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Abstract: We investigated the crystallization of an amorphous Si layer grown on single
crystalline Si substrates enhanced by irradiation with various energetic particles. We com-
prehensively compared the crystallization rate on 150-keV proton beam irradiation with
that on 8-MeV electron beam irradiation under the same condition of displaced atom density
to examine the effect of inelastic energy deposition on crystallization, since the electronic
energy loss in Si for a 150-keV proton is significantly different from that for an 8-MeV elec-
tron. The crystallization rate was quantitatively analyzed by the Rutherford backscattering
channeling method. Consequently, recrystallization of the amorphous Si layer was only ob-
served in the case of proton beam irradiation. We proposed some factors to explain the beam
induced crystallization process observed with high-energy proton and electron irradiation.
Keywords: ion beam induced epitaxial crystallization, electron beam induced epitaxial crys-
tallization, nuclear energy deposition, electronic energy deposition, Rutherford backscattering

spectroscopy

Introduction

Quantum beam irradiation is one of the essential
techniques for fabrication of functional materials as
well as characterization of material properties. It is
well recognized that ion implantation has in particu-
lar succeeded in highly controlled selective impurity
doping in materials and widely applied to fabrica-
tion of semiconductor devices today. It is previously
reported that annealing under ion beam irradiation
enhances the epitaxial crystallization of amorphous
Si layer synthesized on a single crystalline Si sub-
strate at low substrate temperatures at which the
crystallization could not take place by conventional
annealing under thermal equilibrium condition .
Such an epitaxial crystallization at low tempera-
tures was also observed in electron beam irradiation
so far ¥, Here, beam induced epitaxial crystalliza-
tion by ion and electron beam is respectively known
as IBIEC (ion beam induced epitaxial crystalliza-
tion) and EBIEC (electron beam induced epitaxial
crystallization). Here, the energy deposition process

from energetic particles to lattice system is catego-
rized into two contributions of inelastic energy depo-
sition of electron excitation/ionization and elastic en-
ergy deposition by direct collision between incident
and target nuclei. It has been widely recognized that
the creation of vacancies and interstitials induced by
elastic collisions primarily plays the most important
role in the beam induced crystallization processes.
Some researchers however pointed out that the
electron-hole pairs generated by electronic energy
deposition due to inelastic scattering also greatly
contribute to the enhancement of recrystallization,
though the reliable verification on the role of inelas-
tic energy deposition in the recrystallization process
has not been found yet '*'”. To clarify the recrystalli-
zation mechanism, the irradiation of different types
of energetic particles, which provide different energy
deposition and defect formation in a lattice system,
should be valuable.

We performed EBIEC and IBIEC treatments to
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amorphized Si(100) samples at 400°C , and compared
the results under the same conditions of substrate
temperature and the nucleation density of displaced
atom. We comprehensively investigated EBIEC and
proton-IBIEC, in which the electronic energy loss is
predominant process in ion-solid interactions rather
than nuclear energy loss, and discuss the role of in-
elastic energy deposition in the radiation enhanced
crystallization.

Materials and Methods

We prepared a 4-inch n-type Si(100) (1-10 Q
cm) wafer and cleaved it to small 6 6 mm? pieces.
These samples were then self-irradiated by 190-
keV Si* ions with ion fluences of 2.0 X 10" and 5.0 x
10" cm™? at room temperature (RT) to form surficial
amorphous Si layer.

Electron beam irradiation was performed by elec-
tron linear accelerator (LINAC) facility at the Insti-
tute for Integrated Radiation and Nuclear Science,
Kyoto University. Pulsed electron beam of 8-MeV
energy was irradiated to the samples at the sub-
strate temperature of 400°C with a beam fluence of
4.2x 10" cm™? in He gas ambient. The irradiation
time was about 46 h. The fluence was determined
so that the atomic displacement density of 4.5 X
10 cm™® (~0.01 dpa: displacement per atom) coin-
cides with that in the previous neutron irradiation

¥ Here, the cross section for atomic

experiments
displacement of Si in irradiation of 8-MeV electron
was obtained by interpolation in numerically cal-
culated values reported by Oen, to be about 3x10%
cm? 9. The sample temperature was monitored by
K-type thermocouples contacting the back-surface
of samples via an ultra-thin mica film. During the
EBIEC treatment, we carefully adjusted the beam
current and air flow intensity of a blower set outside
the irradiation chamber to keep the substrate tem-
perature at 400°C .

To substantially distinguish the crystallization by
electron beam irradiation from that by the thermal
effect, we annealed another piece of amorphized
samples in a conventional electrical furnace in He
ambient without beam irradiation at the same tem-
perature and durations as the conditions of EBIEC
treatments.

Ton irradiation was carried out with a 200-kV
medium-current ion implanter at Shonan Hirat-
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suka Campus, Kanangawa Univeristy. The proton
beam with an incident energy of 150-keV was irradi-
ated at 400°C with a fluence of 1 X 10'6 cm?®. The beam
flux was ~2 x 10" cm? s™. According to TRIM Monte-
Carlo simulation?”, the atomic displacement density
around the interesting region with a fluence of 1.0 X
10'® ecm™ is estimated to be 4.5 X 10 cm®, which is
comparable to that by the EBIEC treatment of 4.2 X
10" cm™ fluence. The atomic displacement density
for 150-keV proton and 8-MeV electron with the re-
spective fluences of 1.0x 10" and 4.2 X 10" cm™ as a
function of depth is shown in Fig. 1. In order to eval-
uate the actual IBIEC effect on recrystallization, we
covered half area of the sample surface with another
small Si piece; accordingly, the masked area can be
a good monitor for thermal annealing effect at 400C
without beam irradiation.

The crystallized thickness and quality of irradiated
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Fig. 2. RBS-channeling spectra for prepared as-amor-
phized specimens by self-bombardment with 2 x 10" and
5 x 10" cm™ fluences.
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area were analyzed by Rutherford backscattering
(RBS) channeling method using 2.0 MeV Li* projec-
tiles at the scattering angle of 120° .

Figure 2 shows RBS-channeling spectra for pre-
pared as-amorphized specimens by self-bombard-
ment with 2% 10" and 5% 10" cm™ fluences. It is
clearly found in RBS spectrum for the as-amor-
phized sample with 2.0 X 10" cm™ fluence that an
embedded amorphous Si layer with ~100 nm (Fig.
2A) width was sandwiched with damaged Si layers.
After the Si* irradiation of 5.0 10" cm™ fluence, the
embedded amorphous region grew significantly to-
ward the surface and deeper substrate, though very
thin surface and interface regions were not com-
pletely amorphized and remained as damaged lay-
ers, probably consisting of amorphous-like structure
incorporating small crystalline Si grains.

Results

Figure 3 shows RBS-channeling spectra for the
samples of as-amorphized (red), EBIEC (green), and
furnace-annealed (blue) for different self-bombarded
samples with Si fluences of (A) 2.0 x 10" and (B) 5.0
%x10" cm™. As clearly seen in the spectra with green
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Fig. 3. RBS-channeling spectra for the samples of as-
amorphized (red), EBIEC (green), and furnace-annealed
(blue) at 400°C for different self-bombarded samples with
Si fluences of (A) 2.0 x 10" and (B) 5.0 x 10" cm™.

and blue colors depicted in Fig. 3A, the recrystal-
lization took place from both sides of the upper and
deeper interfaces by EBIEC as well as by FA treat-
ment. The recrystallization rate was however sig-
nificantly slow down near the embedded complete
amorphous layer. The remarkable difference in the
crystallization between EBIEC and FA treatments
was not confirmed. The observed recrystallization
was therefore attributed to only the thermal effect
at 400°C temperature. In Fig. 3B, the crystallization
in thin damaged layer existing very near the sur-
face and the deeper interface was observed by both
EBIEC and FA treatments, but the crystallization
almost stopped in front of the complete amorphous
region. The a/c interfaces did not move even though
the fluence further increased. Small crystalline
grains remaining in the heavily damaged regions
are presumably involved in the recrystallization.
Consequently, the significant enhancement of the
crystallization of amorphized Si layer by EBIEC
treatment was not clearly confirmed in the anneal-
ing treatments at 400°C .

We next show the effect of IBIEC treatment by 150
keV proton irradiation on the recrystallization of
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Fig. 4. RBS-channeling spectra for the samples of as-amor-

phized (red), proton-IBIEC (green), and furnace-annealed

(blue) at 400°C for different self-bombarded samples with
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amorphous Si layer embedded in Si(100) substrates
synthesized by self-bombardment. Figure 4 shows
RBS-channeling spectra for the samples of as-amor-
phized (red), proton-IBIEC (green), and furnace-
annealed (blue) for different self-bombarded samples
with Si fluences of (A) 2.0 x 10* and (B) 5.0 x 10%
cm? The crystallization by non-IBEIC annealing
was almost stopped in front of the embedded amor-
phous region (see blue curve), as already observed
in the EBIEC samples shown in Fig. 3. It is found
on the other hand that the recrystallization by pro-
ton IBIEC treatment progressed from the upper c/a
interface overcoming the depth near which the crys-
tallization stopped for the non-IBIEC sample (com-
pare green curve to blue one). The front c/a interface
moved toward deeper direction as further increasing
IBEIC fluence by proton, which was not observed in
the EBIEC treatments. After Si* irradiation of 5.0
% 10" cm™ fluence, the recrystallization took place
from the damaged region located near both deeper
and shallower a/c interfaces, as already mentioned
in EBIEC and FA samples (Fig. 3). In the deeper
damaged layer, recrystallization proceeded up to the
amorphous region, but completely stopped in front
of the complete amorphous region (~350 nm depth).
In the shallower damaged layer (<40 nm depth), the
recrystallization was initially developed laterally
and then vertically proceeded. It is consequently
suggested that ion beam irradiation significantly as-
sists the epitaxial recrystallization.

Discussion

As described above, electron beam irradiation did
not show annealing effect of amorphous Si. Howev-
er, proton beam annealing effectively enhanced the
epitaxial recrystallization. As already mentioned in
Fig. 1, the atomic displacement density around the
focused depth region generated by H-irradiation of
1.0 X 10" cm™ fluence was estimated to be 4.5 X 10%
cm®, which is comparable to that by EBIEC treat-
ment of 4.2 X 10" cm™ fluence.

The electronically deposited energy (A) and the to-
tal number of created electron-hole pairs (B) by 150-
keV proton (1% 10 cm™® and 8-MeV electron (4.2
% 10" ¢cm™?) in Si are shown in Fig. 5. The data for

29 and those

proton was referred from SRIM table
for electron was from a data table edited by Berger

and Seltzer 2. Here, the two contributions of energy

transfer from high-energy electron beam: direct col-
lision and Bremsstrahlung were considered, though
8-MeV electrons employed in this study predomi-
nantly lose the kinetic energy via the direct colli-
sion processes of electron excitation and ionization.
The inelastic energy loss of 150-keV proton and
8-MeV electron in Si material is thus estimated to
be about 100 eV/nm and 0.4 eV/nm, respectively. It
is clearly found that total electron-hole pairs by the
electron beam irradiation is about one order higher
than those by proton beam irradiation, indicating
that large energy deposition by inelastic effect from
8-MeV electron is more expected. As shown in Figs.
4 and 5, however, the enhancement of recrystal-
lization was not observed for the EBIEC process,
suggesting that the recrystallization occurred in
the IBIEC process cannot be demonstrated by only
inelastic energy effect. We thus consider possible
three factors for accounting for observed results. It
is firstly known that electron beam irradiation to
Si did not form collision cascade, resulting in differ-
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ent defect profiles in solid materials. Secondly, the
actual dpa rate was significantly different between
them. Thirdly, we may be consider the H incorpo-
ration near a/c interface during H-IBIEC process,
which probably affect the crystallization behavior.
According to the previously proposed IBIEC mecha-
nism, the crystallization rate is only dominated by
the number of atomic displacements near the a/c
interface, indicating that the rate can be scaled by
nuclear stopping power” ?* ?¥. However, the present
results clearly suggest that another factor should be
considered to demonstrate the beam-induced recrys-
tallization processes.
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