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D
irect growth of graphene on various
surfaces is the most promising ap-
proach for controlling the synthesis

of large-area single-crystal sheets needed
for various technological applications. Chem-
ical vapor deposition (CVD) on Cu foils using
CH4 performed either at low pressure1�4

(LPCVD) or atmospheric pressure5�10 (APCVD)
emerged as the simplest and most promising
method for implementing graphene growth
by a surface-limited process. The possibility of
scaling upgraphene growth byCH4 CVDhas
been explored using a roll-to-roll apparatus
utilizing Cu foils of up to 30 in. wide.11

Althoughuniformcoveragehasbeendemon-
strated, the graphene grown in this process
consists of a mixture of single-layer (SL) and
multilayer (ML) domains patched together
into an extended quilt. The imperfect align-
ment of these small patches is compensated
by formation of grain boundaries12�15 con-
sisting of pentagon�heptagon pair defect
networks.4,13,16,17 The high density of grain
boundaries and defects must be reduced or

entirely eliminated because they impede
carrier transport18,19 by intervalley scatter-
ing,7,20mechanicallyweaken thegraphene,13,21

and promote undesirable surface reactions
with adsorbates from the environment.14 In
contrast, a steady increase of the size of the
graphene single crystals has been achieved
by optimizing CVD growth in research-scale
processes. A fewhundredmicrometer flakes
of single-crystal graphene are now routinely
grown, with the lateral size reaching 1 cm in
a recent report.22�30

While the focus in these synthesis pro-
cesses is on increasing the size of the
single-crystal grains (SCGs), the current ap-
proaches are limited to trial and error be-
cause of the lack of understanding of the
reaction steps governing nucleation and
growth. The typical parameters include the
growth temperature, reactor pressure, the
growth gas composition, and Cu foil pre-
treatment. The main achievement of this
approach is the recognition that the size of
single crystal graphene patches is related
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ABSTRACT In this work we explore the kinetics of single-crystal graphene growth

as a function of nucleation density. In addition to the standard methods for suppressing

nucleation of graphene by pretreatment of Cu foils using oxidation, annealing, and

reduction of the Cu foils prior to growth, we introduce a new method that further reduces

the graphene nucleation density by interacting directly with the growth process at the

onset of nucleation. The successive application of these two methods results in roughly

3 orders of magnitude reduction in graphene nucleation density. We use a kinetic model

to show that at vanishingly low nucleation densities carbon incorporation occurs by a

cooperative island growth mechanism that favors the formation of substrate-size single-

crystal graphene. The model reveals that the cooperative growth of millimeter-size single-crystal graphene grains occurs by roughly 3 orders of magnitude

increase in the reactive sticking probability of methane compared to that in random island nucleation.
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inversely to the nucleation density. Hypothetically, the
entire substrate could be covered with a single grain
starting from one nucleation site growing without
interference from any other nucleation site, analogous
to screw dislocation-driven crystal growth. The growth
conditions for realizing such a process require suppres-
sing the nucleation density while simultaneously pro-
moting the lateral growth rate of graphene, creating
special kinetics that has not been explored previously.
In this work, we focus on understanding the role that

the nucleation density of graphene on Cu foils, defined
as the number of nucleation sites per unit area, plays in
determining the graphene growth mode. We apply
concepts from classical nucleation theory, originally
developed for thin film growth processes, to illustrate
the important steps in graphene growth.31 From the
perspective of promoting large-area graphene growth,
the nucleation density determines the largest island
size that can be obtained before coalescence causes
two or more individual islands to merge into succes-
sively larger islands. In epitaxial thin film growth,
coalescence can disrupt long-range order and lead to
lattice imperfections that are undesirable in large-area
single-crystal graphene growth. Here, we describe a
two-step approach for controlling the nucleation stage
that includes reducing the nucleation site density
followed by a second step to suppress nucleation at
the remaining nucleation sites. Note that these two
factors are interrelated and cannot always be un-
coupled and treated separately. To reduce the nuclea-
tion density, we first use intentional oxidation of the Cu
foils in air prior to graphene growth. The role of this
step is to remove surface impurities such as carbon
contamination and other metallic impurities by oxida-
tion. In addition, the number of structural defects on
the surface is dramatically reduced by regrowth of Cu
grains after reduction during the H2 annealing step
that precedes graphene growth. We also report colli-
sional deactivation (CD) for the first time as a method
to suppress nucleation at the remaining nucleation
sites after the oxidation/reduction step. The role of CD
is to effectively increase the reaction barrier for nuclea-
tion by removing enough energy from activated pre-
cursors to bring a fraction of activated carbon species
below the threshold.32 In practice, we perform CD by
transient cooling using a brief, 10 s duration pulse of Ar
at the onset of graphene growth. The use of collisions
with inert gas atoms is a familiar approach for changing
the rate and the outcome of unimolecular thermal de-
composition reactions of hydrocarbons.33,34 Combin-
ing these two steps in succession to suppress nuclea-
tion in graphene CVD on Cu foils, we demonstrated the
growth of large SL SCGs of up to 1.5 mm in lateral size.
We use a kinetic model to show that in the extreme
limits of nucleation density graphene growth occurs
by distinctly different growth mechanisms. At high
nucleation densities graphene growth occurs by

coalescence of individual islands, which results in grain
boundary formation. In contrast, carbon incorporation
at vanishing nucleation densities occurs by a coopera-
tive island growth mode that intrinsically produces
large-area single-crystal graphene.

RESULTS AND DISCUSSION

The key concept behind large-area single-crystal
graphene growth is based on the idea that lateral
growth of individual graphene nuclei may proceed
unperturbed if neighboring nucleation sites are spaced
widely apart. The kinetics of growing graphene under
these conditions is subject to contradictory require-
ments, and it is not at all obvious how to create such
growth conditions in terms of actual growth param-
eters.28,29 Achieving extremely low nucleation density
requires very low supersaturation of active carbon
species, which is incompatible with generating the
lateral growth rates necessary for rapid large-area
growth. Currently there are no theoretical models,
not even a conceptual picture, for performing gra-
phene growth in this low nucleation regime.
The balance between nucleation and lateral growth

is in general governed by the adsorption�desorption
equilibrium of small hydrocarbon radical intermediate
growth species CxHy (xg 1, yg 0) that is controlled by
the partial pressure (flow rate) of CH4.

35�37 The SEM
images in Figure 1a illustrate the nucleation density
and the graphene island size as a function of CH4 flow
rate for graphene grown in a standard CVD process on
unoxidized Cu foils at 1040 �C and fixed growth time of
0.5 h. The nucleation density of CH4 obtained from
these images is plotted in Figure 1b as a function
of flow rate. The simple exponential dependence in
Figure 1b confirms that depletion of active nucleation
sites follows first-order kinetics before coalescence
occurs.31 However, even in this regime the graphene
island size exhibits a complex behavior as a function of
the CH4 flow rate, which is illustrated by the growth
curve in Figure 1c. This curve describes the balance
between the nucleation rate and the lateral graphene
growth rate. The flow rate of 0.75 sccm of CH4 is near
the inflection point (arrow 1 in Figure 1c), above which
the graphene island size decreases because it becomes
dominated by the nucleation rate, which increases
with the flow rate (compare panels for 0.75 and 1 sccm
in Figure 1a). In this region full coverage is easily
achieved, but the islands are small. The island size
increases with decreasing CH4 flow rate below 0.75
sccm and reaches a maximum (shown by the 0.5 sccm
panel in Figure 1a) when an optimum balance is
achieved between the nucleation and lateral growth
rates (arrow 2). The largest islands grow in this region
because both the nucleation rate and the lateral
growth rate are moderate, allowing the islands to
increase laterally until growth termination is reached.
The very low CH4 flow rates in the growth-limited
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regime below the maximum (arrow 3) of the curve
produce a very low nucleation density. However, the
onset of growth termination is also faster with decreas-
ing CH4 flow rates in this regime, precluding growth of
large islands (compare panels for 0.35 and 0.2 sccm).
The growth curve in Figure 1c reveals that the

window for optimal graphene growth is relatively
narrow. This curve also shows that the graphene size
cannot be increased indefinitely simply by reducing
the CH4 flow, because although nucleation can still
occur, below some threshold value the always present
parasitic processes take over, causing rapid growth
termination. The mechanism of growth termination
can include multiple processes, but the most likely
are etching by hydrogen9,38 and depletion of active
graphene edge sites by reaction with background
impurities in the growth environment, such as
oxygen-containing species.29,30,39,40 Although the
diffusion and desorption rates both increase with
temperature,41 the typical growth temperatures in
LPCVD graphene growth are already near the melting
point of Cu, where the high evaporation rate of Cu
produces undesirable transformations of the substrate
itself42 and the growth environment,41 ruling out in-
creasing the growth temperature as a viable option.
Although, the exact nature of the active nucleation

sites is not known, it is understood that graphene
preferentially nucleates at defects, impurities, kinks,
scratches,41,43,44 and step edges.45,46 Controlling the
concentration of these surface sites is typically the
first step in reducing the graphene nucleation density.
In agreement with published reports,41 we show in
Figure S9 that graphene nucleation on Cu foils occurs
preferentially on or near rolling-induced features
that may reach up to several micrometers in height.

The high-magnification SEM images in Figure S10 show
close-ups of a few such graphene nucleation sites. The
approach that has shown most promise for suppressing
graphene nucleation is centered on reducing the surface
roughness of the Cu foil by high-temperature annealing
near or at the melting temperature of Cu.47�49

The two-step approach for reducing the nucleation
site density used in this work starts with oxidation of
the Cu foils. Standard 25 μm thick copper foils of 99.8%
purity were solvent cleaned, loaded into an alumina
boat in a quartz tube furnace, and oxidized in air for
15 min at temperatures ranging from 200 to 500 �C.
A series of such oxidized foils prepared at different
oxidation temperatures are shown in Figure S1. The
optical images in Figure S2 illustrate a complex evolu-
tion of surface morphology by oxidation consisting of
erosion and transformation of the rolling-induced
texture of as-received foils and the appearance of
a new microstructure, especially at 400 �C. The foils
are designated by “fT” where f stands for foil and the
subscript T represents the oxidation temperature. As-
received unoxidized foils designated by RT, for room
temperature, serve as control samples. The oxidized
foils were reduced back to Cu by annealing at 1040 �C
for up to 3 h in a H2 atmosphere, maintained at
150 mTorr using a 10 sccm H2 flow rate. X-ray diffrac-
tion (XRD) was used for characterizing the crystallo-
graphic orientation and the microstructure of the Cu
foils as received, after oxidation, and after the hydrogen-
annealing reduction step. The XRD data in Figure S4
show evolution of the grain orientation in the foils with
temperature from a polycrystalline mixture of (100),
(110), (111), and (311) grains found in as-received foils
to dominantly (100) grains for foils oxidized above
400 �C. The Cu grains were up to a few millimeters

Figure 1. (a) SEM images of graphenegrownunder standard growth conditions and 0.5 h growth time. The numbersmarking
these images represent the flow rate of CH4 in sccm. The 100 μm scale bar applies to the latter three images. (b) Nucleation
density as a function of CH4 flow rate. (c) Growth curve given by the graphene island size as a function of CH4 flow rate,
illustrating the three growth regimes described in the text.
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for fRT, f200, and f300 foils. In contrast, in f400 and f500 foils
smaller (50 to 300 μm) and more uniform (100) grains
became dominant after the odixation/reduction cycle.
Graphene CVD on these oxidized and reduced Cu

foils was performed using the process described in a
previous report4 in continuation of the 3 h annealing/
reducing treatment at 1040 �C. A set of samples
selected to cover the entire range of oxidation tem-
peratures was simultaneously exposed to a fixed flow
rate of CH4 to rule out inadvertent variations in the
growth conditions. Figure 2a�d show SEM images of
graphene grown on Cu foils prepared at different
temperatures by the oxidation/reduction cycle fol-
lowed by 0.5 h growth at a 0.5 sccm CH4 flow rate.
The sequence of SEM images shows a significant fall in
the graphene nucleation density on the oxidized foils.
A plot of the nucleation density as a function of the
oxidation temperature is also shown in Figure 3. The
images and the plot show that the nucleation density
initially falls with increasing oxidation temperature.
It reaches the lowest value at 300 �C, after which it
develops aweak upward trendwith increasing oxidation
temperature. The nucleation density for the f300 foil is
roughly 2 orders ofmagnitude lower than that for the fRT
foil. We find that the graphene nucleation density does
not depend on the Cu grain orientation. This observation
is in agreement with the report by Kim et al.,41 and it is in
contrast with the results reported by Wood et al.50 The
slightly higher nucleation density on f400 foils than that
on f300 correlates with the increasing surface roughness
starting above 300 �C as shown in Figure S3.
The overall mechanism of suppressing and deacti-

vating the nucleation sites by oxidation has two main
components: (1) the removal of surface impurities by
oxidation and (2) the healing of mechanical defects by
subsequent reduction, annealing, and regrowth of the
oxidized foils. The temperature dependence of the nu-
cleation density in Figure 3 suggests that the oxidation
step and regrowth of the Cu layer during the subsequent

reduction step combine into a more effective method for
reducing the nucleation density than H2 annealing alone
described by the fRT foils. The nucleation density also falls
because oxidation removes exogenous carbon accumu-
lated on the Cu foils during processing, which has been
found to promote graphene nucleation and create multi-
layer regions.41 Although Figures 2 and 3 show that
oxidation of the Cu foils before annealing in H2 is highly
effective in reducing nucleation site density, this treatment
alone is unable to completely suppress nucleation of
grapheneonCu. Thenewmethoddescribed in the second
step is capable of fully suppressing graphene nucleation.
The second step for reducing the nucleation density

is based on interacting directly with the growth pro-
cess at the time of nucleation. This interaction is
accomplished by using a brief Ar pulse at the onset
of growth, referred to as transient reactant cooling. It is
well established that most graphene nucleation occurs
during the initial exposure of the Cu surface to CH4.

14,41

The transient reactant cooling is performed by using a
10 s duration pulse of Ar that causes the pressure in the

Figure 2. SEM images of Cu foils (denoted fT where T is the oxidation temperature) after oxidation, hydrogen reduction at
1040 �C, and then graphene growth of 0.5 h at 1040 �C: (a�d) at 0.5 sccmCH4without using an Ar pulse; (e�h) at 1.5 sccmCH4

with a 10 s duration Ar pulse applied at the onset of CH4 flow.

Figure 3. Graphene nucleation density on Cu foils oxidized
at the indicated temperatures and reduced at 1040 �C in
hydrogen,with andwithout applicationof a 10 s durationAr
pulse during introduction of CH4. Graphenegrowth for 0.5 h
at 1040 �C was performed at 0.5 sccm CH4 without the Ar
pulse and at 1.5 sccm CH4 with the Ar pulse. The dashed
lines are guides to the eye.
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CVD tube to rise to about 1 Torr. The Ar pulse is applied
concurrently with the start of the CH4 flow at the onset
of growth. The most intriguing result of using the Ar
pulse is that it can completely suppress nucleation of
graphene. Under the conditions of 0.5 h growth at
0.5 sccm CH4 flow used with the oxidized foils no
nucleation is observed on any of the Cu foils. To recover
nucleation on the Cu foils when applying the Ar pulse,
we gradually increased the CH4 flow and found that at
roughly 3� 0.5 = 1.5 sccm CH4 flow nucleation occurs
again. Growth with the Ar pulse is illustrated by the
SEM images in Figures 2e�h, showing graphene on Cu
foils after 0.5 h of growth. The plot in Figure 3 shows
that the application of the Ar pulse produces a roughly
1 order of magnitude decrease in the nucleation site
density, in addition to the already 2 orders of magni-
tude decrease produced by the oxidation/reduction
cycle. Note that the large error bars at low nucleation
density are not an artifact, but a manifestation of the
stochastic nature of the nucleation process.31 The
consequence of the inherent randomness is that it is
not possible to limit growth reproducibly to only a
single site bymethods based on controlling nucleation
to start the growth process.51

The transient reactant cooling step is different from
all previously used approaches for suppressing nuclea-
tion because of its dynamic nature. The 1 order of
magnitude decrease of the nucleation density in
Figure 3 produced by the Ar pulse corresponds to an
effective increase in the activation barrier of ΔEa = kBT

ln(10) ≈ 0.25 eV, where kB is the Boltzmann constant
and T ≈ 1300 K the growth temperature. The use of
transient cooling is based on the general principle that
nucleation requires much higher supersaturation than
growth.41 The nucleation of graphene is particularly
favorable for this approach because according to
recent experimental and theoretical reports the critical
nucleus;instead of two or three atoms that is typical
for metals;includes six carbon clusters, the forma-
tion of which requires a correspondingly much higher
supersaturation of reactive carbon species.52 In addi-
tion, the growth of critical size clusters after their
formation rapidly accelerates the depletion of reactive
carbon species, producinga largedrop in supersaturation.
Unless this loss is compensated by deliberately increasing
the concentration of reactive species, the critical super-
saturation necessary for nucleation cannot be reached
again. Thepurposeofusing transient reactant cooling is to
generate a temporary jump in the effective nucleation
barrier to force thenucleation step tooccur atmuch lower
nucleation densities. The finite drop in the nucleation
density shown by the plot in Figure 3 confirms that no
new nucleation occurs after the temperature in the
reactor is restored to its initial value prior to the Ar pulse.
We suggest that the main molecular mechanism

behind transient reactant cooling is the deactivation of
the hydrocarbon growth species by collisions with Ar

atoms in which a substantial amount of vibrational
energy is transferred out of activated carbon species
into translation of the Ar atoms.32 The collisions with Ar
atoms and the resulting deactivation can affect both
the reactive species in the gas phase and those on the
growing surface. Considering that graphene growth
occurs by a surface-limited reaction, the rest of the
discussion concerns only reactive intermediates form-
ing on the growing surface. To estimate the effective-
ness of CD on the critical cluster formation, we use the
example of similar molecular structures for which CD
studies have been performed.33,34 For an order of
magnitude type estimate of the efficiency of CD, it is
sufficient to know the type of molecular structures,
which determine the properties of the vibrational
energymanifolds affected, without actually identifying
the specific molecular species. The recent scanning
tunneling microscopy (STM) imaging and spectroscopy
(STS) measurements53,54 and theoretical modeling55

found the intermediates for the critical cluster forma-
tion of graphene to be aggregates of hexagonal and
pentagonal ring structures that belong to the class of
small aromatic hydrocarbons. These results reveal that
the chemical pathways for the formation of the critical
cluster share great similarity with the pathways for the
formation of aromatic hydrocarbons that have been
extensively studied in connection with combustion
processes.56 From the main intermediates in combus-
tion processes we selected azulene33;amolecule that
consists of a pentagonal and a hexagonal ring fused
together;as the representative of the intermediate
structures in the graphene critical cluster formation.
Azulene has been extensively used as a model system
for studying themechanism and the efficiency of CD in
highly vibrationally excited molecules.
The key reason why the Ar pulse is effective in

reducing the nucleation density is related to a specific
feature of the CD mechanism. Extensive experimental
and theoretical studies of CD have shown that the
average energy transferred (ΔE) per collision increases
roughly linearly with the total vibrational energy of the
molecule.33 This means that collisions with inert gas
atoms aremost effective in reducing the reactivity near
or at the reaction threshold. Using the experimental
data for azulene CD,33 and 2.6 eV as the value for the
activation energy for the nucleation of graphene,41

givesΔE= 0.12 eV for the estimated energy transferred
out of azulene after a single collision with Ar. This value
can be used to estimate the effect of deactivating
collisions on the nucleation of graphene using the
Boltzmann factors for population probabilities as an
approximation for the concentration of reactive
species below and at the threshold. The ratio of the
Boltzmann factors for an energy difference equal to
ΔE= 0.12 eV at the activation energy barrier for nuclea-
tion gives P(Ea = 2.48)/P(Ea = 2.6) � exp(�0.12/kBT) =
0.33 at a growth temperature of T≈ 1300 K. This ratio is
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close to the factor of 3 bywhich the CH4 flow rate has to
be increased in our experiments to recover nucleation
after the application of the Ar pulse. An additional
benefit of having to increase the CH4 flow rate by
a factor of 3 is that the lateral growth rate in the
postnucleation stage of the growth is boosted propor-
tionally despite a drop in supersaturation that occurs
because the reaction zone surrounding the growing
grains is gradually depleted of active species.
If the growth time is extended to an hour after the Ar

pulse, the control foil fRT becomes uniformly covered
because of the coalescence of graphene grains grown
at high nucleation density. However, the additional
0.5 h of growth leaves the nucleation density on f300
and f400 foils unchanged. In addition, the factor of
3 increase in the CH4 flow causes a substantial increase
in the lateral growth rate of the grains. The combination
of low nucleation density and high lateral growth rate
enables the growth of millimeter-size graphene grains
on f300 prepared foils. The largest graphene grain of
1.5 mm grown under these conditions is shown in
Figure 4, with additional SEM images of large grains
provided in Figure S6. All the graphene grains are single
layer except near the nucleation centers and around
impurity particles, where double or multiple layers were
observed occasionally, as shown in Figure S7. The addi-
tional contrast in the graphene grains on f400 in Figure 4b
comes from the grain structure of the underlying Cu
foil and not from the presence of multilayer flakes of
graphene.24 After 2 h of continuous growth at the same
conditions these individual graphene domains coalesce
together to form a uniform graphene layer on all the
oxidized and reduced Cu foils, as shown in Figure S8.
Selected area electron diffraction (SAED) was used

to confirm that the large graphene grains are single
crystal.7,22,24,27,28 Multiple SAED patterns were taken
from different locations on suspended graphene films
(both hexagonal and rectangular grains) transferred
onto gold TEM grids. The position of a few SAED
patterns taken fromhexagonal graphene grains shown

in Figure 5 is identified by the color-coordinated dots
and image frames in a clockwise direction.
The orientation of the SAED patterns in Figures 5c�e

remains unchanged with distance, confirming the sin-
gle crystal lattice structure. The largest linear dimension
of this single-crystal grain obtained from the distance
between the red and the purple dots is roughly 1 mm.
In comparison, the SAED pattern from a neighboring
graphene grain in Figure 5f is rotated roughly by 90�,
revealing that it comes from a different domain.
Using standard procedures, a few of the graphene

films were also transferred to Si substrates with a
300 nm thick SiO2 for characterization by Raman
spectroscopy to assess further their quality, uniformity,
and the number of layers.57 The excitation wavelength
was 633 nm, and Raman spectra were collected from
different locations and over large areas in a mapping
mode. Figure 6a and b show the Raman spectra taken
from different locations from both hexagonal and
rectangular graphene grains. Both types of grains show
a low D peak intensity at 1330 cm�1, typical of high-
quality graphene films. The edges shown by the red
spectra in Figure 6a and b have a slightly higher D peak
intensity because of reduced symmetry and a higher
likelihood for defect formation at these locations.58 The
2D peak is symmetric and has a narrow line width
around 30 cm�1. The ratio of 2D to G peak intensity is
2 ormore, confirming single-layer graphene.1,57 Raman
mapping performed on a 35 � 40 μm2 corner of a
large graphene grain is shown in Figure 6c�e. Maps
were extracted for D, G, and 2D peak intensities at
1330, 1585, and 2650 cm�1, respectively. Note that
background subtraction was performed in all cases.
Other than at the edges, the D peak has negligible
intensity, although someof the defective regions in the
form of holes and folds may have been created by the
transfer process. Except for a transfer-induced hole,
the 2D and G peak intensities are quite uniform
over the entire mapped region, and their ratio is
between 2 and 3, confirming the uniformity of the

Figure 4. Millimeter-scale graphene grains grown in 2 h by the two-step nucleation density reduction approach on two Cu
foils that were oxidized at (a) 300 �C and (b) 400 �C. Note that the graphene grains change shape from hexagonal on f300 to
rectangular on f400.
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single-layer graphene. The small variations observed
in the peak intensities, peak positions, and the line
width are caused by local variations in unintentional
doping by physisorbed species from atmospheric
contaminants, substrate�graphene interactions, lo-
cal strain, wrinkles, and local defects in the transferred
graphene.4,59�61

The change of the shape of the graphene grains is a
strong indication that the oxidation�reduction treat-
ment alters key properties of the original Cu foil that

affect graphene growth. The graphene grains grown
on fRT, f200, and f300 treated foils havemostly hexagonal
symmetry (six lobes), as shown in Figure 2a�c and e�g
and Figure 4a. A small number of rectangular domains
with four lobes were also observed on these foils. The
f400 and f500 treated foils show exclusively rectangular
symmetry with four lobes, as illustrated in Figures 2d,h
and 4b.62,63 In general, there are three factors that
differentiate the Cu foils in graphene growth: (1)
crystallographic orientation of the grains, (2) surface

Figure 5. Selected area electron diffraction from suspended graphene films transferred onto a gold grid. (a and b) The darker
regions in these SEM images represent the suspended graphene. (c�e) SAED patterns from a single graphene grain de-
signatedby coloreddots showing the sameorientation. (f) SAEDpattern fromneighboringgrain showing significant rotation.

Figure 6. Raman spectra and Raman maps of graphene films transferred on 300 nm SiO2/Si measured using 633 nm
excitation. (a) Raman spectra from hexagonal graphene grains grown on f300 obtained at the edge and away from the edge.
(b) Raman spectra from rectangular graphene grains grown on f400 obtained at the edge and away from the edge. On both
graphene grains the edge is more defective. (c�e) Ramanmaps for D, G, and 2D peaks measured at a corner of a rectangular
graphene grain. The red arrow shows a hole produced during transfer.
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microstructure, and (3) Cu grain size or density of grain
boundaries.50,62�66 On the basis of previously pub-
lished work and our results here, we can rule out some
of these factors.62 Since graphene growth on all foils
was carried out in a batch mode in a single experi-
ment, the effects of inadvertent variation in the growth
conditions,27 such as etching by hydrogen,9,38 can be
ruled out. Previous reports have established that the
interaction between the Cu surface and the graphene
is relatively weak.48,67�73 In agreement with these re-
ports, we also find that the effect of the grain bound-
aries is negligible since graphene grains grow unper-
turbed across grain boundaries.7 However, on the basis
of Cu grains “visible” through the graphene layer in
Figure 4b, definite alignment of the outer edges of the
graphene patch and the Cu grain edges can be in-
ferred. This conclusion is supported by the XRD data,
which show that the smaller Cu grains on f400 foils
have a predominantly (100) texture, suggesting that
the crystallographic orientation of the Cu grains influ-
ences the shape of the graphene crystals. The impor-
tant conclusion that can be drawn from these results is
that the crystallographic orientation of the Cu grains is
not a factor that dramatically changes the nucleation
density up or down, but as revealed by Figure 4a and b, it
can be a decisive factor for enabling graphene grains to
grow faster and larger by promoting preferential nuclea-
tion of hexagonal-shape grains over rectangular grains.
We use a kinetic model to explore the possible

mechanisms of graphene growth as a function of the
nucleation density. In its simplest form graphene
growth occurs on a hexagonal grid that represents
the active sites for graphene formation on a flat sur-
face. The binding of carbon atoms at the active sites
shown in Figure 7a occurs from reactive carbon

intermediates CxHy (x g 1, y g 0) that are produced
by the decomposition of CH4 molecules on the Cu
surface.53�55 The rate of chemisorption of reactive
carbon species (dC/dt) is proportional to the impinge-
ment rate J at a single site, the probability of binding at
the grid sites s, and the concentration of free surface
sites:

dC=dt ¼ sJC(t)[C0 � C(t)]=C0 (1)

After substituting θ(t) = C(t)/C0 for the surface coverage
an equation for the variation of the graphene coverage
θ is obtained where s now corresponds to the sticking
coefficient of reactive carbon species:

dθ=dt ¼ sJθ(t)[1 � θ(t)] (2)

The variation in the graphene growth rate observed
in experimental measurements indicates that the over-
all sticking coefficient s is not constant.14 The overall
sticking coefficient must account for both chemisorp-
tion of carbon species that occurs at vacant substrate
sites and chemisorption of carbon species that occurs
above already existing islands. The presence of two
types of precursor species was first discussed by Kisliuk
in connection with molecular chemisorption pro-
cesses.74�76 But, in a recent report it was shown that
such precursor species can have a more general sig-
nificance extending to the epitaxial growth of thin
films.77 The sticking coefficient designated by s0 de-
scribes the mechanism for capturing the active species
at random vacant sites; these species are referred to as
intrinsic precursor molecules (IPMs). The IPM compo-
nent is described by a Langmuir form with the sticking
coefficient proportional to the fraction of empty sites
given by s0(1 � θ(t)). The second sticking coefficient
designated by s1 describes the physisorption of active

Figure 7. (a) Illustration of the binding of reactive IPM carbon species at the dashed hexagonal grid junctions in graphene
nucleation. (b) Growth of graphene according to the Eden cluster model showing in light gray a completed compact inner
region surrounding a single nucleus illustrated by the dark hexagonal ring, and a still growing incomplete outer ring of the
graphene island. The methyl radicals in the schematic illustrate a generic growth species. IPMs attach at the edge and a few
EPMs are shown randomly distributed on the top of the island.
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species on top of already formed graphene islands.
These species are referred to as extrinsic precursor
molecules (EPMs). The EPMs provide direct contribu-
tion to island growth by random jumps until a vacant
chemisorption site is found. Since the attractive
adsorbate�adsorbate interactions are strongest near
island edges, the incorporation of EPMs ismost likely to
occur at already existing islands. The EPM compo-
nent of chemisorption is described by a coverage-
dependent sticking coefficient that is proportional
to both the concentration of reactive species and
the free surface area available for adsorption given
by s1θ(t)[1� θ(t)]. After addition of the random nuclea-
tion component s0(1 � θ(t)) to eq 2 it becomes

dθ=dt ¼ Jfs0[1 � θ(t)]þ s1θ(t)[1 � θ(t)]g (3)

where the coverage-dependent sticking coefficient
s(θ) = s0[1� θ(t)]þ s1θ(t)[1� θ(t)] describes the overall
contribution by both precursor types. The solution to
this differential equation is obtained after rearranging
eq 3 to

dθ=dt ¼ [1 � θ(t)][θ0 þ θ(t)]=[τ(1þ θ0)] (4)

where θ0 = s0/s1 describes the ratio of the sticking
coefficients, and τ = 1/J(s0 þ s1) describes the scaled
binding time at a single adsorption site that depends
on both sticking coefficients and the impingement rate
that is proportional to the concentration of active
carbon species determined by the CH4 flow rate. The
solution of this differential equation is given by

θ(t) ¼ 1 � (1þ θ0)=(1þ exp[(t � t0)=τ]) (5)

where t0 is an integration constant given by θ(0) = 0.
The solution corresponds to a family of sigmoidal
S-shaped growth curves that describe the different
growth regimes as a function of the flux of growth
species given by τ and the ratio of sticking coefficients
θ0. The illustration of the solutions in Figure 8 reveals
that the dominant growthmechanism can be deduced
from the shape of growth curves that is determined
by the ratio of the sticking coefficients s0/s1. The two
important limiting cases of the solution occur for
θ0 . 1 w s0 . s1, corresponding to nucleation-
dominated growth, and for θ0 , 1 w s1 . s0, corre-
sponding to the island growth-dominated regime. The
solution for θ0 . 1 has a simplified form, θ(t) = 1 �
exp(�t/τ), resulting in the red growth curve recogniz-
able by its highly asymmetric shape. As the magni-
tudes of the two sticking coefficients approach each
other, the growth curve becomesmore symmetric, first
going through an inflection point for θ0 = 1 w s1 = s0,
and finally acquiring the fully symmetric sigmoidal
profile given by the black line and the simplified
equation θ(t) = 1/[1 þ exp(�t/τ)] for θ0 , 1.
The plot in Figure 8 also compares experimental

data corresponding to the island growth-dominated
regime from this work shown by the black solid dots

with experimental data for the nucleation-dominated
regime obtained from the literature given by the red
diamonds.14 Additional data in this reference show
that, as our model predicts, the growth curves become
steeper with increasing CH4 concentration (θ0 . 1). The
experimental data are used to extract the sticking coeffi-
cients in the growth experiments and compare themwith
those obtained from independent surface science mea-
surements. By fitting a sigmoidal function to the raw
experimental data shown in Figure S12 a value of 560 s
is obtained for τ. Using the solution given by eq 5 to fit the
data plotted in Figure 8 as a function of the dimensionless
parameter t/τ gives θ0 = 3 � 10�3, a value in line with
precursor-mediated adsorption mechanisms. From the
partial pressure of 20 mTorr of CH4 used in the growth
experiments and the simplified equation of τ = 1/Js1 a
value of s1 = 0.03 is obtained. Finally, using θ0 = 3� 10�3

gives 9 � 10�5 for the value of s0. These values indicate
that the change in the methane chemisorption mechan-
ism from an IPM to an EPM is accompanied by a roughly 3
orders of magnitude increase in the sticking coefficient.
The very low CH4 sticking coefficient s0 is in good agree-
ment with values reported in the literature for indepen-
dent surface science measurements indicative of the low
reactivity of CH4 on Cu and metal surfaces in general.39,78

The theoretical explanation of the low sticking coefficients
is that the catalytic dissociation of the C�H bond in CH4 is
dominated by tunneling from a molecular precursor in
thermal equilibrium with the surface.78

However, the most remarkable implication of the
graphene growth kinetic model corresponds to the
special case for s0 = 0 for which the solution of
the differential equation is identically zero, θ(0) = 0,
meaning that for growth to occur, nucleation must
always exist. This solution implies that a special two-
dimensional island growthmechanismmust exist from
the onset since the only active sites available for
carbon incorporation are those at the edge of a very

Figure 8. Variation of the shape of the growth curves given
by eq 5 with the ratio of sticking coefficients θ0 covering a
range from 102 to 3 � 10�3. The nucleation-dominated
regime is described by θ0. 1, and the island growth regime
by θ0 , 1. Red diamonds represent data from ref 14, and
black solid dots are experimental data from this work.
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few nuclei. Initially, this cooperative process is less effi-
cient than random nucleation, as the slowly rising part of
the S-shaped growth curve at very low coverages shows
in Figure 8. We propose to use the Eden cluster model as
a framework for illustrating how carbon incorporation by
this cooperative growth mode occurs. The Eden model
provides a general picture for the formation of a compact
two-dimensional structure (2D) that starts growing from
a single nucleation site by random addition of growth
species at its perimeter.79 The spontaneous growth at the
island boundary leads to formation of compact aggre-
gates with L ≈ A1/2 ≈ K1/2 describing the relationship
between the perimeter length (L), the area (A), and the
number of particles (K) in theEden cluster.80 In contrast to
random aggregation, the Eden cluster formation has a
built-in mechanism for taking into consideration lateral
positional correlation between the carbon growth spe-
cies and the growing graphene. This correlation origi-
nates from the conversion of the EPM to IPM when it is
adsorbed at a vacant site near the edge of the island.
The Eden cluster model is ideally suited for treating

two-dimensional crystallization such as in graphene
because it naturally localizes growth to the outer edges
of the island, where carbon incorporation chemistry is
known to occur.41,81 Figure 7b illustrates a simple exam-
ple of a graphene Eden cluster that isotropically expands
its diameter by random addition of carbon at the peri-
meter. A fully quantitative model that is currently under
development includes the interaction with the grid
dictated by the crystallographic properties of the sub-
strate as the driving force for treating anisotropic growth
that leads to the variety of shapes observed experi-
mentally.64,65 Finally, the edge of a growing cluster
contains a large number of dangling bonds that are
active sites for incorporation of carbon. Such active sites
propagate the growth by dehydrogenation and ring
closure reactions that occur by incorporation of a wide
range of hydrocarbon species that can contain one to a
few carbon atoms.56,82,83 A chemically more refined
version of the model can also be developed to explore
theeffects of carbon incorporation in a zigzagor armchair
configuration on the shape of the islands.58,81 The quan-
titativemodel is designed to address defect formation as
a result of imperfect orderingduringgrowth that can lead
to grain boundary formation even in growth that starts
from a single nucleation site that excludes coalescence-
induced grain boundaries.84

CONCLUSION

In summary, we explore the role that the nuclea-
tion density plays in determining the mechanism of

single-crystal graphene growth. To suppress the nu-
cleation of graphene, we supplement the already
established methods of pretreatment of the Cu foils
using oxidation and reduction by H2 annealing with a
new method for reducing nucleation density that
interacts directly with the growth process called tran-
sient reactant cooling. Transient reactant cooling is
performed by an Ar pulse to produce collisional deac-
tivation of the active carbon growth species at the
remaining nucleation sites. An important feature of
transient reactant cooling is that in contrast to the Cu
foil pretreatment methods it is capable of completely
suppressing nucleation of graphene. It is shown that to
recover nucleation when the Ar pulse is used, the CH4

flow rate has to be increased by a factor of 3 while
keeping all other parameters unchanged. This two-
step approach was used to obtain 3 orders of magni-
tude overall reduction in the nucleation density. We
use a kinetic model to show that the extremes of the
nucleation density range are associated with distinctly
different graphene growth mechanisms. These ex-
tremes are clearly distinguishable by the different
shapes of the growth curves that describe the cover-
age dependence in graphene growth. In the high
nucleation density regime graphene growth occurs
by coalescence of a large number of small islands. This
growth regime is clearly undesirable because of the
formation of a large number of grain boundaries. At
vanishingly low nucleation density the growth mode
changes to a cooperative island growthmechanism for
carbon incorporation that occurs at the edges of
existing islands. This is themechanismwhere the boost
in the CH4 flow rate becomes particularly beneficial for
increasing the lateral growth rate of graphene. The co-
operative island growth mechanism intrinsically pro-
duces large-area single-crystal graphene. The kinetic
model shows that the change in the growth mechan-
ism occurs by a roughly 3 orders ofmagnitude increase
in the reactive sticking probability of methane from
5� 10�9 for random nucleation to 0.03 for cooperative
island growth of graphene. The concepts developed in
this work generalized by the kinetic model serve as a
framework for optimization of the graphene CVD
growth process for large-area single-crystal growth.
The model also reveals that the upper limit to the size
of graphene is ultimately imposed by the stochas-
tic nature of the nucleation process. The kinetic
model is not material specific. It is applicable to
two-dimensional crystallization of any material sys-
tem subject to strongly attractive adsorbate�adsorbate
interactions.

METHODS
As-received foils from Alfa Aesar, 99.8% Cu 25 μm thick, were

first oxidized in open air using a quartz tube furnace. The

experiments were performed in a 36 in. long quartz tube of
1 1/2 in. diameter with a 12 in. long heated region. The degree of
oxidation was determined from XRD data. An oxidation time of
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15min was set to ensure that the foils are not oxidized through,
preserving some of the original grains in the foils that serve as
seeds in preferential regrowth of Cu during the H2 annealing/
reduction step. The oxidized Cu foils were placed in a Cu-coated
alumina boat and batch annealed at 1040 �C in a quartz tube
furnace for 3 h in a 10 sccm H2 flow at 150 mTorr. Graphene
growth was carried out by starting the CH4 flow at either 0.5 or
1.5 sccm in the same tube furnace following completion of the
annealing/reduction step of the Cu foils. Transient reactant
cooling was performed by using a brief Ar pulse concurrently
with starting the CH4 flow that raises the total pressure to 1 Torr.
The pressure after 10 s settles back to a slightly higher growth
pressure of 165 mTorr from the addition of CH4. We confirmed
that the position of the Cu foil has no effect on the outcome of
the transient reactant cooling step by performing tens of runs
with the sample placed within 3 in. from the center of the hot
zone. Following a preset growth time the furnace was rapidly
cooled below 100 �C and the tube was vented with Ar.4 The
graphene islands grown on Cu foils were imaged by SEM. A few
graphene films were suspended on gold grids using published
methods13 to perform SAED to confirm the single-crystal nature
of the grains. Raman spectroscopy andmappingwas performed
on graphene films transferred2 on Si wafers with a 300 nm
thick SiO2 layer. The Raman spectra were collected using a laser
excitation wavelength of 633 nm. The Renishaw WIRE 3.4 soft-
warewas used to extract the Ramanmaps, and ImageJ fromNIH
was used for image analysis and for determining the nucleation
density and the average island size.
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