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Abstract
The irradiation effects of 2 MeV He+, Ne+, and Ar+ ions on the film structure of the

C-Si system were investigated with RHEED and XPS. The ion dose dependence of the SiC
formation was kinetically analyzed. The SiC formation at moderate temperature was achieved
by 2 MeV ion irradiation when the thickness of the initial carbon films was appropriate. The
evolution process of the SiC film thickness consisted of the 3 stages. The first stage was the
steep increase of the SiC, and was governed by the inelastic collision. The second was the
gentle increase of the SiC, and was governed by the diffusion. The last was the decrease of the
SiC, and was caused by the sputtering. The formation mechanism of the SiC was discussed.

Keywords: ion beam induced chemical reaction, ion beam induced epitaxial growth, silicon
carbide thin film, electronic stopping power, nuclear stopping power

1. Introduction
Silicon carbide (SiQ is one of the major candidates for the next-generation

semiconductor and for high-temperature electronic devices. It has the wide band-gap 2.2 eV),
high electron mobility (1000 CM2/VS)[1], high saturated electron drift velocity (calculated as
2.7 x 107 cm/s at 2 x105 V/cm)[21, and thermal stability (stable over 2000 K). The growth of
epitaxial SiC films on silicon substrates has been reported with high substrate temperature
more than 1000 K 310]. In 1999 the authors have firstly reported the room temperature
growth of epitaxial SIC thin films on Si substrates by ion irradiation [11]. The dose
dependences of the chemical states of C and Si 12], and of the fraction of formed SIC 13]
have been already reported. In this paper, we compare the effect of irradiation ion species
(He+, Ne+ and Ar) on the formation of SIC, and discuss the mechanism of the reaction.

2. Experimental
The detailed experimental setup is described elsewhere 13]. Irradiation of the

samples with 2 MeV He+, Ne+ and Ar+ was performed with ion current densities of 20, 1 0 and
10 mA/M2 , respectively. For eliminating the effect of beam heating, the sample temperature
was maintained at 623 K using a resistive heater during ion irradiation. XPS measurements
were conducted with Mg Kx excitation (VG Scientific, ESCALAB 200-X with ECLIPSE
data-system). The binding energy of XPS spectra was calibrated by the Si 2p peak 99.3 eV
[ 1 4]) from the "bulk" Si (I 00) sample. A single crystal SIC (Nippon Steel Corp., 6H) was also
used as a reference material.
Non-doped Si single crystals of (100) orientation were used as substrates. In order to develop
cleaned surfaces, all the crystals were heated at 1473 K under a vacuum < 5xlO-7 Pa) for I
min after ordinary chemical treatment. The cleaned surface of Si (100) was confirmed 2x1
reconstruction with RHEED and LEED, and no trace contamination was observed by XS.
The carbon films of thickness between 0.05 to 50 nm were evaporated onto the Si substrates
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at 300 K. The thickness of the initial cat-bon films was determined from the XPS intensity
ratio of C Is and Si 2p peaks, and was calibrated with the RUN/IP simulation 15 of
LJHV-RBS spectra and with the absolute C Is XPS intensity from the monolayeF gaphite on
Ni (M) 16].

3. Results and discussion
The RHEED patterns and the

XPS spectra indicated the formation of
epitaxial SiC thin films by irradiation of 2
MeV He+, Ne+ and Ar' ions when the
thickness of the initial carbon films was
appropriate. The epitaxial gowth of SIC
by He-' irradiation was observed in te
samples whose tckness of the initial
carbon film were less than 007 nm. When
the tickness was more than 0.08 nm, the
RHEED pattern of the samples showed n Fig. 1. RREED pattern of te Ar'_ irradiated sample.
visible change by He' irradiation, The azimuth of the ncident electron bearn was [110]
indicating the amorphous structure. The direction of te Si substrate. The initial carbon
critical thickness of the initial carbon film thickness was about 0.1 imi ad the o dose was

gXI020,onS/m'.
for growing the epitaxial SiC thin film 2.
was increased in the order, He', Ne', Ar'.
Figures I and 2 show the typical RHEED
pattern and XPS spectrum of the irradiated
sample which had the epitaxially gwn

SIC thin film. The C Is XPS spectrum as
shown in Fig. 2 can be resolved into two
components- one peak is centered at 284.3 C)
eV and the other is at 283.2 eV The
former can be assigned to amorphous
carbon. The latter is identical to that of
SIC. The energy positions of the resolved 289 287 285 283 281 279
peaks were independent on the amount of Binding energy eV

ion dose or the carbon thickness, Fig. 2 C Is XPS spectrum of the Ar' irradiated
indicating the presence of two chemical sample. The tickness of te initial carbon film was
states of the carbow One is amorphous about 09 nni. Te ion dose as 5.6xlO" ons/m'.
carbon, and the other is that reacted with Sofid 'ne the easured spectrum, and dashed are
Si, named SiC carbon. The carbon atoms the resolved oes.
in irradiated films are in either of these
two states independent on the amount of
ion dose or the film thickness. Te amount of SIC, L. the tckness of SIC film, was
calculated from the peak area ratio of SIC carbon to amorphous one i C Is PS spectrurn
assuming that the conversion factor of the carbon atomic density to te SIC thickness is the
same as that of the carbon film.

Figures 35 show the evolution of the thickness of SIC flms with the amount of the
ion dose. In the case of He' irradiation (Fig. 3, the evolution can be divided into two stages.
The thickness of SIC films was steeply increased up to about 0.08 rim, followed by te
saturation to about 0 13 nm, even if the initial carbon tickness was more than 0. 3 rim. This
indicates that the carbon atoms in the layer about 0 13 nm in thickness react with Si atorns to
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Fig. 3 He+ ion dose dependence of SIC film Fig. 4 Ne+ ion dose dependence of SIC film
thickness. The initial carbon thickness is 0 17 m thickness. The initial carbon thickness is 0.85 nm
for solid circle, 0.08 nm for open circle, for solid circle, 025 nm for open circle, 0.15 nm

respectively. for solid square, .1nm for open squaer,
respectively.

form the SiC film by 2 MeV He+ 0.4

irradiation. The layer 013 nm in

thickness is equivalent to the atomic
MS/M2 E 0.3

density 1.8xlO" ato monolayer for a

Si (100) when assuming the density of

the carbon film is identical to that of 0.2

graphite. In the case of Ne' irradiation

(Fig. 4, the evolution can be divided into U

3 stages. The thickness of SiC films was V) U. I

steeply increased up to about I nm,

followed by relatively slow increase, and 0
decreased lineally. In the case of Ar+ 0 2 4 6 8

irradiation (Fig. 5), the evolution is ion Dose 1020 /m2

divided into 2 stages. The thickness of Fig. 5. Ar+ ion dose dependence of SIC film

SIC films was increased firstly, followed thickness. The initial carbon thickness is 09 nm for

by decreasing. It was suggested by solid circle, 06 nm for open circle, 013 nm for

comparing the dose amount that in the solid square, 0. I nm for open square, respectively.

case of Ar' irradiation the experimental

setup and procedure had less capability

for distinguish the two-stage increasing process of SiC thickness like shown in the He+ and

Ne+ cases. Thus, the evolution process of SIC film thickness is thought to consist of three

stages, steep increase (abbreviated as GI), gentle increase (G2), and linear decrease. In the

decrease process, the amount of total carbon was also decreased. This indicates that the

decrease process is caused by the sputtering.

The energy for the SIC film formation should be supplied by the irradiated ions. The

total energy transferred from the irradiated ion is a sum of the nuclear and electronic

contr'buttons. The nuclear contribution is related to the sputtering, and 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 by the Monte Calro simulation code TRIM 17] for a carbon film of I

nm in thickness in thickness on a Si film of 10 �tm and for a "bulk" SIC. The estimated values
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Table 1. The energy value transferred from one 2 MeV-Ion and the sputtering rate.

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

C Si C Si C sic

He-' 313 243 0.262 0.241 0.0008 0.0002

Ne+ 1974 1765 21.6 20.0 0.1 0.02

Ar+ 2099 1963 101 99.5 0.3 0.08

are listed in Table 1. The sputtering rate Electronic Energy / eV/nm

was calculated from the vacancy 0 0 500 1000 1500 2000 2500
< 4 Igeneration process with the assumption C4 I""- TX,
E

that the displacement energies were 28 eV

for C and 15 eV for Si, and the lattice CD 3 G I

binding energy was 3 eV The sputtering 2

rates shown in Table I are consistent with 2 G2

the results shown in Figs. 35, i.e. the SiC

thickness was not decreased for He+

irradiation, gently decreased for Ne+

irradiation, and steeply decreased for Ar+ O
U 0

irradiation. Figure 6 shows the correlation iz 0 25 50 75 100 125

between the SiC film growth rate and the Nuclear Energy / eV/nm
transferred energy. The growth rate was

estimated from the slope of the GI or G2 Fig. 6 Relationship between the SIC growth rate and

regions in Figs. 35. The slope of GI for the transferred energy. The solid line (G2) is the plot

Ar' irradiation was assumed identical to for the nuclear energy transfer. The broken line is

that of G2. The He+ irradiation could grow one for the electronic nrgy transfer. The solid

the epitaxial SiC when the initial carbon symbols are for Si, and the opens are for C. The
rcles are for He% the triangles are for Ne-', and the

film was thin enough. This suggests that c'
the electronically transferred energy is the squares are for Ar+, respectively

dominant one for initiating the reaction

between carbon and silicon and growing the epitaxial film. This is consistent with the GI

lines shown in Fig. 6 The GI lines indicate the 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 GI process because of the better linearity of its GI 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 contribution). The atoms become to the

excitation state. If the excited C atom and Si atom are adjacent each other, the excitation state

is relaxed by making the C-Si bond, i.e. the formation of SiC. This process is the GI process.

The formation of SiC is occurred only at the interface of the carbon film and the Si substrate.

When the carbon thickness is rather large, the outer C atoms in the carbon film are not

adjacent to the Si atoms in the substrate. 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

contribution). Thus, the diffusion process governs the formation of SiC. This is the 2

- 231 -



JAERI-Conf 2003-001

process. The growth of the turbostratic graphite reported in ref. I I I should be the other way
for relaxation. The excited C atoms not to reach the partner Si atom encounter to the other C
atom on the diffusion way, and make the C-C bond to become the graphite.

Further investigation is necessary to discuss in detail the mechanism of the epitaxial
growth by ion irradiation.

4. Conclusions
The irradiation effects of 2 MeV He+, Ne', and Ar4 ions on the film structure of the

C-Si system were investigated. The ion dose dependence of the SIC film formation was
kinetically analyzed. The SiC formation at moderate temperature was achieved by 2 MeV ion
irradiation when the thickness of the initial carbon films was appropriate. The evolution
process of the SiC film thickness consisted of the 3 stages. The first stage was the steep
increase of the SIC. The second was the gentle increase of the SIC. The last was the decrease
of the SIC, and was caused by the sputtering. The electronically transferred energy was
indicated to be the dominant one for the formation of SiC. The nuclear energy transfer process
had, however, a significant contribution to the atomic diffusion which was the dominant
process for the SiC formation when the carbon thickness was rather large.
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