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Abstract This report reviews irradiation effects of 2 MeV
He+, Ne+, and Ar+ ions on the film structure of the carbon-
film/Si-substrate system. Using ion irradiation, an epitaxial
silicon carbide (SiC) film is grown at atmospheric temper-
ature on a Si substrate. The SiC formation is achieved with
appropriate thickness of the initial carbon film. Kinetic
analyses of the ion dose dependence of the SiC formation
reveal that the SiC film thickness evolution process includes
three stages. The first is a steep increase of the SiC, which is
governed by inelastic collision. The second is a gentle
increase of the SiC, which is governed by diffusion. The last
is a decrease of the SiC, which is caused by sputtering. The
SiC formation mechanism is also discussed.
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1 Introduction

Silicon carbide (SiC) is an attractive material for next-
generation semiconductors and for high-temperature electron-
ic devices. It has a wide band-gap (2.2 eV), high electron
mobility (1000 cm2/Vs [1]), high saturated electron drift
velocity (calculated as 2.7×107 cm/s at 2×105 V/cm)[2], and
thermal stability (stable at temperatures greater than 2000 K).
To realize SiC devices which have these interesting
properties, high-quality SiC thin films must be produced,
especially epitaxially grown films on Si substrates. The

growth of epitaxial SiC films on silicon substrates has been
reported with high substrate temperatures greater than
1000 K [3–14]. The epitaxial SiC films on silicon substrates
have been grown using chemical vapor deposition at 1023–
1623 K [3–9]. Wahab et al. reported epitaxial growth of SiC
films by reactive magnetron sputtering at 1123 K [10]. The
carbonization of silicon by C60 at 1073–1273 K [11–14] has
been examined to grow epitaxial SiC films. Regarding
hetero-epitaxial growth of SiC on Si substrates, a key issue
related to quality is the process temperature because of the
large lattice mismatch (20%) and the difference in the
thermal expansion coefficients (8%) between SiC and Si.
For that reason, many efforts have been undertaken to reduce
the process temperature. An effective process temperature
reduction method is to use the ion beam technique. Goto et
al. reported the epitaxial growth of SiC films on Si substrates
at 900–1300 K using organosilicon ions [15, 16]. Tsubouchi
et al. grew epitaxial SiC films using direct irradiation of Si
and C ions to Si substrates at 943 K [17]. In those studies,
the kinetic energies of Si and C ions were used to reduce the
process temperature.

From the viewpoint of energy transfer, the energetic ions
and target atoms share two interactions [18]: elastic and
inelastic collisions. In an elastic collision, the energetic ion
loses its energy by transferring its kinetic energy to the target
atom nucleus (nuclear stopping). An inelastic collision
transfers the energy to the target atom’s electrons (electronic
stopping). The author’s group has reported the room
temperature growth of epitaxial SiC thin films on Si
substrates by ion irradiation [19–22]. The key issue of this
epitaxial growth of SiC films should be the energy transfer
by electronic stopping of high-energy (approximately 2
MeV) ions. Herein, the reported results are summarized and
the growth kinetics and mechanisms are discussed along with
additional data.
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2 Epitaxial growth of SiC films byAr+ irradiation [19, 20]

The detailed experimental setup is described elsewhere
[21]. Non-doped Si single crystals of (100) orientation were
used as substrates. To develop cleaned surfaces, all crystals
were heated at 1473 K under a vacuum (<5×10–7 Pa) for 1
min after ordinary chemical treatment. The cleaned surface
of Si (100) was confirmed as a 2×1 reconstruction using
RHEED and LEED; no trace contamination was observed
using X-ray photoelectron spectroscopy (XPS). Carbon
films with thickness of 0.05–50 nm were evaporated onto
the Si substrates at 300 K. The thickness of the initial
carbon films was determined from the XPS intensity ratio
of C 1s and Si 2p peaks; it was calibrated using the RUMP
simulation [23] of UHV-Rutherford backscattered (RBS)
spectra and with absolute C 1s XPS intensity from the
graphite monolayer on Ni (111) [24]. The film thickness
determined by RBS and RUMP simulation is given by
atoms per square meter unit. So, the carbon film thickness
in nm unit was calculated by assuming that the atomic
density was equal to that of graphite (1 nm-thick carbon=
14×1019 atoms/m2). For indicating the atomic population at
the interface of the substrate and film, the monolayer (ML)
unit is also used to present the film thickness, that is,
one ML on the Si(100) is 0.7×1019 atoms/m2. The
thickness values presented in this paper include about
10% error. Irradiation of the samples with 2 MeV Ar+ was
performed with ion current densities of 10 mA/m2. The
sample temperature was monitored using a thermocouple
attached to the side of the sample. The detected temperature
increase of during ion irradiation was less than 50 K. The
real temperature of the sample under the ion irradiation was
estimated not to exceed 400 K, considering the temperature
gradient between the sample and the thermocouple. In
addition, XPS measurements for SiC growth detection were
conducted with Mg Kα excitation (Escalab 200-X with an

Eclipse data system; Thermo VG Scientific). The binding
energy of XPS spectra was calibrated using the Si 2p peak
(99.3 eV [25]) from the "bulk" Si (100) sample. A single
crystal SiC (6H; Nippon Steel Corp.) was also used as a
reference material.

The RHEED patterns from the as-deposited carbon films
over 0.2 nm (4 ML) in thickness showed no visible
intensity distribution, indicating that the films were amor-
phous. The subsequent heating of the amorphous carbon
films up to 823 K produced no visible changes in the
RHEED pattern. With heating to temperatures greater than
1000 K, the carbon films reacted with the silicon substrate
and the cubic (3C) SiC films were grown as reported [26].

During ion irradiation, the RHEED patterns and the XPS
spectra of the samples changed drastically. Figure 1 portrays
the C 1s XPS spectrum of the sample irradiated with the
dose of 5.6×1019 ions/m2. The initial carbon thickness of the
sample shown in Fig. 1 is about 0.9 nm (18 ML).The C 1s
peak can be resolved into two components: one peak is
centered at 284.4 eV; the other is at 283.1 eV. The former
can be assigned to amorphous carbon. The latter is identical
to that of the single crystal SiC (283.2±0.2 eV). The former
peak’s intensity decreased with increased ion dose. The Si 2p
XPS spectra of the samples usually showed interference by
the intense peak of the bulk Si (the substrate). A chemical
shift of the Si 2p XPS peak was found in the spectrum, as
shown in Fig. 2, when the carbon thickness was 1.0 nm
(20 ML) and the irradiation dose was 1.9×1020 ions/m2. The
peak centered at 99.3 eV is that of the bulk Si (the substrate);
the peak at 100.2 eV should be identical to that of the single
crystal SiC (100.6±0.3 eV). These XPS results indicate that
the chemical reaction between C and Si can be excited and
that Ar+ irradiation formed a chemical bond for SiC.

The RHEED patterns from the irradiated samples below
1.0×1020 ions/m2 showed no visible changes. Diffuse spots
appeared when the ion dose exceeded the threshold, which

Fig. 1 C 1s XPS spectrum of the Ar+ irradiated sample. The thickness
of the initial carbon film is about 0.9 nm. The ion dose is 5.6×1019

ions/m2. The solid line is the measured spectrum; the broken one is the
resolved spectrum

Fig. 2 Si 2p XPS spectrum of the Ar+ irradiated sample. The
thickness of the initial carbon film is about 1.0 nm. The ion dose is
1.9×1020 ions/m2. The solid line is the measured spectrum; the broken
one is the resolved spectrum
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was dependent on the initial carbon thickness; the spots
were sharpened, as shown in Fig. 3 with the increasing ion
dose amount. The spot patterns depicted in Fig. 3 indicate
that the fcc crystallite grows epitaxially. The lattice constant
calculated from the spacing of the spots using the Si (100)
spacing as a reference was about 0.43 nm, which was
identical to that of cubic (3C) SiC (a=0.43589 nm).

The C 1s XPS peak position and the crystallization of
the film on the Si substrate are presented schematically in
Fig. 4 for the 0.1-nm-thick (2 ML) carbon films. The ion
irradiation excites the reaction between carbon and silicon,
and the Si-C bond is formed, i.e., the formation of
amorphous SiC. The amorphous SiC is grown epitaxially
using further irradiation at ambient temperature. The
epitaxial relationship between the SiC film and the substrate
was (100)SiC // (100)Si and [001]SiC // [001]Si.

The surface structure of the irradiated sample is dependent
on the initial thickness of the carbon film. For 1.5-nm-thick
(30 ML) carbon films, the dose of 7.5×1020 ions/m2 is
necessary for the SiC films’ epitaxial growth. The turbostratic
structure is grown at the film surface, as shown in Fig. 5 with
the dose greater than 5×1019 ions/m2 when the thickness is
greater than 2.5 nm (50 ML). The C 1s peak position
(284.3 eV) in XPS spectra and the calculated lattice constants

(a=0.23, c=0.67 nm) from Fig. 5 indicate that the turbostratic
graphite (a=0.2456, c=0.6696 nm) is formed at the carbon
film surface at ambient temperature by 2 MeV Ar+ ion
irradiation. The formation of SiC was also detected from the Si
2p peak position in the XPS spectrum of the sample which
initial carbon thickness was 2.5 nm (50ML) and was irradiated
at 5×1019 ions/m2. So, the SiC film is considered to be
formed at the interface of the carbon film and the substrate
when the turbostratic graphite is grown. The thickness-dose-
dependence of the film surface structure during 2 MeV Ar+

ion irradiation is summarized schematically in Fig. 6.

3 Epitaxial growth of SiC films by He+ and Ne+

irradiation [21, 22]

Irradiation of the samples with 2 MeV He+ and Ne+ was
performed respectively with ion current densities of 20 and

Fig. 3 RHEED pattern of the Ar+ irradiated sample. The azimuth of the
incident electron beam respectively shows (a) [110] and (b) [110]
directions of the Si substrate. The initial carbon thickness is about 0.1 nm;
the ion dose is 2.8×1020 ions/m2
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Fig. 4 Effect of the amount of Ar+ ion dose on the C 1s XPS peak
position. The initial carbon thickness is about 0.1 nm; solid circles are
obtained by peak resolution

Fig. 5 RHEED pattern of the turbostratic graphite.The initial carbon
thickness is about 3.5 nm; the ion dose is 9×1019 ions/ m2
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10 mA/m2. Some samples were irradiated at 623 K to verify
the heating effect because of the difference in the ion-current
density. However, no detectable effect of heating was found
among the samples under the ion-current density examined.

The RHEED patterns and the XPS spectra indicated the
formation of epitaxial SiC thin films by irradiation of 2 MeV
He+ and Ne+ ions, as well as the case of Ar+ ion irradiation,
when the thickness of the initial carbon films was
appropriate. The epitaxial growth of SiC by He+ irradiation
was observed in samples with initial carbon film thickness
of less than 0.07 nm (1.4 ML). When the thickness was
greater than 0.08 nm (1.6 ML), the RHEED pattern of the
samples showed no visible change by He+ irradiation,
indicating amorphous SiC. The critical thickness of the
initial carbon film for growing the epitaxial SiC thin film
was increased in the order of He+(0.07 nm=1.4 ML),
Ne+(0.3 nm=6 ML), and Ar+(2 nm=40 ML).

4 SiC film growth kinetics and formation mechanisms

The amount of formed SiC was used to analyze the growth
kinetics and formation mechanism of SiC films by ion
irradiation from the viewpoint of atomic reaction that included
the formation of SiC islands. The amount of SiC was
calculated from the C 1s XPS spectrum. The energy positions
of the resolved C 1s peaks were independent of the ion dose
and the initial carbon thickness, as shown in Fig. 4, indicating
the presence of two chemical states of the carbon:
amorphous carbon; and that reacted with Si, so-called SiC
carbon. The carbon atoms in irradiated films are in either of

these two states, independent of the amount of ion dose or
the initial film thickness. The amount of SiC is calculated
from the peak area ratio of SiC carbon to amorphous one in
the C 1s XPS spectrum: The total carbon atoms on the
substrate can be determined from the intensity ratio of C 1s
and Si 2p peaks. The amount of SiC carbon in atoms per
square meter unit is calculated from the peak area ratio of
SiC carbon and amorphous one by assuming that the XPS
intensity factor for carbon in SiC is identical to that for pure
carbon. Thus, the calculated value of SiC carbon in atoms/m2

unit is equal to the amount of SiC “molecule” in molecules
per square meter unit, which means, for example, 1 ML SiC
carbon is equal to 1 ML SiC “molecule”. For simplifying the

Fig. 7 He+ ion dose-dependence of SiC film thickness. Initial carbon
thicknesses are 0.17 nm for solid circles and 0.08 nm for open circles

Fig. 8 Ne+ ion dose-dependence of SiC film thickness. The initial
carbon thicknesses are 0.85 nm for the solid circles, 0.25 nm for open
circles, 0.15 nm for solid squares, and 0.1 nm for open squares

Fig. 6 Effects of carbon film thickness and the Ar+ ion dose amount
on the film structure.ES (solid circles), epitaxial SiC; AS (triangles),
amorphous SiC; TG (squares), turbostratic graphite; AC (open
circles), amorphous carbon
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discussion bellows, hereafter the thickness of SiC film is
presented as an equivalent value to that of carbon film, that
is, 1 nm-thick SiC means the SiC film consisted of 14×1015

atoms/cm2 (1 nm-thick) carbon and Si.
Figures 7, 8 and 9 portray the evolution of the thickness

of SiC films with the amount of the ion dose. The thickness
of initial carbon films was also varied. For He+ irradiation
(Fig. 7), the evolution process is divisible into two stages.
The SiC film thickness increased steeply to about 0.08 nm
(1.6 ML), followed by saturation to about 0.13 nm
(2.6 ML), even though the initial carbon thickness was
greater than 0.13 nm (2.6 ML). This pattern of increase and
saturation indicates that the carbon atoms in the layer of
about 0.13 nm (2.6 ML) thickness react with Si atoms to
form the SiC film by 2 MeV He+ irradiation. For Ne+

irradiation (Fig. 8), the evolution process is divisible into
three stages. The thickness of SiC films was steeply
increased to about 1 nm (20 ML), which subsequently
increased slowly, and decreased linearly. For Ar+ irradiation
(Fig. 9), the evolution process is divisible into two stages.
The thickness of SiC films was increased first, followed by
decreasing. Comparison of the dose amount to that in the

case of Ar+ irradiation suggested that the experimental
setup and procedure had less capability for distinguish the
two-stage increasing process of SiC thickness, as shown in
the He+ and Ne+ cases. For that reason, the evolution
process of SiC film thickness is thought to comprise three
stages: a steep increase (abbreviated as G1), a gentle
increase (G2), and a linear decrease (SP). During the
decrease, the amount of total carbon was also decreased,
which indicates that sputtering causes the decrease process.

The energy for the SiC formation should be supplied by
the irradiated ions. The total energy transferred from the
irradiated ion is a sum of the nuclear (elastic collision) and
electronic (inelastic collision) contributions. The nuclear
contribution is related to the displacement of C and Si
atoms, i.e. sputtering and/or diffusion; the electronic one is
to the excitation of the Si-C bond formation. The energy
transferred from the ions to the C-Si system was estimated
using the Monte Carlo simulation code TRIM [27] for a

Fig. 10 Relationship between the SiC growth rate and the transferred
energy. The broken line (G1) represents the electronic energy transfer.
The solid line (G2) shows the nuclear energy transfer. The dashed line
(SP) shows sputtering. The solid symbols are for Si, and the open ones
are for C. The circles denote He+, the triangles denote Ne+, and the
squares denote Ar+

Fig. 9 Ar+ ion dose-dependence of SiC film thickness. The initial
carbon thicknesses are 0.9 nm for solid circles, 0.6 nm for open
circles, 0.13 nm for solid squares, and 0.1 nm for open squares

Table 1 Energy values transferred from one 2 MeV-ion and the sputtering rate.

Electronic energy (eV/nm) to Nuclear energy (eV/nm) to Sputtering rate (N/nm) for

C Si C Si C SiC

He+ 318 233 0.262 0.239 0.0008 0.0002
Ne+ 1916 1522 21.58 19.83 0.1 0.02
Ar+ 1962 1568 106.5 98.79 0.3 0.08
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carbon film of 1 nm (20 ML) in thickness on a Si film of 10
μm and for a “bulk” SiC. The estimated values are listed in
Table 1. The sputtering rate was calculated from the
vacancy generation process with the assumption that the
displacement energies were 28 eV for C and 15 eV for Si,
and that the lattice binding energy was 3 eV. The sputtering
rates shown in Table 1 are consistent with the results shown
in Figs. 7, 8 and 9: the SiC thickness was not decreased for
He+ irradiation, but it gently decreased for Ne+ irradiation
and steeply decreased for Ar+ irradiation. Figure 10 shows
the correlation between the SiC film growth rate and the
transferred energy. The growth rate was estimated from the
slope of the G1 or G2 regions in Figs. 7, 8 and 9. The slope
of G1 for Ar+ irradiation was assumed to be identical to that
of G2. The He+ irradiation can grow the epitaxial SiC when
the initial carbon film is sufficiently thin, which suggests
that the electronically transferred energy is the dominant
one for initiating the reaction between carbon and silicon
and growing the epitaxial film. This is consistent with the
G1 lines shown in Fig. 10. The G1 and G2 lines are not
corrected by the sputtering effect (SP). When the correction
values, which are 0.0, 0.14 and 0.41×10–21 nm m2/ions for
He+, Ne+ and Ar+ irradiation, respectively, are added, the
G1 lines would indicate the better linear relationship
between the SiC growth rate and the electronically
transferred energy. The electronically transferred energy to
C atoms might be more dominant for the G1 process
because of the better linearity of its G1 line. For the G2
process, however, the nuclear energy transfer is indicated to
have a dominant contribution.

The formation mechanism of the SiC film can be
considered as follows: The high energy ions irradiated to
the carbon film on Si substrates transfer the energy to the C
and Si atoms by the inelastic collision (the electronic
stopping). The atoms reach the excitation state. If the
excited C atom and Si atom are mutually adjacent, the
excitation state is relaxed by making the C-Si bond, i.e. SiC
formation. This process is the G1 process. The formation of
SiC occurs only at the interface of the carbon film and the
Si substrate. The outer C atoms in the carbon film are not
adjacent to the Si atoms in the substrate when the carbon
thickness is rather large. The C atoms (or the Si atoms) are
forced to diffuse to the partner atom. The diffusion energy
is supplied by the elastic collision (the nuclear stopping).
Consequently, the diffusion process governs the formation
of SiC. This is the G2 process. The growth of the
turbostratic graphite reported in [19] should be the other
way for relaxation. The excited C atoms not reaching the
partner Si atom encounter the other C atom on the diffusion
path, and make the C-C bond become graphite. The
absence of graphite formation in He+ irradiation supports
the existence of this graphite-formation mechanism.

5 Conclusions

The epitaxial SiC film can grow at atmospheric temperature
by ion irradiation of a carbon film on the Si substrate. The
SiC film formation is dependent on the thickness of the
initial carbon film and the irradiation ion dose. Kinetic
analyses of the SiC film formation indicate that the evolution
process of the SiC film thickness comprises three stages. The
first stage is the sharp increase of the SiC. The second is the
gentle increase of the SiC. The last is the decrease of the SiC,
and is caused by sputtering. The electronically transferred
energy is indicated to be the dominant one for SiC formation.
The nuclear energy transfer process, however, makes an
important contribution to atomic diffusion, which is the
dominant process for SiC formation when the carbon
thickness is great.
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