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Here, we reveal the growth process of single and few-layer graphene crystals in the solid carbon

source based chemical vapor deposition (CVD) technique. Nucleation and growth of graphene

crystals on a polycrystalline Cu foil are significantly affected by the injection of carbon atoms with

pyrolysis rate of the carbon source. We observe micron length ribbons like growth front as well as

saturated growth edges of graphene crystals depending on growth conditions. Controlling the pyrol-

ysis rate of carbon source, monolayer and few-layer crystals and corresponding continuous films

are obtained. In a controlled process, we observed growth of large monolayer graphene crystals,

which interconnect and merge together to form a continuous film. On the other hand, adlayer

growth is observed with an increased pyrolysis rate, resulting few-layer graphene crystal structure

and merged continuous film. The understanding of monolayer and few-layer crystals growth in the

developed CVD process can be significant to grow graphene with controlled layer numbers.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896845]

Considering the extraordinary properties of graphene for

various applications, synthesis of high quality graphene in

large-area is gaining remarkable attention.1–5 In the last few

years, significant efforts have been made to synthesize large-

area graphene by atmospheric or low pressure CVD techni-

ques using methane as primary carbon source gas.5–7

Continuous single layer graphene has been synthesized on

Cu foil by low-pressure CVD process. At the same time,

recent studies show that significant high quality graphene

can be synthesized by a simple atmospheric-pressure

CVD.8,9 It has been observed that continuous graphene films

synthesized on polycrystalline metal foils by a CVD process

are constituted with interconnections of several domains.9–12

Hence, the electrical, optical, and mechanical properties of a

CVD graphene film are significantly influenced by the do-

main quality, size, and structures.13,14 Thus, significant im-

portance has been given for growth of large domains and

single crystal structure to overcome the effects of grain

boundaries. Synthesis of large size graphene crystals has

been reported on Cu foil using both low and atmospheric-

pressure CVD techniques.14–19

Similarly, significant interest has been given to bilayer

graphene structure considering its interesting electronic

properties unlike monolayer graphene.20,21 Most recently,

synthesis of AB-stacked or twisted bilayer single crystal gra-

phene by a CVD process has been demonstrated.22 The qual-

ity of individual graphene crystals synthesized by CVD

approaches is significantly influenced by the experimental

conditions and source materials. Recently, solid precursors

have also been used for high quality graphene synthesis in a

simplified CVD approach.8,23 We have demonstrated

synthesis of graphene crystals using camphor and waste plas-

tic as solid carbon source in an ambient pressure (AP) CVD

process, this facilitates us to convert waste into a signifi-

cantly value added form of material.8 However, the injection

rate of carbon compounds from the solid source can consid-

erably influence graphene growth and requires much better

control to obtain high quality graphene. Subsequently, the

understanding of graphene growth process in a solid source

based CVD process can be significant in controlling growth

of single and few-layer graphene. In this prospect, we have

investigated the growth of single and few-layer graphene

crystals on Cu foil using waste plastic as a carbon source.

In this study, Cu foil (Nilaco Corp.) with a thickness of

20 lm and purity of 99.98% was used as a substrate for gra-

phene synthesis. Solid waste plastic used for material packag-

ing is used as carbon source. Cu substrate was annealed for

30 min in 100 standard cubic centimeters per minute (sccm)

of H2 at 1020 �C, prior to introduction of the carbon source.

3 mg of waste plastic was placed in the quartz tube and slowly

pyrolyzed increasing the temperature up to 480 �C. The pyro-

lyzed carbon source was injected in the graphene growth zone

with a gas mixture of Ar and H2. The growth of graphene

crystals was investigated with variation of heating rate of solid

waste plastic (1–3 �C/min). Morphological and structural anal-

yses of synthesized graphene crystals were carried out by opti-

cal microscope, scanning electron microscope (SEM), and

Raman spectroscopy. Optical microscope studies were carried

out by using VHX-5000. SEM studies of graphene crystals

were carried out with Hitachi S-4300 at an operating voltage

of 20 kV. Raman spectra were obtained using NRS 3300 laser

Raman spectrometer with laser excitation energy of

532.08 nm from a green laser.

The waste plastic used for graphene synthesis is gener-

ally constituted with polyethylene and polystyrene
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components. Synthesis of graphene crystals and continuous

films was investigated by pyrolysis of source materials and

injection rate. Figure 1(a) shows optical microscope image

of round-shaped graphene crystals synthesized on Cu foil

with a waste plastic pyrolysis rate of 1.5 �C/min. Synthesized

graphene crystals are uniformly single layer structure with-

out much defects. Similarly, Figure 1(b) shows optical

microscope image of graphene crystals with a higher

(>1.5 �C/min) pyrolysis rate of source materials. We

observed micron size dark areas in the center part of most

crystals. The color contrast within the crystal signifies varia-

tion in number of layers. Graphene crystals with size of

10–100 lm were obtained, where the number of layers in the

center part varies from bi-layer to few layer as confirmed by

Raman studies with crystals size of 10–50 lm. This shows

that the pyrolysis rate of waste plastic, and thereby the injec-

tion of carbon atoms is playing a critical role in the crystal

growth process. As follows, we discuss the crystal growth

process of single and few-layer graphene to achieve con-

trolled growth.

The injection of carbon atoms and growth conditions in

the CVD process also affect structure of individual crystals

obtained on Cu foil. Figures 2(a) and 2(b) show optical

microscope images of graphene crystals with unsaturated

growth edges, when the carbon source supply was stopped

abruptly. We observe micron length ribbons at crystal edges,

which are the growth front of the crystal. The length of these

micro-ribbons is in the range of 1.5–6 lm, where aspect ratio

is higher for some ribbons. This suggests that continuous

supply of carbon atoms with pyrolysis of waste plastic is

necessary to achieve growth of a larger crystal. Figure 2(c)

shows saturated growth edge of a graphene crystal without

any presence of microribbon growth front. In this experi-

ment, we did not stop the precursor injection in the growth

zone and graphene growth was performed by normal pro-

cess. The observation of graphene growth with or without

microribbon signifies the importance of CVD parameters.

Figure 3 shows SEM images of individual graphene crys-

tals and their merged structure to form a continuous film. The

growth of single layer crystals and merged structure is

obtained with a pyrolysis rate of 1.5 �C/min. Hexagonal gra-

phene crystals are the ideal building blocks of large-area con-

tinuous films. We observed growth of �100 lm large

graphene crystals on Cu foil using waste plastic as carbon

source. The individual graphene crystals were interconnected

each other with increased growth duration as shown in

Figures 3(b) and 3(c). Individual graphene crystals grow fur-

ther and thereby merge together to form a continuous film.

Figure 3(d) shows formation of a continuous graphene film,

where white spots are the remaining void of incomplete

growth. The observation of crystal growth and merged contin-

uous monolayer graphene film with a controlled pyrolysis rate

of waste plastic can be significant for large-area synthesis.

Individual and merged graphene crystals are further ana-

lyzed with optical microscope and Raman studies. Figure 4(a)

shows an optical microscope image of graphene grown on Cu

foil with the pyrolysis rate of 1.5 �C/min as discussed above.

It has been observed that graphene growth is uniform at this

pyrolysis rate of the carbon source. We do not observe struc-

tural or morphological defects in single layer crystal, which is

the case with a higher pyrolysis rate. Graphene crystals were

analyzed by Raman spectroscopy at various points to confirm

uniformity of crystal structure. Figure 4(b) shows Raman

spectra at four different points of one crystal. Raman spectra

show a very small defect induced D peak, confirming high

quality of graphene crystal. Graphitic G and second order 2D

Raman peaks are observed at 1586 and 2702 cm�1, respec-

tively. The higher intensity of 2D peak than that of G peak

signifies growth of single layer graphene. Full width at half

maximum (FWHM) of G and 2D peaks are found to be 19

and 44.2 cm�1, respectively, consistent with previous results.

Raman, optical microscope, and SEM studies confirmed

growth of single layer and their merged graphene structure.

Figure 5 shows synthesized graphene crystals with a

much higher pyrolysis rate (3 �C/min) for the waste plastic.

FIG. 1. Optical microscope images

of round-shaped graphene crystals

synthesized on Cu foil with (a)

lower (1.5 �C/min.) and (b) higher

(>1.5 �C/min) pyrolysis rate of waste

plastic pyrolysis.

FIG. 2. Optical microscope images of graphene crystals with (a) micron

length ribbons at the crystals edges, (b) saturated growth edge of a graphene

crystal.

133103-2 Papon et al. Appl. Phys. Lett. 105, 133103 (2014)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  133.68.232.168 On: Thu, 28 Jul 2016

04:36:06



Increasing the pyrolysis rate, significant amount of poly-

meric compounds was generated and injected to the growth

zone. High amount of carbon radicals was formed with

decomposition of polymeric compounds, which significantly

influences graphene growth. Figure 5(a) shows SEM image

of individual graphene crystals with more than single layer

at the center, which is a sharp contrast to the morphology

obtained at a lower pyrolysis rate. As shown in optical

microscope studies, we observed graphene crystals with size

of 10–100 lm, where the number of layers in the center part

varies from bi-layer to few layer with crystals size of

10–30 lm. The individual graphene crystals grow further

and merged together as shown in Figures 5(b) and 5(c).

Merging of these crystals is also similar to that of the previ-

ous case of a single layer graphene. Figure 5(c) presents

highly dense merged structure of crystals, where dark areas

can be directly identified as few-layer graphene. Figure 5(d)

shows a continuous graphene film with interconnected crys-

tals of single and few-layer graphene. Thus, uneven growth

of single and few-layer graphene in the continuous film is

observed with a higher pyrolysis rate.

Figure 6(a) presents higher resolution SEM image of

graphene crystals with few-layer morphology at the center.

Raman studies were performed to confirm the structure of

synthesized graphene crystals. Figure 6(b) shows Raman

spectra at two different positions (1 and 2) of a crystal. The

two spectra at positions 1 and 2 are distinctly different from

each other. Graphitic G and second order 2D Raman peaks

are observed around 1590 and 2705 cm�1, respectively. The

intensity ratio of 2D to G peak at position 1 is much lower

than that of position 2. The FWHM of 2D and G peaks for

graphene in the center part of a crystal (position 1) is found

to be 17.9 and 45.1 cm�1, respectively. Again, for the Raman

spectra in position 2, it is found to be 16.6 and 37.9 cm�1,

respectively. The peak intensity ratio and FWHM results

clearly indicate growth of few-layer graphene at the center

position. Figure 6(c) shows a schematic diagram of graphene

growth process on Cu foil in the developed CVD process.

We obtained growth of single layer graphene crystals and

their merged structure to form a continuous film with a con-

trolled and low pyrolysis rate. On the other hand, increasing

the pyrolysis rate, we observed growth of bi-layer and few-

layer graphene crystals with higher carbon atoms injection.

The growth of adlayer within the individual graphene crys-

tals and their merged structure produces few-layer continu-

ous film. Growth of adlayer can occurs with diffussion of

carbon from the crystal edge or with primarily diffused car-

bon atoms in the Cu surface. Previously, in a methane CVD

FIG. 4. (a) Optical microscope image

of single layer graphene crystals on Cu

foil. (b) Raman spectra taken at four

different points of the graphene.

FIG. 3. SEM images of (a) individual

hexagonal graphene crystal (b), (c)

interconnected graphene crystals, and

(c) merged structure to form a continu-

ous film with a pyrolysis temperature

increase rate of 1.5 �C/min of the waste

plastic.
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process, growth of few-layer graphene crystals has been

observed with a high methane flow rate.24 Vlassiouk et al.
found that single layer dendrite shape graphene crystals were

grown on Cu surface at a low H2 pressure, while at a higher

H2 pressure regular hexagonal shape of bi-layer and few-

layer graphene were obtanied.9 Similarly, Zhang et al.
reported graphene edge termination with H atoms and

detaching from the Cu surface at a higher H2 pressure, which

enables diffusion of C species underneath of individual

crystal for adlayer growth.25 In respect to previous studies,

we found that not only the H2 pressure but also the amount

of injected carbon compounds play a critical role in the

growth of graphene crystal. Changing the injection rate of

carbon precursor at the same Ar:H2 pressure ratio, single or

few-layer graphene crystals were obtained. This is may be

due to the primarily absorbed carbon atoms in the Cu sur-

face, which contribute to the growth of the adlayer to form

bilayer and few-layer graphene crystals.

FIG. 5. SEM image of (a) individual

(b), (c) interconnected and (d) merged

graphene crystal structure with a much

higher pyrolysis temperature increase

rate (3 �C/min) of the solid carbon

source.

FIG. 6. (a) SEM image of individual

graphene crystals with few-layer mor-

phology. (b) Raman studies of a gra-

phene crystal at two different points

(position 1 and 2). (c) Schematic dia-

gram of the graphene growth process

on Cu foil in the developed CVD

process.
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In summary, we have revealed the growth process of

single and few-layer graphene crystals in the solid carbon

source based CVD technique. Nucleation and growth of gra-

phene crystals on a Cu foil were significantly affected by the

increase of pyrolysis rate (1–3 �C/min) of the solid waste

plastic. We observed micron length ribbons like growth front

as well as saturated growth edges of graphene crystals with

or without abrupt interruption of the CVD growth process,

respectively. Controlling pyrolysis of the carbon source

(1.5 �C/min), growth of large monolayer graphene crystals

and corresponding continuous graphene films were achieved.

On the other hand, bi-layer and few-layer graphene crystals

structure were obtained increasing the pyrolysis rate (3 �C/

min). The understanding of monolayer and few-layer crystals

growth in the developed CVD process can be significant to

grow graphene with controlled layer numbers.

The work was supported by the fund for development of

human resources in science and technology, Japan.
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