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1. Introduction

Recently, severa reports have been published on the
growth of carbon nanowalls (CNWSs), which are 2D carbon
nanostructures comprising of planar graphene layers stand-
ing almost vertically on a substrate [1-3]. Since CNWs es-
sentially consist of graphene sheets, they are expected to
have high mobilities and large sustainable current densities.
Therefore, CNWSs are considered to be one of the most

promising carbon materials for nanoscal e electronic devices.

In order to fully exploit the potential of graphene and to
develop next-generation electronic devices, CNWs with
high crystalinity are required and it is indispensable to
know the electronic structure of CNWs.

In this study, CNW films were fabricated using
plasma-enhanced chemical vapor deposition (PECVD) em-
ploying a C,F¢/H, system with O, gas addition. We inves-
tigated the electronic structure of CNW films with high
crystallinity.

2. Experimental

CNW films were fabricated using PECVD with H radi-
cal injection with a mixture of C,Fs and H,. Details of the
radical-injection PECVD system are provided elsewhere
[4-5]. The CFs and H; flow rates were maintained at 50
and 100 SCCM, respectively. O, was introduced into the
capacitively coupled plasma (CCP) region at flow rates of
0-5 sccm and the total pressure was maintained at 160 Pa.
After synthesis of CNW film on the quartz substrate, alu-
minum (Al) contacts were formed at the corners on the
surface of CNW film by an electron-beam evaporation.
Four Al contacts were symmetrically located on the CNW
film for the Hall measurement by the van der Pauw method
[6]. In this measurement, it is assumed that the CNW film
is a plane membrane from a macroscopic standpoint and
current flows uniformly along the surface between contacts.

Soft-X-ray emission spectroscopy (SXES) has long been
recognized as a technique with unique capabilities as a
probe of electronic structure. The electronic structure of
CNWs was analyzed using synchrotron soft X-ray at the
beamline BL27SU of SPring-8[7].
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3. Resultsand Discussion

Figure 1(a) and 1(b) shows SEM images of typical
CNW film grown on a Si substrate using a C,F¢/H, mixture
without and with O,, respectively, and the insets show
top-view SEM images of the same CNW films. CNWs
grown with O, addition exhibit less branching than those
produced without O, so that monolithic graphene sheets
were obtained by adding O, to the source mixture, while
the growth rate was reduced by approximately 33%. TEM
images of CNW films grown without and with O, are
shown in Figs. 1(c) and 1(d), respectively. Small overlap-
ping multi-layered graphene domains with random orienta-
tions were observed for CNWs grown without O, (Fig.
1(c)). In contrast, monolithic self-sustaining graphene
sheets larger than 200 nm in size were clearly observed in
the CNWs grown with O, (Fig. 1(d)). These results suggest
that oxygen etches small graphitic fragments, thereby con-
tributing to the higher graphitization and improving the
crystallinity and electrical conduction to form highly ori-
ented monoalithic graphene sheets.

Figure 2 shows the resistivity variation of the CNW
films as a function of temperature. The resistivity of CNW
film was reduced by approximately 30% as a result of O,
addition during the CNW growth process. The resistivity of
al the CNW films decreased with an increase in the meas-
ured temperature, indicating the semiconductor behavior of
the CNW films. The resistivity derived in this study reflects
the electrical property of the bulk CNW film comprising
the web of nanographene sheets with interspaces. This
value could be useful for the design and evaluation of elec-
tronic devices using bulk CNW films.

The resonant SXES spectra obtained from CNW film
grown with O, addition are shown in Fig. 3. These spectra
show the C-K emission region as the incident photon en-
ergy (hv) isvaried below and above the C-K edge, which is
assumed to locate at hv=284.5 eV. The emission spectrum
obtained for hv=320 eV, which is sufficiently far from the
C-K edge, represents the norma or non-resonant C-K
emission spectra for CNW film. This spectrum was similar
to that of graphite [8]. On the other hand, the resonant
emission spectra obtained at the incident photon energies



Fig. 1 Cross-sectional SEM images of (a) CNW film grown on a
Si substrate using CF¢/H, and (b) CNW film grown using
C,Fe/H, with additional O, 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 O,, together with magnified images of square
areas as insets, showing layered graphene structures of CNWs.

0.020 B CNW grown without O, addition A
— A CNW grown with O, addition
£ 0018} -
[3)
G \.._
— 0.016 | ™
> u | | ]
= -
Z 00141 L I .
%)
B 00121 M Aa, .
0.010} A 1
0 100 200 300

Temperature [K]

Fig. 2 Variation in resistivity of CNW films as a function of
temperature.

near the C-K edge appear to change in a systematically way
with excitation energy, while the shape of these spectra
(A~C) was not the same as that of graphite. These features
of spectra can be directly related to the band gap. Thus,
it was considered that the band structure of CNW film was
different from graphite. These different of the band struc-
ture would be caused that the CNW film behave as a semi-
conductor.
4. Conclusions

CNWs were fabricated by the PECVD with radical in-
jection employing a mixture of C,Fs and H,. The effect of
O, addition to the C,F¢/H, plasma on the morphology, elec-
trical properties and electronic structure of CNWs was in-
vestigated. Morphology and crystallinity of CNWs were
improved by the addition of O, during the growth process.
Moreover, CNW films indicated the semiconductor behav-
ior and the conductivity of CNW film wasimproved by the
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Fig. 3 Resonant emission spectra obtained from CNW film grown
with O, gas addition to C,F¢/H, plasma for incident excitation
energies hv varying from 283.5 eV to 320 eV.

addition of O, during the growth process. As aresult of the
SXES measurement, it was found that CNWs have band
structure, which was different from bulk graphite.
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