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1. Introduction

Graphene on diamond (GOD) structures have been at-
tracted much attention as a substrate for the high-speed and
high-power semiconductor devices in communication in-
dustries [1]. By using a diamond C(111) surface as a GOD
substrate, the epitaxial growth of graphene can be expected.
It has been reported that the graphitization of the diamond
C(111) surfaces by annealing in vacuum [2], but the detail
of graphitization process has not been clarified yet. The aim
of this study is to identify the sp’>-bonded carbon layer and
to clarify the formation mechanism of a graphene layer on
the diamond C(111) surfaces. In order to achieve the aim,
real-time photoemission spectroscopy using synchrotron
radiation was employed for investigation of the vacuum
annealing process of the Hydrogen-terminated diamond
C(111) surface.

2. Experimental methods

Photoelectron spectroscopy observations were per-
formed using a surface reaction analysis apparatus placed at
BL23SU of SPring-8. Diamond C(111) surfaces were
treated by H, plasma irradiation for H termination. This
sample was introduced to the measurement chamber with-
out any wet cleaning. The H-terminated diamond C(111)
substrates were hearted indirectly using a Ta ribbon heater,

and its temperatures measured by a K-thermocouple. The
energy of synchrotron radiation and polar angle of photoe-
lectrons was 710 eV and 70°, respectively. The C 1s pho-
toelectron spectra, the energy loss spectra of C 1s, and the
valence band (VB) spectra were measured in situ during the
annealing.

3. Results and discussion

In Fig. 1, C 1s and valence band spectra show a energy
shift toward the low binding energy side with increasing
temperature. This peak sift is due to the band bending. Fur-
thermore, the shape of C 1s photoelectron spectra is also
changed with increasing temperature.

In order to clarify the changes of chemical bonding
states, the peak decomvolution analysis of C 1s spectra was
performed. The results of peak decomvolution are summa-
rized in Fig. 2. There are mainly two peaks, which are low
and high binding energy component (LBC and HBC), in
the C 1s spectra of the diamond C(111) surfaces. The HBC
is derived from the bulk diamond (sp*-bulk). On the other
hand, LBC corresponds to the surface component derived
from a diamond C(111)-2x1 structure in low temperature.
The temperature dependence of LBC/HBC intensity ratio is
shown in Fig. 3(a). The LBC intensity decreases with the
temperature, and this is due to the structural transition from
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Fig.1. Temperature dependence of (a) C 1s photoelectron spectra, (b) C 1s photoelectron energy loss spectra, and (c) valence band spectra
of the Diamond(111) surface during annealing. Allows indicate the position of the valence band maximum (VBM).
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Fig. 2. Temperature dependence of C 1s peak deconvolution
analysis at (a) 410°C, (b) 820°C, and (c) 1120°C, respectively.

2x1 to 1x1[3]. However, the LBC increases above ~900°C.
It is thought that the increase of LBC at high temperature
does not indicate the increase of the surface component but
increase of sp” component, because the binding energies of
surface and sp? components are too close to distinguish
each other. The sp? component comes out as surface com-
ponent goes in by annealing. Based on the this suggestion,
it is found that the sp” carbon layer forms above ~800°C on
diamond C(111) surfaces as shown by broken line in Fig.
3(a), and its thickness is less than 1 ML.

In order to clarify the structure of sp” bonded carbon on
the diamond C(111) surfaces, the peak deconvolution ana-
lysis of energy loss spectra of C 1s photoelectron is also
performed. In the low temperature region under ~950°C,
only plasmon loss peaks derived from diamond appear.
When the temperature increases above ~950°C, the plas-
mon loss peaks from graphite also can be observed. This is
indicated that the graphite layer is not formed under
~950°C but sp>-bonded carbons are generated above
~800°C on the diamond C(111) surface. Here, it is note-
worthy that the width of plasmon loss spectra is broad, so
that even the plasmon loss spectra of high temperature can
be fitted without the graphite plasmon. However, the rela-
tive band bending obtained from the plasmon loss spectra
using both diamond and graphite peaks agree with the that
from C 1s photoelectron spectra and VB position as shown
in Fig. 3(b). If the plasmon loss spectra was fitted using
only diamond plasmon, the value of relative band bending
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Fig. 3 (a) Temperature dependence of the intensity ratio be-
tween LBC and HBC (sp™-bulk). LBC corresponds to a surface
component in the low temperature and sp® component in the
high temperature region, respectively. (b) Temperature de-
pendence of the relative band bending to the value of 410°C.
The values obtained from three different spectra (peak position
of C 1s spectra, peak position of the diamond plasmon loss
peak, and position of the VBM) show good agreements.

obtained from the plasmon peaks did not agree with that
from C 1s and VB spectra. This result indicates the ade-
quacy of the peak deconvolution analysis of plasmon loss
spectra. From these results, it is found that sp’-bonded car-
bon is generated at 800°C, and graphene forms on diamond
C(111) surfaces above ~950°C.

4. Conclusions

Synchrotron radiation photoelectron spectroscopy was
used to investigate the graphene growth process on dia-
mond C(111) surfaces by annealing in vacuum. It is found
that sp>-bonded amorphous carbon layer generated at
~800°C. By further annealing above ~950°C, the amor-
phous sp?® carbons graphitize, leading to the graphene for-
mation on the diamond C(111) surfaces.
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