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A B S T R A C T

The morphology of graphene synthesized via atmospheric pressure chemical vapor depo-

sition (APCVD) process was investigated with respect to the hydrogen introduction in each

process step. A pristine monolayer graphene was obtained in the condition where hydro-

gen was excluded in all the steps. The study of growth mechanism of this hydrogen-

excluded APCVD process suggests that hydrogen plays a critical role in determining the

rate-limiting step, which further determines whether or not a monolayer graphene can

be achieved, irrespective to the roughness of the surface. Particularly, the dominant kinetic

regime changed, depending on the introduction of hydrogen in the growth step. Finally,

electric properties of the graphene via the hydrogen-excluded APCVD process were charac-

terized and compared with the one via the low pressure CVD process, along with the char-

acterization of etch pits in a graphene-passivated etch test. The resulted better

performance of the former graphene in both cases suggests that this method can be con-

sidered as an alternative but easier route for the synthesis of monolayer graphene.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene, a monatomic plane composed of sp2-hybridized

carbon atoms in a hexagonal arrangement, have been a mate-

rial of intense interest for its remarkable electrical [1,2],

chemical [3], mechanical [4], and thermal properties [5]. Vari-

ous efforts to utilize it for promising applications such as

photovoltaic devices [6], transistors [7,8], flat panel display

[9] or electrochemical energy storage[10], have been devoted.

Among the methods to synthesize graphene, metal catalyst-

mediated chemical vapor deposition (CVD) process based on

pyrolysis of hydrocarbon [9,11–13] suggests a feasible process

to industrialize due to its high compatibility to conventional

industries and suitability for large-area fabrication, while

maintaining the excellent material properties [1]. Particularly,

the discovery of copper as the most optimal catalyst that can

lead to form a pristine monolayer graphene [12] was revolu-
er Ltd. All rights reserved
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tionary in the respect that opened up the applicability of the

monolayer graphene to practical devices in large area [9].

Under a low pressure CVD (LPCVD) process, the growth

mechanism is known as a self-limiting process based on a

copper-mediated surface reaction of pyrolysed carbon atoms

[12]. There have also been various attempts to synthesize

graphene under atmospheric (AP) conditions as in general

APCVD is easier and cheaper to implement than LPCVD.

Monolayer graphene was only obtained when highly diluted

methane (�ppm) gas was used for the growth [14,15]. In this

work, by investigating the graphene growth mechanism and

the role of hydrogen in the APCVD process, it was found that

when hydrogen is excluded in the growth process, surface

reaction becomes the rate-limiting step of the APCVD process

thereby leading to the preferred formation of monolayer

graphene. Further investigations were carried out to elucidate

this understanding and the quality of these monolayer
.
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mailto:jingkong@mit.edu
http://dx.doi.org/10.1016/j.carbon.2013.03.037
http://dx.doi.org/10.1016/j.carbon.2013.03.037
http://dx.doi.org/10.1016/j.carbon.2013.03.037
www.sciencedirect.com
http://www.elsevier.com/locate/carbon


440 C A R B O N 5 9 ( 2 0 1 3 ) 4 3 9 – 4 4 7
graphene films were found to be better than the typical

LPCVD grown monolayer graphene through electrical and

etch pit density characterizations.

2. Results and discussion

The general process of the graphene synthesis by the APCVD

process conducted in this article is described in the following

[14]: Synthesis steps consisted of purging, heating, annealing,

growth, and cooling. For the heating step, the furnace

temperature ramped up from room temperature to 1000 �C
under inert gas. The annealing step was used to remove the

native oxide on the copper surface as well as to increase the

grain size of the copper substrate. The growth step was held

at the same temperature as the annealing step, and subse-

quently, graphene formed in this step with methane gas as

a carbonaceous source. Finally, by terminating the methane

feedstock and isolating the reactor chamber (a fused quartz

tube) from the furnace promptly, the copper foil and the

chamber were cooled down to room temperature under inert

gas atmosphere. To investigate the effect of hydrogen, four

types of graphene samples were prepared depending on

whether there was exposure to hydrogen in each of the four

steps, while the flow rate of argon as an inert carrier gas

was fixed during all the steps. The detailed composition of

gases for sample preparation is given in Table 1. The four

conditions are labeled as A1–A4, A1 corresponds to having

hydrogen in all steps (‘‘H2_In_All’’), A2 corresponds to not

having hydrogen in the growth step but the other three

steps (‘‘H2_NOTIn_Growth’’), A3 corresponds to excluding

H2 in all the four steps (‘‘H2_Excluded’’), whereas A4

corresponds to having H2 only in the growth step but not

the other steps (‘‘H2_ONLYIn_Growth’’). After the synthesis

finished, the samples were transferred onto either thermally

oxidized silicon or transparent boron silicate substrates for

analysis.

2.1. The morphology of graphene samples transferred on
SiO2/Si

Fig. 1 shows the optical microscope (OM) images of four

graphene samples (transferred on SiO2/Si substrate) prepared

by APCVD with different hydrogen feedstock as indicated in

Table 1. It is highly remarkable that a coarse multilayer graph-

ene was obtained when hydrogen was flowed in all the syn-

thesis steps (Fig. 1(a), A1 condition in Table 1) while a

pristine monolayer graphene was observed when hydrogen

was completely excluded in the process (Fig. 1(c), A3 condi-

tion in Table 1). The equivalent number of layer was calcu-

lated by measuring the transmittance of the samples
Table 1 – The graphene samples prepared by APCVD process w

H2:CH4:Ar (sccm) Heating

A1: H2_In_All 50:0:500
A2: H2_NOTIn_Growth 50:0:500
A3: H2_Excluded 0:0:500
A4: H2_ONLYIn_Growth 0:0:500
transferred on a transparent boron silicate substrate. Since

the specific transmittance of the sample by A3 condition

was 96.5% at 550 nm of the wavelength, monolayer was esti-

mated. Although this value is a little lower than the theoret-

ical value for a monolayer, 97.7% [16–18], it is consistent

with LPCVD grown monolayer graphene sample, and it ap-

pears to be due to wrinkles formed upon the cooling step

[18] or defects on the graphene such as a polymer residue

by the transfer process. On the other hand, the sample A1

has 85.9% of the transmittance at the same wavelength which

corresponds to 5–6 eq. layers of graphene [18]. Both of the

samples by A2 and A4 condition seemed to have less numbers

of graphene layer than the sample by A1 condition; however,

as depicted in Fig. 1(b) and (d), they were not monolayer

graphene. The general trend could be divided into two as-

pects. First, in Fig. 1(a) and (b) where hydrogen was fed in

the heating and annealing step, multilayer graphene aligned

to the rolling line direction of copper foil formed. In contrast,

in Fig. 1(c) and (d) where hydrogen was excluded in both of

the steps, such a directional arrangement of multilayer

graphene was not observed. The effect of hydrogen in the

cooling step was also investigated by transposing the hydro-

gen flow in the cooling step with the condition in Table 1; very

interestingly, no noticeable deviation from Fig. 1 was ob-

served (See Table S1 and Fig. S1 in Supporting Information).

2.2. The morphology of copper foils with different
annealing treatments

Since these morphologies might be associated with the sur-

face of copper foil underneath, to confirm how hydrogen as-

sist in the morphological changes of the copper surface,

right after the annealing step samples were taken out of the

reactor and were investigated (the two conditions studied

here are: annealing with hydrogen and argon under AP (this

is the condition used in A1, A2), and annealing with argon

only under AP (this is the condition used in A3, A4)). The sam-

ple annealed under LP was also prepared. The corresponding

optical and atomic force microscope (AFM) images are pre-

sented in Fig. 2(a–h), respectively. As expected, the surface

of an as-received copper foil with rolling lines on the surface

(Fig. 2(a) and (e)) was smoothened after annealing under LP

(Fig. 2(b) and (f)), showing the RMS roughness change from

9.4 nm to 0.83 nm. The aspect of the morphology change of

the copper surface after annealing under AP was more nota-

ble. While the formation of voids or hillocks aligned to the

pattern was observed in the hydrogen and argon annealing

under AP (Fig. 2(c) and (g)), the copper surface annealed with

argon only under AP (Fig. 2(d) and (h)) showed a flat surface

with the RMS roughness of 1.82 nm. (This slight higher
ith different composition of gases.

Annealing Growth Cooling

50:0:500 50:3:500 50:0:500
50:0:500 0:3:500 50:0:500
0:0:500 0:3:500 0:0:500
0:0:500 50:3:500 0:0:500



Fig. 1 – OM image of transferred graphene samples on a SiO2/Si substrate. The composition of flow gases for (a–d) are

corresponding to A1–A4 in Table 1, respectively. The scale bars are all 20 lm.
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roughness than the one annealed under LP was attributed to

the local faceting shown in inset of Fig. 2(h)). The same bum-

py topography in Fig. 2(c) and (g) as rough as tens of nanome-

ter indicated by the AFM analysis was also resulted in other

annealing experiments carried out with a diluted hydrogen

concentration (0.1% in vol.) or a forming gas (5% hydrogen

in nitrogen) under AP. This suggested the roughening of the

copper surface should be related to the hydrogen flowed in

the heating and annealing step under AP. At this stage the

mechanism of how hydrogen under AP caused the copper foil

to be rougher in the annealing step is not completely clear,

but there are two possible explanations, hydrogen embrittle-

ment by degassing [19] and surface diffusion. The hydrogen

embrittlement develops to copper or copper alloys during

annealing with hydrogen. When the hydrogen reacts with

oxygen existed as a form of copper oxide, the resulted water

vapor can have high vapor pressure at the sites where this

reduction reaction happens since the vapor molecules cannot

diffuse through the metal. In the end, these sites are replaced

by voids and cracks. Taking into account that the hydrogen

embrittlement occurs between at 400 �C with 8% hydrogen

and 700 �C at 1% hydrogen under AP with 1.5 h of annealing

time [19], this phenomenon can be probable in the annealing

condition used in A1 and A2. In addition, although the copper

foil used in the experiment was 25 lm-thick, the roughening

by surface diffusion should be considered because not only

that the copper was poly-crystalline, but the annealing was

carried out at the temperature close to the melting point of

copper, 1084 �C. It should be noted that there was no change

in crystallographic orientation of the copper foil preferred

along [100] direction confirmed by X-ray diffraction (XRD),
regardless of the annealing condition (See Fig. S2 in Support-

ing Information).

2.3. Self-limiting growth characteristics of hydrogen-
excluded APCVD process

Since no noticeable change in topography was observed on

the copper foil after the completion of the graphene synthe-

sis, the graphene morphology in each growth condition could

be associated with the topography of the copper foil after

annealing. First, multilayer graphene aligned to the rolling

direction as shown in Fig. 1(a) and (b) could be attributed to

the rough surface of copper foil by hydrogen introduction in

the heating and annealing step. The expectation that a rough-

er substrate surface will give rise to form more multilayer

graphene flakes can be understood by the postulation that

the general rate-limiting step of the APCVD process is not

the surface reaction on the copper, but the mass transport

from bulk region to surface region [14]. Furthermore, the

graphene growth under APCVD is not self-limiting (in con-

trast to LPCVD), the roughness on the surface can cause dif-

ferent boundary layer thickness, and thus the growth rate is

different. Therefore in this kinetic regime, the process is sen-

sitive to the surface feature thereby leading to form multi-

layer graphene by the rough surface of copper foil [15]

through accumulated nucleation along the rolling direction.

In contrast to this, when the same type of rough surface of

copper foil (i.e., annealed in hydrogen and argon under AP,

Fig. 2(c) and (g)) was used in a LPCVD (1.70 Torr) graphene

growth process, the resulting graphene was monolayer with

the transmittance of 96.5%, in consistent with a typical



Fig. 2 – (a–d) OM image of copper foils treated with different conditions. (a) as-received, (b) after annealing under LP with

hydrogen only, (c) after annealing under AP with hydrogen and argon, and (d) after annealing under AP with argon only. (e–h)

are corresponding AFM images of (a–d), respectively. The scale bars of (a–d) are 100 lm and (e–h) are 5 lm while the one in the

inset of (h) is 500 nm.
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LPCVD growth result, which is shown in Fig. 3(a). This is be-

cause the kinetics of the LPCVD is dominated by the surface

reaction on the copper surface, and the graphene growth is

self-limiting [14], the effect of surface topography turned

out to be not so important. With this understanding that

growth kinetics needs to be considered to account for the

dependence of the roughness of copper surface to the mor-

phology of graphene, it was elucidated how a uniform mono-

layer graphene can be obtained in A3 condition, the

hydrogen-excluded APCVD process. It was noted that when

A3 condition was applied, monolayer graphene was obtained

on a rougher copper surface (Fig. 2(d) and (h)) than the one an-

nealed under LP (Fig. 2(b) and (f)) although this was much

smoother than the one where A1 condition was applied

(Fig. 2(c) and (e)). Even more interestingly, as can be seen in

the Fig. 3(b), when the copper foil with the rough surface of

Fig. 2(c) was used for A3 condition, a close-to-monolayer

graphene with trace amount of multilayer flakes was also ob-

tained. This suggested the hydrogen excluded growth likely

has the similar growth kinetics to the LPCVD growth, that

is, surface reaction limiting.

The graphene synthesis by a simple APCVD process is

known to have a kinetically rate-liming step in the transport

of gas molecules from bulk region to surface [14]. Therefore,

since the growth is not self-limiting, the formation of multi-

layer more than a single layer is probable. This was sensitively

controlled by the methane concentration, or namely, the par-

tial pressure of methane, where monolayer graphene can be

obtained with extremely low methane concentration on a

highly flat surface [14,15]. However, the results we obtained

here suggested that the hydrogen-excluded APCVD process

had a different kinetic barrier from a usual APCVD process.

In order to gain further understanding on this, first, we varied

the methane concentration, fixing A3 growth condition. It

was found that there was no significant difference in mor-

phology with respect to the methane concentration, mono-

layer was commonly obtained. This was contrasted with the

previous APCVD results [14] that the graphene morphology

was highly sensitive to the methane concentration. As can

be seen in Fig. 4(a–d), although the methane flow rate chan-
ged by 1, 2, 10, and 20 sccm, respectively, the resulted graph-

ene morphologies were similar to Fig. 1(c) where 3 sccm of

methane was used. This result suggested the graphene

growth in the hydrogen excluded process appears to have a

self-limiting nature even though it was carried out in AP. It

should be also noted that within the experimented methane

concentration range, it was found that a ‘‘conditioned’’ quartz

tube where a thin copper layer was deposited on the inner

wall by a LPCVD helped in obtaining a reliable uniform mono-

layer graphene. Together with the previous observation that a

monolayer graphene was obtained in spite of the rough sur-

face topographies of the copper foil (Fig. 3(b)), it gives further

evidence that the kinetics of the hydrogen-excluded APCVD

process was mainly dominated by the surface reaction on

copper. This means that by excluding hydrogen in APCVD

process, the dominant kinetic barrier is converted from the

mass transport of gases molecules to the surface reaction

such as the methane decomposition process.

2.4. Understanding of the growth mechanism of
hydrogen-excluded APCVD process

2.4.1. The investigation of domain shape of graphene samples
at initial growth stage
To confirm this change of the main kinetic regime by hydro-

gen, the domain shape of graphene was investigated by ceas-

ing the growth within short time, before the coalescence of

nuclei. Firstly, the scanning electron microscopy (SEM) images

of graphene grown on a copper foil for just 3 min where A1

and A3 condition are shown in Fig. 5(a) and (b), respectively.

Fig. 5(c) and (d) are the SEM images of other partially grown

graphene samples on a flat 127 lm-thick Cu foil electropo-

lished by a 75 vol.% phosphoric acid, prepared to compare

with the results. The graphene shown in Fig. 5(c) was ob-

tained after 5 min of the growth time where the similar con-

dition to A1 was applied. Fig. 5(d) was taken after 5 min

growth of LPCVD process at 1035 �C with hydrogen and meth-

ane. Detailed description of the electropolishing process and

the growth conditions for Fig. 5(c) and (d) are provided in

the Supporting Information. As can be seen in Fig. 5(a), in



Fig. 3 – OM image of transferred graphene samples on a SiO2/Si substrate. The graphene was synthesized by using a copper

foil with rough surface shown in Fig. 2(c) where (a) LPCVD process condition was applied and (b) A3 condition (hydrogen-

excluded APCVD) was applied. The scale bars are 20 lm.
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the partially grown graphene where A1 condition was ap-

plied, the domain shape was not distinguishable, but instead

flakes aligned to the rolling direction were observed. This

directional growth continues across the grain boundaries of

copper foil (See Fig. S3(a) in Supporting Information). The

observation here that nucleation was prevailed on rough sites

along the rolling line is consistent with the understanding

that the dominant rate-limiting step for this condition (A1)

was the mass transport of gas. In this sample, because the

nucleation density was too high, the shape of the graphene

flakes could not be recognized. Thus a flat Cu foil prepared

by an electrochemical polishing process with the surface

roughness of 1.5 nm was used for similar growth condition

to the A1 (In order to minimize the roughening effect by
Fig. 4 – OM image of transferred graphene samples on a SiO2/S

condition where hydrogen was excluded in all the steps, varyin

of (a–d) is, 1, 2, 10, 20 sccm, respectively. The scale bars are 20 l
hydrogen during annealing, the annealing step was skipped)

to investigate the shape of the flakes. The result shown in

Fig. 5(c) revealed mostly hexagon-shaped graphene nuclei.

On the other hand, the partially grown graphene in the hydro-

gen excluded process showed lobe-shapes with six folds,

illustrated in Fig. 5(b). In other attempts, fourfold morphology

was also observed (See Fig. S3(c) in Supporting Information).

Furthermore, as compared to Fig. 5(c) grown for 5 min, the

size of each nucleus was much larger in spite of the shorter

growth time of 3 min; besides, the less density of nucleus

was also observed. These characteristics were consistent with

the partially grown graphene in Fig. 5(d) prepared by LPCVD

process. In the meantime, there have been reports on the do-

main shape of graphene grown by Cu-mediated CVD [20–26].
i substrate. The samples were prepared by applying the A3

g the methane flow rate. The flow rate of methane feedstock

m.



Fig. 5 – The SEM image of partially grown graphene on a copper foil. (a) and (b) are graphene grown for 3 min where the A1

and A3 condition was applied, respectively. (c) and (d) are graphene grown on a 127 lm-thick electropolished copper foil for

5 min where the A1 and LPCVD process condition was applied, respectively. The scale bars are 5 lm.
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Generally, hexagon-shape was commonly observed in the

APCVD process [22,24–26], as in Fig. 5(c), while lobe-shaped

dendritic morphology was noted in the LPCVD process

[20,21] likewise Fig. 5(d). The hexagonal shape was interpreted

as an equilibrium form for correlation with the hexagonal

atomic structure of graphene. To account for this morphology,

little effect from the Cu substrate on a graphene flake was

considered [22] and low enough initial growth rate was sug-

gested as a process requirement [26]. In contrast, the lobe-

shape shown in the LPCVD process was attributed to the dif-

ferent crystallographic symmetry between a fourfold (100) Cu

substrate and a sixfold graphene flake [21]. Although the

shape of the graphene flakes appear to be influenced by many

different factors, such as pressure [22], substrate [21], H2/CH4

ratio [23], the similar graphene flake shape between the A3

condition and LPCVD suggested that the growth kinetics of

A3 (hydrogen excluded growth under AP) is different from

typical APCVD (such as the result shown in Fig. 5(a) and (c)),

but is similar to the LPCVD process, which is known to be

dominated by surface reactions [14].

2.4.2. The role of hydrogen in hydrogen-excluded APCVD
process
Recently, the role of hydrogen in the graphene growth on Cu

foil was also discussed by Vlassiouk et al. [23]. It was found

that no matter the growth ambient is AP or LP, the shape of

nuclei could evolve from a random shape into a hexagonal

shape with the increase of hydrogen concentration. Unfortu-

nately, for the growth under AP, in order to obtain uniform

single layer graphene, the discussion had focused on the re-

gime with highly diluted methane (�30 ppm). In this regime,
hydrogen serves both as an auxiliary catalyst and an etchant

for graphene, leading to form the hexagonal shape by the bal-

ance between the two roles with sufficient hydrogen concen-

tration. The investigation carried out in this work appeared to

be outside the regime discussed in the earlier work [23]. Nev-

ertheless, much light is shed upon the current result from the

discussion there. It is known that without hydrogen gas in the

reaction mixture, methane has to chemisorb on the copper

surface to form active carbon species to produce graphene.

Such dehydrogenation reactions are not thermodynamically

favorable thus constitutes the rate limiting step [27]. As a re-

sult, the growth kinetics of A3 (hydrogen excluded growth)

becomes surface reaction-limited. Furthermore, the insensi-

tivity of surface topography was understood that since the

surface reaction on a copper foil is relatively difficult, the cat-

alytic effect by copper is more important, not involving any

topological factor of surface. The hexagonal shape was fa-

vored in the kinetically mass transport-limiting regime where

lower interaction between graphene and copper was expected

[22,26] whereas the lobed shape that can be regarded as a kind

of dendritic growth was mostly observed in the kinetically

surface reaction-limiting regime where the graphene growth

along a specific direction could be limited by an interaction

with the copper [21].

2.5. The characterization of electric properties along with
graphene passivated etch test

Finally, the electric property of the single layer graphene

grown by A3 condition was investigated. Monolayer graph-

ene sample grown by LPCVD (detailed description of the



Fig. 6 – AFM image taken after a graphene passivated etch test on a copper foil. (a) The graphene grown by A3 condition. The

AFM image before this etch test is given in Fig. S4(a) in Supporting Information. (b) The graphene grown by LPCVD process.

Higher density of etch pits were observed than in (a). The scale bars are 5 lm.
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process was given in Supporting Information) process was

used for comparison. The graphene samples were trans-

ferred onto SiO2/Si substrates for the characterization. For

the graphene grown by the hydrogen-excluded APCVD pro-

cess, the sheet resistance and mobility obtained from a

four-point measurement were 289.8 ohm/h and 1271.8 cm2/

(V s), respectively while for the graphene grown by the

LPCVD process, values of 305.3 ohm/h and 825.9 cm2/(V s),

were obtained. Further measurements were carried out and

consistently to be relatively better performances were ob-

tained for the APCVD samples. Furthermore, graphene pas-

sivated etch test was carried out to evaluate the openings

in the graphene film [28]. The technique was simple that a

copper etchant (Transence APS-100) droplet was brought

onto an as-grown graphene sample using a plastic pipette.

After 5 s, the drop of etchant was rinsed away with deion-

ized water and the sample was quickly dried by blowing

compressed nitrogen. Detailed usage of this technique was

described elsewhere [28]. Fig. 6(a) and (b) show the results

of this etching test conducted in the graphene grown by

the hydrogen-excluded APCVD process and the LPCVD pro-

cess, respectively. Remarkably, the etch pits were commonly

observed although the density of pits in Fig. 6(a) was much

lower than Fig. 6(b). This observation informed the graphene

grown by CVD process is basically not possible to perfectly

passivate copper surface [29,30]. Meanwhile, since no etch

pit with a significant size was not found, both of the graph-

enes were regarded to have a full coverage over copper. The

origin of these pits was attributed to incomplete coverage of

graphene [20] or nanoparticle presumed to be an oxide [23].

Since the structural defects can be regarded as the most sen-

sitive factor to process condition among these, the differ-

ence of density of etch pits shown in Fig. 6 could be

correlated to the domain size to a certain extent. In fact,

the distribution of etch pits in Fig. 6(b) appeared to give form

borders between distinct regions, but any certain evidence

that these regions denoted to the graphene domains was

not found yet. Nevertheless, since it is still obvious that a

graphene with larger domain size can lead to have less lat-
tice defects, the average domain size of the graphene in

Fig. 6(a) was considered to be larger than the one in

Fig. 6(b). Furthermore, the earlier observation that better

electric properties were noted in the sample prepared this

APCVD process also supported this speculation because the

domain boundary is considered as a blocking factor against

electronic transport, lowering the electron mobility [25].

The formation of graphene with large domain size requires

relatively less nucleation rate and higher growth rate be-

cause the domain boundary would be determined when

graphene flakes coalescence each other. As mentioned ear-

lier, the partially grown graphene prepared by the hydro-

gen-excluded APCVD process showed the less nucleus

density and higher growth rate [31] than the one by the

hydrogen-introduced APCVD process. This can be accounted

for the hydrogen that could promote the nucleation of

graphene as a supporting catalyst [23] and lower the growth

rate by suppressing the dissociation of methane. Although

the measurement of exact domain size will be followed to

compare with the graphene grown by the LPCVD process

that can have a domain size up to 0.5 mm [12], this remark-

ably simple hydrogen-excluded APCVD process provides a

promising process condition that can lead to synthesize a

pristine monolayer graphene with high quality and full cov-

erage over copper foil with less complicated and expensive

system than LPCVD.

3. Conclusion

In conclusion, the graphene morphology grown by APCVD

process was investigated with respect to the hydrogen

introduction in each synthesis step. Remarkably, a pristine

monolayer graphene was resulted when the simplest condi-

tion where hydrogen was excluded in all the steps was ap-

plied. This morphology variation of graphene was

understood by discerning the role of hydrogen in APCVD.

The multilayer graphene formed along the rolling line direc-

tion of copper foil was attributed to the combination of

surface roughening of copper by hydrogen-induced annealing
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and mass transport-limiting kinetics in the hydrogen-

induced CVD process. On the other hand, a pristine mono-

layer observed in the hydrogen-excluded process with less

sensitivity on the methane concentration and structural

irregularities, led to a postulation that the dominant kinetics

is surface reaction limiting, which is similar to LPCVD. This

was confirmed by comparing the domain shape of partially

grown graphene. We concluded that the shape of nuclei was

closely associated with the dominating kinetics determined

by hydrogen in the APCVD, refining a previous report on the

role of hydrogen. Finally, in the characterization of electric

properties and graphene passivated etch test, better perfor-

mances were presented in the graphene by hydrogen-

excluded APCVD process than the one prepared by the LPCVD

process. This hydrogen-excluded APCVD process is expected

to provide a simpler way to synthesize high quality graphene

in large area.
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