantage of the large graphene domains
obtained in this study, we examined the length-dependence of
the field-effect mobility in graphene devices on the channel
length (L) ranging from 8 to S60 pm, where the channel
width (W) was maintained to be >50 ym to minimize the
effect of width-dependent mobility."® From Figure S10, it is
found that the device mobility increases as extending the
channel length and tends to level off at a large channel length.
This result is consistent with previously reported studies** >
and further confirms the highly uniform quality of the as-
synthesized graphene crystals across large distance scales. The
sheet resistance of a continuous graphene film is another
significant electrical metric to evaluate the performance of
graphene samples, especially for the application as an electrode
material in optoelectronic devices.”' In this study, two different
types of continuous graphene films were synthesized; one was
obtained with a conventional method (Figure 2a, composed of
multiple small graphene grains of <S50 um in diameter,
synthesized with P1 in Table SI and a growth time of ~50
min to ensure a complete conjunction of individual grains on
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both sides of the Cu substrate) and the other was prepared in
the confined reaction room (Figure 2c, composed of multiple
large graphene single crystals of >500 ym in diameter,
synthesized with P12 in Table S1 and a growth time of ~6 h
to ensure a complete conjunction of individual grains). The
sheet resistances were measured using a conventional four-
point probe method with a Keithley 2400 multimeter.
Representative sheet resistances of the pristine CVD-synthe-
sized monolayer graphene films obtained by other research
groups together with ours of this study are summarized in
Figure S11. It is obvious that the continuous graphene films
composed of large graphene single crystals (171.9 + 87.4 Q/
sq) possess much smaller sheet resistances than those films that
consist of small graphene grains (367.7 = 120.5 Q/sq). The
measured sheet resistances are comparable to those of several
other representative studies as shown in Figure S11.

To compare with previously reported studies, a list of the
performance parameters of representative protocols for
synthesizing large graphene single crystals is summarized in
Table S2. Except the works reported by the Ruoff's group,' >
our study shows improvements in some of the following
aspects, including crystal size, the duration of a complete
synthesis cycle, required working temperature, and the
electrical properties of graphene, as compared to most of the
previous studies. Furthermore, although the growth rate in this
study is moderate, our method provides a favorable duration for
a complete synthesis cycle (including the annealing and growth
periods) that determines the ultimate throughput of graphene
production. Another advantage of this method is to preclude
the contamination of SiO, nanoparticles on the graphene
surface (Figure S12), which is an issue frequently encountered
in the graphene synthesis without an effective solution.””™>*
The SiO, contamination stemmed from the H, etching of a
quartz tube in the CVD szfnthesis of graphene at high reaction
temperature (>800 °C).>* In contrast, with the Cu substrate
located in the confined reaction room of this study, the SiO,
contamination can be substantially excluded (Figure S12c,d).
Within the confined reaction room, the very narrow gas inlet
results in the extremely slow gas flow, which effectively prevents
the entry of SiO, nanoparticles carried by the reactant flow and
also assists the reduction of reactive H, to etch the quartz walls
of the space-confined reactor.

Bl CONCLUSION

In conclusion, we report a convenient, facile method to prepare
high-quality graphene single crystals through the novel design
of a CVD reactor with a confined reaction space. The space-
confined configuration for synthetic reactions reported here (at
synthesis temperature 1050 °C, chamber pressure < 2 Torr,
and reaction time < S h) provided multiple advantages for the
preparation of large graphene single crystals by suppressing the
substrate roughness, establishing a uniform distribution of
reactant concentrations, and shifting the growth kinetics toward
a diffusion-controlled reaction. Numerical FEM simulations
provided insight into the transport of reactants within the
confined reaction space and further supported our experimental
observations. From the simulations, a homogeneous reactant
distribution was established within the confined space, where
the diffusion transport of reactants through the boundary layer
became the rate-determining step of graphene deposition.
Using the space-confined reactor together with the optimized
synthesis parameters by reducing both the exposure time and
gas amount of H, during annealing enabled the growth of
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graphene single crystals up to ~0.8 mm in diameter. The as-
synthesized graphene was characterized to be monolayer, high
uniformity, and low defects with ppz ~ 4800 cm? V™! s7! at
room temperature. The method reported here provides an
alternative approach to prepare submillimeter graphene single
crystals without involving harsh synthetic conditions, such as
prolonged growth time (6—24 h), escalated chamber pressure
(~2 atm), and high concentration (>99%) of explosive H,.
Finally, as supported by the FEM simulation of both small and
enlarged CVD systems, the structural design of the CVD
system by adjusting the space-confined reactor’s dimensions is
of facile controllability and scalability, demonstrating the
superiority and preference of this method for practical and
industrial applications in the future.
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MATERIALS AND METHODS

1. Catalytic growth of graphene

Graphene single crystals were synthesized on a 25-pum-thick Cu foil (Alfa Aesar, purity 99.8%)
in an LPCVD chamber. The reaction chamber is composed of a 90-cm-long quartz tube with 2.54
cm in outer diameter and a split-tube furnace (Thermo Scientific, Lindberg/Blue M) with a 10-cm-
long heating zone (Figure S1 and 1). For graphene synthesis, the as-received Cu foil was treated
with glacial acetic acid (Sigma-Aldrich, >99.85%) for 8 hr to remove oxides and contaminations on
the Cu surface, followed by thoroughly rinsing with DI water and blow-drying with N,. The acid-
treated Cu foil was then cut into 1 x 2 cm” strips and mounted on a tungsten (W) boat to be located
in the LPCVD chamber. The tungsten boat was shifted out of the heating zone quickly via a small
magnetic dragger after reaction. In the synthetic reaction, the CVD system was first evacuated to ~2
x 107 torr for 10 min, followed by filling the gas mixture of Ar (FMI Corp., 99.9995%) and H,
(FMI Corp., 99.9995%). The chamber temperature was then ramped up to 1050 ‘C within 40 min
and kept at 1050 “C (typically for 30 min) for the substrate annealing (Figure S2, Steps I and II).
After the annealing, the system temperature was maintained at 1050 “C, followed by introducing
CH4 (FMI Corp., 99.9995%) as the carbon source into the reaction chamber to initiate graphene
growth (Figure S2, Step III). After the reaction, while both H, and CHy4 flows were turned off, the
tungsten boat containing the Cu substrate grown with graphene was quickly shifted out of the hot

zone. Finally, the system was cooled to room temperature under an Ar flow (Figure S2, Step IV).
2. Selected oxidation-assisted optical image

To rapidly identify how different synthesis protocols vary the graphene domains produced, we
adopted the selective oxidation method, reported by C. Jia and coworkers, which enables the direct
optical inspection of the as-grown graphene without going through the laborious transfer process.”!
With this method, a Cu substrate with the as-grown graphene grains was oxidized in ambient air on

a hot plate at 180 "C for 20 min. The graphene film on the Cu substrate could serve as a protection
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layer to prevent the underlying Cu surface from oxidation because of its high chemical/thermal
stability and impermeability to gases and liquids.>** In contrast, the surrounding surface of the Cu
foil without being covered by graphene exhibited high reactivity and was readily oxidized to copper
oxides with an obvious color change. The apparent color contrast between the oxidized and non-
oxidized Cu surfaces made the synthesized graphene domains easy to be observed in an optical
microscope (Olympus, BX51) equipped with a charge-coupled device (CCD) camera (Leica,

DFC495).
3. Thin-film transfer

For further optical/electrical characterization and device fabrication, the as-grown graphene
domains/films on the Cu substrate were transferred onto a p-doped Si wafer with a 300-nm-thick
Si0; layer or a TEM grid (Electron Microscopy Sciences, LC200-Cu) via a conventional polymer-
assisted method.>* Because graphene domains/films were grown on both sides of the Cu substrate,
we selected one side of the Cu foil (1 x 1 cm?) to transfer the as-grown graphene by spin-coating 50
puL of polymethyl methacrylate (MicroChem, 950 PMMA, A4) at 3000 rpm for 30 sec, followed by
baking the PMMA/graphene/Cu on a hot plate at 135 “C for 5 min. Meanwhile, the other side of the
Cu foil without the PMMA coating was cleaned with O, plasma to remove graphene. The plasma
cleaned PMMA/graphene/Cu sample was then floated over Marble’s solution (CuSOy : HCI : H,O =
10 g : 50 mL : 50 mL) to etch away the Cu substrate, resulting in a PMMA/graphene membrane
suspending on the solution surface. The PMMA/graphene membrane was then transferred to DI
water to further remove the remaining etchants and subsequently scooped up with a receiving
substrate (a Si0,/Si wafer or a TEM grid). The PMMA/graphene membrane on the receiving
substrate was vacuum dried in a desiccator at room temperature for 2 hr and heated on a hot plate at
85 °C for 15 min to promote the adhesion between graphene and the receiving substrate. The
PMMA /graphene/substrate stack was then immersed into acetone at room temperature overnight to

remove PMMA, followed by rinsing the graphene/substrate with isopropanol and DI water to
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remove organic residues on the graphene surface. Finally, the graphene/substrate was blow-dried

Wlth Nz.
4. Device fabrication and electrical measurement

To fabricate filed-effect-transistor (FET) devices, the graphene/substrate was first annealed at
200 “C under diluted H, flow (H 10 sccm/Ar 100 sccm) for 1 hr to remove the remained organic
residues during the transfer process. After annealing, selected domains of the graphene/substrate
were mounted carefully with a TEM copper grid which served as a shadow mask for the thermal-
evaporation deposition of source/drain electrodes (10 nm Cr/50 nm Au). The electrical
measurements of the as-fabricated graphene-FET devices were conducted in a probe station
(Lakeshore, TTPX) equipped with a source meter (Keithley, 2636A) under the chamber pressure of
~ 2 x 107 torr at room temperature. In the measurements, a back gate voltage (Vy) was applied
through the p-doped Si substrate with a 300-nm-thick SiO, dielectric layer. From the recorded
source-drain current vs. source-drain voltage (I;g—Vsq) and source-drain current vs. gate voltage
(Isa—Vy) curves, the device resistance (Riot), which is composed of the contact resistance (Reontact) 0f

metal/graphene and the graphene channel resistance (Rchannel), can be determined.>> ¢

|4 L
Rior = FSZ = Reontact T Renannet = Reontact + wo 0 (S1)

In Equation S1, L refers to the channel length between the source and drain electrodes, W is the
channel width, and p denotes the channel resistivity of the graphene-FET device. In addition, the

conductivity (o= 1/p) of the graphene channel is related to filed-effect mobility (z4p), elementary

charge (e), and carrier density (n) as shown in Equation S2.%°

-1
_ _ 2
p=0""1=(neug) ! = <M EF\/ean + [Cg(Vq - VDirac)] ) (52)
In Equation S2, ng is the residual carrier density at the Dirac point due to charged impurity, Cgy is the
capacitance per unit area of the gate dielectric, and Vi refers to the recorded potential shift at the
Dirac point. The combination of Equation S1 and S2 yields Equation S3, in which Ry is
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represented as a function of Vy—Vpire. It 1s noted that Reontact can be determined from Equation S3

by fitting the recorded data of Ry and Vg—VDirac.S7

Rypy = 2% = R +—
tot Isd contact W 0

1

/uEF\/ezn(z) + [Cg(Vg - VDirac)]2

=R +—-
contact W

-1/2

L c2 2
1+ 575 = Vorae)'| (S3)

W nge

= Reontact

5. FEM simulation of the flow field in confined reaction space

Two COMSOL Multiphysics modules in the finite element model (FEM), i.e., laminar flow
(Navier-Stokes equation) and transport of dilute species (convection-diffusion equation), were
coupled to solve the flow field and mass transport of the reactants flow involved in our CVD
reaction. Simulations were performed with a commercial FEM package of COMSOL Multiphysics
(version 4.4). The three-dimensional geometry shown in Figure Sla describes the CVD reaction
system used in this study for graphene synthesis. This system consists of a quartz tube (2.54
cm/2.15 cm in outer/inner diameter and 90 cm in length) with a rectangular reactor (L 25 mm x W
18 mm x H 4 mm) located in the center. Within the rectangular reactor, a confined reaction room (L
22 mm x W 13 mm x H 50 um) with one open end (as an inlet) was designed to allow the insertion
of a 25-um-thick Cu foil and the entry of reacting gases. It is noteworthy that the inlet was oriented
towards tailwind to prevent the direct injection of gas flow. To save the memory space required in
computation and to facilitate the illustration of simulated results, a reduced three-dimensional
geometry with a plane of symmetry (Figure S1b) was utilized for the FEM simulations. In addition,
the graphene synthesis was conducted in the heating zone located within the central 10-cm-long
region of the quartz tube (Figure 1 and S1). Therefore, our discussion about the simulated flow

fields and mass transports is focused on this region (Figure Slc). In this simulation, the flow was

S5



considered as a gas mixture of CHy4, Hy, and Ar with a constant inlet speed consistent with the
experimental conditions. In addition, to demonstrate the scalability of the CVD method adopted in
this study, a simulation for the CVD reaction system composed of a large tube furnace (Figure
S6a—c, 20.32 cm in diameter and 120 cm in length, adapted from the chamber dimensions reported
by Bae, S. et. al., Nat. Nanotechnol., 2010, 5, 574—578)88 with an amplified rectangular reactor
(Figure S6d, L 20 cm x W 14.4 cm x H 4 mm containing a confined reaction room of L 17.6 cm x

W 10.4 cm x H 50 pm) was performed.

6. Estimation of boundary layer thickness

Over a flat plane, the boundary layer thickness (8) can be estimated with the following

equation:>” '?

12,4
5= 4.91\/5 (84)

where v refers to the kinematic viscosity (m?%/s), x is the distance downstream from the start of the
boundary layer (m) and U is the free stream velocity (m/s). In the LPCVD system at 1050 °C and
1.71 torr, the kinematic viscosity of v~ 1X 10 m?/s was estimated for the reactant mixture (i.e., Hy,
CH4, and Ar).’"" The free stream velocity (U) at the entrance of the confined reaction space is
~1% 107 m/s obtained from the FEM simulation. Since the Cu substrate was located typically at ~1
mm away from the entrance of the confined reaction space, the distance from the start of the

boundary (X) was assumed to be 10~ m in the calculation. From the calculation with Equation S4,
[x 107 %107
0=491|—=4091 ;_2 =0.16 m=16 cm.
U 10

Since the height of the confined reaction room to accommodate the catalytic Cu substrate is only 50
pum, the boundary layer is believed to extend over the entire space between the Cu surface and

quartz slides.
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Table S1. Synthesis protocols utilized in this study

Protocol Temp Annealing step Growing step Reactor type Grain size Grain density
. Pressure Ar H, Time Pressure Ar H, CH, Time .9
C . . lei/
= (torr) (sccm) (min) (torr) (sccm) (min) (m) (nuclei/em’)
P1 1050 1.04 200 50 60 0.18 0 25 1 20 on W boat ~15 ~9.6E+5
sandwiched
P2 1050 1.04 200 50 60 0.18 0 25 1 90 between ~50 ~6.8E+4
quartz slides
Confined
P3 1050 1.04 200 50 60 343 1000 25 1 25 space ~20 ~4.TE+4
P4 1050 1.03 200 10 60 1.71 500 22 1 60 ~100 ~1.2E+4
P5 1050 1.67 500 10 60 1.71 500 22 1 100 ~150 ~8.7E+3
P6 1050 2.45 1000 10 60 1.71 500 22 1 105 ~200 ~5.7E+3
P7 1050 3.12 1500 10 60 1.71 500 22 1 135 ~250 ~4 4E+3
P8 1050 3.69 2000 10 60 1.71 500 22 1 155 Confined ~300 ~2.8E+3
P9 1050 3.12 1500 10 30 1.71 500 22 1 165 space ~300 ~4.0E+3
P10 1050 3.69 2000 10 30 1.71 500 22 1 180 ~350 ~2.5E+3
P11 1050 3.67 2000 8 30 1.71 500 22 1 240 ~550 ~6.3E+2
P12 1050 3.65 2000 5 30 1.71 500 22 1 270 ~800 ~2.1E+2
P13 1050 3.69 1500 10 60 1.30 330 28 1 120 ~180" ~8.2E+2°

"These results are obtained using the reactor with a gap size of 50 um.
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Table S2. Performance parameters of representative protocols for the synthesis of large graphene single crystals.

Maximum Averaged Duration of a synthesis cycle to Electrical Required

Ref. Grain size growth rate obtain 0.8 mm graphene grain* mobility highest temperature
(mm) (um/min) (min) (em’V's™ (C)
12 10 13.9 90 15000~30000 1035
13 0.5° 6 N. A. 4000 1035
14 2 5.6 160 5200 1035
15 1.1 3.6 340 N.A. 1100
16 2.3 18.4 460 11000 1077
17 5 2.1 400 16000 1070
20 0.61 22 N. A. N.A. 1045
21 0.1 3.3 N.A. 4200 1000
22 1.2 4 320 2440 1050

CThewok 04 S 0 w0 w00

*Duration of a synthesis cycle includes the annealing and growth periods to obtain a graphene grain with 0.8 mm in diameter.

"Performance parameters that are less superior or comparable to this work are marked with shading for easier comparison.
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Figure S1. (a) The three-dimensional geometry of the CVD system utilized in this study. This
system consists of a quartz tube (2.54 cm/2.15 cm in outer/inner diameter and 90 cm in length) and
a rectangular reactor (L 25 mm x W 18 mm x H 4 mm) located in the central 10-cm-long heating
zone. A confined reaction space (L 22 mm x W 13 mm x H 50 um) with one open end (as an inlet)
was designed to allow the insertion of a 25-um-thick Cu foil and the entry of reacting gases. The
inlet of reacting gases was oriented towards tailwind to prevent the direct injection of gas flow. (b)
The reduced three-dimensional geometry of (a) with a plane of symmetry utilized in the FEM

simulations. (c¢) An enlarged diagram of (b) with an emphasis on the 10-cm-long heating zone.
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Temp.
(II) (1IT)
1050 °C :
Heating ~ Annealing Graphene Cooling
up growth

Figure S2. A workflow diagram for the graphene synthesis in LPCVD reaction employed in this
study. Experimental details for the chamber pressure, flow rate of each reacting gas, and elapsed
reaction time involved in the annealing and growing stages are tabulated in Table S1. In all tests, the

ramp-up time for the chamber temperature, from 25 to 1050 °C, at the heating-up stage was 40 min.
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a Pi:H/Ar=14 [ P2:H Ar=14 C P3:H/Ar=1/4
E_- & 4
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Figure S3. Enlarged optical micrographs of the as-synthesized graphene grains shown in Figure
2d—f for easier comparison of the graphene-shape transformation due to different growth-
controlling mechanisms, i.e., surface-reaction (edge-attachment) versus mass-transport (diffusion).

Scale bars: 20 um.
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Melted Copper

Figure S4. Parts of the Cu substrate melted at elevated temperature to coalesce with the reactor,
making it difficult to remove the as-grown graphene/Cu substrate from quartz slides after the

reaction for further optical characterization and device fabrication.
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Figure S5. With the same synthesis protocol (Table S1, P13), graphene samples obtained from five
reactors of different gap sizes, (a) 50 um, (b) 100 um, (¢) 180 um, (d) 300 pum, and (e) 500 pm,
were investigated to find the optimal gap size for a 25-um-thick Cu catalytic foil. (f) The resultant

nucleation density decreases monotonically with the reduction of gap size.
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Figure S6. (a—b) The three-dimensional geometry of an enlarged CVD system composed of a
quartz tube (20.32 cm in outer diameter and 120 cm in length) with a rectangular reactor (L 20
cm x W 144 cm x H 4 mm) located in the central heating zone of 80 cm in length. (c) The
reduced three-dimensional geometry of (a) with a plane of symmetry utilized in the FEM
simulation. The inlet of reacting gases was also oriented towards tailwind to prevent the direct
injection of gas flow. (d) The zoom-in geometry of the rectangular reactor with a confined
reaction space of L 17.6 cm x W 10.4 cm x H 50 pum. (e) The meshed geometry of (c)
illustrates that different domains were meshed with different space resolutions to achieve the
most efficient simulation. The simulation results of this enlarged CVD system show that the
fluid conditions, including (f) reduced flow velocity, (g) diffusion-dominant fluxes, and (h) a
homogenous reactant distribution, are similar to those (shown in Figure 1) of the

chamber/reactor with much smaller dimensions.
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Figure S7. Comparison of the as-grown graphene grains from the same synthesis protocols except
the H, exposure time during annealing. These results demonstrate that, apart from the reduction of
H, concentration, the shortened exposure time to H, during annealing further lessens the nucleation

density. Scale bars: 200 um.
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Figure S8. Representative examples of the large-area graphene single crystals synthesized from

different experimental batches with the optimized synthesis protocol of P12. Scale bars: 200 pm.
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Figure S9. Raman mappings of the 2D bandwidth (FWHM), 2D peak position, and intensity ratio

of I,p/Ig collected from the selected area marked by a red-dashed square in Figure 4a. Scale bars: 30

pum.
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Figure S10. The electrical measurements show that the field-effect mobility of graphene devices is
dependent on the channel length (L) ranging from 8, 100, 200, to 560 um, where the channel
width (W) of the graphene devices was maintained to be >50 um to minimize the effect of width-

dependent mobility.
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Figure S11. Comparison of the sheet resistances of several pristine CVD-synthesized monolayer

graphene films. While the intrinsic sheet resistance of graphene is estimated to be ~30 Q/sq as

S12

indicated with a blue bar,”  the sheet resistances reported recently by several representative groups

are illustrated with gray bars.® 2

For the continuous graphene films prepared in this study
(marked by red), the sheet resistances are determined to be 171.9 + 87.4 Q)/sq for the graphene films
composed of multiple large graphene single crystals and 367.7 = 120.5 Q/sq for those films that

consist of multiple small graphene grains.
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Figure S12. (a) An SEM image shows the significant contamination of SiO, nanoparticles (small
white dots) on the as-grown graphene on a Cu substrate, which was obtained from a conventional
CVD reaction (Figure 2a). (b) The nanoparticle, marked with a red arrow in (a), was analyzed by
energy-dispersive X-ray spectroscopy (EDS) to comprise silicon and oxygen, resulting from the H,
etching of a quartz tube in the graphene synthesis. (c) In sharp contrast, the as-grown graphene
synthesized within a confined reaction room (Figure 2c¢) is free of SiO, contamination. (d) A zoom-
in image of the area marked with a white square in (c) further confirms the cleanness of the

graphene surface. Scale bars: (a) 2 um, (c) 40 um, and (d) 2 pm.
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