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We present our investigation results on the origin of the morphological defects on graphene films
synthesized by chemical vapor deposition method on nickel catalytic substrates. These defects are
small-base-area (SBA) peaks with tens of nanometer heights, and they diminish the applicability
of graphene films. From atomic force microscopy observations on the graphene films prepared in
various ways, we found that significant portion of the SBA peaks is formed in the crevices on the
nickel substrates. Our results may be useful for developing an efficient synthesis method to produce
high-quality graphene films without the SBA peaks.
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1. INTRODUCTION
The Graphene has advantageous material properties

including high charge mobility, transparency, mechani-

cal strength, and flexibility.1�2 Accordingly, graphene is

promising to be applied as a transparent electrode in

electronics.3 Currently, large-area graphene films are pre-

pared by chemical vapor deposition (CVD) on catalytic

metal surfaces.4–6 However, CVD-grown graphene films

typically show significantly high sheet resistance (100–

1000 ohm/��.3�7 Because of this poor electrical property,

the wide range of potential application of CVD-grown

graphene has been restricted. Given that graphene has the

theoretically achievable sheet resistance of 10–30 ohm/�,8

it is important to understand the causes limiting its elec-

trical performance.

We have reported the existence of the morphologi-

cal defects as small-base-area (SBA) peaks with tens of

nanometer height in the graphene films synthesized on

nickel substrates.9

∗Authors to whom correspondence should be addressed.

The existence of these structural defects diminishes

the applicability of the graphene films by increasing the

resistance by acting as the charge scattering centers9 and

protruding through the thin active layer of the organic

devices of vertical structure.10–14 Therefore, it is important

to find an efficient method to suppress the formation of

the SBA peaks. And for that, identifying the origin of the

SBA peaks formation on the nickel substrates during the

CVD synthesis is a prerequisite.

We have reported that spike-shaped spots on the nickel

substrates are the possible origin of the SBA peaks for-

mation on the graphene films, and that the SBA peaks

could be significantly decreased by decreasing the number

of spike-shaped spots by etching of the annealed nickel

substrates.9

In this report, we show that another type of morpho-

logical defects as crevices on nickel substrates form the

SBA peaks on the graphene films. This finding was based

on the observations that the numerous SBA peaks were

formed inward of the Ni substrates and also that the

SBA peaks were increased in the graphene film grown

on the nickel substrates where sacrificial graphene layers
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were grown first and then removed by the plasma etching.

We observed that the first growth of graphene increased

the crevices, and consequently the SBA peak formation

increased during the second growth of the graphene film.

2. EXPERIMENTAL DETAILS
2.1. Graphene Sample Preparation
Graphene was synthesized on Si/SiO2 (300 nm)/Ti

(20 nm)/Ni (300 nm) substrates purchased from Jinsol, Inc.

Graphene films were grown on 1�2×1�2 cm2 Ni substrates

in a CVD chamber with gas flows of 208 sccm hydro-

gen, 192 sccm argon, and 1.4–2.0 sccm methane for 5 m

at 1000 �C under 800 Torr pressure. Following synthesis,

the graphene film was transferred to Si/SiO2 substrates for

characterization by etching the Ni substrate in an aque-

ous FeCl3 solution (1 M) and washing the graphene film

with distilled water. A poly(methyl methacrylate) (PMMA)

coating was used as a protective layer during the trans-

fer. More details of the synthesis and transfer has been

reported elsewhere.9

The oxygen plasma treatments were performed in a

Plasma Oxidation System, HV-100, from Hanvac, Inc. The

samples were treated either for 6 m (annealed nickel sub-

strates) or 10 m (graphene-grown nickel substrates) in oxy-

gen plasma that was induced by a high-voltage electric

source (550 V, 7 mA) in 70-mTorr oxygen.

2.2. Measurements
We used an atomic force microscope (AFM, a XE-100

system from Park Systems, Inc.) to study the morphology

of the graphene films and Ni substrates. Typically AFM

scans on 20× 20 �m2 areas were done at a scan rate of

0.5 Hz in the non-contact mode.

3. RESULTS AND DISCUSSION
We first investigated the change of the surface morphol-

ogy of the Ni substrates, as shown Figure 1. The changes

of the surface property generated with various treatments

were monitored using AFM scanning. The as-produced

Ni substrates show small grain sizes and numerous small

peaks scattered over the area (Fig. 1(a)). When this Ni sub-

strate was annealed with the thermal cycle of the graphene

growth in the flows of 8 sccm hydrogen and 192 sccm

argon, grain sizes became larger and at the same time

small-numbered spike-shaped spots with the height of

tens-of-nm were formed on the surface (Fig. 1(b)). Like-

wise, the graphene film grown with 1.6 sccm methane flow

resulted in similar kinds of changes as observed in the

annealed Ni substrate (Fig. 1(c)). However, in this case,

some of the observed spike-shaped spots are actually the

SBA peaks formed on the graphene film.

In our previous report,9 we deduced that the SBA peaks

on the graphene films are originated from the spike-

shaped spots on the nickel substrate. During the graphene

growth by the absorbed-carbon precipitations,15 the car-

bons predominantly precipitated on the high-curvature sur-

face areas, such as the spike-shaped spots due to the

Gibbs-Thomson effect (i.e., denser precipitation on curved

surfaces). In these areas, precipitated carbon may form

amorphous carbon SBA peaks due to the lack of available

catalyst surface to induce graphene formation.

When the annealed Ni was oxygen plasma etched, the

spike-shaped spots were reduced and the protruding grains

(Fig. 1(d), denoted AN-O2P Ni) were contracted, resulting

in a significant decrease of the value of root-mean-squared

(rms) roughness (Fig. 1(f)). On the other hand, the rms of

the graphene-grown on the Ni substrate did not decrease

significantly after the oxygen plasma etching (Fig. 1(e),

denoted GR-O2P Ni). As further discussed below, such

retention of the surface roughness is due to the formation

of the SBA peaks within the crevices of the Ni substrates.

After the removal of the graphene film, the crevices that

formed the SBA peaks on graphene retained the surface

roughness. And the growth of the graphene on Ni increased

the formation of crevices on the Ni surface. For the statis-

tical data shown in Figure 1(f), three samples in each con-

dition were measured by scanning two 20×20 �m2 areas

per one sample except the as-produced Ni sample where

three 20×20 �m2 areas were scanned in one sample.

Next we discuss about the properties of the graphene

films grown on the GR-O2P Ni substrates. As we have

reported in the previous report,9 we also found that amor-

phous carbon lumps were formed instead of graphene

when the methane flow rate is too low (Figs. 2(a)–(c)).

When the methane flow rate was at 1.4 sccm or higher,

the graphene film was formed (Figs. 2(e)–(f)). On the AN-

O2P Ni substrate, the graphene film did not form with the

methane flow rate below 1.6 sccm. This down-shift of the

threshold methane flow rate can be explained by the con-

tribution of the absorbed carbon source during the first

sacrificial graphene film growth. Because the pre-absorbed

carbon source contributes to the graphene film formation

in addition to the methane gas source, the grown graphene

films with 1.4 sccm flows were thicker (5.5 nm) than the

ones grown on the AN-O2P Ni substrates with 1.6 sccm

flows (3.6 nm) (Table I).

As previously reported,9 these graphene films contained

numerous SBA peaks as the morphological defects (the

bright spikes shown in Figs. 2(d)–(f)). We counted the

number of the SBA peaks on the graphene films grown

with 1.4 sccm. Namely, using the threshold grain detect-

ing function of the XEI program (Park Systems, Inc.), the

domains higher than 2 nm were detected and the domains

with lengths below 1 �m were counted as the SBA peaks.

Previously, we have observed that the graphene film grown

with the smallest methane flow rate showed the best mor-

phology with the smallest rms roughness. For the statis-

tical analysis, three 20× 20 �m2 areas per each sample

were scanned with AFM for two samples. The results are

summarized in Table I.
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Figure 1. 20×20 �m2 AFM images of variously treated catalytic nickel substrates of (a) as-produced (AP), (b) anealed (AN), (c) graphene-grown

(GR), (d) oxygen-plasma-treated (O2P) after AN, and (e) oxygen-plasma-treated after GR. The rms roughnesses of the nickel surfaces are summarized

in (f). Note that the vertical scale (in nm unit, 80 nm max) is the same for all the AFM images.

In Table I, it can be recognized that the number of

SBA peaks significantly increased on the graphene films

(1.4 sccm GOG) grown on the GR-O2P Ni substrates com-

pared to the graphene film (1.6 sccm O2P) grown on the

AN-O2P Ni substrates. In Table I, 1.6 sccm refers the

graphene films grown on the Ni substrates without any pre-

treatment. From these observations, it can be deduced that

the property of the Ni substrate was changed to promote

the formation of the SBA peaks by growing the first sac-

rificial graphene film. Such change is also confirmed by

the observed retention of the surface roughness of the Ni

substrate even after the plasma etching of the graphene/Ni

substrate (Fig. 1(f)). As shown below, we argue that this

property change is the forming of many crevices on the Ni

substrate.

A new origin of the SBA peaks formation on Ni was

deduced from the morphology observations of the graphene

films transferred with the PMMA coatings (Fig. 3); the

AFM images taken on a graphene film synthesized with

1.6 sccm of methane on a Ni substrate without any pretreat-

ment. With the PMMA coating intact, the transferred film

showed somewhat retained shapes of the grains of the Ni

while the SBA peaks formed outward from the Ni substrate

were buried within the PMMA (Fig. 3(a)). On the other

hand, when we transferred this PMMA/graphene film in a

form of upside-down on a SiO2/Si (upside-down transfer,

resulting order of the layers is graphene/PMMA/SiO2/Si),

numerous SBA peaks formed inward of the Ni substrate

were observable (Fig. 3(b)). These observed morphology

features were confirmed to be from the graphene film
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Figure 2. 20×20 �m2 AFM images of carbon films and graphene films transferred onto SiO2/Si substrates after the syntheses with various methane

flow rates of (a) 0.4, (b) 0.6, (c) 0.8, (d) 1.4, (e) 1.6, and (f) 2.0 sccm. Note that the vertical scale (in nm unit, 200 nm max) is the same for all the

AFM images.

rather than from the PMMA film by observing a spin-

coated PMMA film on a SiO2/Si substrate on which a

very flat surface with a couple of defects was observed

(Fig. 3(c)).

This vigorous formation of the SBA peaks inward of

the Ni substrate provides important information on the ori-

gin of the SBA peak formation. Because the graphene film

is mainly formed by precipitation of the absorbed carbon

Table I. Morphological characteristics of the graphene films synthesized in various conditions. Note that the data in the first two rows were reported

previously by us.9 We include them here for a comparison.

No. of SBA SBA peak area No. of ML ML domain

Sample Thickness (nm) Roughness (nm) peaks (10−3 �m2) domains area (�m2)

1.6 sccm 3�4±0�2 2�2±0�1 729±89 13�1±0�5 32±2 3�8±0�5

1.6 sccm O2P 3�6±0�2 2�0±0�1 492±98 17�3±1�3 23±2 6�2±0�9

1.4 sccm GOG 5�5±0�4 3�6±0�5 2380±770 10�7±0�8 40±6 3�2±0�9

source as the temperature decreases,15 the inward forma-

tion of the SBA peaks must happen within the crevices

on the Ni. As discussed above, these crevices can also

induce dense precipitation by the Gibbs-Thomson effect to

form the SBA peaks. In our previous report,9 we observed

the decreased number of the SBA peaks on the graphene

films grown on the AN-O2P Ni substrates where the spike-

shaped spots were decreased compared to the graphene
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Figure 3. (a), (b) Morphology of the graphene films with PMMA coatings (thickness: ∼50 nm) on SiO2/Si substrates. (a) With normal transfer, the

SBA peaks are mostly buried within the PMMA. (b) On the other hand, with upside-down transfer, the SBA peaks formed inward of the Ni surface are

revealed. (c) The PMMA coating itself was flat except a few defects. These observations reveal a new origin of the SBA peaks formation as illustrated

in (d).

films grown on the as-produced Ni substrates.9 However,

we observed only a 33% decrease in the number of the

SBA peaks (Table I).

Based on the observations on the origin of the SBA

peaks, this small reduction of the SBA peaks can be

explained. Because the crevices on the Ni substrate are

also an important origin for the formation of SBA peaks on

the graphene films and these crevices cannot be reduced by

the plasma-etching, a significant portion of the SBA peaks

were still formed. In the same manner, we can explain the

observations discussed above: (1) the surface roughness of

the GR-O2P Ni substrate was considerably rougher than

the AN-O2P Ni substrate because the formation of the

graphene retained or perhaps increased the crevices on

the Ni surface, and (2) the SBA peaks increased on the

graphene film grown on the GR-O2P Ni substrates because

the more crevices existed on the surface promoting the

formation of the SBA peaks compared to those grown on

the AN-O2P Ni substrates. This newly discovered origin

of the SBA peak formation is illustrated in Figure 3(d).

Understanding the origin of the SBA peaks forma-

tion on the Ni substrate can be useful for finding an

efficient synthesis method to suppress the SBA forma-

tion on the graphene film. Namely, the crevices on the

Ni substrates should be reduced as well as the outward

formation of spike-shaped spots on the Ni substrates in

order to synthesize high-quality graphene films without the

SBA peaks of amorphous carbon nature during the CVD

process.

4. CONCLUSION
In this report, we found that the morphological defects in

the form of crevices on Ni substrates play a significant role

in the formation the SBA peaks on graphene films. This

newly discovered origin of the SBA peaks formation may

be useful to develop an efficient CVD synthetic approach

for the suppression of the SBA peaks on graphene.
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