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ABSTRACT: Monocrystalline graphene growth has always been
an intriguing research focus. Argon (Ar) is merely viewed as a
carrier gas due to its inert chemical properties throughout the
whole growth procedure by the chemical vapor deposition method.
In this work, the influence of Ar on temperature and flow fields was
investigated in consideration of its physical parameter difference
among all involved gases. Results by experimental characterization
and fluid dynamics simulation showed that the temperature
elevated, and the velocity of the mixed gas increased as the Ar
flow rates rose. Furthermore, the deposition rate of C on the Cu
surface, representing graphene generation rate, was studied as the
Ar flow rate changed in combination with CH4 decomposition
reaction. Based on the effects made by Ar, a method was proposed, where the Ar flow rate was dynamically regulated to break
monocrystalline graphene growth cessation. The graphene size was enlarged, and the nucleation site density was reduced remarkably
compared with a common consistent Ar flow. It is believed that this work would provide a new perspective in two-dimensional
material preparation by combining basic properties with temperature and field distribution in the whole reaction system.

■ INTRODUCTION
Graphene, as a two-dimensional material with excellent
electrical, thermal, and mechanical properties, has demon-
strated a wide range of applications in the fields of energy,
electronics, optics, and biomedicine.1−9 The prerequisite for
realizing these applications was to grow high-quality graphene
with tunable sizes. Since the single graphene sheet was first
isolated, research studies on various graphene-based applica-
tions have been studied extensively.10−12 The successful
preparation of semiconductor graphene provides the possibility
for the transition of the integrated circuit field from traditional
silicon-based devices to carbon-based devices.13 Although the
mechanical exfoliated graphene has a high quality,14 its
industrial application is limited by the micrometer size.
Numerous methods have been employed for synthesizing
large-size graphene.15−17 Among them, chemical vapor
deposition (CVD) based on a metal substrate has become
the most favored method to prepare graphene materials due to
its convenience and cost-friendliness.18−24 Based on the low
carbon solubility, the growth of graphene on Cu substrates
follows the surface adsorption mechanism, and large-area
uniform monolayer graphene films were successfully synthe-
sized by Ruoff’s group in 2009.18,25 Nevertheless, the growth of
graphene on metallic Cu substrates is a typical self-
reconfiguration process of uncorrelated nucleation sites, and
the properties of graphene are severely weakened by the

presence of grain boundaries.26−28 Controlling the formation
of grain boundaries and synthesizing high-quality monocrystal-
line graphene are regarded to be important tasks in the
graphene preparation process.
At present, large-size monocrystalline graphene obtained by

stitching multiple graphene domains with uniform orientation
on the Cu substrate has been developed by researchers.18,29−32

However, the complexity of Cu substrate preparation and the
tiny mismatch for this method restricted its application in
industrial production. In addition, sustained growth of
individual graphene domains by eliminating the density of
nucleation sites is another strategy for obtaining high-quality
monocrystalline graphene.33−37 The key to this strategy lies in
passivating the density of graphene on the Cu substrate and
enhancing the graphene growth rate. In recent years, the
nucleation density of graphene was decreased by controlling
growth parameters, including temperature, pressure, gas flow
rate, substrate, and so on.38−44 Herein, the gas flow plays a
crucial role in regulating substance transport and surface
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chemistry during the CVD process. A large number of studies
have focused on the significance of the carbon source gas CH4
and the reaction gas H2 for the growth of single-crystal
graphene. Li’s team demonstrated that the nucleation density
of graphene decreases with CH4 flow rate, which is
incompatible with generating the lateral growth rates necessary
for rapid graphene growth.45 Eres et al. described the balance
between the nucleation density and the lateral graphene
growth rate, and 0.5 sccm CH4 was considered as an optimum
balance inflection point for graphene growth.46 Wu et al.
employed a CH4 gradient supply method, initially introducing
lower CH4 fluxes to form fewer nucleation sites at the
beginning of growth and gradually increasing CH4 fluxes over
time to provide abundant carbon source and enhance graphene
growth rates.35 In addition, the role of H2 in CVD growth of
single-crystal graphene has been investigated and a dual role of
H2 as an activator of the surface-bound carbon and an etching
reagent that controls the size of graphene domains were
revealed.47,48 Referring to Ar, the quantity of Ar flow directly
has an impact on regulating CH4 partial pressure. Except this,
it is merely viewed as a carrier gas because of its inert chemical
quality. Hence, the Ar flow is maintained at a specific value
throughout the growth process, and few studies concerned its
effect on graphene synthesis.
In this paper, based on the basic physical properties and

diversity of gases participating in the reaction, the temperature
and material fields at different Ar flow rates are investigated by
experiments and computational fluid dynamics (CFD)
simulation. Under the guidance of the numerical computation,
an Ar regulation method (ARM) was designed to offer a
growth driving force for graphene synthesis.

■ MATERIALS AND METHODS
Graphene Synthesis. To flatten the substrate surface, a

commercial Cu foil (50 μm, 99.9%, ZHAOHUI copper) was
placed in the phosphoric acid electrolyte and electrochemically
polished using an electrochemical polishing station with a
voltage of 1.8 V for 30 min. The Cu foil was rinsed with
deionized water and ethanol and dried with an Ar flow. The
preprocessed Cu foil was placed in a quartz boat to maintain
quasi-static equilibrium, which was pushed in the heating zone
of the quartz tube in the furnace, and then the tube was

vacuumed by a mechanical pump. 500 sccm Ar was
introduced, and the pressure was controlled at 0.5 atm in the
chamber by a vacuum valve. The tube was heated to 1050 °C
at a ramp rate of 10 °C/min, and 10 sccm H2 was injected to
anneal the Cu substrate for 60 min. During the graphene
growth, methane gas (0.1% in Ar) at 30 sccm was flown as the
carbon source. As the Ar flow changed, the vacuum valve was
adjusted to maintain a constant pressure in the furnace. After
graphene growth, the CH4 supply was cut off, and the furnace
chamber was exposed to air for cooling to room temperature
rapidly while under the same Ar and H2 flow.
Graphene Transfer. The grown graphene on Cu foil was

transferred to the target substrate (e.g., SiO2/Si, Cu grid) by
the poly(methyl methacrylate) (PMMA)-assisted wet method.
First, PMMA was uniformly coated on the surface of the
graphene/Cu samples at 3000 rpm. Second, the samples were
heated for 5 min at 120 °C, and then, the PMMA/graphene/
Cu structure was placed on the surface of the etching solution
(10 wt % FeCl3) for 2 h. After etching, the sample was cleaned
three times with deionized water. Next, the floating PMMA/
graphene layer was scooped using the target substrate and
dried in air for 12 h. Finally, the PMMA layer was dissolved
away by acetone solution to expose the graphene surface.
Characterization of Graphene. The morphological

images of graphene on Cu foil and SiO2/Si substrate were
taken by an optical microscope (OM, OLYMPUS BX53M).
Raman spectra and maps of graphene were obtained using a
Raman system (LabRAM HR spectrometer, HORIBA) with a
532 nm excitation laser to analyze the quality and uniformity of
the graphene layers. The graphene on 200 mesh Cu grids was
characterized by transmission electron microscopy (TEM,
JEM-2100F). Atomic force microscopy (AFM, Dimension
Icon, Bruker) was used to measure the mechanical strength of
graphene in the peak force tapping mode.
CFD Numerical Simulation. Commercial software

ANSYS Fluent was used to perform CVD simulations. The
CVD geometric model was developed by SolidWorks, where
the reaction surface with material properties defined as Cu was
created to simulate the graphene deposition process. The
geometric model contains 1.8 million grid cells, which were
generated by Fluent Meshing. Laminar flow was applied as the
physical model, and the numerical calculations based on
energy, component transport, and chemical surface reaction

Figure 1. (a) Basic physical parameter comparison of three gases used for CVD graphene synthesis under standard conditions. The red, green, and
blue bars correspond to the density, thermal conductivity, and constant pressure specific heat capacity of the gas, respectively. (b) Physical
parameters of the mixed gas and inlet flow velocity of the furnace chamber at different Ar flow rates.
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equations were employed to investigate temperature field, flow
field, and concentration field in a tube furnace. Pressure
Implicit with Splitting of Operators (PISO) solver was set,
which significantly improved convergence speed. After
calculation, CFD-post was used for postprocessing.

■ RESULTS AND DISCUSSION

The basic physical properties of Ar, H2, and CH4 including gas
density (ρ), thermal conductivity (λ), and specific heat
capacity at constant pressure (Cp) are shown in Figure 1a.

Figure 2. (a) Temperature field distributions corresponding to four different Ar flow rates. (b−d) Temperature values of different furnace zones
under four typical Ar flow rates measured in experiments.

Figure 3. (a) Schematic of the quartz tube model used for graphene growth and details of the meshing of the heating zone. (b) Simulation results
of temperature field inside the quartz boat at different argon flow rates. (c) Contour maps of temperature and velocity distribution with 500 sccm
Ar flow rate; the direction of gas flow in the furnace chamber was indicated by a black arrow. Carbon deposition rates on the reaction surface. (d)
Velocity comparison before the quartz boat at different Ar flow rates.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c06728
ACS Omega 2024, 9, 51146−51156

51148

https://pubs.acs.org/doi/10.1021/acsomega.4c06728?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06728?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06728?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06728?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06728?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06728?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06728?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06728?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06728?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Under standard conditions, the gas density of H2 (0.083 kg/
m3) is only one-twentieth that of Ar (1.654 kg/m3). It means
that the small mass of H2 molecules owned faster diffusion rate
compared to Ar molecules in a horizontal furnace. λ and Cp are
most important thermal properties and play a key role in the
temperature distribution during graphene growth. The Cp
values of the gas were represented by the blue chart, which
showed that the H2 [14.27 kJ/(kg K)] ranks the highest, Ar
[0.52 kJ/(kg K)] owns the lowest, and CH4 [2.27 kJ/(kg K)]
is in the middle. In addition, the λ of Ar [0.018 W/(m K)] was
almost one-tenth of that of H2 [0.17 W/(m K)]. From the
comparison of value, it can be elucidated that under same
growth temperature, changing the reaction gases ratio would
make great effect on both temperature and fluid field
distribution. The influence of the Ar gas flow rate variation
on the physical parameters of the mixed gas was investigated
and is shown in Figure 1b. For thermal properties, thermal
conductivity λ is mainly discussed as thermal conductivity λ is
in proportion to Cp according to the equation λ = α•ρ•Cp. The
thermal conductivity λ of the mixed gas is negatively correlated
with the Ar flow rate which decreased from 0.026 to 0.020 W/
(m K) as the Ar flow rate ranges from 100 to 500 sccm. On the
contrary, the density of mixed gas displayed a positive relation
to Ar flow rate. Therefore, lower Ar flow rate is supposed to
possess higher heat transfer and faster diffusion rates. The inlet
velocity of the mixed gas was calculated and is shown by the
blue line in Figure 1b, and the lower flow rate allows the
carbon source to remain on the substrate surface for a longer
period of time. Based on the above results, it is believed that
the Ar flow rate variation will simultaneously affect the
temperature distribution of the furnace besides the common
sense as a carrier gas for carbon source.

Figure 2a shows the temperature field distribution in the
whole furnace at different Ar flow rates through experimental
measurement. Except for the Ar flow, the rest of all parameters
were kept the same: the furnace temperature was set at 1050
°C, which was the commonly used graphene growth
temperature; the pressure was set at 1 atm, and H2 flow was
maintained at 10 sccm.
The same temperature distribution at four different Ar flow

rates exhibited the same trend in Figure 2a, which
corresponded to the heating zone, thermostatic zone, and
cooling zone of the tube furnace, respectively. In the two-
heater furnace we used in this paper, the length of the
thermostatic zone was about 10 cm. As the Ar flow rates
increased from 200 to 500 sccm, the measured temperature
went up with the maximum temperature raising from 1027 to
1047 °C. The heating and cooling zones away from the center
of the heater displayed almost identical trend, as shown in
Figure 2b and d. The experimental measurement proved that
the change in Ar flow rate indeed impacted the temperature
field directly. Lower Ar flow rate was accompanied by lower
temperature as higher thermal conductivity λ takes away the
heat quickly within the furnace.
A three-dimensional CFD model with chemical reactions

was performed to evaluate the temperature and flow field
distribution as shown in Figure 3. The size and assembling of
simulation models were constructed strictly based on the tube
furnace CVD system and quartz boat for domain-limited
reactions. As shown in Figure 3a, fluent meshing was used to
mesh the model, and the grids around the quartz boat were
encrypted to improve the computational accuracy. The
temperature and velocity contour around the furnace model
when the Ar flow rate was 500 sccm are displayed in Figure 3c.

Figure 4. (a) Contour maps of C deposition rates on the reaction surface. (b,c) Distribution of C deposition rates along the horizontal and vertical
lines in (a). (d) Variation tendency of carbon deposition rate at different argon flow rates on the reaction surface.
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Given the feature difference and gravity influence on the gas
flow, an uneven temperature distribution within the furnace
was observed. The profile of the quartz boat reactor was
represented by the white line in the contour. The temperatures
of different Ar flow rate conditions within the furnace were
simulated. Temperature values inside the square quartz boat at
different Ar flow rates were extracted and are shown in Figure
3b, and the inset shows enlarged view of the selected area,
which corresponds to the Cu foil location area. Apparently, as
the Ar flow rates decreased, the maximum temperature values
within the quartz boat became lower, which was in good
agreement with that experimentally observed. Figure 3c
displays the temperature and corresponding gas flow contour,
where the magnitude and direction of the gas flow were
represented by the black arrows. The gas flow distribution
showed a faster gas flow rate near the wall of the furnace
chamber, which decreased as the gas flow passed in front of the
quartz boat. As shown in Figure 3c, the gas flow rate in the
quartz boat reactor was extremely low, and the graphene
growth proceeded under the condition of suppressing local
reactants nearby the Cu surface.49 Gas velocity distribution
before quartz boat at different Ar flow rates is displayed in
Figure 3d. Apparently, the gas velocity was proportional to the
Ar flow rate at a given position. The gas velocity ascended
approximately 0.01 m/s as the flow increased from 100 to 500
sccm. Because of the confinement effect made by the quartz
boat reactor, the gas velocities at different Ar flow rates were
gradually reduced as getting closer to it. Taking the gas flow of
500 sccm for example, gas velocity declined from 0.14 to 0.06
m/s.
In order to further combine simulation to actual graphene

growth by the CVD method, two mechanistic processes were
performed during the fluid simulations: component transport
and reactive deposition of CH4 on the surface, respectively.
Gas species reached the reactor surface over the boundary
layer, where hydrocarbon precursors decomposed to C species
at the reaction surface and then formed a graphene film. The
effect of variations in Ar flow rate on the surface deposition
rate was investigated, and only the total reaction process of

CH4 depositing carbon on the reaction surface was considered.
The surface chemical reaction equation during the simulation
can be described as

CH Cu C(s) 2H Cu4 2
K

2 1
s+ + +

where Cu represent the catalytic effect of the metal substrate
on the decomposition of CH4 and Ks is a chemical reaction
rate constant whose value is related to the temperature of the
reaction surface and the activation energy of the reaction.
Figure 4a shows the simulation results of the C surface
deposition rate on Cu location area when the Ar flow rate was
500 sccm, where the deposition rate was faster at the boundary
of the reaction surface, with a maximum of 4.65 × 10−7 kg s−1

m−2, and the deposition rate in the middle region of the
reaction surface dropped by an order of magnitude to 1.35 ×
10−8 kg s−1 m−2. The distribution of C deposition rates along
the horizontal and vertical yellow lines is shown in Figure 4b
and c. The highest value emerged at position A, which was
closer to the gas inlet. Figure 4c shows a virtually symmetrical
distribution of C deposition rates in the vertical direction of
the reaction surface. The minimum value of the C deposition
rate is indicated by blue color in Figure 4a, and the value was
employed to analyze the difference at various Ar flow rates.
Figure 4d shows that the C deposition rate increased with
decreasing Ar flow rate. Compared to 500 sccm Ar (1.3 × 10−8

kg s−1 m−2), the C deposition rate increased 1.5 times at 100
sccm Ar (2.1 × 10−8 kg s−1 m−2), which was attributed to the
comprehensive effect of higher CH4 partial pressure, lower
temperature, and flow velocity at a low Ar flow rate.
Based on the above theoretical guidance, the growth habit of

graphene under a stable Ar gas flow was first investigated. The
most conventional hot-wall CVD equipment was employed to
improve the applicability of graphene preparation. Figure 5a
shows a schematic of the temperature and gas flow during
graphene growth over time. CH4 and H2 gas were kept
constant at the growth phase, while four different Ar fluxes
(200, 300, 400, and 500 sccm) were injected into the quartz
tube, and chamber pressure was maintained at 0.5 atm by
adjusting the vacuum valve. To visualize the graphene

Figure 5. (a) Schematic diagram of the graphene growth process including temperature and gas flow over time. (b) Graphene nucleation density
and grain size under four different Ar flow rates (three reduplicate experimental results contained under each Ar flow rate condition). (c−f) OM
images of graphene domains grown on Cu substrates corresponding to Ar fluxes of 200, 300, 400, and 500 sccm, respectively.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c06728
ACS Omega 2024, 9, 51146−51156

51150

https://pubs.acs.org/doi/10.1021/acsomega.4c06728?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06728?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06728?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06728?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06728?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


domains, the samples were oxidized in air on a hot plate at 200
°C for 2 min. Figure 5c−f shows the results of graphene grown
on Cu with the Ar flow increased from 200 to 500 sccm, and
the lower magnification OM images from various locations are
shown in Figure S1. It is obvious that the graphene dimension
had a great difference after growth for 60 min. The graphene
sizes at four different Ar flow rates were 450, 320, 200, and 120
μm, respectively. As shown in Figure 4d, when the Ar flow rate
was 500 sccm, numerical simulations displayed the lowest C
deposition rate (1.3 × 10−8 kg s−1 m−2) on the substrate with
higher temperature (1042 °C). Conversely, the C deposition
rate elevated (2.1 × 10−8 kg s−1 m−2) when the Ar flow rate
was reduced to 200 sccm, which was consistent with the results
observed in the experiments. During graphene growth, carbon
precursor concentration played a key role in the nucleation and
growth rate of graphene, which is usually affected by the Ar
flow rates. As shown in Figure 5b, although the grain size of
graphene increased when the flow of Ar decreased from 500 to
200 sccm, higher graphene nucleation sites (∼48/cm2) and
coverages make adjacent graphene grains interconnected,
which is detrimental to the diameter expansion growth of
individual graphene domains. Both graphene size and
nucleation density were inversely proportional to Ar flow
rates, as shown in Figure 5b. This result was attributed to the
diluting effect of Ar on CH4, the gas flow rate with high Ar flux
was faster, and the CH4 concentration was lower, and few C

species were adsorbed on the surface of Cu substrates for
nucleation and growth, insulating a low nucleation density and
growth rate of graphene. A decrease in Ar flow showed the
opposite results; lower Ar flow generated a higher nucleation
density and a larger grain size. Based on the above results, it
can be seen that under a stable Ar gas flow, the graphene
growth will reach equilibrium and terminated to expand in size
dimension as it was situated in a fixed temperature and flow
field distribution. Consequently, the stable conditions were not
the optimal conditions for expansion growth of monocrystal-
line domain graphene.
Aiming at providing growth drive force and simultaneously

reducing graphene nucleation density, a strategy (Ar-regulation
method, ARM) was developed by dynamically modulating Ar
flow rate variations during the growth stage. As shown in
Figure 6a, three different Ar flow regulation methods were
adjusted from high to low Ar flow rate in view of low
nucleation density in 500 sccm Ar flow. After growth for 30
min, two of these procedures were performed with argon flow
directly reduced from 500 to 300 sccm (M1) and 200 sccm
(M2), respectively. And the remaining method is a gradient
descent of the Ar flow from 500 to 300 sccm and then 200
sccm (M3). Figure 6c−e shows the optical images of Cu-based
graphene prepared by three regulation methods. Except for the
dynamic adjustment of the Ar flow rate, the other growth
conditions of graphene were kept consistent with the steady

Figure 6. (a) Schematic diagram of different dynamic regulation methods of Ar flow rate. (b) Graphene nucleation density and growth rate under
three different methods (three reduplicate experimental results contained under each method). (c−e) OM images of the grown graphene by the
method of M1, M2, and M3, respectively. (f) Digital image of graphene grown on the Cu substrate by the M3 method. (g,h) OM images of the
monocrystalline graphene with a diameter of ∼3 mm.
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flux. The sample sizes obtained from three different regulation
methods were 380, 600, and 950 μm, respectively. The
corresponding nucleation densities and growth rates are shown
in Figure 6b. The highest nucleation density (∼35/cm2) was
observed in M2, corresponding to a growth rate that was at a
medium level, which differed from growth results under stable
Ar flow rates. A possible explanation for this might be that
when the Ar flux was reduced to 200 sccm, the concentration
of C species within the gas stream increased dramatically, and
the nucleation rate of graphene was accelerated by greater
supersaturation, which inhibited the diameter expansion of an
individual crystalline domain. Despite the lowest nucleation
density of the M1 approach, the graphene growth rate was only
∼6 μm/min. OM images at different locations showed same
phenomenon on the whole sample, as shown in Figure S2.
Compared to the rest of the methods, M3 simultaneously
achieved low nucleation density (∼10/cm2) and high growth
rate (∼16 μm/min). A digital photograph of the graphene
sample grown on a Cu substrate is shown in Figure 6f. When
the growth time was extended, large single-crystal graphene
domains with a diameter of 3.2 mm were prepared using the
M3 method, as shown in Figures 6g,h. The SEM result of the
millimeter size domain of graphene and an enlarged detailed
image are further characterized in Figure S3.

Raman spectroscopy, HRTEM, and AFM were employed to
determine the quality of the graphene crystal domains. The
samples transferred on the SiO2/Si substrate were subjected to
Raman analysis. Figure 7a shows the four Raman spectra
extracted from four regions in the mapped area. The Raman
shifts of the G and 2D bands were 1583 and 2680 cm−1,
respectively, which are two typical Raman features of graphene.
The full width at half-maxima of the 2D band was 31.6 cm−1,
indicating the monolayer property of the prepared graphene.50

The D peak at 1350 cm−1 was absent, which proves that the
graphene possesses a high quality. Raman intensity mapping of
the G band (IG), 2D band (I2D), and I2D/IG is shown in Figures
7b−d. The red area in Figure 7b exhibits the typical hexagonal
structure of monocrystalline graphene domain. In particular,
the uniform Raman signal in the Raman mapping on the
graphene sample suggested their uniform qualities. The high
I2D/IG ratio (>2) in Figure 7d indicated that the graphene is a
monolayer. The morphology of graphene was further observed
by HRTEM. Figure 7e shows the edge morphology of
graphene after transferring to the Cu gird, the edge shown as
a straight line, indicating that the transferred graphene was
mainly a single layer. The inset clearly showed the graphene
lattice stripes with a crystallographic direction of (002), and
the lattice spacing was 0.354 nm, which exhibited a typical

Figure 7. (a) Raman spectral data obtained from randomly selected points of the graphene domain in (b). (b−d) Raman mappings of millimeter-
scale graphene synthesized by ARM: (b) IG, (c) I2D, and (d) I2D/IG. (e) HRTEM image of the edge morphology of graphene transferred to the Cu
gird. The inset clearly shows the graphene lattice stripes with the crystallographic direction of (002). (f) SAED patterns of random location in the
graphene sample; the inset shows the diffraction spot intensity distribution along the dotted line. (g) AFM image of free-standing monolayer
graphene after loading with 2 μN force. (h) Typical curve of force measured with 900 nN force on grown graphene. (i) Histogram of Young’s
modulus of the graphene sample.
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characteristic of graphene. The SAED pattern shown in Figure
7f displays a hexagonal diffraction, and the diffraction spot
intensity distribution along the orange dotted line is shown in
the inset of Figure 7f. The result showed that the diffraction
spot intensity ratio (inner to outer) was approximately 2,
which further confirmed the monolayer of graphene. The AFM
nanoindentation was employed to measure the mechanical
properties of graphene. Graphene suspended on the circular
hole with a diameter of 2 μm was loaded by the probe tip, and
the load�displacement curve was obtained to calculate the
Young’s modulus of graphene. After being loaded by a force of
2 μN, the height difference between the graphene film at the
center of the hole and the substrate was about 60 nm (Figure
7g). A representative load�displacement curve of the
graphene is shown in Figure 7h, which has been well fitted
by the quasi-empirical polynomial form.51 The experimental
and fitted data were displayed by red boxes and a green solid
line, respectively, as shown in Figure 7h. The cubic term fitting
parameter yields an elastic modulus E2D of 275 N/m, with a
theoretical graphene thickness of 0.335 nm, and the 3D
Young’s modulus of graphene was calculated to be 821 GPa,
near that of the intrinsic graphene(∼1TPa). Measurement data
of 20 freestanding graphene samples were recorded in order to
obtain statistical data on elastic stiffness. Figure 7i shows a
histogram of mechanical strength, and the Young’s modulus
data focused on 700−900 GPa demonstrated the uniformity of
the high mechanical strength of monocrystalline graphene.
In order to elaborate the mechanism of graphene

synthesized underneath ARM, boundary layer δ and surface
chemical reaction rates K based on the temperature and fluid
field distributions were calculated. The boundary layer was
formed by the velocity gradient of gas between the bulk gas
stream and the surface near the substrate. The thickness of δ is
affected by the fluid Reynolds number (Re), which can be
expressed by the equation52

R
d

e =

where d is the characteristic length of the flow field, ν is the
fluid velocity, and ρ and μ are fluid density and dynamic
viscosity, respectively. The average thickness of δ over a
substrate of length L is related to the Re by equation52
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The values of Re and δ at different Ar flow rates listed in
Table 1 showed that the thickness of δ became thicker as the
Ar flow rate decreased.
The surface chemical reaction constant K is calculated using

the Arrhenius equation53

K Ae E RT/a=
where Ea is the activation energy of CH4 decomposition with a
value of 2.6 ± 0.5 eV,54 T is the surface temperature of the Cu
substrate, and A is the prefactor. The values at three Ar flow
rates are displayed in Table 1.
Taking the calculated results into account, the mechanism of

ARM graphene synthesis is illustrated as shown in Figure 8.

The three Ar flow rates in the experiment were represented by
different numbers of Ar molecules at the inlet of the quartz
tube. The velocity of the Ar stream was represented by the
length of the molecular tail, and consistent CH4 and H2 flows
were carried by Ar flow to the substrate surface. At the
beginning of graphene growth, the Ar flow rate was set to 500
sccm, and the temperature of the substrate surface was higher
(1042 °C), as shown in Figure 2c. Although the thickness of
the boundary layer was relatively thin (3.03 cm), the CH4
molecules in the gas stream were diluted to a greater extent,
corresponding to a lower C deposition rate, which was
conducive to reducing the nucleation sites of graphene.
According to the Arrhenius formula, K is affected by the
temperature of the system. When the Ar flow rate was reduced
to 300 sccm, the substrate surface temperature decreased to
1035 °C, accompanied by a reduction in the K from 0.108 to
0.096 s−1, and the thickness of δ increased from 3.03 to 3.16
cm, which inhibited graphene multipoint nucleation. In
addition, the C deposition rate increased, and active carbon
atoms would preferentially attach to the edges of nucleated
graphene domains. As the Ar flow rate reduced to 200 sccm,
the mixed gas flow in the tube was gentle, and the substrate
surface temperature was decreased to 1027 °C; the K value
reduced to 0.083 s−1, and the thickness of δ was further
elevated to 3.31 cm, which were beneficial for maintaining a
lower nucleation density and preventing connection into
polycrystalline films. Meanwhile, a larger C deposition rate

Table 1. Values of Re, δ, K, and C Deposition Rate under
Different Ar Flow Rates

500 sccm 300 sccm 200 sccm

V (m/s) 0.014 0.013 0.012
Re 19.31 17.77 16.23
δ (cm) 3.03 3.16 3.31
K (s−1) 0.108 0.096 0.083
C deposition rate
(kg s−1 m−2)

1.3 × 10−8 1.7 × 10−8 1.8 × 10−8

Figure 8. Schematic diagram of graphene prepared by ARM.
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shown in Table 1 derived from higher CH4 concentrations
provided a sufficient driving force for graphene domain
expansion. In consequence, the proposed ARM is available
for breaking the reaction cessation existing in a common
consistent method.

■ CONCLUSIONS
In summary, the effect of Ar on temperature and flow fields
was revealed based on the different physical parameters of the
gases involved in graphene growth. Both experimental
characterization and numerical simulation demonstrated that
the temperature and gas flow rate within the reaction system
became lower as the Ar flow rate decreased. CFD simulation
proved that when the Ar flow rate decreased from 500 to 100
sccm, the C deposition rates increased by 1.5 times, which is
attributed to the diluting effect of Ar on CH4. By dynamic
regulation of the Ar flow rate, and the growth habit of
graphene was optimized. As the gradient descent of the Ar flow
rate from 500 to 200 sccm by an ARM graphene growth, the
nucleation density on polycrystalline Cu substrates is sup-
pressed, while the graphene growth rate is dramatically
increased. Millimeter-scale monocrystalline graphene with
high mechanical strength (821 GPa Young’s modulus) was
prepared. Multitudinous characterizations confirm that the
grown graphene was of high crystalline quality. The proposed
ARM in this work may provide a new idea for the preparation
of high-quality graphene and other two-dimensional materials.
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