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We have fabricated carbon nanowalls (CNWs) composed of

monolithic self-sustaining nanographene sheets standing ver-

tically on a Si substrate, using plasma-enhanced chemical vapor

deposition with a C2F6/H2 mixture. The crystallinity, evaluated

by Raman spectroscopy and synchrotron X-ray surface
diffraction, and the electrical properties of the CNWs were

improved by introducing O2 gas into the source gas mixture

during the CNW growth process. The temperature dependence

of the resistivity of the CNW films exhibited semiconductor

behavior.
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction Two-dimensional (2D) graphene
sheets, which range from a single layer to stacks of a few
layers, have attracted great interest for use in next-generation
electronic devices. Few-layer graphene sheets have been
reported to have high mobilities of 10 000–15 000 cm2 Vs�1

and a band gap of 0.26 eV [1, 2]. However, the primary
method for isolating graphene, i.e., micromechanical
cleavage of graphite, cannot be easily scaled up for large-
scale applications.

Recently, several reports have been published on the
growth of carbon nanowalls (CNWs), which are 2D carbon
nanostructures comprising of planar graphene layers stand-
ing almost vertically on a substrate [3–6]. CNWs can be
described as 2D graphite nanostructures with edges and they
have a wall-like structure with an ultrahigh aspect ratio.
Since CNWs essentially consist of graphene sheets, they
are expected to have high mobilities and large sustainable
current densities. Therefore, CNWs are considered to
be one of the most promising carbon materials for nanoscale
electronic devices.

CNWs have been synthesized by various chemical vapor
deposition (CVD) techniques, including microwave plasma-
enhanced chemical vapor deposition (PECVD) [3], radio-
frequency inductively coupled PECVD [4], and hot-filament
CVD [5]. We have fabricated CNWs by fluorocarbon
PECVD with hydrogen (H) radical injection. This method
has the potential to control the morphology of CNWs, such as
the thickness and the spacing between the walls [6, 7].
Recently, we fabricated nitrogen-doped CNWs by injecting
N2 gas into the processing plasma and evaluated their
electrical conduction properties [8].

CNWs have been reported to consist of nanodomains
that are a few tens of nanometers in size [9] and individual
CNWs were found to have many edges and defects [10].
Therefore, in order to fully exploit the potential of graphene
and to develop next-generation electronic devices, reliable
methods are required for fabricating graphene sheets with
high crystallinity. In our previous study, O2 plasma was used
to remove the carbon-related coating on the chamber wall for
the fabrication of CNWs with high reproducibility [11]. In
contrast, the addition of small amount of CO2 or H2O to the
hydrocarbon plasma is effective to etch disordered carbon
species [12, 13]. Carbon–oxygen reactions on various kinds
of carbon surfaces have been studied [14]. In some cases,
the trigonal bond of carbon at the edges of basal planes of the
crystallites and defects within the basal plane act as
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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nucleation sites for undesirable nanostructured carbon.
These nucleation sites can be eliminated by reacting with
atomic oxygen to form volatile by-products such as CO and
CO2. Thus, using carbon–oxygen reactions would enable us
to synthesize carbon materials that have larger crystallite
sizes, higher crystallite alignment, and higher purity.

In this study, CNW films were fabricated using PECVD
with a C2F6/H2 mixture. We investigated the effect of O2 gas
addition to the process gas mixture of C2F6/H2 on the
structure and electrical properties of CNW films. We found
that the crystallinity of vertically standing graphene sheets is
improved by introducing O2 into the plasma used for CNW
growth, and that the well-defined CNW films synthesized by
PECVD exhibit semiconductor behavior.

2 Experimental CNW films were fabricated using
PECVD with H radical injection with a mixture of C2F6 and
H2. The radical-injection PECVD system consists of a
parallel-plate VHF (100 MHz) capacitively coupled plasma
(CCP) with C2F6 and a surface-wave-excited microwave H2

plasma as a remote H radical source. Details of the radical-
injection PECVD system are provided elsewhere [8, 11]. The
C2F6 and H2 flow rates were maintained at 50 and 100 sccm,
respectively. O2 was introduced into the CCP region at flow
rates of 0–5 sccm and the total pressure was maintained at
160 Pa.

3 Results and discussion Figure 1a and b shows
cross-sectional scanning electron microscopy (SEM) images
of the CNW films, and the insets show top-view SEM images
of the same CNW films. Figure 1a shows SEM images of a
typical CNW film grown for 30 min on a Si substrate using a
Figure 1 Cross-sectional SEM images of (a) CNW film grown on a
Si substrate using C2F6/H2 and (b) CNW film grown using C2F6/H2

with additional O2 gas, together with SEM top-view images of
identical CNW films as insets. TEM images of (c) CNWs grown
without any additional gas and (d) CNWs grown with additional O2,
together with magnified images of square areas as insets, showing
layered graphene structures of CNWs.

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
C2F6/H2 mixture without O2. These images show slightly
branching 2D carbon sheets standing almost vertically on the
substrate. The CNW height, which is equivalent to the CNW
film thickness, was approximately 1mm. Figure 1b shows
SEM images of CNWs grown for 40 min with the addition of
O2 at a flow rate of 5 sccm. These CNWs exhibit less
branching than those produced without O2 so that monolithic
graphene sheets were obtained; however, the growth rate was
reduced by approximately 33%. CNW films grown with O2

had larger plane sheets with wider interspaces than those
grown without O2.

Cross-sectional transmission electron microscope (TEM)
images of CNW films grown without and with O2 are shown in
Fig. 1c and d, respectively. Small overlapping multi-layered
graphene domains with random orientations were observed
for CNWs grown without O2 (Fig. 1c). By contrast, monolithic
self-sustaining graphene sheets larger than 200 nm in size
were clearly observed in the CNWs grown with O2 (Fig. 1d).
The insets show magnified images of the areas enclosed by
squares in Fig. 1c and d; these images allow the fine structure
of the CNWs to be assessed. The inset of Fig. 1c clearly shows
a bent multi-layered graphene structure with a thickness of
approximately 9 nm in the case of CNW grown without O2.
On the other hand, a highly orientated, smooth multi-layered
graphene structure was clearly obtained in the CNW grown
with O2 (inset of Fig. 1d).

CNW grown without and with O2 gas addition were also
characterized by Raman spectroscopy to investigate the
influence of O2 gas addition on the structural property of
CNWs. Raman spectroscopy is a powerful tool and widely
applied to determine the structural properties of various forms
of carbon nanostructures. Raman spectra for the deposits were
measured at room temperature with a triple monochromator
(Jobin Yvon, Ramanor T64000) using the 514.5 nm line of an
Ar laser in the spectral range from 1200 to 1800 cm�1.
Figure 2a shows the Raman spectra of the CNW films grown
with different O2 flow rates. The Raman spectra of all the
CNW films have a G-band peak at 1584 cm�1 indicating the
formation of a graphitized structure, and a D-band peak
around at 1350 cm�1 corresponding to the disorder-induced
phonon mode. Usually, the G-band peak is accompanied by a
shoulder peak at 1620 cm�1 (D0-band). The D0-band is
associated with finite-size graphite crystals [10]. The strong
D-band and D0-band peaks suggest a more nanocrystalline
structure and the presence of graphene edges and defects,
which are features of CNWs. Figure 2b shows the ratio of the
peak intensity of the D-band to that of the G-band (ID/IG). The
ID/IG decreased with an increase in the O2 flow rate, indicating
that the O2 addition improved the crystallinity of CNWs by
suppressing the second nucleation, resulting in the improve-
ment of the crystallinity of CNW films.

The crystallinity of CNWs was analyzed using synchro-
tron X-ray surface diffraction at grazing incidence and exit at
the beamline BL13XU of SPring-8 [15]. The X-ray beam was
incident on the CNW film samples at glancing angles of 0.058
and 0.38 relative to the substrate surface; these incident angles
were, respectively, used to evaluate the crystallinity of the
www.pss-a.com
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Figure 2 (a) Raman spectra of CNW film without and with O2

addition. (b) The peak intensity ratio of D-band to G-band as a
function of O2 gas addition.
vertically standing CNWs near the surface region, and to
evaluate the CNWs, including the interface between the
CNWs and the Si substrate. Figure 3 shows the diffraction
patterns of CNW film samples recorded at the glancing angle
of 0.38. An intense 002 Bragg peak, the plane of which is
normal to the substrate, is at 2u¼ 16.98 and there are also weak
100/101, 004, and 110 Bragg peaks. The interlayer spacing
Figure 3 SR X-ray diffraction patterns of CNW films grown with
and without O2 addition; various conditions measured at beam line
BL13XU ofSPring-8. The inset is amagnified profile in the 2u region
of 20–508.

www.pss-a.com
d002 was determined from the 002 peak by applying Bragg’s
law with a wavelength of l¼ 0.1003 nm. It was found to be
0.342 nm for all samples, which is slightly larger than that of
bulk graphite (0.335 nm), but is the same as that of the layered
carbon fluorides, the F atoms of which are reduced by the
abstract reaction with hydrogen [16]. The interlayer spacing in
the present study may be large due the presence of F atoms,
although their concentration in the CNWs grown with O2 was
very low. The average thickness of the CNWs was determined
from the mean crystallite size (Lc), which is calculated from
the 002 peak width using the Scherrer equation [17]. The
values of Lc for CNWs grown without and with O2 were
estimated to be 9.4 and 13.0 nm, respectively; these values
are almost the same as the wall thicknesses evaluated by TEM.

We evaluated the degree of vertical structure of the
CNWs using the ratio of the 002 peak intensity ratio to the
100/101 integrated intensity ratio (I002/I100/101). The values
of I002/I100/101 for CNWs grown without and with O2 were
found to be 4.8 and 10.4, respectively. The I002/I100/101 ratio
of CNWs grown with O2 was twice that of CNWs grown
without O2, indicating that orientation of the vertically
standing graphene sheets was improved by introducing O2

into the plasma for CNW growth with PECVD with a
C2F6/H2 mixture. A weak broad peak at 2u¼ 22.88 was
observed only for CNWs grown without O2 when the glanc-
ing angle was 0.38. This peak was not observed at the
glancing angle of 0.058, suggesting it is related to the inter-
face phase near the substrate. This peak is attributed tob-SiC
(111), which has an amorphous structure and is formed
between the CNWs and the Si substrate. This interface peak
was not observed for the CNWs grown with O2.

A quartz substrate was used to evaluate the electrical
properties of the CNW films. After synthesizing the CNW
films on a quartz substrate, four aluminum (Al) contacts were
symmetrically positioned on the CNW film for Hall
measurements by the van der Pauw method [18]. The Hall
coefficients of the CNW film samples grown with and
without O2 were measured using a resistivity/Hall measure-
ment system. In this measurement, it was assumed that the
CNW film is a plane membrane from a macroscopic
standpoint and that the current flows uniformly on the
surface between the contacts. Before performing the Hall
measurement, we confirmed that the Al electrodes are ohmic
Figure 4 Variation in resistivities of CNW films as a function of
temperature.

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 Carrier concentration of CNW films as a function of the
reciprocal of the temperature. I and II correspond to the intrinsic
region and the saturation region, respectively.
contacts for the CNW film. Figure 4 shows the resistivity
variation of the CNW films as a function of temperature,
which was derived from the Hall measurement. The
resistivity of CNW film was reduced by approximately
30% as a result of O2 addition during the CNW growth
process. The resistivity of all the CNW films decreased with
an increase in the measured temperature, indicating the
semiconductor behavior of the CNW films.

Figure 5 shows the carrier concentration of CNW films
as a function of the reciprocal of the temperature. The carrier
concentration of the CNW films showed the flat profile at low
temperatures up to 100 K (1000/T¼ 10). As the temperature
was increased up to room temperature (1000/T: lower than
10), the carrier concentration drastically increased. The
regions I and II in Fig. 5 indicate the intrinsic and the
saturation regions, respectively. The carrier concentration
behavior of CNW film grown without O2 addition showed
almost the same tendency as that of the CNW grown with O2

addition. Thus, the carrier generation mechanism for CNW
films grown with and without O2 is considered to be the
same. However, the carrier concentration of CNW film
grown with O2 was slightly higher than that of CNW film
grown without additional gas. The band gap can be obtained
from the slope of the intrinsic range I in Fig. 5. Thus, the band
gap of CNW film was estimated from the region I at 300 K,
which was approximately 80 meV for both CNW films
grown without and with O2 addition. However, the intrinsic
region was not clearly observed in Fig. 5, because the
temperature range for the present Hall measurement system
was limited up to room temperature. The slope in region I for
the measured curve in Fig. 5 is still on the rise at 300 K.
Therefore, the band gap of CNW film was expected larger
than 80 meV.

The resistivity and carrier concentration derived in this
study reflect the electrical property of the bulk CNW film
comprising the web of nanographene sheets with interspaces.
These values could be useful for the design and evaluation of
electronic devices using bulk CNW films. On the other hand,
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
the carrier concentration and mobility as well as the band gap
inside the individual monolithic CNW sheets are of great
interest for realizing nanographene devices. We are currently
evaluating the electrical properties of individual CNW
sheets.

CNW films grown with additional O2 were characterized
by secondary ion mass spectrometry (SIMS) to investigate the
effect of O2 addition to the C2F6/H2 plasma on the atomic
composition of CNWs. The depth distributions of the relative
atomic composition ratios [O]/[C] and [F]/[C] were measured
using a 10 keV Csþ primary beam for sputtering. The relative
atomic composition ratios [O]/[C] in the CNWs grown with and
without O2 were found to be almost the same at 1.6� 10�4

based on the SIMS depth profile (data not shown), suggesting
that O atoms were not incorporated in the CNWs grown with
O2. On the other hand, the relative atomic composition ratio [F]/
[C] in the CNWs grown with O2 was 1.7� 10�5, while it was
7.1� 10�4 in the CNWs grown without O2, indicating that O
atoms scavenge F atoms by forming volatile COF2 molecules
during the growth of CNWs [19]. The electrical conduction of
graphite with a fluorine junction (CF)n was found to be
disturbed since the excess charge induced by the F atoms
reduces the graphite p density [20]. The bent multi-layered
graphene structure shown in Fig. 1a and c include many defects
as well as impurities such as residual F atoms. These residual
F atoms act as impurities and F-induced defects in CNWs
will affect electrical conduction. As a result of O2 addition
to the C2F6/H2 plasma, the F atoms in CNWs were effectively
eliminated, while the O atoms were not incorporated in
the CNW film. This suggests that oxygen etch F atoms and
small graphitic fragments, thereby contributing to the
higher graphitization and improving the crystallinity and
electrical conduction to form highly oriented monolithic
graphene sheets.

4 Conclusions We synthesized CNW films composed
of monolithic self-sustaining nanographene sheets vertically
standing on the substrate. Synchrotron X-ray surface
diffraction measurements revealed that the crystallinity of
vertical graphene sheets was improved by introducing O2

into the plasma used for CNW growth. The resistivity of the
CNW film decreased with an increase in the temperature,
indicating that the CNW films exhibit semiconductor
behavior. The current results demonstrate that CNWs
consisting of vertical, monolithic self-sustaining nano-
graphene sheets have great potential for application in
next-generation electronic devices.
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