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ABSTRACT: The authors have developed a crystal growth process that
utilizes electron beams from field emission (FE) to grow materials bottom-
up by a method other than the transfer of thermal energy. In this study,
highly crystalline single-walled carbon nanotubes were used as a field
emission electron source. Electron beams with high resolution energy
emitted from the source were irradiated onto acetylene gas as a
nonequilibrium reaction field to induce acetylene dissociation. The
generated carbon ions were then irradiated onto a [100] silicon substrate,
resulting in the irradiation of the silicon substrate surface with graphene.
Moreover, the crystal growth of sp2/sp3 hybrid carbon thin layers, which
is different from the crystal structures of graphite, diamond, and diamond- cathode B + A
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morphology of the substrate are formed through bridging with the binding
site of the substrate. The authors have succeeded in developing a nonthermal technique of crystal bridging between different
elements. The substrate on which the carbon layer is formed is not limited to silicon; other substrates with various crystal structures

and periodicities are expected to be used.

1. INTRODUCTION

In the material formation process, general chemical reaction
processes involving bonding and dissociation between atoms
and molecules, with or without catalysts, are generally
accompanied by heating and waste heat treatment. Regardless
of whether the material is solid, liquid, or gas, the heat exchange
that occurs in the reaction processes of these materials requires
processes to maintain the reaction field, namely, heating, heat
retention, and cooling.

The authors are conducting research on bottom-up material
formation processes utilizing reaction fields such as electron
beams, plasma, and high-power lasers as a method of exchanging
reaction energy by processes other than heating. These reaction
fields are called nonequilibrium excitation reaction fields, and
the process of bonding between metals and other heterogeneous
materials using these reaction fields has already been
reported' ™ and used to fabricate highly functional materials.
Using a nonequilibrium excitation reaction field, the author
synthesized compounds from semiconductor and carbon
materials that are not silicon carbide (SiC). To the best of our
knowledge, no research group has reported on the synthesis of
composites comprising silicon and carbon.

The nonequilibrium excitation reaction field employed in this
study is a reaction field in which atoms and molecules
comprising a solid can be induced and manipulated by
irradiating them with a focused electron beam or ions with an

© 2023 The Author. Published by
American Chemical Society

7 ACS Publications

acceleration energy on the keV order.”” In the reaction field, a
bottom-up specific reaction is induced by excitation processes
and the activation using binding energy at atomic and molecular
scales, for which various nano- and microstructures with
heteroelements have been studied.”” In this study, the author
fabricated composite grains on a silicon substrate using ions or
radicals of carbon atoms generated by the dissociation of organic
molecules irradiated with a field-emission (FE) electron
beam®™'? in a nonequilibrium excitation reaction field on the
basis of our previous study.'' Moreover, the authors examined a
technique of controlling the atomic arrangement by crystal
bridging between silicon and carbon to develop composite
layers.

The synthetic interfacial bonding between dissimilar
elements, including metals, ceramics, and plastics, has markedly
affected the properties of various composite materials. For
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heat-insulating ceramic coatingsu_23 are fabricated utilizing

metal and ceramic bonding processes. In these composite
materials, it is necessary to analyze the chemical bonding states
and crystal structures of the interfaces between heteroelements
with widely different chemical bonding states and to clarify their
correlation with physical properties.

In this study, the aim is to attempt to fabricate a new
crystallographic layer of a carbon material employing a
nonequilibrium excitation field. The author fabricates a carbon
thin layer on a silicon substrate, which is considered to be
different from the crystal structures of graphene compo-
sites,”* ™7 SiC,***° diamond,***' diamond-like carbon,***
and others. In this study, the author will describe the results of
our study with regard to the crystal structure, chemical bonding,
and electronic structure of the silicon—carbon interface.

2. EXPERIMENTAL SECTION

In this study, the author used FE electron beams as a
nonequilibrium excitation reaction field. FE electron beams
are based on quantum mechanical electron tunneling with the
Fowler—Nordheim model, and the energy distribution of FE
electrons can be narrower than that of thermal electrons. It is
also possible to efficiently emit a large number of electrons at a
low voltage.” ** To obtain a stable electron emission and
arbitrarily mam}gulate the electron emission to mA order in a
low vacuum,'"*> the author used carbon nanotubes, particularly
highly crystalline single-walled carbon nanotubes (hc-
SWCNTSs), as an electron source.'' The author constructed a
nonequilibrium excited reaction field apparatus by adding hc-
SWCNTs into indium—tin oxide (ITO) conductive thin films to
form a planar FE source.

Figure 1(a) shows the configuration of the apparatus. The
chamber in Figure 1(a) has a gas insert line and a gauge to
monitor the vacuum. The pressure of a vacuum in a chamber
maintaining a gas at approximately 1.0 Pa is controlled by
adjusting the gas injection pressure and the main valve for
differential pumping. The device in Figure 1(a) consists of a
planar electron source doped with hc-SWCNTs as field emitters,
a counter electrode with a [100] crystallographic orientation
silicon substrate at a voltage of 100 V without heating treatment,
and a multistage gate electrode, which was fixed at 2 ym floating
from the cathode surface with glass spacers formed by printing,
between the electrodes to control and increase the amount of
electron emission. A carbon-based gas (acetylene was used in
this study) flows near the gate electrode of the reaction system,
as shown in Figure 1(a). The acetylene induces collision and
dissociation reactions with the electron beam emitted from the
hc-SWCNTs. The carbon ions and electron beams generated by
the dissociation reaction are accelerated and collide with the
silicon substrate on a counter electrode, depositing a carbon
layer on the silicon substrate. Figure 1(b) shows the FE
characteristics of the planar electron source with hc-SWCNT's at
1.0 Pa in an acetylene atmosphere, where the electron emission
of about 0.14 mA/cm?* was successfully controlled at a voltage of
approximately 10 V on the gate electrode. The inset in Figure
1(b) shows the planar emission image obtained when the anode
electrode is replaced from a silicon substrate to a low-voltage
fluorescent film. The silicon substrates used in this experiment
were treated with hydrofluoric acid to remove any natural oxide
film, and the treated substrates used as an anode electrode were
stored in a vacuum to prevent exposure to the atmosphere. The
substrates were transferred to the reaction system by using a
transfer vessel chamber.
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Figure 1. (a) Schematic of the nonequilibrium excited reaction field
system using hc-SWCNTs. (b) Current—voltage (I-V) curve of hc-
SWCNTs at 1.0 Pa in an acetylene atmosphere used for FE. The inset
shows the planar emission image of the fluorescent film biased at 100 V.

The exposure conditions used are listed in Table 1. The
acceleration voltage (V,) of the ion group produced by the

Table 1. Exposure Conditions for Nonequilibrium Excitation
Reaction Field

cathode electrode size 10 X 10 mm?
supplied voltage on gate (V) 10V
FE current density (dose) 0.14 mA/cm? (10" electrons/cm?)
acceleration voltage (V,) 100 V
acetylene partial pressure (vacuum) 1.0 Pa

dissociation of acetylene and the FE electron beam was set to
100 V. The presence or absence of carbon film formation and
crystallinity varies with the amount of charge and the
acceleration voltage corresponding to the energy of the electron
beam. Therefore, the author focuses on the formation
conditions under which crystalline films were observed and
analyses of the crystalline films produced are reported in this
study.

3. RESULTS AND DISCUSSION

The hc-SWCNTs are expected to serve as field emitters that can
emit electrons stably in a vacuum greater than approximately 1.0
Pa with acetylene, regardless of the type of active or inert gas
used. Figure 2(a)—(d) shows the partial pressure in the chamber
illustrated in Figure 1(a) to measure the correlations of the FE
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Figure 2. Correlation of FE current with decompression by acetylene dissociation in a QMS. (a) Vacuum without field emission irradiation. (b)
Vacuum with field emission irradiation. (c) Without field emission irradiation with acetylene gas injection. (d) Injected with acetylene gas and
irradiated with field emission beams. (e) Acetylene gas partial pressure due to on—off FE radiation.

current with decompression by acetylene dissociation in a
quadrupole mass spectrometer (QMS; Cannon Anelva Corpo-
ration). The author succeeded in confirming the phenomenon
of the dissociation of acetylene gas induced by FE electron
beams after its introduction to the chamber. Furthermore, the
partial pressure of acetylene shown in Figure 2(e) was also
measured using a QMS. It was found that the on—off of FE
electron beams and the change in the partial pressure of
acetylene were synchronized. This finding indicates that the gas
is dissociated by the interaction between the gas molecules and
electrons as the electrons pass through the acetylene
atmosphere. Making use of the acetylene dissociation induced
by FE electron beams, the authors irradiated silicon substrates
with electron beams and carbon or hydrocarbon ions that were
generated by acetylene dissociation. In addition, the dissociation
of acetylene gas produced under the conditions in Table 1 was
also observed as luminescence using an optical emission
spectrometer (OES; Ocean Insight inc.) from outside the
chamber. The results are shown in Figure 3. The spectrum is
consistent with the dissociation spectrum of acetylene plasma,
and the dissociation of C, and CH was confirmed from the
spectrum at around 400 nm.

39675

G

Intensity/arb. unit

250 300 350 400 450 500 550 600
Wavelength/nm

Figure 3. Optical emission spectroscopy inside the chamber with the
conditions shown in Table 1.

A scanning electron microscopy (SEM) image of the deposits
on the silicon substrate synthesized under the conditions listed
in Table 1 is shown in Figure 4(a). It was observed that the
deposits were distributed nonuniformly on the silicon substrate
to form grains or thin layers. Figure 4(b) shows a magnified
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Figure 4. (a) SEM image of grainlike deposits forming a thin layer on a silicon substrate. (b) Magnified image of FE electron site distribution extracted
from the area encircled in red in the planar luminescence photograph in the inset of Figure 1(b). Bright spots show FE electron sites.

Figure S. Images of grain thin layers deposited on silicon substrates obtained using EPMA. The left figure shows the elemental mapping of silicon
atoms, and the right figure shows the elemental mapping of carbon atoms. The measurement area is the same as that in Figure 4(a).

S2p

Si

SiOx, SiOC

Intensity/arb. unit

Signal

106 104 102 100 98 96 94 92

Binding energy/eV

Cls

Intensity/arb. unit

290 283 286 284 282 280 278 276
Binding energy/eV

Figure 6. X-ray photoelectron spectra derived from silicon and carbon in a carbon thin layer.

image of the bright spot distribution on the FE surface for
reference. The distribution of the FE electron sites is similar to
that of the deposits in Figure 4(a). The composition of these
deposits was analyzed using an electron probe micro analyzer
(EPMA; JEOL), as shown in Figure S. The deposits on the
silicon substrate were found to consist of carbon. The authors
confirmed the dissociation of acetylene gas induced by the FE
electron beams, as shown in Figures 3 and 4. It is guessed that
the deposits on the silicon substrate are formed from the
reaction of acetylene gas with FE electron beams.

39676

Figure 6 shows the X-ray photoelectron spectroscopy (XPS;
Bruker) spectra of the state of bonding silicon and carbon in the
carbon grain layer on the silicon substrate shown in Figure 4.
The spectrum of sp2 in Figure 6 derived from SiC with a peak
around the binding energy of 100 eV was hardly developed.
Furthermore, the signals derived from silicon atoms and SiOC
or SiOx (Si**) were identified. The Si** signal is assumed to
indicate an oxidation state derived from SiO,. As for C 1s of
carbon in Figure 6, it was found that the carbon thin layer has
tetrahedral carbon bonding states originating from diamond or
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SiC structures with electronic states related to sp3 orbitals. The
crystal structure depends on the dangling bonds and periodic
crystal structure of silicon atoms on the surface of a silicon
substrate on which the carbon thin layer is formed, and the layer
is assumed to have a crystal structure similar to a mixed-crystal
structure of graphite layers and tetrahedral structures such as
SiC. 1314

Figure 7 shows a scanning probe microscopy (SPM; Bruker)
image of the morphology of a carbon grain thin layer on a silicon

Figure 7. SPM image of surface topography of the carbon thin layer
synthesized on a silicon substrate.

substrate. The electron beam and acetylene-dissociated ions
with an energy of 100 eV, which depends on the acceleration
voltage of 100 V, were irradiated and deposited on a silicon
substrate as the counterelectrode. Figure 7 shows the I-V
characteristics obtained when a voltage is applied between the
probe and the substrate in SPM. The conductivity of the carbon
grain thin layer and the silicon substrate was measured with the
time of exposure of a silicon substrate to FE electron beams and
carbonaceous ions controlled to 40 and 120 s by using the
nonequilibrium excitation reaction field shown in Figure 1. As a
reference, the conductivity in the bulk direction was also
measured for a thin film of 10 layers of graphene sheets on a
silicon substrate and a 100 nm-thick aluminum thin film
deposited by sputtering. The SPM cantilever used in this study
was copper, and an irreversible I-V curve was observed using to
the Schottky contact with the silicon substrate. The highest
conductivity in the bulk direction was observed for the carbon
thin layer deposited in a nonequilibrium excited reaction field
for 120 s. The current flow was 20 times more conductive than
that in the stacked graphene and aluminum films on a silicon
substrate. The I-V curves of the carbon layer with 120 s
exposure to the acetylene-dissociated ions, which are
independent of the polarity of the applied voltage, suggest the
occurrence of electrically conducting and crystal bridging
between the silicon substrate and the carbon thin layer.

The carbon sample was sliced by using a focused ion beam
(FIB). High-resolution transmission electron microscopy
(HRTEM; JEOL Ltd.) with an acceleration voltage of 300 kV
was carried out to obtain detailed information about the crystal
structure near the interface between the silicon substrate and the
carbon thin layer. Figure 8 shows an HRTEM image of the
interface between the silicon substrate and the carbon layer. It
shows that a crystallized carbon layer of approximately 5 nm
thickness was synthesized on the silicon substrate surface and a
clear interface between the silicon substrate and the carbon layer
was formed. These diffraction images show a pattern related to
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Figure 8. I—V curves of carbon and reference thin layers synthesized on
silicon substrates analyzed by using SPM cantilevers as probes.

the [100] alignment of silicon. From the inset images in Figure
9(a), it is confirmed that the carbon film has a structure different

Amorphous carbon

Crystallized carbon

Evaporated Au

Si substrate

Carbon

Si

10 nm

Figure 9. (a) (Entire) HRTEM image of silicon—carbon thin layer near
the surface of silicon substrate. (Red frame) Fourier transform image of
diffraction near the carbon thin layer. (Yellow frame) Fourier transform
image of the bulk of silicon substrate. (b) Surface of silicon substrate
without carbon deposition as a reference. (c) Atomic distribution of
carbon (Red line) and Si (Yellow line) by EDS in HRTEM.

from the crystal structures of graphite, graphene on SiC, and
diamond, and from the conventional bulk in the silicon
substrate. Moreover, a crystalline interface is formed. On the
other hand, the surface of the silicon substrate was exposed in
the areas where no deposits existed, as shown in Figure 9(b), and
it was confirmed that no other crystal structures were formed.
The top of the layer consisted of amorphous Au deposited by
evaporation. Figure 9(c) shows atomic distribution of silicon
and carbon as measured by energy-dispersive X-ray spectrosco-
py (EDS) in HRTEM. The atomic concentration expressed as
atomic percentage (at %) of each atom is indicated for each
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measurement point, and it was found that atomic concentration
was clearly different at the interface between the silicon substrate
and the carbon layer.

The carbon layer synthesized on the silicon substrate in this
study showed a structure different from that of graphite. It is
assumed that the acetylene dissociation induced by FE electron
irradiation and the presence of carbonaceous ions formed after
dissociation contribute to the formation of the carbon thin layer.
In particular, the crystal structure of the carbon layer synthesized
on the silicon substrate shows a diffraction pattern different from
that reported for SiC formed by epitaxial growth on the silicon
substrate.'”

From the above results, the carbon layer synthesized near the
silicon surface is expected to have a continuous crystal structure
composition different from those of graphite layers and
diamonds. It is assumed that the crystal structure is formed
depending on the dangling bonds and periodic crystal structure
on the substrate side where the carbon layer is constructed.'’
The above analysis confirms the existence of dangling bonds of
silicon and crystal bridging of carbon. Moreover, the carbon
layer shown in Figure 8 has a crystalline structure different from
those of graphite, graphene, diamond, and diamond-like carbon.

4. CONCLUSIONS

The authors have found that a carbon thin layer is formed on the
surface of a silicon substrate by irradiating a group of
carbonaceous ions and electron beams accelerated on the kV
order onto the silicon substrate as a nonequilibrium excited
reaction field after the dissociation of acetylene with FE electron
beams using hc-SWCNTs. The crystal structure of the carbon
layer is different from those of graphite, graphene, diamond, and
diamond-like carbon, and it is assumed to depend on the
periodic crystal structure of the substrate on which the crystal is
grown.*

In this study, the carbon layer was inferred to have a crystal-
bridged structure on the face orientation [100] of the silicon
substrate. Furthermore, the carbon layer was composed only of
pure carbon, which depends on the crystal structure of the
substrate without the intercalation of different elements in the
graphite layer. In this study, the authors formed sp2/sp3 hybrid
carbon thin layers using silicon substrates with a plane
orientation of [100]. The author also formed carbon thin layers
by controlling the acceleration energy of electron beams and
carbonaceous ion groups in order to achieve crystal bridging
between ceramics and carbon films, not only between metals and
semiconductors.'’ The possibility of forming a periodic crystal
structure of only carbon, which is different from those of
graphite, graphene, diamond, and diamond-like carbon, is
expected by controlling the acceleration energies of electron
beams and groups of carbonaceous ions. In the future, we will
attempt to synthesize composite materials with carbon on
substrates with various crystal structures and start synthesizing
composite materials with high functional electrical, physical, and
chemical properties. The method of forming a uniform carbon
film with a nanoscale thickness while ensuring conductivity is the
first of its kind in the world and is considered highly applicable as
a conductive coating material.
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