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O
wing to its exceptionalmechanical,
electronic, chemical, and optical
properties, single-layer graphene

is highly promising for high-frequency
nanoelecronics,1�3 biosensing,4 flexible elec-
tronics,5 and a plethora of other applica-
tions.6,7 However, several requirements both
in terms of the material quality and the
fabrication technique need to be met to
materialize these promises. Metal-catalyzed
chemical vapor deposition (CVD) has re-
cently been widely accepted as a viable
approach toward graphene synthesis.8�19

Indeed, it combines the advantages of high-
quality, large-area graphene films with the
possibility to produce them at relatively low
temperatures directly in the specified device
locations or transfer to other (e.g., flexible)
substrates depending on the envisaged
applications.

Ultimately, the graphene film should have
a single-layer, single-crystalline, and defect-
free structure over the entire catalyst sur-
face. However, this is extremely difficult to
achieve, especially when using metal cata-
lyst layers with low solubility of carbon.20

In this case, graphene islands nucleate
and grow by surface attachment of carbon
atoms and form graphene grains. These
grains have different orientations and form
grain boundaries when stitched together.21

Moreover, since carbon atoms are mostly
produced by catalytic decomposition on the
metal surface, it becomes increasingly diffi-
cult to complete the monolayer as the sur-
face coverage increases. Hydrogen-assisted
dissociation of hydrocarbon precursors has
been shown to be very effective for ensuring
a continued supply of carbon atoms under
these and also many other carbon-starving
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ABSTRACT Graphene grown on metal catalysts with low carbon solubility is a

highly competitive alternative to exfoliated and other forms of graphene, yet a single-

layer, single-crystal structure remains a challenge because of the large number of

randomly oriented nuclei that form grain boundaries when stitched together. A kinetic

model of graphene nucleation and growth is developed to elucidate the effective

controls of the graphene island density and surface coverage from the onset of

nucleation to the full monolayer formation in low-pressure, low-temperature CVD. The

model unprecedentedly involves the complete cycle of the elementary gas-phase and

surface processes and shows a precise quantitative agreement with the recent low-

energy electron diffraction measurements and also explains numerous parameter

trends from a host of experimental reports. These agreements are demonstrated for a

broad pressure range as well as different combinations of precursor gases and supporting catalysts. The critical role of hydrogen in controlling the graphene

nucleation and monolayer formation is revealed and quantified. The model is generic and can be extended to even broader ranges of catalysts and

precursor gases/pressures to enable the as yet elusive effective control of the crystalline structure and number of layers of graphene using the minimum

amounts of matter and energy.
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conditions. Moreover, the presence of certain amounts
of hydrogen is needed to initiate and then com-
plete themonolayer formation.10 However, the exact
mechanisms of the hydrogen-assisted graphene nu-
cleation and growth on metal catalysts still remain
unclear.10

This is why numerical modeling of graphene nuclea-
tion, grain formation, and catalyst surface coverage is
indispensable. However, due to the overwhelming
complexity and the very large number of elementary
processes involved in the creation, redistribution, and
incorporation of carbon atoms into graphene clusters
and networks, it is very challenging and effortful to
develop the models which include all of these pro-
cesses on one hand and use real-world experimental
parameters on the other. The existing approaches
commonly either use numerical simulations which rely
on own parameters and time scales or select a certain
subset of (e.g., gas-phase or surface) processes to
model a specific growth stage (e.g., nucleation or grain
formation).16,22�28

A reliable test of the viability of such modeling
approaches would be the degree of quantitative
agreement with the available experimental results.
However, the previous attempts to describe the pro-
cess of graphene layer formation do not quantify the
kinetics of the surface coverage and also show sig-
nificant discrepancies with the experimental results,
in particular, in the evolution of carbon density on
the surface.29 The most likely reason is in the intrinsic
difficulty to select the set of the gas-phase and surface
processes that are most important under the specific
experimental conditions. For example, modeling of the
very low-pressure growth of good-quality, yet multi-
grain, graphene did not include the crucial kinetic
processes of carbon precursor delivery from the gas
phase, carbon atom production, and redistribution
between the islands as well as carbon evaporation
from the surface. This is why only some selected
experimental trends in the evolution of carbon con-
centration on the surface in limited process parameter
ranges can presently be reproduced, while significant
quantitative discrepancies between the experimental
and the modeling results remain.29 The major disac-
cord is in the recovery of the observed nonmonotonic
dynamics in the carbon atom concentration during the
graphene nucleation and growth and, moreover, the
differences in these dynamics in different temperature
and pressure ranges.
Therefore, such models cannot reliably describe

the graphene nucleation and growth, especially under
varied process conditions such as higher pressures and
other hydrocarbon precursors. The existing models
also fail to explain and quantify the role of hydro-
gen in the experimentally observed nonmonotonic
dependence of graphene surface coverage on hydro-
gen content.

Here we present a kinetic model of graphene nu-
cleation and growth which resolves the above issues
and can be applicable for a broader range of catalyst
materials and precursor gases. This model describes
the graphene growth process in its entirety, from
nucleation of small carbon clusters up to the full
monolayer coverage. This model very successfully de-
scribes the very low-pressure graphene growth on Ir
and Ru catalysts using ethylene (C2H4) precursor, under
low temperatures. More importantly, the results show
excellent quantitative agreement with the experimen-
tal results during (both for the carbon surface concen-
tration and graphene surface coverage) the entire
graphene formation process, which testifies the high
degree of reliability of the model. Building upon this
positive test, the model is extended to describe the
similar process under the low-pressure, low-temperature
conditions using Cu catalyst and CH4 þ H2 precursor. In
this case, the modeling results are also consistent with
numerous experimental results and allow one to quanti-
tatively explain the effects of hydrogenon thenucleation
and growth of graphene grains. These results suggest
that our model is generic and can be either directly
applied or straightforwardly adjusted for a large number
of hydrocarbon precursors, catalyst materials, and also
broad pressure ranges. Moreover, the model makes it
possible to optimize the experimental process param-
eters to achieve full surface coverage by the smallest
possible number of large single 2D graphene crystals,
thereby nearing the solution of the ultimate problem
of the atom- and energy-efficient growth of single-layer,
single-crystalline graphene.

RESULTS AND DISCUSSION

Gas�Surface Interactions in Metal-Catalyzed Graphene
Growth. We consider themetal catalyst-assisted growth
of the monolayer graphene using very low- and low-
pressure thermal CVD of C2H4/H2 þ CH4 gas mixture
on Ru/Ir and Cu catalyst layers.10,30,31 Figure 1 shows a
large variety of the elementary surface processes in-
volved in metal-catalyzed growth of graphene, such as
thermal/hydrogen-induced dissociation of hydrocar-
bon molecules (building unit (BU) production), forma-
tion of C clusters, surface diffusion, and ripening of
graphene islands, etc. The surface C atom (BU) produc-
tion and loss are the primary processes in graphene
growth (especially at low pressures when the surface
reactions are considered as the rate-limiting step in
graphene growth)12 and strongly depend on the pro-
cess parameters as well as on the choice of the catalyst
layer, either Ru (Ir)30,32 or Cu.10,33 Besides C atoms
(monomers), ab initio studies showed that carbon
dimers can also be considered as viable building units
for the graphene nucleation and growth34 because
they are (like C monomer) also mobile species on the
Cu surface and can form larger C clusters prior to the
formation of graphene nuclei. The BUs (C monomers)
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that remain on the surface diffuse and agglomerate
to form (five C atoms) clusters,30 which then diffuse and
collide with each other, forming the initial graphene
nuclei.29,35 The five-C atom clusters are very important
C species not only on Ru (Ir) surfaces but also on a Cu
surface. Incorporation of these clusters to the zigzag
edges (of the graphene nuclei) is a crucial step
(providing stable binding sites for the following attach-
ment of C monomers) in the growth of graphene
islands in size.16 However, the rates ofmonomer attach-
ment to a graphene nucleus are expected to be higher
than the rates of 5-atom cluster attachment. Otherwise,
irregularly shaped graphene islands are expected,
which contradicts the experimental observations14,16

It is worth mentioning that the size of the initial
graphene nuclei (5 � 6 C atoms) considered here, on
both Ru (Ir) andCu surfaces, is the closest nucleus size to
the sizes of stable C21 and C24 nuclei (on metal catalyst
layers, including Cu) predicted by ab initio calculations
and also observed in experiments.24

After nucleation of the first graphene islands (with
maximum density nI

nuc), the islands start to diffuse
and stitch to each other (Smoluchowski ripening),35

thus forming larger graphene domains with a lower
density. This process, which is strongly dependent on
the temperature and the average distance between
the islands (nI

�1/2),36 and incorporation of C precursors
(C monomers and C clusters) into graphene network
continue until the bare catalyst surface is fully covered
by the graphene monolayer.

With increasing the catalyst temperature T, the
thermal decomposition of hydrocarbon species (thus

production of C) becomesmore effective, which in turn
leads to more BUs generated on the surface (hence
nucleation takes place at a larger concentration; i.e.,
nC
nuc increases). As a result, more (5-atom) clusters

are formed (and then collide with each other), and
more graphene nuclei nucleate on the metal surface
(i.e., nI

nuc increases with T) within much shorter times.
However, further increasing in T gives rise to more
effective desorption/evaporation of precursor mol-
ecules/BUs, so nucleation time (tn) increases, whereas
nC
nuc decreases. Also, with increasing the hydrocarbon

pressure PH, one can expect the graphene nucleus
density (nI

nuc), graphene growth rate (RG), and total
graphene surface coverage (θG) to increase, as well.

One should note that on some metal catalysts (e.g.,
a Cu foil), several processes (e.g., thermal decomposi-
tion or hydrogen/oxygen-assisted dehydrogenation)
are responsible for the production of the BUs, and their
relative importance depends on the temperature
conditions37 or the presence of other catalyst reactants
(such as hydrogen and oxygen atoms).37,38 On Cu
metal substrates, direct thermal decomposition of
hydrocarbon molecules (like CH4 molecules on Cu
surface) is energetically unfavorable,27 or the rates
of C generation (through the thermal decomposition)
are very low.37,38 This is why increasing the dose of
exposure of the catalyst surface to hydrocarbon pre-
cursor is ineffective in promoting the graphene nuclea-
tion. Under these conditions, sufficiently high amounts
of other catalytic agents, such as hydrogen atoms
(supplied during the growth step or preadsorbed
during annealing in hydrogen),39,40 are required to

Figure 1. Neutral gas�surface interactions as well as surface mechanisms involved in the nucleation and growth of
monolayer graphene on Ru/Cu substrate in very low/low-pressure thermal CVD experiment in C2H4/H2 þ CH4 gas mixtures.
Themost important surface processes involved in carbon atom production and graphene formation are thermal dissociation
(TD), hydrogen-induceddehydrogenation (HID), adsorptionof species (AD), desorptionof species (DS), evaporation of carbon
atoms (EV), surface diffusion of species (SD), C atom collisions and formation of 5-C atom cluster (CFC), cluster collisions and
formation of graphene nuclei (CFI), stitching of graphene nuclei, and incorporation of carbon atom (AIG) and cluster (CIG) into
the graphene structures.
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produce enough BUs for the graphene nucleation
through the reactions summarized in Table 1. How-
ever, further increasing the hydrogen content results in
more effective etching of the precursor species and
BUs from the surface (reactions 8 and 9 in Table 1).
Consequently, the graphene growth rate decreases,10,19

and the surface is then covered only partially or with
a smaller number of graphene layers.41 This effect
becomes more pronounced at higher temperatures
when the surface reaction between carbon andH atoms
(reaction 11 in Table 1) becomes more effective. More
details about the modeled mechanisms of graphene
nucleation and growth and the assumptions made
can be found in the Methods section and Supporting
Information.

Our strategy in this work is based on taking into
account the most important surface processes, thus

providing a comprehensive, yet simple, model to
quantify the most important aspects of the graphene
growth on ametal catalyst in CVD experiments. On one
hand, this numerical modeling provides us with more
insights into the base mechanisms of monolayer gra-
phene formation during the entire growth process.
On the other hand, ourmodeling results reproduce the
main trends and are in good quantitative agreement
with the numerous relevant experimental reports
on CVD of graphene.8�11,15,17�19,30�32,35,42�44 Impor-
tantly, these experiments have produced highly uniform,
highly crystalline graphene films with the electrical char-
acteristics comparable or even superior to mechanically
exfoliated graphene films.8,17,44

Numerical Results and Experimental Support. Here we
present the results of our numerical modeling of metal-
catalyzed CVD graphene growth under (1) very low- and
(2) low-pressure conditions. The relevant experimental
observations that further validate our numerical model
are discussed. Further details about the model and
computation, such as assumptions, elementary surface
processes, as well as more evidence about the suitability
of our model to explain and quantify a variety of experi-
mental results, can be found in the Methods section and
Supporting Information.

Very Low-Pressure Graphene Growth on Ru and Ir. The
results in Figure 2 pertain to all stages of the graphene
synthesis, namely, the hydrocarbon gas exposure,
graphene nucleation (Figure 2a), and the graphene
growth and complete coverage of Ru catalyst surface
by a monolayer graphene (Figure 2b). Figure 2a shows

TABLE 1. Elementary Surface Processes Included in the

Model of Graphene Growth on Ru/Ir and Cu Substrates

and Their Energy Activation Barriers (S and g Are Surface

and Gas in the Reaction Notations Below)

surface processes energy activation barriers

adsorption
(1) C2H4(g) f C2H4(S) (ZAE)a

(2) CH4(g) f CH4(S) (ZAE)
(3) H(g) f H(S) (ZAE)

thermal dissociation
(4) C2H4(S) f 2C(S) þ 2H2(g) EtdCH = 1.87 eV9

desorption
(5) C2H4(S) f C2H4(g) EdesCH = 1.9 eV48

(6) CH4(S) f CH4(g) EdesCH = 6.0 eV9

(7) H(S) f H(g) EdesH = 1.9 eV49

hydrogen-induced reactions
(8) C2H4(S)/CH4(S) þ H(g) f C2H4(g)/CH4(g) EsdH = 1.7 eVb

(9) C(S) þ H(g) f C(g) ∼1.7 eVb

(10) H(S) þ H(g) f H2(g) ∼1.7 eVb

(11) C(S) þ H(S) f CH(S) ∼1.7 eVb

C evaporation
(12) C(S) f C(g) Eev = 3.25 eV for Ru/Ir

=5.5 eV for Cu9

dehydrogenation
(13) CH4(S) þ H(S) f CH3(S) þ H2(g) EsdH = 1.7 eVb

(14) CH3(S) þ H(S) f CH2(S) þ H2(g) ∼1.7 eVb

(15) CH2(S) þ H(S) f CH(S) þ H2(g) ∼1.7 eVb

(16) CH(S) þ H(S) f C(S) þ H2(g) ∼1.7 eVb

surface diffusion of
carbon monomers EsdC = 0.92 eV for Ru/Ir50

= 0.1 eV for Cu9

5-C atom clusters EsdCL = 0.82 eVb

graphene islands EsdIS = 2.6 eV11

incorporation of
carbon monomers EinC = 0.99 eV for Ru/Ir50

= 0.85 eV for Cu22

carbon clusters EinCL = 0.4 for Ir/Ru50

= 0.8 eV for Cu22

a Zero activation energy. b Optimized energy values.

Figure 2. Comparison of the experimental and numerical
results on the nucleation and growth of a graphene mono-
layer on the Ru catalyst layer. The carbon atom concentra-
tion on the surface (a) and surface coverage (b) versus time
from our modeling (black solid, dashed, and dotted curves)
and LEEM measurements of Loginova et al.31 (green, bold-
solid curves). The solid, dashed, and dotted curves in (a)
correspond to T = 1020, 900, and 800 K, respectively, while
other input parameters are PCH = 3� 10�6 mTorr for (a) and
T = 1020 K and PCH = 3 � 10�5 mTorr for (b), which are
exactly the same as the experimental values.31
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the temporal evolution of the BU surface concentration
during the precursor gas exposure as well as after the
precursor gas supply is switched off (JCH = 0). There is a
very clear quantitative agreement between our numer-
ical calculations and the experimental measurements
by Loginova et al.31 This agreement supports the
choice of the appropriate set of basic equations and
the elementary processes taken into account in our
numerical model. A less detailed account of the BU
production and losses during the graphene previously
resulted in very significant discrepancies with the
experimental measurements.29 The very long nuclea-
tion time tn corresponds to the very long delays in the
graphene nucleation at very low pressures (3 � 10�6

mTorr) observed experimentally. It is clearly seen that
the nucleation time increases with substrate tempera-
ture T. However, tn decreases when T is increased
in the low-temperature range (see Figure S1 in the
Supporting Information). This trend, which is rather
unexpected, can be explained by noting that, with
increasing T, thermal evaporation/desorption of BUs/
hydrocarbon molecules becomes more effective. This
in turn results in a decrease of BU surface density,
which results in much longer time needed to nucleate
graphene nuclei. However, increasing T in the low-
temperature range leads to more effective dissociation
of precursor molecules (thus BU production rate
increases). Consequently, the graphene nucleation
starts much sooner (see Figure S1). Similar nonmono-
tonic numerical trends with increasing the catalyst
temperature are observed (and comparedwith the data
from LEEMmeasurements)31 for C atom concentrations
during the nucleation stage (nC

nuc) and in equilibrium
with the graphene domains (nC

eq) (see Figure S2). The
computed nonmonotonic trends perfectly reproduce
the results from the LEEM measurements during gra-
phene growth using ethylene precursor.31 This is the
first model which allows one to precisely quantify the
nonmonotonic dynamics of carbon density on the Ru
surface observed experimentally.

Figure 2b shows the numerically calculated time
evolution of total graphene coverage θG(t), which has
been superimposed with the experimental data from
Figure 3 of Loginova et al.31 corresponding to exposure
of Ru substrate to ethylene precursor of a higher
pressure (10 times larger than the pressure in panel
(a)). Besides the clear recovery of the evolution trend
of the measured surface coverage, the numerical data
precisely overlap the experimental points at the begin-
ning as well as when the graphene layer almost
completely covers the surface. Only small quantitative
discrepancies can be seen at intermediate growth
stages, while the trend is still reproduced very well.
These small discrepancies might have appeared be-
cause of the approximate incorporation barrier ener-
gies used in the calculations. It can be seen that, while
the rate of the graphene coverage increase is high at

the beginning, it then decreases as time elapses. This
rate is nearly zero (see also Figure 3c) when the surface
is almost completely covered by the graphene (θG∼ 1).
This is because, when the graphene islands grow in size
and cover the metal surface, smaller bare metal areas
are accessible for hydrocarbon molecules. Conse-
quently, the adsorption (and then decomposition) of
precursor molecules becomes less effective. Therefore,
the BUproduction is weakenedwhen themetal surface
coverage by graphene increases. This leads to lower
(or even zero) growth rates when the full coverage is
reached. The computed coverage trend proves the
primary role of thermal decomposition in the produc-
tion of building material (required for continued gra-
phene growth) and is also in good agreement with the
experimentally measured decrease of the rates of the
covered area change when the graphene covers more
and more of the metal surface.31

Figure 3. Numerically quantified evolution of the graphene
nucleation parameters and comparsion with the experi-
mental results of graphene growth on the Ir catalyst layer.
Carbon atom concentration (a), graphene island density (b),
and graphene surface coverage (c) versus time from the
solution of the complete set of rate equations (black solid,
dashed, and dotted curves) and LEEMmeasurements (bold,
green solid curves) of Loginova et al.31 (in panel (a)) and
Gastel et al.32 (in panel (c)). The solid, dashed, and dotted
curves in (a) correspond to PCH = 8 � 10�7, 1.5 � 10�6, and
3� 10�6 mTorr, respectively, while the same curves in panels
(b) and (c) correspond to PCH = 10�5, 3 � 10�5, and 7.5 �
10�5 mTorr, respectively. Temperature is T = 1100 K in (a)
and T = 1210 K in (b) and (c). Also, tn in (a) indicates the
nucleation time which decreases as PCH is increased.
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The carbonmonomer concentration on Ir is plotted
in Figure 3a as a function of time and compared with
the C concentration measured using LEEM technique
under exactly the same temperature and pressure
conditions (T = 1100 K and PCH = 8 � 10�7 mTorr).
Again, it is clearly seen that not only the numerical
solution reproduces all of the main features of the
experimental data but also the numerical data com-
pletely overlap the experimental points. Figure 3a also
highlights the strong dependence of the nucleation
time tn on the hydrocarbon gas pressure (PCH). The
nucleation time decreases with increasing PCH. This is
because, with increasing the pressure, the flux of
hydrocarbon molecules to the surface increases, thus
more hydrocarbon molecules adsorb and undergo
thermal decomposition on the surface. As a result,
more BUs are produced, which in turn gives rise to
faster saturation of the surface with carbon atoms.
Consequently, cluster formation becomes more effec-
tive, thus the C cluster concentration increases, which
in turn enables faster nucleation of graphene nuclei.

Changing the hydrocarbon pressure (PCH) also af-
fects both nucleation of graphene nuclei/islands and
their subsequent growth in size. The effects of variation
in PCH on graphene island density nI and graphene
coverage θG are shown for three different hydrocarbon
pressures (PCH = 10�5, 3� 10�5, and 7.5� 10�5 mTorr)
in Figure 3b,c, respectively. These results suggest that
Smoluchowski ripening accounts for the large drop
in the island density at a higher PCH over the growth
process duration (see Figure 3b). This can be explained
by the very rapid increase of the nucleus density nI

nuc at
the early stage of the graphene growth due to the
increase of hydrocarbon pressure. Since the graphene
nuclei are located closer to each other at high pressure,
there would be a higher chance for the nuclei to easily
diffuse and stitch to each other, thus producing larger
islands with much lower surface density. The island
density drop at high pressures is so large that the island
density at high pressures is lower than at lowpressures.
This conclusion is exactly the same as the experimen-
tally observed decrease of the graphene island density
when the precursor gas dose is increased.15

The strong dependence of the graphene surface
coverage on the precursor pressure is clearly seen in
Figure 3c, where the numerical data are comparedwith
the LEEM measurements during the CVD graphene
growth experiment by Gastel et al.32 under similar
process conditions used in the modeling. The good
quantitative agreement between the numerical and
experimental results is achieved through a rigorous
solution of a complete set of rate equations for the
key species and several elementary surface processes.
The increase of the total metal surface coverage (by
graphene) with increasing PCH can be understood by
noting that at higher pressures more hydrocarbon
molecules are available on the surface. Hence, carbon

monomer generation, and hence cluster formation, be-
comes more effective. As a result, more carbon mono-
mers and clusters are available on the surface and can
contribute to the graphene growth. The decrease of
the graphene growth rate is more significant at higher
hydrocarbon pressures, which further confirms the
importance of metal-catalyzed thermal decomposition
of precursor molecules on the bare area of the catalyst
surface.

Low-Pressure, Hydrogen-Induced Graphene Growth on Copper.
To illustrate the importance of hydrogen gas, we have
modeled the effects of hydrogen atoms on the gra-
phene nucleation and growth when copper (Cu) foil
and methane (CH4) are used as a metal catalyst and
a precursor gas, respectively. As Figure 4a displays, it is
intriguing to see that the carbon concentration does
not reach the concentration threshold (nc

nuc) required
for the nucleation at very low hydrogen gas pressures,
whereas it reaches this threshold value at higher
PH even though nc

nuc also increases with increasing PH.
This is a numerical manifestation of the critical role of
hydrogen atoms in BU production, thereby catalyzing
graphene nucleation/growth. This effect reported ex-
perimentally byVlassiouk et al.10 remainedunexplained
theoretically until now. At higher hydrogen pressures,
nc
nuc shows the opposite trend and decreases when

the hydrogen pressure increases further. The absence
of nucleation on a Cu surface exposed to CH4 at very
low hydrogen pressures can be understood by noting
that thermal decomposition of CH4 molecules is an
endothermic process on the copper surface.27 Thus, this
process may act as a rate-limiting step and eventually
hinder the graphene growth. This is why additional
catalytic reactant, such as hydrogen, is needed to
activate the dissociation of precursor molecules and
thusprovides anewchannel for the effectiveproduction

Figure 4. Quantified important role of hydrogen gas in the
nucleation and growth of a graphene layer in low-pressure
CVD: carbon concentration (a), graphene island density (b),
graphene growth rate (c), and graphene coverage (d) versus
time at different hydrogen gas pressures with T = 823 K and
P = 10 mTorr as default parameters. Long-dashed, dash-
dotted, solid, dashed, and dotted curves correspond to
PH = 0.05, 0.1, 0.2, 1.25, and 9.0 mTorr, respectively.
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of BUs required for the graphene nucleation (see
Table 1).45 After injecting the hydrogen gas into the
chamber, the hydrogen molecules undergo thermal
dissociation into hydrogen atoms. The generated hy-
drogen atoms adsorb on the surface and then diffuse
and react with hydrocarbon species. These reactions
lead to hydrogen-induced dissociation of hydrocarbon
species to generate new species with fewer hydrogen
atoms (see Table 1). This is why hydrogen gas pres-
sure PH must reach a threshold value to effectively
produce the required amount of BUs (e.g., by catalyti-
cally active hydrogen adsorbates) and then start the
graphene nucleation. However, it is known that not only
hydrogen atoms from the gas phase can etch carbon
atoms (andmanyother species such as CH, CH2, CH3, etc.),
but also adsorbed hydrogen atoms can react with carbon
monomers. These etching reactions lead to a severe
depletion of BUs (required for nucleation/growth) at a
very high PH and eventually suppression of the graphene
nucleation. It must bementioned that the hydrogen�BU
reaction becomes more effective at higher temperatures
when the surface diffusion of hydrogen atoms is en-
hanced and they can easily interact with the BUs.

This strong dependence of the Cu-catalyzed gra-
phene nucleation on the hydrogen pressure is quanti-
fied in Figure 4a. It is clearly seen that graphene
nucleation does not happen until the hydrogen pres-
sure reaches a threshold pressure (PH

th = 0.1 mTorr). The
C concentration initially increases with increasing PH
and then drops with a further increase of the hydrogen
pressure (see also Figure S3). The nonmonotonic be-
haviors of the growth rate and graphene nucleus
density plotted in Figure 4b,c manifest the dual role
of the hydrogen atoms in the graphene growth. The
trends obtained numerically are in a reasonable agree-
ment with the experiments that reported no graphene
growth at very low hydrogen pressures and nonmo-
notonic change in the graphene growth with increas-
ing the hydrogen content from low to very high
pressures.10 Chae et al. also reported no graphene
growth at two extremes of hydrogen partial pressures
(i.e., no addition of hydrogen and very high dilution of
hydrocarbon gas in H2) in the gas mixture used in Ni-
catalyzed growth of graphene.41 The nonmonotonic
change in the graphene island density with increasing
PH as well as a smaller number of graphene nuclei at
higher hydrogen pressures (see Figure 4b) also agrees
very well with the experimental results.10,11 The de-
crease of graphene growth rate with increasing H2

concentration was also reported by Gao et al.,19 which
further validates our numerical results suggesting low-
er growth rates at very high PH (see Figure 4c). There-
fore, hydrogen-assisted CVD is a viable approach to
control the size and uniformity of graphene domains
on the metal catalyst surface.10

Figure 4d shows the total surface coverage θG (by
graphene) versus time at different hydrogen partial

pressures. An increase of θG with increasing PH up to
a certain threshold and the opposite trend at higher
pressures indicate the importance of hydrogen pres-
sure as a promising factor in controlling the graphene
film thickness. By looking at Figure 4d, one can see that
at a very high hydrogen pressure (PH = 9m Torr) the
total graphene coverage (θG) is smaller compared to θG
atmedium PH values. Onone hand, this implies that the
full surface coverage by graphene is unlikely to happen
under high hydrogen pressures (see Figure S5), which
is in very good agreement with experiments.10 On the
other hand, a high hydrogen pressure can be used to
prevent the formation of the second or third graphene
layers over the synthesis time expected for the forma-
tion of bi- or trilayer graphene under low-hydrogen
pressure conditions. This possibility was demonstrated
in the CVD of graphene, where the film thickness
(number of layers) was reduced by increasing the
hydrogen-to-hydrocarbon gas ratio.41,46 It should be
noted that our numerical model can predict the mo-
ment of completion of a single monolayer growth. This
knowledge can be used to prevent the formation of
bi- and trilayer graphene films, thereby producing a
high-quality monolayer graphene.

Thegraphenegrain (island) density and total surface
coverage have also been calculated and then plotted
for an intermediate value of hydrogen gas pressure and
different hydrocarbon pressures and catalyst tempera-
tures (see Figure 5a�d). The results obtained are com-
pared with the observations of different experimental
works on CVD-based growth of monolayer graphene.
The increase of the graphene nucleus density nI

max

at the nucleation stage with increasing hydrocarbon
pressure (PCH) and the temperature (from a low to an
intermediate temperature) [panels (a) and (b)] can be

Figure 5. Time evolution of the graphene island density
(a,b) and the graphene surface coverage (c,d) under differ-
ent pressures and temperatures. Solid, dashed, and dotted
curves in (a) and (c) correspond to PCH = 1.0, 2.0, and
6.0 mTorr, respectively. Solid, dashed, dotted, and dash-
dotted curves in (b) and (d) correspond to T = 823, 873, 923,
and 1023 K, respectively. Unless varied in any particular
plot, the default set of parameters is T = 823 K, P = 10mTorr,
PH = 1.25 mTorr, and PCH = 1.0 mTorr.
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attributed to the generation of larger numbers of
carbon atoms (and thus formation of more C clusters)
at higher PCH and T. This change of the graphene
nucleus density with hydrocarbon pressure is consis-
tent with the reported decrease of nucleation sites at
lower the precursor pressures.9

As times elapses, the as-formed graphene nuclei
diffuse and collide, thus forming graphene islands.
The graphene islands can in turn diffuse and stitch
together, thereby producing larger islands with a lower
density. The decrease in the island density is more
pronounced at higher PCH and T over the same time
periods (see Figure 5a,b). These numerical results sug-
gest that, similarly to the very low-pressure case, the
Smoluchowski ripening process is enhanced with in-
creasing the island (nuclei) density at the early growth
stages due to large numbers of C clusters formed (due
to larger amounts of carbon monomers generated
on the surface) under high hydrocarbon pressure
and high-temperature conditions. The nonmonotonic
change in the island density obtained numerically is in
good agreement with the observed increase and then
decrease of the graphene islanddensity during theCVD
growth on copper.11 Also, the calculated smaller num-
ber of nuclei at low PCH and T is very consistent with the
smaller numbers of graphene nuclei observable in SEM
images of the films grown at lower temperatures and
pressures.17,35,43 The results of our calculations in
Figure 5b also suggest that higher temperatures
(below the intermediate value, i.e., T=873K, considered
here) lead to lower graphene island densities, which
is precisely confirmed by the experimental observa-
tions of the lower island densities at higher catalyst
temperatures.9,11,17,18

It was also reported that the graphene growth rate
decreases nonlinearly with the increase of the surface
coverage by graphene.17 The surface coverage in turn
increases with the precursor gas pressure and catalyst
temperature.9,17 To explain these observations,
Figure 5c,d (Figure S4) displays the surface coverage
versus time (the graphene growth rate versus surface
coverage) at different hydrocarbon pressures and sub-
strate temperatures, respectively. As Figure 5c shows,
the full surface coverage by graphene is possible only
at reasonably high hydrocarbon partial pressures
(PCH = 6 mTorr),17 whereas the Cu surface still remains
partially covered at low PCH. This can be explained by
the fact that the graphene growth rate becomes higher
with increasing PCH due to more effective production
of carbon BUs. As a result, the BU incorporation into the
graphene network is enhanced, and eventually, much
more area on the bare metal surface is covered by the
graphene. It is also possible that (if the temperature is
high enough) graphene nucleation and growth can
take place on top of a single-layer graphene domain/
sheet during the same growth cycle. Thus, an increase
of the graphene film thickness can also be expected at

higher hydrocarbon precursor pressures. Moreover,
our results also suggest that the number of layers (in
graphene domains) can be tuned effectively by simply
adjusting the hydrocarbon gas pressure. This possibi-
lity has been confirmed by several experiments sug-
gesting that increasing the hydrocarbon pressure leads
to graphene domains with two or three layers, which
compromises the uniformity of the graphene film.10,42

The nonmonotonic change in the total graphene
coverage with increasing catalyst temperature T man-
ifests the strong interplay between the hydrogen-
induced dissociation (HID) of precursor molecules
and hydrogen�BU recombination and desorption pro-
cesses (see Figure 5d). In the low-temperature range
(T < 900 K), increasing T leads to more effective
BU production (through more effective HID) and an
increase of the graphene surface coverage, in good
agreement with many experimental results.9,17 How-
ever, with further increasing the temperature (and
thus increasing the BU surface concentration), more
BU�hydrogen reactions (effective hydrogen etching)
take place on the catalyst surface. Besides, evaporation
of C atoms (from the catalyst surface) and desorption
of hydrocarbon species (prior to dehydrogenation)
become more effective at high temperatures, which
in turn leads to less C atoms present on the surface.
Therefore, due to a decrease of the BU surface con-
centration (nC), the graphene growth rate also de-
creases, which results in a smaller total surface area
covered by the monolayer graphene. The strong tem-
perature dependence of the rates of hydrogen etching
and evaporation of BUs has previously been confirmed
experimentally.10,47 Indeed, there is a minimum tem-
perature for the etching of graphene domains as well
as evaporation/desorption of C atom/precursor spe-
cies to become effective.10,47 The hydrogen etching
at high temperatures is so strong that full coverage
of the metal surface by graphene is not possible even
for much longer processes (see Figure S5). Moreover,
a similar trend in the graphene coverage change with
increasing the temperature was observed when only
hydrocarbon precursor was used.47 This is also consis-
tent with the frequent observations that the catalyst
surface still remains only partially covered by graphene
while the growth of graphene domains stops after a
long time into the CVD process.9,10

Toward Large-Area, Highly Uniform, Highly Crystalline Gra-
phene Films. The results of our numerical experiments
agree with the results of numerous graphene growth
experiments conducted at very low or low pressures.
We emphasize that our numerical results obtained for
typical conditions of low-temperature CVD of gra-
phene offer a simple practical approach to effectively
control the grain density and uniformity of the gra-
phene sheets. Importantly, this can be achieved while
keeping the energy andmatter usage to theminimum,
thus nearing the goal of the as yet elusive matter- and
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energy-efficient CVD synthesis of large-area, highly
crystalline, uniform graphene layers. This is particularly
important because of several advantages of CVD com-
pared to many other techniques, such as sublimation
and mechanical cleavage. These advantages include
notably lower temperatures, the possibility of catalytic
healing of graphene network, as well as fairly easy
transfer of the as-grown graphene to other (e.g., flexible)
substrates.

Further numerical computations at different combi-
nations of CVD process parameters can help experi-
mentalists to obtain the optimum process conditions
for the CVD growth of graphene sheets with the
degrees of uniformity and crystallinity required for the
specific applications. For example, recent low-pressure,
low-temperature CVD experiments led to the growth of
large-area, highly crystalline graphene sheets with the
electrical responses superior to exfoliated graphene.44

This was achieved by a relatively slower low-pressure
CVDwhich, as our numerical results suggested, leads to
the smaller number of graphene seeds at the nuclea-
tion stage and the subsequently full coverage of the
metal surface by graphene. This results in a smaller
number of graphene grains with potentially different
orientations and, consequently, better overall crystal-
linity of the final graphene sheet. A very similar result
was reported by a two-step CVD experiment which
involved a low-pressure stage followed by a high-
pressure step. The first step was used to minimize the
number of graphene seeds, while the high-pressure
step has led to a rapid coverage of the catalyst surface
by a graphene monolayer of a very small number
of grains boundaries.17 These experiments proved the
nucleation of a smaller number of graphene grains at
low hydrocarbon pressures, whichwas also observed in
our numerical experiments.

Since very similar dependencies of the density of
graphene nuclei on other process parameters (e.g.,
temperature and hydrogen pressure) were obtained
in our numerical modeling and numerous experiments
by other authors, we believe that predictive numerical
parameter optimization would be indispensable to

synthesize graphene monolayers with fewer grain
boundaries across the layer surface. Therefore, on
one hand, this work provides experimentalists with
specific protocols in real process parameter space to
customize the thermal CVD conditions to produce
(at remarkably lower temperatures) very uniform, highly
crystalline graphene films suitable for the envisaged
applications. On the other hand, a broad range of the
surface processes taken into account in our model and
very good quantitative agreement of our numerical
results with the experimental findings of other authors
lead to a better understanding of the underlying ele-
mentary mechanisms of both graphene nucleation and
growth under different process conditions.

CONCLUSION

Our numerical results therefore explain and quantify
the common experimental observations of metal-
catalyzed growth of graphene layers in very low and
low-pressure CVD experiments, where highly crystal-
line, large-area graphene layers can be grown at low
temperatures.8

Oneof themainoutcomesof thiswork is theachieved
very good quantitative agreement with the experimen-
tal results in reasonably broad parameter ranges. We
have also intimately related the temperature and gas-
phase conditions to theprecursor gas andmetal catalyst
used to initiate the nucleation of graphene. Our results
have also explained the dual role of hydrogen in Cu-
catalyzed graphene growth. We have also presented
the results of detailed investigations of the process,
showing the possibility of effective control of graphene
growth parameters, such as the surface coverage, num-
ber of single-crystalline grains, number of layers, etc.Our
systematic numerical study of the recent experimental
advances in low-temperature CVD growth of epitaxial
grapheneonmetal substrates explains a host of relevant
experimental observations. It can also be used to further
improve the process predictability and optimize the
synthesis conditions for the growth of graphene layers
with specific grain sizes and uniformity, which is highly
desired for a broad range of applications.

METHODS

Overview and Main Assumptions. We consider the metal cata-
lyst-assisted nucleation and growth of the graphene layer in
C2H4/H2 þ CH4 gas mixtures commonly used in thermal CVD of
graphene on metal substrates.8,9 The model used accounts for
the most essential elementary processes on the metal surface,
such as species creation/loss, surface diffusion of species,
formations of clusters and large graphene islands, etc., in very
low and low-pressure CVD of graphene. Figure 1 shows the
schematics of the key species deposition, carbon atom gen-
eration processes, as well as C cluster/nuclei formation and
their surface diffusion to form nuclei/graphene islands on a
metal (Ru/Ir or Cu) substrates heated externally to temperature
T. The carbon diffusion into the metal substrates is assumed
to be negligible in the temperature range considered here.

The carbon atoms are created on the top surface of a metal
catalyst layer via thermal/hydrogen-induced decomposition
(dehydrogenation) and then diffuse and attach to each other,
forming 5-C atom clusters. It is assumed that each six 5-C atom
clusters diffuse and collide, forming an initial graphene
nucleus29 which then diffuses and stitches to other nuclei
(Smoluchowski ripening), thus producing a large graphene
island.36 The Smoluchowski ripening is more effective at higher
temperatures aswell as when a larger number of nuclei emerge
on themetal surface at the early stage of growth. Themonomer
and cluster attachments to the graphene islands continue until
the metal surface is fully covered by graphene. Thus, both
monomer and cluster attachments contribute to the graphene
growth, and their importance varies depending on the metal
catalyst used.
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When copper is used as a substrate and methane as a
precursor gas, increasing the temperature as well as hydro-
carbon and hydrogen pressures leads to the production of
more carbon atoms on the metal surface, which in turn leads to
more effective formation of C clusters. Consequently, much
more graphene nuclei are nucleated on the surface; as a result,
the distance between graphene nuclei becomes smaller. Con-
sequently, diffusion and coalescence of graphene nuclei/islands
becomes more effective, so larger islands with a lower density
are formed and then grow rapidly in size by attachment of C
monomers andC clusters. This in turn leads to faster coverage of
the metal surface by the monolayer graphene. In this case, the
probability of the nucleation and growth of the second layer
also increases.

The set of graphene growth equations includes

dnC
dt

¼ JþC � J�C (1)

for the surface concentration of carbon atoms nC and

dθG
dt

¼ (m� p)nmC ν exp(�EsdCL=kT)
þ nCLnISν exp(�(EsdCL þ EincCL)=kT)

þ nCnISν exp(�(EsdC þ EincC)=kT) (2)

for the graphene surface coverage θG, as well as appropriate
equations for the key hydrogen and hydrocarbon species,
C clusters, and graphene islands (see Supporting Information).

In eq 1, the first term, JC
þ, describes the production of the

carbon atoms on the metal surface due to thermal decomposi-
tion of ethylene (on Ru/Ir catalyst) andmethane (on Cu catalyst)
molecules, hydrogen-induced dehydrogenation of CH radicals
(on Cu substrate), as well as thermal dissociation of C clusters
and graphene nuclei. The second term in eq 1, JC

�, accounts
for carbon atom loss due to evaporation, hydrogen-induced
etching, C cluster formation, and C atom incorporation into the
graphene grain structure. In eq 2, the first term describes the
nucleation of the first graphene nuclei (due to surface diffusion
of clusters (with energy barrier EsdCL) and their agglomeration),
while the second and third terms account for carbon monomer
and cluster (diffusion and then) attachment to the graphene
islands (with energy barriers, EincC and EincCL, respectively. Here,
θG is the graphene coverage, m = 5/p = 6 are the numbers of
carbon atoms/clusters in a cluster/nucleus, nCL is the surface
density of clusters, nIS is the surface density of graphene nuclei
(islands), and EsdC is the energy barrier for C atom diffusion on
the metal surface.

The hydrogen and hydrocarbon fluxes onto the bare metal
surface are proportional to graphene-free surface area (i.e., 1� θG),
so the species deposition onto the metal surface becomes less
effective and eventually impossible as θG increases and ap-
proaches unity. As a result, the thermal processes of carbon atom
creation become less effective with increasing the graphene
surface area,31 hence, fewer carbon atoms are produced, and thus
the graphene growth slows down and eventually stops.

We emphasize that the model of graphene nucleation
and island formation based on the predominant contributions
of C monomers and 5-atom clusters presented in previous
studies29 (and in this work) has led to very good agreements
between the numerical results and the experimental measure-
ments of graphene growth on Ru/Ir and Cu catalysts.30,31

However, incorporation of m = 2, 3, 4, etc. clusters is expected
to make the model of graphene growth more generic and may
help further improving the quantitative agreement with the
available experimental results, especially for the Cu catalyst case.
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