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ABSTRACT: The effects of graphene growth parameters on

the number of its layers were systematically studied and a
new growth mechanism on Cu substrate was thus proposed.
Through the investigation of the graphene growth parameters,
including growth substrate types, carrier gases, types of carbon
sources, growth temperature, growth time, and cooling rates,
we found that graphene grows on Cu substrates via a surface-
catalyzed process, followed by a templated growth. We can ob-
tain either single layer graphene (SLG) or few-layer graphene
(FLG) by suppressing the subsequent templated growth with
a low concentration of carbon source gases and a high con-
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centration of H,. Our findings provide important guidance toward the synthesis of large-scale and high-quality FLGs and SLGs. This
is expected to widen both the research and applications of graphene.

1. INTRODUCTION

Graphene, a single layer of sp” carbon atoms bonded in a hexa-
gonal lattice, has many extraordinary properties, such as large
specific surface area,' large Young’s modulus,” high charge carrier
mobility,® and thermal conductivity.* Such unique properties
make graphene a promising candidate for widespread applica-
tions in post-silicon electronics,””® sensors,” > and energy stor-
age devices.""'* However, the properties of graphene heavily
depend on the number of layers. Ghosh et al. have shown that the
room temperature thermal conductivity of graphene changes from
~2800to ~1300 Wm ' K" as the number of atomic planes in a
few-layer graphene (FLG) increases from 2 to 4."° Nair et al. de-
monstrated that the single-layer graphene (SLG) absorbs ot ~
2.3% of white light while the adsorption of FLG is equal to 2.3%
multiplied by the number of layers.'® Therefore, different applica-
tions will have specific requirements for the layer number of gra-
phene. In order to make full use of graphene’s unique properties in
each application, it is crucial to control the number of layers.

In addition to the layer control, large-scale production cap-
ability for high-quality graphene is another important require-
ment for its real-life applications. So far, several techniques have
been developed to produce graphene, including micromechanical
exfoliation of highly oriented pyrolytic graphite (HOPG),"”'®
ultrasonication exfoliation of graphite,'”*° chemical reduction of
graphite oxide (GO),”' ™ ** carbon nanotube (CNT) unzippin%zs’26
and epitaxial and chemical vapor deposition (CVD) growth.”” >
Among these methods, chemical reduction of GO, epitaxial growth,
and CVD growth may have the potential for industrial production.
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However, for the chemical reduction method, it is very challeng-
ing to recover the seriously defected GO to pristine graphene.
Thus, the exotic properties of graphene such as the high charge
carrier mobility and optical properties are hard to achieve.**"
Epitaxial growth is a promising route to produce high-quality
graphene, yet this method requires stringent and costly growth
conditions such as high growth temperature (usually higher than
1000 °C), high vacuum, and expensive substrate materials. The
most promising method for mass production of high-quality gra-
phene could be the CVD method. Nowadays, CNT's from CVD
growth occupy the majority of the commercially available CNTs.
We expect a similar phenomenon to appear for the graphene
market in the near future. In 2009, Kong’s team first discovered
that FLG could be grown on a 300 nm Ni film.*® The catalyst was
e-beam evaporated onto SiO,/Si substrates and thermally an-
nealed prior to the atmospheric pressure CVD synthesis. The as-
produced graphene can be transferred to nonspecific substrate
using poly(methyl methacrylate) (PMMA)-mediated nanotrans-
fer printing.*>** Almost at the same time, Kim et al. also reported
FLG growth in atmospheric pressure CVD by using an e-beam
deposited Ni film.”® The authors used poly(dimethylsiloxane)
(PDMS) to transfer the as-grown graphene and showed that
graphene could be used as stretchable transparent electrodes. In
the same year, Chae et al. reported the large-area multilayer gra-
phene (MLG) synthesis on a nickel foil substrate by CVD.*' Des-
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pite the high quality of graphene, these methods did not provide
an efficient way to control the number of layers. Li et al. has
showed that SLG could be grown on copper substrates, but the
high vacuum in the growth process leads to a significant cost
issue.>* Few studies on controlling the number of graphene layers
have been reported, although the layer number plays an im-
portant role in customizing graphene properties. Furthermore,
the growth mechanism of graphene to create a favorable environ-
ment for SLG growth has not been elucidated.

In this work, we investigated the effects of several growth
parameters on the graphene layers in atmospheric pressure CVD
and proposed a new growth mechanism of graphene on Cu
substrates, that is, a surface-catalyzed process and a subsequent
templated growth. The templated growth should be suppressed
in order to obtain thinner graphene layers. These findings pro-
vide an important route toward the fabrication of large-scale and
high-quality FLG and SLG samples. The liquid-precursor-based
synthesis step will open up a window not only for SLG growth
but also the doped graphene fabrication by using various nitrogen-
or boron-containing organic liquid precursors.

2. EXPERIMENTAL DETAILS

2.1. Atmospheric Pressure CVD Synthesis of MLG, FLG,
and SLG Films. Fe, Co, and Ni foils (100 um thick, 99.95%
metal basis) and Cu foils (125 um thick, 99% metal basis) were
purchased from Sigma-Aldrich and Basic Copper, respectively,
as the growth substrates. These substrates were used as
received. Gas precursors ethylene and methane and a liquid
precursor hexane were used as carbon sources. The substrates
were placed in a tube furnace and heated to a temperature of
975 °C for methane and ethylene and 975 or 900 °C for hexane.
An initial annealing of the metal substrate was carried out in
flowing of 500 standard cubic centimeters per minute (sccm)
H, for 20 min at 975 or 800 °C in order to recover a pure metal
surface. Then the gas mixture of a carbon source and H, was
introduced into the furnace with various ratios of a carbon
source gas to H, (C,H,/H, =2.5/200, 5/200, 7.5/200, 10/200,
2.5/500, 5/500, 7.5/500, and 10/500; CH,/H, = 2.5/500, 5/
500, and 7.5/500). The growth time was 3 or S min for methane
and ethylene. The hexane vapor concentration in the CVD
chamber was controlled by bubbling a small amount of argon
gas through liquid hexane. The growth time was 3 s. After
completion of growth, the carbon source supply was stopped,
and the furnace was cooled down to room temperature in
flowing of 350 sccm Ar and 150 sccm H, with a cooling rate of
10 °C min ", or to 500 °C by fast cooling with a cooling rate of
150 or 600 °C min .

2.2. Characterizations. Scanning electron microscopy (SEM,
JEOL 1530 and 1550) and optical microscopy were used to ob-
serve the morphology and homogeneity of as-produced graphene
films. Raman spectroscopy (Jobin Yvon, Aramis) with laser excita-
tion wavelengths of 532 nm was performed throughout the metal
substrates after the CVD process to confirm the formation of
graphene and characterize the quality and the number of layers of
as-produced graphene.

3. RESULTS AND DISCUSSION

3.1. MLG and FLG Growth on Ni, Fe, Co, and Cu Foils by
Using Ethylene as the Carbon Source at 975 °C for 3 min. It
is well-known that different kinds of metal nanoparticles, like Fe,
Co, Nj, Cu, Au, etc,, and even nonmetal nanoparticles such as

Si0,, SiC, Ge, and Al,O; can be used as catalysts to grow high-
quality CNTs.***® There might be two reasons for the high
efficiency growth of CNTs: one is that the solubility of carbon
into metal particles at the growth temperature is relatively high,
which would provide enough carbon for CNT formation; the other is
the high catalytic activity of these particles, which can lower the
formation energy of CNT and accelerate the decomposition of the
carbon source. Therefore, the catalysts play an important role in CVD
growth of CNT. Similar to CNT growth, metal substrates or catalysts
are also critical in graphene growth. Typically e-beam deposited Ni
and Cu films or Ni and Cu foils were used as the growth substrates.
However, it is not clear the role of metal in graphene growth. So we
chose different metals including Ni, Fe, Co, and Cu to investigate
their effect on graphene synthesis.

Figure 1 shows typical growth and characterization results of
MLG and FLG on Nj, Fe, Co, and Cu substrates by using ethyl-
ene as the carbon source. Compared to CH,, which is a com-
monly used carbon source for graphene growth, C,H, has a
lower decomposition temperature. Figure la shows a represen-
tative optical microscopy image of synthesized graphene on a Ni
substrate (1.5 cm X 1.5 cm). Obviously the film is continuous
and the grain boundary is clearly observed in the image. The
corresponding SEM image in Figure 1b also exhibits good homo-
geneity. It is clear that the film is composed of many domains
with a few ¢m? in area. Within the domains, graphene layers are
continuous and do not display any structural features, while
others have wrinkles extruding from the domains. Lee et al.
proposed that the wrinkles were formed by the nucleation of a
defect line on step edges and thermal-stress-induced formation of
wrinkles around step edges and defect lines.>’ Compared with
the SEM and optical microscopy images in the literature, it is
obvious that continuous MLG films were obtained when using
Ni foils as the substrate and ethylene as the carbon source. Similar
optical microscopy and SEM results are shown in panels d and e
and panels g and h of Figure 1 for graphene growth on Fe and Co
foil substrates, respectively, also indicating the MLG film growth.
When comparing Figure 1b with Figure leh, we found that
graphene films grown on Fe and Co foils were rougher than that
grown on Ni foil. For the Co foil substrates, more wrinkles are
clearly visualized in the SEM image in Figure 1h.

Raman spectroscopy is a powerful tool to characterize carbon
materials and allow nondestructive identification of produced
graphene. It has been reported that it is useful to evaluate the
quality of graphene based on the ratio of high-frequency first-
order scattering (i.e, the G-band) to second-order scattering
(the D-band).*” Moreover, it can be used to identify the number
of layers in the graphene film. According to the D-band and G'-
band change in shape, width, and position, the slight downshift of
the G peak for an increasing number of layers (for small layers),
and the G to G’ peak intensity ratio (I/Ig), we can distinguish
the number of graphene layers.”**”** We used Raman spectros-
copy to measure various locations on the metal substrates after
graphene growth using ethylene as the carbon source at 975 °C,
and representative results are shown in Figure 1c,f;i for the as-
grown graphene on Ni, Fe, and Co foils, respectively. Similar to
previous Raman results of CVD grown graphene and mechani-
cally exfoliated graphene, the two most intense Raman peaks
are the G peak at ~1580 cm ™ ' and the G’ peak at ~2700 cm ™.
The G peak denotes the symmetry-allowed graphite band and is
due to the doubly degenerate zone center E,, mode; this is ob-
served in all sp* carbon materials. The G’ peak is the second order
of zone-boundary phonons. According to the shape and position
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Figure 1. Typical optical microscopy images, SEM images, and Raman spectroscopy of MLG and FLG grown on Ni (a—c), Fe (d—f), Co (g—i),and Cu
(j—1) foil substrates using ethylene as the carbon source at 975 °C. The growth time was 3 min, and the gas mixing ratio of C;H,/H, was 5/500, and the

cooling rate was 60 °C min

1 (a4, g, and j) Optical microscope images of graphene. (b, e, h, and k) SEM images of graphene. (¢, f, i, and 1) Raman

spectroscopy of graphene. Cu substrate background was subtracted. The spectra were normalized with the G-band.

of the G’ peak, the graphene films grown on Ni, Fe, and Co were
MLG. This result is consistent with the optical microscopy and
SEM characterizations. In addition, it is worth noting that no
appreciable disorder-induced D-peak around ~1350 cm™ ' was
observed in Figure 1¢fi, indicating the high quality of graphene
films grown on Nj, Fe, and Co foils.

‘While MLG was grown on Nij, Fe, and Co foil substrates, FLG
was grown on Cu substrates with using ethylene as the carbon
source at 975 °C for 3 min. Typical results of optical microscopy,
SEM and Raman spectroscopy characterizations are shown in
Figure 1j,k]. Deduced from the optical microscopy image in
Figure 1j, after graphene growth, the Cu substrate image appears
to be relatively brighter but slightly speckled. Although the grain
size shown after the graphene growth was smaller than that on a
blank Cu foil, the as-grown graphene film was still continuous
across these visible Cu substrates. The corresponding SEM
image in Figure 1k shows homogeneity and continuity of the
film. Raman spectra in Figure 11 show small values for the Ig/Ig
ratios which is the typical signature of FLG. In addition to the two

major G and G’ peaks, a weaker D-band was also observed at
~1350 cm”~ " in most of the scanned areas. This peak is due to the
disorder or defect in the perfect graphite, such as edges, point
defects, and subdomain boundaries, which indicates that the
graphene deposited on the Cu substrate has lower quality com-
pared with those grown on Nj, Fe, and Co foils.

According to the above results (continuous FLG growth on
Cu foils compared with MLG growth on Nj, Fe, and Co foils), it
is desirable to use Cu foils as the growth substrates for FLG and
SLG growth. To understand these results, we propose that the
solubility of carbon in those metals accounts for the different
morphology of graphene on substrates. The order of the carbon
solubility in metal is Fe > Co > Ni > Cu.*”*° We assume that on
Nij, Fe, and Co foil substrates, the typical proposed dissolution—
precipitation process plays a major role. At the first stage, the
carbon source decomposes at a high temperature and the carbon
atoms are incorporated into the Ni, Fe, or Co substrates. At the
second stage, graphene precipitation is promoted by the out-
diffusion of the incorporated carbon on the surface catalyst film
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Figure 2. Typical SEM (a, ¢, ¢, and g) and Raman spectra (b, d, f, and h) data of graphene films grown on Cu foil substrates at 975 °C using 200 sccm H,
and various flow rates of C,H, for S min. Cu substrate background was subtracted. The spectra were normalized with the G-band. The flow rates of C,H,
were 2.5 scem (a and b), S scem (c and d), 7.5 scem (e and f), and 10 scem (g and h).

upon cooling of the substrates.”’ On the basis of the growth
process, the growth substrates, growth temperature, growth time,
carbon source, carrier gas, and cooling rate are important factors
in graphene growth. Kong’s group and Yu et al. have demonstrated
that graphene segregated from a Ni surface by cooling down with
different rates.”””° Lee’s group reported that the quality of gra-
phene films on Ni foils was greatly improved when the growth tem-
perature was changed from 700 to 975 °C using acetylene as the
carbon source.*" While for Cu foil substrates, the carbon solubility
in it is low, so we assume it is a surface-catalyzed process to grow
SLG, followed by a templated growth to grow FLG. Ruoff’s group
has proposed that the growth mechanism of graphene on Cu
substrates is not a precipitation process but rather a CVD process.>*
Nicholas et al. have demonstrated the templated growth of ex-

tended graphenic sheets by additionally reacting carbon into a pre-
existing graphene sheet.>’ On the basis of the proposed growth
mechanism for Cu substrates, it is possible to control the number of
graphene layers by inhibiting the second templated growth stage.
Also, graphene synthesis would not be related with the cooling rate.
Indeed, when the cooling rate was varied from 10 to 600 °C/min,
no obvious differences were observed in the obtained graphene
films. To further confirm that carbon solubility in metals deter-
mines the graphene growth mechanism, we tried Cr as the sub-
strate, which has much higher solubility of carbon than Nj, Fe, Co,
and Cu. We deposited 300 nm thick Cr on Si wafers with thermally
oxidized 300 nm SiO,. The carbon materials grown on Cr at the
same condition as discussed above displayed a graphite-like Raman
characteristic with a high D band peak.
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Figure 3. Typical SEM (a, ¢, e,and g) and Raman spectra (b, d, f, and h) data of graphene films grown on Cu foil substrates at 975 °C by using 500 sccm
H, and various C,H, for S min. Cu substrates background was subtracted. The spectra were normalized with the G-band. The rates of C,H, were
2.5 scem (aand b), S scem (c and d), 7.5 scem (e and f), and 10 scem (g and h).

3.2. Carrier Gas Investigation in Graphene Growth on Cu
Foils Using Ethylene as the Carbon Source for Suppressing
the Templated Growth. On the basis of the above proposed
growth mechanism on Cu substrates, the number of graphene layers
can be controlled by suppressing the templated growth. There are
several crucial factors to affect the layer number including carrier gas,
the concentration of carbon source, types of carbon sources, and
growth time. First of all, we investigated the dependence of the
number of graphene layers on the concentration of carbon sources
and H,. Figure 2 shows SEM images and corresponding Raman
spectra varying the flow rate of C,H, at a fixed 200 sccm of H, at the
growth temperature of 975 °C for 5 min. At the C,H,/H, ratios of

2.5/200 and 5/200, good homogeneity and a few domains were
observed in Figure 2a,c, respectively. Raman spectra data in
Figure 2b,d show two intense G and G’ peaks with typical MLG
Raman characteristics on both top and bottom surfaces of the Cu
foil and a weaker D band. With increase of the C,H,/H, ratios to
7.5/200 and 10/200, amorphous carbon like structures were found
based on the SEM images shown in Figure 2e,g. Further Raman
characterlzatlons in Figure 2fh show strong D peaks around 1350
em™ !, which confirmed the amorphous morphology of the films
made. Therefore, the diluted carbon source is critical for gra-
phene growth and it can inhibit the templated growth at the
proposed second stage of graphene formation on Cu substrates.
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Figure 4. Typical Raman spectroscopy (a), SEM (b), and optical micro-
scopy (c) characterization results of graphene films grown on Cu sub-
strates using CHy as the carbon source at the growth temperature of
975 °C for 5 min. For Raman spectra, Cu substrate background was sub-
tracted. The spectra were normalized with the G-band.

We also found that H, plays an important role in graphene
growth. We investigated the H, effect on the graphene growth by
increasing H, flux from 200 to 500 sccm. As shown in Figure 3a,c,
at the C,H4/H, ratios of 2.5/500 and 5/500, continuous films
with good homogeneity were obtained. The corresponding Raman
spectra data (Figure 3b,d) show two intense G and G’ peaks, a
weaker D peak, and small values for the Ig/Ig ratio. This con-
firmed fewer defects and highly crystalline FLG growth on Cu foil
substrates rather than MLG growth at 200 sccm H, at the same rate
of C,H,. At the C,H,/H, ratios of 7.5/500 and 10/500, instead of
amorphous carbon like structures at 200 sccm H,, uniform gra-
phene films were observed in SEM images (Figure 3e,g, respec-
tively). Raman data in Figure 3£h show typical MLG Raman char-
acteristics with relatively large values for the I/I ratio. Compared
with the graphene grown at 200 sccm H, in Figure 2, the results
indicated that introduction of more H, gas would be beneficial for
suppressing the templated growth. Here, H, may help with the
etching of carbon, which was also found in CNT synthesis before.>*
Therefore, the amount of H, gas determines the number of
graphene layers.

3.3. Types of Carbon Source Investigation in Graphene
Growth on Cu Foil for Suppressing the Template Growth.
On the basis of the above results, C,H, is a not an ideal carbon
source for SLG production. Through analyzing the CVD growth
process of graphene, we found that the decomposition tempera-
ture of carbon sources might be critical for graphene growth.
Thus, we chose other carbon sources such as CH, and a liquid
organic precursor hexane. The decomposition rate is easier to
control for CH,, which has a higher decomposition temperature
than that of C,H,. Figure 4a shows typical Raman spectra of
graphene films at § sccem CH, as the carbon source and 500 sccm
H, at the growth temperature of 975 °C for $ min. A low intensity
of D peaks was observed indicating the high quality of graphene
films. The small Ig/Ig values provide direct evidence of FLG
(two to three layers) synthesis on Cu foil substrates using CH, as
the carbon source.”® SEM and optical microscopy images shown
in Figure 4b,c, show good homogeneity of the produced gra-
phene films. Moreover, compared with the results of using C;H,
as the carbon source, thinner graphene films could be obtained
using CHy as the carbon source. These results indicated that
higher decomposition temperature of hydrocarbon gas would be
favorable for suppressing the templated growth on Cu substrates
and thus for controlling the number of graphene layers.

(a) w51 G grown at 975 °C
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e SLG grown at 900 °C
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Figure S. Typical Raman spectroscopy (a), SEM (b), and optical micros-
copy (c) characterization results of graphene films grown on Cu
substrates using hexane as the carbon source at the growth temperature
of 975 or 900 °C for 3 s. For Raman spectra, Cu substrate background
was subtracted. The spectra were normalized with the G-band.

Liquid precursors like hexane, benzene, and cyclohexane have
been widely used for CNT synthesis because of its availability.
Ajayan et al. recently have demonstrated the feasibility of using a
liquid hexane precursor as the carbon source for graphene
growth.*” Here we also tried the hexane as a precursor and chose
arelatively short growth time (3 s) and high H, flux (1000 sccm)
to suppress the templated growth. Typical characterization
results are shown in Figure S. Raman data in Figure Sa show a
sharp and single Lorentzian G’ peak with a full width at half-
maximum of ~27 cm ™ ' and small I/l ratios which are the
signature of SLG. All the scanned areas display hallmarks of SLG,
indicating a high percentage of SLG in the graphene film made.
This also supported our findings that a diluted carbon source and
a high volume of H, gas are critical for graphene growth. More-
over, it is worth noting that no visible D band appeared in the
grown materials, strongly indicating the high quality graphene
formed. More importantly, when the growth temperature was
lowered from 975 to 900 °C, high-quality SLGs were still obtained
as shown in Figure Sa as pink and blue spectra. Corresponding
SEM and optical microscopy results in Figure Sb,c show that the
graphene is highly uniform and continuous. When we increased
the growth time to 10 and 200 s, Raman spectra (not shown here)
suggest that the number of graphene layers increased from SLG to
MLG to thicker graphitic layers (>20 layers) and no visible FLG
growth was found. Further study is currently underway in order to
explore this phenomenon and gain a deeper understanding of this
process. The above-mentioned liquid hexane based growth will
certainly have great advantages over the typical hydrocarbon gas
based growth method.

4. CONCLUSION

In summary, we have proposed a new growth mechanism of
graphene on Cu substrates based on the results we got on Nij,
Fe, Co, and Cu substrates. It is a surface-catalyzed process to
grow SLG, followed by a templated growth to grow FLG. In
order to make thinner graphene layers, the templated growth
should be suppressed. We found that diluted CH, or C,H,4 and
high volume H, gas are critical to suppress the templated growth
and hence the graphene layer control. Moreover, we found that
SLG can be grown on Cu substrates by introducing a small
amount of a liquid hexane precursor. However, further study is
needed to gain a deeper understanding of this process.
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The liquid-precursor-based synthesis step will open up a window
for doped SLG growth using various nitrogen- or boron-
containing organic liquid precursors. Our findings may facilitate
both the large-scale synthesis of well-controlled graphene fea-
tures and a wide range of applications of graphene.
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