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Abstract The feasibility of obtaining graphitic carbon films on targeted substrates without a catalyst and transfer step was

explored through the pyrolysis of the botanical derivative camphor. In a horizontal quartz tube, camphor was subjected to a

sequential process of evaporation and thermal decomposition; then, the decomposed product was deposited on a glass substrate.

Analysis of the Raman spectra suggest that the deposited film is related to unintentionally doped graphitic carbon containing

some sp-sp2 linear carbon chains. The films were transparent in the visible range and electrically conductive, with a sheet

resistance comparable to that of graphene. It was also demonstrated that graphitic films with similar properties can be

reproduciblyobtained, while property control was readily achieved by varying the process temperature.
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1. Introduction

Since the discovery of fullerene, carbon nanosystems

have been one of the major topics of research for the

future electronic applications. Especially, graphene−two-

dimensional form of the basic building block of the

fullerene derivative−has drawn interest due to its superior

electrical and mechanical properties.1,2) An important pre-

requisite to the application of graphene or related 2D

systems is their production in large area using simple

processes. Works have been carried out for this purpose

over the last decades and the mainstream of the process

is based on chemical vapor deposition using hydrocarbon

such as methane as sources and metallic materials such

as Ni or Cu as catalysts.1,3-7) Although high-quality

graphene can be obtained, there is a drawback in em-

ploying this technique. The use of metallic catalysts

necessitates the transfer of graphene sheet onto the

desired substrate after depositing on the catalyst surface

which is prepared by the thin film deposition of the

catalyst material. In this process, physical damage can be

introduced into graphene, while the preparation of the

catalyst surface and the transfer procedure may complicate

the overall preparation process.

Therefore, it would be helpful if some simple means

are developed to eliminate the transfer step and there

have indeed been some efforts to synthesize graphene

without catalysts. For instance, it was possible to synthesize

graphene from ethanol using atmospheric pressure

micorwave CVD.8) In this case, however, the reaction

product graphene had to be filtered to collect, meaning

that large-area deposition on any substrate would be

impossible with this method. In another attempts, graphenes

were deposited on the quartz reactor wall9) and quartz

substrate10) in large area (about few cm2) after pyrolizing

camphor (C10H16O) at 800 to 850 oC9) and at 900 oC,10)

respectively. These works hint at the possibility of

depositing graphene on glass or oxidized SiO2 substrates

without catalysts. Indeed, regarding the choice of sub-

strates in the catalyst-free deposition, it has been reported

that graphene could be deposited only on the glass or

oxidized SiO2 without catalyst via molecular beam

epitaxy using heated pyrolytic graphite source.11) As there

have been limited reports on the direct deposition of

graphene or graphitic two-dimensional film directly on

practical substrates in large area using a simple technique

without catalyst, this study has been carried out to

investigate the feasibility of the catalyst-free deposition
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of graphitic carbon films by the pyrolysis of green sub-

stance camphor.

2. Experimental Procedure

A horizontal quartz tube furnace was used for the

pyrolysis of camphor and the deposition of the decom-

posed carbon product on glass substrates, as schematically

illustrated in Fig. 1. A quartz boat containing 1.0 g of

camphor [(1R)-(+)-Camphor, 98 % purity, Sigma Aldrich]

was located in the upstream region of the reactor

chamber where the temperature was maintained at 180 oC

during the process for the evaporation of camphor. A

glass substrate (Eagle 2000, 2.5 cm × 1.25 cm and 500

nm thick, Corning), which was cleaned using trichloro-

ethylene, acetone, and methanol in sequence and then

rinsed in deionized water, was located in the downstream

region of the chamber where the temperature was 713 oC

during the process. The chamber was initially evacuated

to 0.3 Torr and then Ar (5N purity) was supplied as a

carrier gas transporting the evaporated camphor to the

reaction region. The reaction region, located between the

camphor boat and the glass substrate, was heated to

850 oC so that the evaporated camphor can be thermally

decomposed. The working pressure was maintained at

6.2 Torr and the deposition lasted for 20 min. The

deposited substances were identified using a micro Raman

spectrophotometer (JP/NRS-3300, JASCO), an X-ray

diffractometer (X’Pert Pro MPD, Philips), and a scanning

electron microscope (MIRA1 LMH, TESCAN). Optical

and electrical properties of the deposited substances were

estimated by measuring the transmittance and sheet re-

sistance using a UV-VIS spectrophotometer (V-670,

JASCO) and a four-point probe system, respectively.

3. Results and Discussions

The suggested formation mechanism of graphitic carbon

film is decomposition of camphor into hexagonal or

pentagonal carbon rings followed by the combination of

decomposition products to form a network of hexagon

(and partially pentagon) carbon rings.10) It is then expected

that the deposited substance would be a graphene sheet

with some defects (broken links).9) It is now of interest,

whether this mechanism is the case. For this purpose,

Raman spectra were analyzed. Fig. 2 shows the typical

Raman spectra of the deposited substance on the glass

substrate. At a glance it resembles none of the known

graphitic or amorphous carbon films reported so far.12-15)

While the two peaks at 1363 and 1588 cm−1 bands could

be denoted as D and G peaks of graphitic substances,

broad peak ranging between about 1700 and 4000 cm−1

could hardly be assigned to any vibration bands of

Fig. 2. Raman spectra of the synthesis product: (a) as observed; (b)

deconvoluted graphitic sub-peaks; and (c) deconvoluted sub-peaks

for linear carbon chains.

Fig. 1. Schematic illustration of the experimental set-up and

configurations.
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carbon allotropes. Only the center position of the broad

peak at 2784 cm−1 seems to be related to the 2D peak of

graphitic films.

Once the spectra are deconvoluted, it is revealed that

the spectra are the outcome of superposition of many

sub-peaks that can be grouped into the spectra of two

major substances, namely graphitic and linear-carbon-

related ones, which are plotted separately in Fig. 2(b) and

Fig. 2(c), respectively. In Fig. 2(b), the sub-peaks appearing

at 1366 and 1595 cm−1 bands are assigned to graphitic D

and G modes, respectively.13) In addition, 2D peak appear

at 2718 cm−1 whereas D3 peak originating from amor-

phous carbon does not appear at ~1500 cm−1 band.13,16)

From these observations, it is inferred that there exists

graphitic substance in the deposited film. As this 2D

peak is somewhat broad and lower in intensity compared

with the G peak, it is deduced that the graphitic product

has a multi-layer structure.17) Unlike typical graphitic

films such as graphene, more sub-peaks appear in Fig.

2(b). First, a small D´ sub-peak is noticed at 1643 cm−1

as in the case of doped graphene,18,19) which indicates

small amount of impurities were unintentionally incor-

porated into the carbon network during the deposition

process. Such unintentional doping effect is further

reflected in the D + G (2928 cm−1) and D + D´ (2964 cm−1)

combination bands and 2D´ overtone (3258 cm−1), which

are activated when impurities are incorporated.13)

After subtracting the graphitic sub-peaks from the as-

observed Raman spectra, there remain some sub-peaks as

shown in Fig. 2(c), which are relatively small in intensity

as compared with the graphitic sub-peaks. If the positions

and relative intensities of the first two sub-peaks at 1141

and 2099 cm−1 bands are considered, the spectra resemble

those for α-graphyne in which -C≡C- linear chain is

connected to the six carbon atoms forming a hexagon.20,21)

Hence, each side of the hexagon consists of sp-sp2

carbons. The 1141 cm−1 peak results from a G-mode-like

phonon, which is due to the in-plane displacement of

carbon atoms like the G mode vibration of graphene.21)

The vibration frequency (or wavenumber) is much lower

than that of graphitic G mode due to single C-C bonds.21)

Another mode with 2099 cm−1 band denoted as A mode

arises from the bond stretching of the triple bonds of sp

carbon atoms.21) In Fig. 2(c), there are two more sub-

peaks at higher wavebumber bands apart from the

fundamental vibration bands. The 2447 cm−1 band seems

to be a combination band since it can be resulted from

the simultaneous excitation of G-like mode of graphyne

and D mode of graphene. However, a small peak at

3633 cm−1 cannot be identified from any combination or

overtone of known graphitic vibration modes. This could

be the result of the co-existence of unintentionally doped

graphitic carbon and its derivative, but more experimental

and theoretical work would be necessary to identify this

unknown band.

The above analysis of the Raman spectra suggests that

the carbon product deposited on the glass substrate is

primarily graphitic carbon in which -C≡C- linear chains

are incorporated. On the other hand, in the XRD spectra

shown in Fig. 3, only the characteristics of amorphous

glass can be observed. Nevertheless, noting that graphitic

(0002) XRD peak is located at the diffraction angle 2θ of

26.2o, it may be said that any graphitic peak originating

from a structure containing small number of graphene

layers is hardly distinguishable from the glass spectra

having a broad peak at about 25o. In this regard, it is

presumed that the deposited carbon is graphitic as

suggested from Raman spectra, but that it did not evolve

sufficiently to become graphite. In other words, the

deposited film could be multi-layer graphene. This is also

supported by the SEM micrograph of Fig. 4, which

shows that the surface of the deposited product is rather

Fig. 4. SEM micrograph showing the surface of the synthesis

product.

Fig. 3. XRD spectra of the synthesis product.
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flat with no graphite-like features. Further, absence of the

pentagonal and hexagonal domain-boundary-like features

reported previously9) suggests that pentagon rings were

not formed during the decomposition of camphor or that

pentagon rings, if any, were incorporated into the network

of hexagonal rings to form point defects.

Concerning the physical properties of the deposited

product, Fig. 5(a) demonstrates that the carbon film is

optically uniform and transparent to visible light. The

transmittance curve in Fig. 5(b) shows that the film can

transmit visible light in all the spectral range, with the

transmittance at 550 nm of about 87 % with respect to

that of glass. The film is not only transparent but also

electrically conductive. While it showed p-type conductivity

as measured by van der Pauw Hall technique, which is

attributed to the unintended doping by impurities, its

sheet resistance was measured to be 2.14 kΩ/sq by a

four-point probe. This sheet resistance is comparable to

that reported for graphenes.10,22) In terms of the optical

and electrical properties, the graphitic film obtained in

this study is comparable to the graphenes synthesized for

transparent electrode applications using more sophisticated

techniques.10,22)

Having shown that graphene-like carbon films can be

deposited on glass substrates by simple process, it is of

practical interest if this method is reproducible and con-

trollable. The Raman spectra, XRD spectra, and trans-

mittance curves obtained for 5 samples, prepared under

the same conditions, are almost identical as seen in Figs.

6(a-c). In addition, sheet resistances for these samples do

not vary significantly as shown in Table 1. These results

Fig. 6. (a) Raman spectra, (b) XRD spectra, and (c) transmittance

curves of the samples synthesized under the same condition.

Fig. 5. (a) Photograph demonstrating the transparency of the synthesis

product and (b) transmittance curve in the UV-visible spectral range.
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indicate that the graphitic film having similar chemistry

and physical properties can be reproduced via the simple

synthesis process employed in this study. Furthermore,

the properties of the carbon films can be controlled

simply by varying the process temperature. When the

temperature of the decomposition zone is varied, the

substrate temperature also changes as shown in Table 2.

Consequently the optical transmittance and sheet resistance

changes with varying process temperature as plotted in

Fig. 7 and Table 2, respectively. In Fig. 7 and Table 2, it

is clearly seen that the transmittance and sheet resistance

decrease substantially with increasing process temperature.

Improved electrical properties in terms of the decreased

sheet resistance that accompany deteriorating transmittance

are typically observed in graphene sheets prepared through

other techniques.10) In this regard, it can be said that the

simple technique herein also has practically meaningful

controllability.

4. Conclusions

It was possible to deposit carbon films on glass sub-

strates in large area (~3 cm2) directly without catalyst

through the pyrolysis of (1R)-(+)-camphor. The carbon

films were mainly graphitic, possibly multi-layer graphene,

containing some sp-sp2 linear carbon chains tentatively

attributed to α-graphyne. The graphitic carbon films were

transparent to visible light with the transmittance at 550

nm of about 87 % with respect to that of glass. The film

showed p-type conductivity with the sheet resistance

comparable to that reported for graphenes. The synthesis

process employed in this study successfully reproduced

the films having similar characteristics. It was also

possible to control the properties of the films by simply

varying the process temperature. These results suggest

the feasibility of depositing graphene-related carbon films

in large area on desired substrates without catalyst and

accompanying transfer step.
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