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Abstract
Impurity-free and high-quality monolayered graphene was
grown directly on a SiO2 substrate by catalyst-free plasma chemical
vapor deposition (CVD). Raman spectroscopy mapping revealed that
the D-peak intensity of the synthesized graphene was lower than
the detection limit, and that its 2D/G intensity ratio was high (∼10).
Because the D-peak intensity and 2D/G peak ratio of graphene are
reflective of its defect density, number of layers, and impurity density,
these results indicated that the graphene grown by the investigated
method had a monolayered structure with low defect and impurity
densities. Systematic investigations also elucidated the optimal
conditions for the catalyst-free growth of graphene. It was found
that a relatively higher temperature (∼975°C) is necessary to realize
the catalyst-free growth of graphene compared with plasma CVD
growth using a catalyst (600–900°C). Low H2 concentration was also
found to be critical for growing high-quality graphene. Because the
investigated method allowed the growth of high-quality, impurityfree monolayered graphene directly on an insulating substrate
without requiring a catalyst, it should contribute to the fabrication of
high-performance graphene-based electrical and biomedical devices.
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Introduction

Graphene is a monolayered carbon sheet in which the
carbon atoms are arranged in a hexagonal network. Because
graphene exhibits excellent electrical, mechanical, and optical
characteristics [1,2], it has come to be regarded as one of
the most promising materials for the fabrication of highperformance, flexible electrical devices such as thin-film
transistors, transparent conductive films, and various types
of sensors [3-5]. In general, graphene-based electrical devices
are fabricated by the following processes. First, graphene is
grown on the surface of a metallic substrate such as Ni and Cu
by thermal chemical vapor deposition (CVD) [6]. Then, it is
transferred to an insulating substrate by a conventional polymer
capping method [4]. This process enables one to prepare meterscale, large graphene sheets on the insulating substrate, which
is useful as a starting material for device fabrication. However,
this transfer process sometimes induces a number of kinks and
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introduces various impurities in the synthesized graphene,
which significantly deteriorate its mobility and conductivity,
resulting in poor device performance. The direct growth of
graphene on an insulating substrate is a promising method for
overcoming this issue. Recently, we had reported the direct
growth of high-quality graphene and graphene nanoribbons on a
SiO2 substrate by rapid-heating plasma CVD [7,8]. In this method,
a catalyst is necessary to realize the nucleation of graphene.
However, any remaining catalyst can decrease the stability of
graphene-based devices owing to its slow oxidation. Further, in
order to be suitable for biomedical applications, graphene must
be impurity free because nanoparticles of transition metals are
known to be harmful to humans. In spite of the importance of
using impurity-free graphene, the catalyst-free growth of highquality monolayered graphene has not yet been realized, with
only multilayered nanographene being synthesized successfully
without a catalyst [9]. Very recently, relatively novel approach is
reported based on Cu vapor assisted graphene growth [10].

Here, we report the catalyst-free growth of high-quality
monolayered graphene on an insulating substrate by high
temperature plasma CVD. Raman spectroscopy mapping revealed
that the ratio of the 2D/G peak intensities of the synthesized
graphene was high (∼10) while the D-peak intensity was lower
than the detection limit. These results indicate that high-quality
graphene can be grown directly on an insulating substrate without
a catalyst. The optimal conditions for the catalyst-free growth of
graphene by plasma CVD were also determined systematically.

Methods

Graphene was grown using a laboratory-made plasma CVD
system [7,8]. A mixture of methane and hydrogen gases was
used as the carbon source. An inductively coupled plasma was
generated by supplying radio frequency (rf) power (PRF) (0–110
W) at 13.56 MHz to the coils, which were set outside the quartz
tube. The growth temperature (900–1000 °C) was controlled
with a conventional electrical furnace. The structure of the
synthesized graphene was analyzed using optical microscopy,
Raman scattering spectroscopy performed with an Ar (488 nm
wavelength) laser (Horiba, HR800), scanning electron microscopy
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(SEM) (Hitachi, SU1510), and atomic force microscopy (AFM)
(JEOL, JSPM-5400).

Results and Discussion

Figure 1 shows the typical SEM (Figure. 1a, b) and AFM
(Figure. 1c) images of the synthesized graphene and Raman
mapping images showing the intensities of the integrated D-band
(ID) (Figure. 1d), G-band (IG) (Figure. 1e), and 2D-band (I2D)
(Figure. 1f), as well as the 2D/G (I2D/IG) intensity ratio (Figure.
1g). Graphene islands (∼20 µm) could be directly grown on
the surface of a SiO2 substrate without using a catalyst. The I2D/
IG ratio and the shape of the 2D spectrum of a graphene sample
are known to be indicative of the number of layers of the sample.
Monolayered graphene exhibits an I2D/IG ratio higher than ∼2
and its 2D peak can be fitted using a single Lorentzian curve
[11]. (Figure. 1h) shows the raw Raman scattering spectra of the
synthesized graphene; the spectra were obtained from positions
#1, #2, and #3 in (Figure. 1g). The layer number of graphene
can be judged from the I2D/IG ratio values and the shape of the
2D raw spectra, which reveal that the positions #1, #2, and #3
in (Figure. 1g) corresponded to few-layered, double-layered,

and monolayered graphene, respectively. Interestingly, the I2D/
IG ratio at #3 was significantly high (∼10) and much higher than
that usually noticed for monolayered graphene (∼2) (Figure.
1i). Because the value of I2D is reflective of the doping density of
graphene [11], higher 2D peak intensity would indicate a lower
doping density that is a lower impurity density. Furthermore,
the values of ID for the peaks attributable to the defects in the
graphene sample were below the detection limit for almost every
position in (Figure. 1d). This indicates that the graphene sample
grown directly on an insulating substrate without a catalyst by
high-temperature-plasma CVD was impurity free and of very
high quality.

Systematic investigations are also carried out to identify
the optimal conditions for growing graphene using hightemperature-plasma CVD. (Figure. 2) shows the 2D/G intensity
as the functions of the growth temperature (Figure. 2a), growth
time (Figure. 2b), H2 concentration (Figure. 2c), and PRF for plasma
generation (Figure. 2d). The curves indicate that a relatively
high temperature and low H2 concentration are optimal for the
catalyst-free growth of graphene. The growth-time dependence
curve, shown in (Figure. 2b) also yielded useful information
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Figure 1: (a) Low and (b) high-magnification SEM images and (c) AFM phase image of graphene grown directly on a SiO2 substrate without a catalyst.
(d-g) Raman mapping images of the (d) D-peak, (e) G-peak, and (f) 2D-peak, as well as the (g) 2D/G intensity ratio. The same graphene sample was
used for (a) SEM imaging and (d-g) Raman mapping. (h) Typical raw Raman scattering spectra of graphene obtained at positions #1, #2, and #3 in
(g). Each peak was normalized by the maximum intensity. (i) Raw Raman scattering spectra of monolayered graphene obtained at position #3. Inset
shows the magnified 2D spectrum (black) and curve (green) fitted with a single Lorentzian function.
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Figure 2: Plots of I2D/IG as functions of the (a) growth temperature, (b) growth time, (c) H2 concentration, and (d) PRF. (e) Comparison of the optimal
temperatures and methods for graphene growth.

regarding the carbon diffusion kinetics [12]. In the case of a
diffusion reaction on the surface of a material such as Cu, the
number of synthesized graphene layers does not increase with an
increase in the growth time; this is because the diffusion reaction
is self-limiting [13]. On the other hand, thick multilayered
graphene is grown for long growth times in the case of substrates
such as Ni, as in such cases, the diffusion reaction is a bulk one
[4]. As shown in (Figure. 2b), the value of I2D/IG increased with an
increase in the growth time and saturated for long growth times.
This indicates that the graphene grown on SiO2 grows owing to
a surface diffusion reaction; this is the case because of the low
solubility of carbon in SiO2. A high I2D/IG ratio was realized only
when the H2 concentration was low (Figure. 2c). The free carbon
dangling bonds tend to terminate in hydrogen, causing sp2 to sp3
transitions. A higher H2 concentration may result in an increase
in the amount of amorphous carbon formed rather than in the
number of graphitic sp2 structures formed (Figure. 2c). The
growth-temperature dependence curve, shown in (Figure. 2a),
also exhibited interesting characteristics. A high I2D/IG ratio was
obtained only at high temperatures (975°C). (Figure. 2e), shows
the optimal growth temperatures for different growth methods.

In general, the energy required for the catalyst-free growth of
graphene is higher than that necessary for growth involving
the use of a catalyst. It is also known that the optimal growth
temperature for nanocarbon materials such as carbon nanotubes
[14-16] and graphene [7,8] under plasma CVD is lower than
that for thermal CVD growth; this is owing to the high density
of reactive species created by the plasma. The experimental
results shown in (Figure. 2a) are consistent with this model. A
relatively higher temperature (975°C) is required to realize the
catalyst-free growth of graphene compared to that for graphene
growth by plasma CVD using a catalyst (600–900) (Figure. 2a).
It is likely that the catalyst-free growth of graphene by thermal
CVD would be feasible at much higher temperatures (∼1200°C)
as well. However, the SiO2 substrate would be damaged at such
high temperatures. Thus, compared to other methods, plasma
CVD is better suited for the catalyst-free growth of graphene on
a SiO2 substrate.

Conclusions

We realized the catalyst-free growth of high-quality graphene
by plasma CVD on a SiO2 substrate. Raman spectroscopy mapping
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revealed that the D-peak intensity of the synthesized graphene
was lower than the detection limit. A high 2D/G intensity ratio
(∼10) was obtained from the monolayered graphene area. These
results indicated that the defect and impurity densities of the
graphene synthesized by the catalyst-free method were very
low. Through systematic investigations, it was also found that
a relatively high temperature and low H2 concentration were
critical for realizing the catalyst-free growth of graphene.
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