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By high-energy (-2.5-MeV) heavy-ion ( 'As+, Kr+, ' " Xe+, etc.) beam irradiation, the
amorphous Si layers on the crystalline Si substrates formed by low-energy ( —100-keV) ion implan-

tation or by chemical-vapor deposition could be crystallized epitaxially at very low substrate tem-

peratures (120—300 'C, in the 2.5-MeV 'As+ irradiation case), far below the ordinary solid-phase
(-600 C) or liquid-phase ( —1400 C) epitaxial growth temperatures. Layer-by-layer amorphiza-
tion of amorphous Si layers on the crystalline Si substrates also occurred at low temperatures

( ~120 C, in the 2.5-MeV "As+ irradiation case). The author elucidates the low-temperature

(120—300'C) crystallization mechanism and the low-temperature ( ~ 120'C) amorphization mecha-

nism. The thermal diffusion of vacancies towards the amorphous layer, produced by nuclear

scattering of incident heavy ions in the crystalline substrate, plays an important role in the low-

temperature crystallization. High incident energies also contribute to the enhanced vacancy
diffusion due to their large electronic scattering. Whether crystallization or amorphization occurs
depends on the balance at the crystalline-amorphous interface, between the vacancy concentration
supplied from the crystalline substrate toward the amorphous layer via thermal diffusion and the in-

terstitial Si-atom concentration supplied from the amorphous layer toward the crystalline substrate
via recoil by incident heavy ions.

I. INTRODUCTION

Various annealing methods, such as furnace, laser
(pulsed or cw), ' electron-beam (pulsed or cw), and ion-
beam (pulsed or cw) ' annealing methods, have been
used to crystallize amorphous Si layers on crystalline Si
substrates, or to activate dopant atoms in the amorphous
or damaged regions in the crystalline substrate. In these
annealing methods, except Refs. 4-10, the amorphous
layers or the damaged regions were heated up to the
solid-phase epitaxial growth (SPEC&) temperature of
-600'C or to the liquid-phase epitaxial growth (LPEG)
temperature of —1400 'C.

The author reported previously"' that the amor-
phous Si layers could be crystallized below the -300 C
substrate temperatures by high-energy ( —2. 5-MeV)
heavy-ion ( As+, Kr+, ' " Xe+, etc.) beam irradia-
tion. Additionally, it was emphasized that even just un-

der the irradiation beam spot on the surface of a Si wafer,
the substrate temperatures had been kept below —300'C,
far below the ordinary SPEG temperature. In these arti-
cles, the author also reported that greater amorphization,
that is, layer-by-layer amorphization of the amorphous Si
layer, occurred below the 120'C substrate temperatures
in the 2.5-MeV As+ irradiation case. It was proposed
that the vacancies produced by incident heavy ions in the
crystalline substrate under the amorphous layer migrated
toward the amorphous layer via thermal difFusion, and
interacted with the amorphous layer at the crystalline-
amorphous interface, resulting in crystallization. The au-
thor deduced that the doubly negative vacancies pro-
duced by the large electronic scattering of high-energy in-
cident ions enhanced the migration velocity due to their

low activation energy of -0.2 eV for migration. Howev-
er, the exact mechanism of crystallization was not neces-
sarily clear, and the layer-by-layer amorphization mecha-
nism at low temperature was not entirely resolved.

Since then, many experiments have been done on the
low-temperature crystallization of amorphous Si layers
by ion-beam irradiation, including low-energy (from
several tens of kilo-electron volts to several hundred
kilo-electron volts energy) and light-ion ( He+, Ne+,
Ar, etc. ) beam irradiation.
Linnros et al. ' confirmed that the amorphous Si lay-

ers in silicon on sapphire were epitaxially regrown by ir-
radiation of comparatively light ions, such as He+,
' N+, Ne+, Si+, and Ar+ ions with 300-keV energy
at the 300 C substrate temperature. They concluded that
the growth rate was proportional to the amount of depos-
ited energy in elastic collisions by the annealing ions near
the crystalline-amorphous interface, and did not conspi-
cuously refer to the role of inelastic scattering of anneal-
ing ions. They deduced that point-defect migration con-
tributed to the crystallization.

Williams et al. also generated epitaxial crystallization
of amorphous Si layers on the crystalline Si substrates at
200—450 C substrate temperatures using 0.6—3.0 MeV

Ne+ ion irradiation. They concluded that below
400 C, growth proceeded linearly with a Ne+ ion dose
and was proportional to nuclear (elastic) energy loss, the
same as for the Linnros case. ' They suggested that
mobile point defects such as vacancies produced at the
near interface were responsible for low-temperature
( ~400 C) crystallization. They also did not refer to the
role of the inelastic collision of annealing ions, because
the regrowth rate decreased as the incident ion energy in-
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creased (see Fig. 16).
The amorphization phenomenon, that is, layer-by-layer

amorphization of amorphous Si layers on the crystalline
Si substrates, pointed out by the author in previous arti-
cles, "' was confirmed by Elliman et ah.

Linnros et al. reported that the balance between
amorphization and crystallization was controlled by the
accumulation of divacancies at the crystalline-amorphous
interface. This was because the critical dose rate for
equilibrium of crystallization and amorphization varied
exponentially with 1/T, where T denoted the substrate
temperature during irradiation, exhibiting the activation
energy of —1.2 eV, which was the characteristic of diva-
cancy dissociation.

Upon the epitaxial growth of chemical-vapor-deposited
(CVD) amorphous Si layers, La Feria et al. ' reported
that they succeeded in crystallizing amorphous layers
with 600-keV Kr + ion irradiation at the 450 C sub-
strate temperature. After deposition, the samples were
subsequently implanted with 1.0 X 10' /cm, 80-keV

As+ ions for the purpose of mixing the interface, in or-
der that the CVD amorphous Si layers might be crystal-
lized easily. The author reported previously' that CVD
amorphous Si layers could be crystallized with 2.5-MeV

As+ ion irradiation at the —300 C substrate tempera-
ture without mixing the interface by low-energy ion im-
plantation. Mixing by low-energy ion implantation was
not necessary, because amorphous Si layers were deposit-
ed by the clean CVD method. ' By this method, natural
oxides and contaminations on the surface of the crystal-
line Si substrates were clearly removed. The growth rates
of CVD amorphous Si layers were -60%%uo of the low-
energy ion-implantation-formed amorphous Si layers.

For the present, as reviewed in the above paragraph,
an exact mechanism for the low-temperature crystalliza-
tion or the layer-by-layer amorphization of amorphous Si
layers has not yet been clearly determined. Now, the au-
thor will elucidate the low-temperature crystallization
and the low-temperature amorphization mechanism.

Firstly, experimental results are reviewed, principally
from previously published articles"' along with the
newly obtained results of incident energy dependence of

As+ ions on the recrystallized thicknesses of an amor-
phous Si layer. Secondly, the low-temperature crystalli-
zation mechanism and the layer-by-layer amorphization
mechanism are examined in detail. The vacancy migra-
tion model, assisted by the electron-hole pair production
for the electronic scattering of incident high-energy ions,
explains comprehensively both the crystallization and
amorphization, and is newly proposed. Reasons for
differences between the author's results and other pub-
lished results are also discussed. Lastly, applications of
this ion-beam-induced low-temperature crystallization
method are referred to; emphasis is especially put on the
application to the silicon-on-insulator (SOI) structure,
due to its very low crystallization temperature and low
thermal stress.

II. RKSUI.TS

In this section the experimental results" ' of the
crystallization and layer-by-layer amorphization of amor-

phous Si layers on the crystalline Si substrates by high-
energy heavy-ion beam irradiation are reviewed, along
with the newly obtained results of incident energy depen-
dence of the As+ ions on the recrystallized thickness.
The 2-in. Si (100) and (111)wafers were implanted by the
50-keV As+ ions with a 5.0X10' /cm dose, and 100-
keV As+ ions with a 1.0X10' /cm dose to form
-650- and —1150-A-thick amorphous Si layers on the
crystalline Si substrates.

The crystallinities of the low-energy ion-implanted
samples and crystallized samples by high-energy ion-
beam irradiation were measured by the KBS (Kutherford
backscattering) channeling method. The well-collimated
((0.03') 1.5-MeV probe He beam was injected to the
(100), (110), and (111) axial channeling directions
and backscattered He+ ions were detected with a silicon
surface barrier (SSB) detector of —14-keV resolution, set-
tled at a 100', 110', or 170 angle to the incident probe-
beam direction. The total system resolution, including
the beam energy straggling from the 2.5-MeV Van de
Graaft accelerator, and the preamp, main amp, and mul-
tichannel analyzer (MCA), was -20 keV, which was
determined by the slope of the Si surface edge spectrum
in the MCA. The horizontal axis in the MCA (channel
unit) denotes backscattered He beam energy E and the
vertical axis represents the number of backscattered He
atoms that have energy between E and E+AE, where AE
is the energy width per 1 channel in the MCA. In the ex-
perimental results section, 1 channel = -4 keV was ap-
plied to all channeling spectra.

The precise distributions of dopant As atoms that
0

were implanted to form -650-A-thick amorphous Si lay-
ers by the 50-keV energy with a 5.0X 10' /cm dose were
also measured by the RBS method, primarily by tilting
the samples at a narrow angle, for example, 5, to the
probe-beam direction. By this glancing angle back-
scattering method, the depth resolution was improved to
35 A (see Sec. II 8). If the normal backscattering
methods (the probe He beam was injected nearly perpen-
dicular to the sample) were adopted, the obtained depth
resolution was -300 A.

A. Crystallization of amorphous Si layer
and lattice locations of dopant As atoms

after crystallization

The spectra on the left in Fig. 1 show the (100)-
channeling and random spectra of a preformed -650-A-
thick amorphous Si layer and of a crystallized amorphous
Si layer by 2.5-MeV As ion irradiation with a
7.0X10' /cm dose at the -290'C substrate tempera-
ture, along with the (100)-channeling spectrum for a
bulk crystalline Si sample. The spectra on the right show
the (100)- and (110)-channeling spectra and a random
spectrum of the 50-keV-implanted As atoms. The
-650-A-thick amorphous Si layers on the (100) Si sub-
strates were first formed by 50-keV As+ ion implanta-
tion with a 5.0X 10' /cm dose.

As clearly seen in the spectra of the Si substrate, the
-650-A amorphous layer was almost completely crystal-
lized, as far as the channeling spectrum was concerned,
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FIG. 1. (100)- and (110)-channeling spectra of (100) Si after crystallization by 2.56-MeV, "As+ ion irradiation for a
0

7.0X10"-/cm dose with a 3.0 pA/4 cm dose rate. Here, 50-keV 'As spectra preimplanted to form a -650-A amorphous layer
were also shown. , random spectrum for the as-amorphized sample by 50-keV As+ ion implantation with a 5 ~ OX 10' /cm dose;
(), ( 100)-channeling spectrum for the as-amorphized sample; 4, ( 100)-channeling spectrum for the crystallized sample by 2.5-MeV
'As ion irradiation for a 7.0X10' /cm dose with a 3.0 pA/4 cm2 dose rate; o, (110)-channeling spectrum for the crystallized

sample by 2.5-MeV "As+ ion irradiation for a 7.0X10"/cm dose with a 3.0 pA/4 cm dose rate; and &, (100)-channeling spec-
trum for the bulk crystalline Si sample. Up to -90%%uo of the 50-keV-implanted dopant As atoms were located in substitutional sites
and not in tetrahedral-interstitial sites.

as the channeling yields coincided with the unimplanted
bulk crystalline Si sample. In the spectra on the right
from 50-keV-implanted As atoms, the areas of (100)
and (110) channeling yields almost coincided, and were
reduced to the —10% of the random yields, which meant
that -90% of the 50-keV-implanted dopant As atoms
were located in substitutional sites and not in
tetrahedral-interstitial sites. Therefore, -90% of the
dopant As atoms were electrically activated. The cry-
stallization temperature during 2.5-MeV As+ ion irra-
diation had been kept at -290'C, even just under the ir-
radiation beam spot on the Si surface, which is discussed
in detail in Sec. III.

B. Precise distributions of dopant As atoms
before and after crystallization
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Figure 2 shows the precise distributions of the 50-keV-
implanted As atoms before and after crystallization.
The samples were tilted 5' to the probe-beam direction
and detected at a 170' angle, as shown in the figure, to
improve the depth resolution. The maximum depth reso-

0
lution that was obtained was —35 A, which was one or-
der of magnitude better than the normal RBS method.

As clearly seen in Fig. 2, both distributions almost
coincided except for the extreme surface and tail region.
It was impossible for dopant As atoms to thermally
diA'use deeply in the bulk or the surface of the Si sub-
strate, because the temperature during 2.5-MeV As+
ion irradiation had been kept at -290 C, far below the
normal SPEC+ or LPECz temperature, even just under the
irradiation beam spot. However, As atoms moved
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FIG. 2. Precise distributions of 50-keV "As atoms pre-
implanted to form a -650-A amorphous layer, before and after
crystallization by 2.56-Me V 'As+ ion irradiation for a
7.0X 10' /cm dose with a 3.0pA/4 cm dose rate. To improve
the depth resolution for —35 A, the glancing angle backscatter-
ing methods were adopted.
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FIG. 3. (Continued).

slightly toward the surface, as it crystallized epitaxially.
It is to be noted that the As atoms piled up at the ex-
treme surface after crystallization, which was first detect-
ed by the glancing angle backscattering method. The
reason for this pile-up has not yet been determined, but it
is clear that this phenomenon is not due to the normal
thermal-diffusion process. This is a certainty because, as
just stated, the As atoms cannot diffuse at a tempera-
ture as low as -290 C, and no atom can diffuse toward
the higher concentration region at the surface.

C. The dose and dose-rate dependence
on the crystallized thickness

Figure 3(a) shows the ( 100)-channeling spectra of
2.5-MeV As+ ion irradiated samples with various doses
at the -290'C substrate temperature. The —1150-A-
thick amorphous Si layers were first formed by 100-keV

As+ ion implantation with a 1.0X 10' /cm dose. The
SSB detector was set at a 110' angle to the probe He
beam to improve the depth resolution. As clearly seen in
Fig. 3(a), the amorphous layer epitaxially crystallized
from the crystalline-amorphous interface to the surface.

Figure 3(b) shows the dose dependence of the 2.5-MeV
As+ ion irradiation dose on the crystallized thickness.

The dashed line denotes the thickness of the first formed
amorphous layer by 100-keV As+ ion irradiation. The
crystallized thicknesses were proportional to the irradia-
tion ion doses. The crystallization rate was thus obtained
from the slope of this graph to be —100 A/

(1.0X10' /cm ).
Figure 3(c) shows the dose-rate dependence on the

crystallized thickness at the same —185 C substrate tem-
perature, with 1.0 pA/4 cm and 1.5 pA/40 cm dose
rate. The dose rate of 1.0 pA/4 cm was conducted by ir-
radiating 2.5-MeV annealing As+ ions on a 2X2 cm
partial area of 2-in. Si wafers, through a mask put in
front of the wafer holder, whereas the dose rate of 1.5
pA/40 cm was obtained by irradiating the entire 2-in.
wafer through a &40XV'40 cm mask. Even if the dose
rates were the same, the partial and the entire irradiation
of 2-in. wafers resulted in the different wafer tempera-
tures. This is because the partially irradiated area was
cooled by the surrounding unirradiated area via conduc-
tion. On the contrary, the different dose rates resulted in
the same substrate temperature. The above different dose
rates were chosen so as to get the same —185 'C substrate
temperature.

As clearly seen in Fig. 3(c), the crystallized thicknesses
were the same within the experimental error under these
1.0 pA/4 cm and 1.5 pA/40 cm dose rates at the same
—185 'C substrate temperature. Therefore, crystalliza-
tion velocity should be represented in units of A/dose
and not in A/sec, because units of A/sec can be varied
freely, as the dose rate is varied.

D. The substrate temperature dependence
on the crystallized thickness

Figure 4(a) shows the (100)-channeling spectra of
2.5-MeV As+ ion irradiated samples with a
5.0X10' /cm dose at various substrate temperatures.
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FIG. 4. (a) {100)-channeling spectra of (100) Si after crystallization by 2.56-MeV 'As+ ion irradiation for a 5.0X 10'~/cm2 dose
with various dose rates. The substrate temperatures were varied from -90 C to -290 C by varying the dose rate. At -90 C, the
amorphous-layer thickness was enlarged, that is, layer-by-layer amorphization occurred. (b) The substrate temperature dependence
of crystallization or layer-by-layer amorphization by 2.56-MeV As+ ion irradiation for a 5.0X l0' /cm



43 MECHANISM OF LOW-TEMPERATURE ( ~ 300'C). . . 14 649

Si {100) Amorphization: As, IOOkeV, IxlO /cm
Recrysta llization: 2.00 MeV, 2xlO /cm

4.0yA/40cm2

CA 6-
C

Cl
CP 5—

as amorphized
As"
Xel3I, I32

4
tP

2
Channel number

Oi

CPe~

100
Mass number

150

FIG. 5. (a) (100)-channeling spectra of (100) Si after crystallization by 2.00-MeV As+ ions and ' '' Xe+ ion irradiation for a
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0
The —1150-A-thick amorphous Si layers were first
formed by 100-keV As+ ion implantation with a
1.0X10' /cm dose. The substrate temperatures were
varied by changing the beam current (dose rate) from 70
nA/4 cm to 3.0 pA/4 cm, because the crystallized
thickness was independent of the dose rate, as stated in
Sec. II C.

As clearly seen from this figure, the crystallized thick-
ness increased as the substrate temperature increased.
However, the thickness of the amorphous layer was en-
larged, that is, layer-by-layer amorphization occurred,
when the substrate temperature was -90 C.

Figure 4(b) shows the substrate temperature depen-
dence on the crystallized or the amorphized thickness.
The experimental results are well represented by the
straight line. The results of -40'C and -50'C points
were obtained by multiplying —,

' and —,
' of the actual exper-

imental data obtained. In these low-temperature cases, as
the extremely low beam currents (-70 nA) resulted in a
long irradiation period, the irradiation doses were select-
ed to be 2.0X10' /cm and 3.0X10' /cm, assuming
that the amorphization thickness was proportional to the
irradiation dose, as is the same for the crystallization case
in Fig. 3(a).

It is to be noted that the nuclear-energy loss of anneal-
ing 2.5-MeV As+ ions at the crystalline-amorphous in-
terface, which is proportional to the damage production
in the crystalline substrate, is smaller than that in the
crystalline substrate near the projected range (R~ ) of an-
nealing 2.5-MeV As+ ions [see Fig. 13(a)]. Neverthe-
less, amorphization occurred at the interface and did not
occur near the A . This will be discussed in more detail
in Sec. III.

E. The annealing-ion-mass dependence
on the crystallized thickness

Figure 5(a) shows the ( 100 ) -channeling spectra of
2.0-MeV As+ ion and 2.0-MeV ' " Xe+ ion irradiat-
ed samples with a 2.0X10' /cm dose at the —300'C
substrate temperature. The —1150-A-thick amorphous
Si layers were first formed by 100-keV As+ ion implan-
tation with a 1.0 X 10' /cm dose. The ' 'Xe+ and

Xe ions were irradiated at the same time, because the
present mass-analyzing magnet could not distinguish be-
tween these annealing ion masses. As clearly seen from
this figure, the crystallized thickness increased as the an-
nealing ion mass increased.

Figure 5(b) shows the annealing-ion-mass dependence
on the crystallized thickness with 2.5 MeV energy at the
-290 C substrate temperature. These points represent
He+ "8, As+ Kr+, and ' " Xe ions, respec-

tively. Because ' " Xe ions could not be bent at 2.5
MeV energy due to the present mass-analyzing-magnet
capacity, the crystallized thickness of ' " Xe+ ions at
2.5 MeV energy was deduced from Fig. 5(a), the 2.0-MeV
annealing-ion-mass case, assuming that the crystallized
thickness ratio of As+ ions and ' " Xe+ ions in the
2.5-MeV irradiation was the same as in the 2.0-MeV irra-
diation in Fig. 5(a).

The light He+ ions do not contribute to the crystalli-

zation, whereas heavy ions, such as Kr+ and ' " Xe+
ions, crystallize amorphous Si layers a great deal. These
results strongly suggest that crystallization occurred due
to defects such as vacancies and interstitials produced by
the nuclear scattering of annealing ions in the crystalline
Si substrate under the amorphous Si layer.

F. The energy dependence on the crystallized thickness

Figure 6(a) shows the (100)-channeling spectra of
As+ ion irradiated samples of various energies with a

3.0X10' /cm dose at the —170 C substrate tempera-
ture. The SSB detector was settled at a 100 angle to get
higher resolution. The 4-in. silicon wafers were first im-
planted by 100-keV As+ ions with a 1.0X10' /cm
dose to form —1150-A-thick amorphous layers. The sub-
strate temperature had been kept constant at —170'C by
varying the beam currents as the irradiation energies
changed, so that the input power densities on the silicon
wafers might become the same values. Because the target
chamber structure had been changed when the energy-
dependence experiments were undertaken (cf. Sec. IV 8),
the wafer temperature could not be raised above
—170'C, though the incident beam power was greater
than in other experimental cases.

As shown in this figure, the crystallized thickness in-
creased as the irradiation energy increased. The 1.54-
and 2.0G-MeV irradiation doses resulted in almost the
same crystallization thicknesses. However, in the 2.56-
MeV irradiation case, the crystalline-amorphous inter-
face more clearly proceeded to the surface than in the
other energy cases.

Figure 6(b) shows the energy dependence on the crys-
tallized thickness (arbitrary units). Evidently, the crystal-
lized thickness was larger with 2.56-MeV irradiation, but
almost the same with 2.00- and 1.54-MeV irradiation.
Although thoroughly precise energy-dependence experi-
ments with the higher doses and at the higher substrate
temperatures were desirable, it could be concluded that
in the As+ ion irradiation case, the crystallized thick-
ness increased as the incident energy increased.

G. The substrate orientation dependence
on the crystallized thickness

Figure 7 shows (100)- and (111)-channeling spectra
of (100) and (111)Si wafers irradiated by 2.5-MeV As+
ions with a 5.0X10' /cm dose at the -290'C substrate
temperature. The —1150-A-thick amorphous Si layers
were first formed by 100-keV As+ ion implantation
with a 1.0X10' /cm dose.

As clearly seen from this figure, the crystallized thick-
ness of the (100) Si wafer was approximately two times
larger than that of the (111) Si wafer. In the normal
SPEG of furnace annealing, the growth rate is approxi-
mately 25 times larger for (100) than for (111) Si. '9

Therefore, a completely difterent crystallized mechanism
must be considered in this high-energy heavy-ion beam
irradiation at the substrate temperatures below -300'C.
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H. The dose dependence on the crystallized thickness
of CVD amorphous Si layer

In the above sections the amorphous Si layers were all
low-energy (50—100-keV) ion-implantation-formed amor-
phous layers. In this section the amorphous layers were
formed by the CVD method.

Figure 8 shows the channeling spectra of 2.5-MeV
As+ ion irradiated CVD amorphous Si layers, with

various doses, at the -300'C substrate temperature.
The —1500-A-thick CVD amorphous Si layers were de-
posited by the clean-CVD method. ' Using this method,
natural oxides and contaminants at the crystaHine-
amorphous interface were clearly removed.

As clearly seen from this figure, the CVD amorphous
Si layers were also epitaxially crystallized to the bulk
crystalline Si at the very low -300 C substrate tempera-
ture, as far as the channeling spectra were concerned.
The crystallized thickness was proportional to As+ ion
doses. However, the crystallization rate was -60% that
of the low-energy ion-implantation-formed amorphous Si
layers. The crystallization rate would be improved to a
rate near that of the ion-implantation-formed amorphous
Si layers, if thorough cleaning procedures were adopted
at deposition.

In concluding this section, the experimental results
were summarized as follows.

(1) The crystallization of amorphous Si layers occurred
at the very low substrate temperature of -300'C by

high-energy ( 1.0—2. 5-MeV) heavy-ion ( As, Kr+,
Xe+) beam irradiation, far below the ordinary

SPEG or LPEG temperatures of -600'C and —1400'C,
respectively. Up to -90% of the dopant As atoms in

the amorphous layer were located in substitutional sites
and not in tetrahedral-interstitial sites after crystal-
lization, and were electrically activated. The distribution
of dopant As atoms did not change before or after crys-
tallization.

(2) The crystallized thickness was proportional to the
irradiation ion dose and independent of the dose rate.

(3) The crystallized thickness increased as the irradia-
tion ion energy and mass increased.

(4) When the irradiated annealing ions were 2.5-MeV
As+, the crystallization thickness increased as the sub-

strate temperature increased in the range of 120—300'C,
and the layer-by-layer amorphization occurred when the
substrate temperatures were below —120 C.

(5) The crystallization rate of (100) Si was approximate-
ly two times larger than that for the (111)Si.

(6) The CVD amorphous Si layers could also be crys-
tallized at the —300 C substrate temperature; however,
the crystallization rate was —60% that of the ion-
implantation-formed amorphous Si layers.

III. DISCUSSIONS AND SPECULATIONS

In this section the author minutely clarifies and specu-
lates about the mechanism of low-temperature
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FlG. 8. (100)-channeling spectra of (100) Si after crystallization of CVD amorphous Si by 2.56-MeV "As+ ion irradiation for
various doses with a 3.5 pA/4 cm dose rate.

(120—300'C, in the 2.5-MeV As+ irradiation case) crys-
tallization of amorphous Si layers on the crystalline Si
substrates, and the mechanism of layer-by-layer amorphi-
zation at low temperature ( ~ 120'C, in the 2.5-MeV

As+ irradiation case).
Firstly, the Si wafer temperatures during high-energy

heavy-ion beam irradiation are measured and calculated.
The author emphasizes that even just under the irradia-
tion beam spot, the temperature has been kept below the—300 'C equilibrium temperature.

Secondly, the vacancy (produced by the elastic nuclear
scattering of incident ions) migration model in the crys-
talline substrate under the amorphous layer, assisted by
the electron-hole pair production (formed by the inelastic
electronic scattering of incident ions), is proposed, which
comprehensively explains both the crystallization and the
layer-by-layer amorphization. Lastly, the author
discusses the differences between these results and other
published results.

A. The Si wafer temperatures during irradiation

1. The equilibrium wafer temperatures measured
bp heat labels

300

200

ioO
(D
C3

p 2 10

Input power density (w/cm2)

beam. The vertical bars signify the measured values and
the curved lines represent the calculated temperatures for
various effective emittances.

As clearly seen from this figure, the equilibrium wafer
temperatures increase as the input power densities in-
crease; however, they are kept below —300 C. The input
power density can be deduced by multiplying the beam

The equilibrium wafer temperatures during irradiation
were measured by heat labels attached to the back side of
wafers. Figure 9 shows the dependence of the wafer tem-
perature on the input power density of the irradiation

FIG. 9. The equilibrium wafer-temperature dependence on
the input power density measured by heat labels attached to the
back side of wafers, and calculated values for various effective
emittances.
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wafers had been kept at the equilibrium temperature.
Thus, the experimental results discussed in Sec. II are not
inQuenced by the transient temperature characteristics.
However, as will be discussed in detail in Sec. IV B, it is
only in the case of the irradiation energy dependence ex-
periment that the transient wafer temperature charac-
teristics cannot be neglected below the —1.5-MeV irradi-
ation energy, using a 4-cm area mask.

3. The wafer temperature
just under the irradiation beam spot

The temperatures discussed in Secs. III A 1 and III A 2
were the macroscopic total wafer temperatures of equilib-
rium and transient states of irradiation. In this subsec-
tion the local and instantaneous wafer temperature just
under the irradiation beam spot on the Si surface is con-
sidered.

Figure 11 is a schematic view of the scanned irradia-
tion beam. The typical irradiation conditions are as fol-
lows: The diameter of the beam spot is —10 mm, the
spot beam current is -5 pA, and the scanning speed is—10 cm/sec. The scanning beam current on the wafer
is -3 pA at the maximum, which is below the spot beam
current, because the beam spot is overscanned on the
wafer so that the total area of the wafer will be irradiated
uniformly.

The experimentally obtained projected range (R ) of
2.5-MeV As+ ions was —1.6 pm. If the total input
power was consumed adiabatically in a cylindrical
volume of 10 mm diameter and 1.6 pm height of the Si
wafer within 10 sec (the period that was deduced from
the 10 -cm/sec scanning speed and the 10-mm beam spot
diameter), the local and instantaneous temperature rise
just under the irradiation beam spot, compared with the
surrounding equilibrium Si wafer temperature, was de-
duced to be only -20'C, assuming that the Si heat capa-
city was 0.168 cal/deg g. This value was overestimated,
because the author assumed that all the input power was
consumed adiabatically. In reality, the heat is dissipated
via conduction in the Si wafer and via radiation in the
vacuum; the temperature rise is anticipated to be much

Spot beam current

)OOm/sec

10 m

er

FIG. 11. The schematic view for representing the scanning
beam spot.

lower than -20'C. The precise calculation' including
conduction predicts that the temperature rise is below—1'C. In conclusion, the wafer temperatures had been
kept under the equilibrium -300 C substrate tempera-
ture without the local and instantaneous temperature rise
just under the irradiation beam spot.

4. Thermal spikes

Thermal spikes' are localized and instantaneous heat-
ing around each incident ion track. The diameter of each
spike is supposed to be -40 A and the time constant or
the lifetime of tracks, -5.5 X 10 ' sec. For comparison,
the 2.5-MeV incident high-energy ion stops at the R of
—1.6 pm depth within —1.0X10 ' sec.

If these spikes contributed to the crystallization of
amorphous Si layers on the crystalline Si substrates, the
crystallization rate would not depend so largely on the
equilibrium wafer temperature, as mentioned in Sec. II D.
Much more, the layer-by-layer amorphization would not
by any means occur at the low wafer temperature. That
is, if such microscopic thermal spikes around each ion
track contributed to the "low-temperature" crystalliza-
tion, the crystallization rates would not depend on the
macroscopic equilibrium wafer temperature.

In conclusion, it was ascertained that the amorphous Si
layers on the crystalline Si substrates were undoubtedly
crystallized by ion beam irradiation below the SPEG tem-
perature of amorphous Si and without a localized and in-
stantaneous temperature rise both just under the irradia-
tion beam spot on the Si surface and around each in-
cident ion track.

B. The low-temperature (120—300'C)
crystallization mechanism

It is clarified in this section that the low-temperature
crystallization occurs by supplying vacancies, produced
by the nuclear scattering of incident ions in the crystal-
line substrate, to the amorphous layer via thermal
di6'usion, which become the "vacant spaces" in the amor-
phous layer near the crystalline-amorphous interface.
Then, "vacant spaces" induce redistribution of amor-
phous Si atoms near the crystalline-amorphous interface,
resulting in layer-by-layer crystallization at low tempera-
ture.

1. Crystallization by vacancy migration

Figure 12(a) shows the layer-by-layer crystallization
model by high-energy heavy-ion beam irradiation. The
crystallization procedures are mentioned in sequence, as
follows.

(1) The high-energy heavy ions penetrate deeply (1—2
pm) in the crystalline Si substrate through the surface
amorphous Si layer ( -0. 1 pm thickness) and produce a
lot of vacancies and interstitials around the ion tracks in
the crystalline substrate under the amorphous layer. The
open and solid circles represent vacancies and interstitial
Si atoms produced by incident ions. The dotted circles
denote normal Si atoms positioned in the lattice sites.

The vacancy concentration is higher in the near center
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FIG. 12. (a) The low-temperature crystallization mechanism model of the amorphous Si layer on the crystalline Si substrate by
beam irradiation, showing that the vacancy supply surpasses the knocked-on interstitial Si atom supply at the crystalline-amorphous
interface. (b) The low-temperature layer-by-layer amorphization mechanism model of the amorphous Si layer on the crystalline Si
substrate, showing that the vacancy supply decreases as the equilibrium wafer temperature decreases, due to the temperature depen-
dence of the thermal-di6'usion coefficient for vacancies, whereas the supply of knocked-on interstitial Si atoms does not vary because
it was determined only by the incident energy and ion species and not by the equilibrium wafer temperature.
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of the ion tracks than in the surrounding region around
the ion tracks, because incident ions knock on the Si
atoms from their normal lattice sites to the interstitial
sites (off-lattice sites) along the ion tracks. Therefore, cy-
lindrical damaged regions around each ion track, 20—100
A in diameter, are formed in which vacancies are rich in
the center and interstitial atoms are rich in the surround-
ing regions. The cylindrical damaged regions are formed
within the —1.0X10 ' sec duration for incident ions to
be stopped.

(2) The vacancies migrate via thermal diffusion, from
the center of the vacancy-rich region to the surrounding
interstitial-rich region in the cylindrical damaged
volumes around the ion tracks. The diffusion coefficient
is determined by the equilibrium wafer temperature. The
radial directions in the cylindrical volumes perpendicular
to the ion track, denoted by larger open arrows, show the
vacancy thermal-diffusion movement.

After the radial vacancy diffusion, the center of the cy-
lindrical damaged region crystallizes because the vacan-
cies are replaced by Si atoms in normal lattice positions.
These migrated vacancies recombine with the interstitial
Si atoms in the interstitial-rich region of the cylindrical
volumes. That is, the cylindrical damaged regions in the
crystalline substrate under the amorphous layer recrystal-
lize by the vacancy diffusion and recombination process-
es. These migration and recombination procedures are
completed within —1.0 X 10 sec. '

(3) The vacancies also migrate to the surface amor-
phous Si layer, so to speak, to the assembly for interstitial
Si atoms. These movements are denoted by rather small
open arrows parallel to the incident ion tracks. On the
contrary, interstitial Si atoms knocked on by incident en-
ergetic ions are supplied to the crystalline substrate from
the amorphous layer. These are represented by solid ar-
rows. These migrated vacancies from the crystalline sub-
strate and knocked-on interstitial Si atoms from the
amorphous layer combine at the crystalline-amorphous
interface.

(4) After combination at the crystalline-amorphous in-
terface, vacancies or interstitial Si atoms are left. If open
arrows (proportional to the number of vacancies supplied
to the amorphous layer) are larger than solid arrows (pro-
portional to the number of knocked-on interstitial Si
atoms supplied to the crystalline substrate), vacancies are
left and they are supplied to the amorphous layer. Sup-
plied vacancies are not actual vacancies but are "vacant
spaces" in the amorphous layer. The word "vacancy" is
valid only in the crystalline and not in the amorphous
layer. The number of vacant spaces in the amorphous
layer near the interface increases as incident ions are sup-
plied continuously. These vacant spaces make the
thermal vibrations of Si atoms in the amorphous layer
near the interface more free, and induce redistribution of
Si atoms, resulting in the crystallization of one monolayer
at the interface. During ion beam irradiation, vacancies
are supplied continuously from the crystalline substrate
and the next monolayer crystallizes. Thus, the layer-by-
layer epitaxial crystallization occurs at a low temperature
( ~ 300'C), far below the normal SPEG temperature
(-600 C).

Thus, the reason for the low-temperature crystalliza-
tion is that vacancies migrate easily at low temperature
( ~ 300'C) and vacant spaces in the amorphous layer in-
duce redistribution of thermal-vibration-free Si atoms in
the amorphous layer near the crystalline-amorphous in-
terface at low temperature ( ~ 300'C), resulting in epitax-
ial crystallization. Therefore, a supply of vacancies to the
amorphous layer is essential for low-temperature layer-
by-layer epitaxial crystallization.

2. Vacancy migration assisted by the production
of eieetron hole pai-rs

The activation energy of layer-by-layer epitaxial cry-
stallization by high-energy heavy-ion beam irradiation is
deduced to be -0.2 eV from the slope of the substrate
temperature dependence on the crystallized thickness in
Fig. 4(b), though only the two points of —180'C and
-290'C are available. This low -0.2-eV activation en-
ergy is much smaller than the 2.3-eV (Ref. 19) normal
SPEG activation energy by furnace annealing. The -0.2
eV activation energy coincides with the 0.24 eV that Wil-
liams et al. proposed, when they irradiated amorphous
Si layers on the crystalline substrates by 0.6—3.0-MeV

Ne+ ions at the temperature range of 200—300 C.
The activation energy of -0.2 eV also coincides with

0.18 eV of the migration of doubly negative vacancies in
the crystalline Si substrate proposed by %'atkins. Dou-
bly negative vacancies are more mobile than neutral va-
cancies in which the activation energy for migration is
0.33 eV. Therefore, the more vacancies produced by
the incident ions and the more doubly negative vacancies,
the more the recrystallization rate of the amorphous Si
layer increases.

As the irradiation energy increases, the ratio of the de-
posited energy by the inelastic electronic scattering, for
ionization and excitation, to the deposited energy by the
elastic nuclear scattering increases. The nuclear and elec-
tronic deposited energy density (ENDED: elastic nuclear
deposited energy density; IEDED: inelastic electronic
deposited energy density) distributions of As+ ions in Si
for various incident ion energies are shown in Figs. 13(a)
and 13(b). ' It is clear from these figures that the END-
ED at the surface decreases as the incident energy in-
creases, because the nuclear scattering cross section is re-
duced. In contrast, the IEDED at the surface becomes
large, as the irradiation energy increases. Therefore, the
number of electron-hole pairs produced by the inelastic
scattering increases as the ion energy increases, and ini-
tially formed neutral vacancies produced by the elastic
nuclear collision are liable to be converted to doubly neg-
ative vacancies V for dense electron-hole pairs around
vacancies.

As mentioned in Sec. II, the recrystallization rate in-
creased as the incident ion mass increased. This is be-
cause the ratio of the nuclear scattering becomes high,
and contributes to the production of a lot of vacancies in
the crystalline substrate under the amorphous layer. It
was also mentioned that the recrystallization rate in-
creased as the incident ion energy increased. This is be-
cause the number of electron-hole pairs increases and
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enhances to convert neutral vacancies to more mobile
doubly negative vacancies.

If only the vacancy concentration contributed to the
recrystallization rate, the recrystallized thickness should
decrease with an increase in incident ion energy, because
the ENDED (proportional to the vacancy concentration)
at the crystalline-amorphous interface (at —0. 1 pm
depth) decreases as the incident energy increases [see Fig.
13(a)]. This is shown by the dotted line (solid circles) in
Fig. 14. The solid circles represent the ENDED at the
crystalline-amorphous interface in an arbitrary unit,
which are plotted to coincide with the experimental crys-
tallization rate at 1.5-MeV irradiation energy. Experi-
mentally, the recrystallized thickness increases as the in-
cident energy increases, as shown by the open circles in
Fig. 14.

Therefore, for crystallizing amorphous layers at low
temperature, it is necessary that the irradiation ion mass

be heavy enough to produce vacancies. Furthermore, by
accelerating the irradiation energy, the amorphous layers
crystallize effectively. In Sec. IIIC, the layer-by-layer
amorphization process is discussed, which does not
convict with the above-mentioned crystallization mecha-
nism.

C. The layer-by-layer amorphization mechanism
at low temperature ( ~ 120 C)

Layer-by-layer amorphization occurred at low temper-
ature (~120'C in the 2.5-MeV As+ irradiation case).
In this case, the procedures mentioned in the crystalliza-
tion mechanism (1)—(3) in Sec. III B 1 are the same,
while procedures (4) and (5) are as follows.

(4) However, due to the lowering of the equilibrium
wafer temperature, the diffusion coeKcient of vacancies
decreases, whereas the number of knocked-on interstitial
Si atoms from the amorphous layer is constant. The
number of knocked-on interstitial Si atoms does not de-
pend on the substrate temperature, but is only deter-
mined by the incident energy and ion species (mass).
Therefore, the number of interstitial Si atoms supplied
from the amorphous layer becomes larger than that of
the vacancies supplied from the crystalline substrate, as
shown in Fig. 12(b).

(5) After vacancies and interstitial Si atoms are com-
bined at the crystalline-amorphous interface, the intersti-
tial atoms are left. This is clearly shown in Fig. 12(b), as
the solid arrows are larger than those for open arrows at
the interface. This means that the amorphous layer
thickness is enlarged, that is, layer-by-layer amorphiza-
tion occurs at the interface.

Assuming that the supply rate of vacancies from the
crystalline substrate to the amorphous layer is V, V
should be proportional to the vacancy diffusion
coefficient and represented to be V= Voexp( b, 6'/kT). —
Here, AN is an activation energy of vacancy migration
(thermal difFusion) in the crystalline Si substrate, and Vo
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V„,= Vo(E, M)exp( —66"/kT) V, (E—,M) . (6)

Vo and V& can be represented as a function of E and Ias
a general principle, but in this section these functions are
used only as fitting parameters.

By fitting Eq. (6) with experimental results of the sub-

strate temperature dependence on the recrystallized
thickness shown in Fig. 4(b), the activation energy for va-

cancy migration was obtained as b,6=0. 1 eV. This is
shown by the dashed line in Fig. 15. Correctly speaking,
the substrate temperature dependence on the crystallized
thickness shown in Fig. 4(b) should not be represented by
a straight line but by a curved line which is saturated at
the lower temperature range.

It has already been clarified that crystallization of the
cylindrical damaged region in the crystalline Si substrate
around the incident ion tracks occurred with the low ac-
tivation energy of 0.18 eV. It was predicted that this low
activation energy was attributed to the migration of dou-

bly negative vacancies due to the same activation energy
value proposed by Watkins. The above-obtained low
activation energy of 0.1 eV for crystallization of the
amorphous Si layer on the crystalline Si substrate by
high-energy heavy-ion beam irradiation also strongly sug-
gests that these recrystallization processes are ruled by

can be the function of incident ion energy E and ion mass
M, as Vo(E, M). It can also be assumed that the supply
rate of Si interstitial atoms from the amorphous layer
(knocked-on atoms) does not depend on the equilibrium
substrate temperature, but is only determined by the in-
cident ion energy and mass. That is, the supply rate of
knocked-on Si atoms from the amorphous layer to the
crystalline substrate can be written as V, =V, (E,M).
Therefore, the total (or net) crystallization rate or
amorphization rate V„,can be written as follows:

the doubly negative vacancy migration mechanism, as
has been detailed in this paper.

By introducing minus velocity —
V&, both crystalliza-

tion and amorphization can be explained comprehensive-
ly. The fitting parameters Vo(E, M) and V, (E,M) are
7500 A/(5. 0X10' /cm ) and 420 A/(5. 0X10' /cm ), re-
spectively.

Here, it is speculated why amorphization occurs first at
the crystalline-amorphous interface, rather than at the
projected range (R~ ) of As+ ions, where the ENDED is
larger than at the interface. Whereas the crystallization
of the amorphous Si layer on the crystalline Si substrate
is attributed to the vacancy diffusion parallel to the in-
cident ion tracks, the crystallization of the damaged re-
gions in the crystalline Si substrate formed by irradiation
ions themselves at the near R (1—2 pm depth) can be ex-
plained by radial vacancy migration in the cylindrical
damaged volume, and by recombination with interstitial
atoms already residing there. When the substrate tem-
perature is lowered, diffusion coefficients both in the vert-
ical and parallel directions decrease; however, the

diffusion coe+cient in the Vertical direction might original
ly be larger than that in the parallel direction, as shown in
Fig. 12(a). Therefore, even if both difFusion coefficients
are diminished by lowering the substrate temperature,
and if the supply of knocked-on Si atoms becomes com-
paratively larger than that of vacancies at the
crystalline-amorphous interface, crystallization at the
near R still occurs due to the originally larger diffusion
coefficient, as shown in Fig. 12(b). That is, although pro-
duced vacancy and interstitial concentrations are larger
at the near R than at the interface due to the large
ENDED, crystallization in the near R occurs more
effectively than at the interface.

D. Comparison w ith other author's results

CA
tDa
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fV
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L
C3

500-

CA
cA
CPa

g -500-
CL
C)
E 0/afer temperature (K)

FICx. 15. The amorphization or recrystallization rate depen-
dence on the substrate temperature during irradiation. The cir-
cles were experimentally measured values. The dashed line was
deduced from a semiempirical equation, considering the balance
between the vacancy supply and the knocked-on interstitial Si
atom supply.

In this section the experimental results of Sec. II will
be compared with other published results. Additionally,
the inAuence of the ENDED and IEDED ratio on the re-
crystallized thickness of amorphous Si layers on the crys-
talline Si substrates is discussed.

Figure 16 shows the ENDED dependence of incident
Ne+ ions on the recrystallized thickness of amorphous

Si layers on the crystalline Si substrates obtained by Wil-
liams et al. In this figure the horizontal axis denotes S„,
which is the ENDED per one incident ion. The vertical
axis represents the recrystallized thickness of amorphous
Si layers on the crystalline Si substrates. The solid lines
show the same substrate temperature and dashed lines
represent the same incident ion energy. As clearly seen
from this figure, the recrystallized thicknesses increase
with the increase in the substrate temperatures from
200 C to 400'C and decrease with the increase in irradia-
tion energy from 0.6 to 3.0 MeV. That is, the recrystalli-
zation rate decreases with the increase in incident ion en-
ergy. From a different point of view, Fig. 16 shows that
the recrystallization rate increases as S„increases. That
is, as the number of vacancies and interstitials produced
in the crystalline Si substrate under the amorphous Si
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layer becomes large, the crystallization rate increases.
However, these results contrast strongly with those of the
author's on irradiation energy dependence. In the
author's As+ irradiation case, the recrystallized thick-
ness increases with the increase in irradiation energy [see
Figs. 6(a) and 6(b)].

The S„in the Ne+ irradiation case decreases with the
increase in incident ion energy, because the nuclear
scattering cross sections decrease with the increase in ir-
radiation energy. This tendency also applies in the As+
irradiation case. Nevertheless, the energy dependences
are quite contrary. In the following, the author specu-
lates on these differences in incident ion energy depen-
dences between light Ne+ ions and heavy As+ ions.

The number of vacancies and interstitial atoms pro-
duced in the crystalline substrate is proportional to the
ENDED of incident ions, and the number of electron-
hole pairs is proportional to the IEDED. Therefore, in
considering the difference between the As+ and Ne+
irradiation cases, it is necessary to calculate the ENDED
and IEDED distributions in Si for Ne+ ions, as is done
in the As+ irradiation case shown in Figs. 13(a) and
13(b).

Figure 17 shows the ENDED and IEDED distribu-
tions ' in the Si substrate for Ne+ ions. Comparing this
figure with Figs. 13(a) and 13(b), it is clear that the END-

S n (eV/A)

FIG. 16. The nuclear deposited energy density dependence
on the recrystallized thickness by Ne+ irradiation for various
irradiation energy and the substrate temperatures reported by
Williams et al. (Ref. 7).

ED for Ne+ ions are one order of magnitude smaller
than those for As+ ions, whereas the IEDED are com-
parable to those of As+. These calculations are based
on the Lindhard-Schar(F-Schiott (LSS) theory. The END-
ED distributions in Fig. 17 mean that Ne+ ions
penetrate deeply in the crystalline Si substrate with low
probability for colliding with Si substrate atoms at the
crystalline-amorphous interface.

Figure 18 shows the ENDED and the IEDED chart
for various ion species and irradiation energies. The hor-
izontal and vertical axes represent the ENDED and the
IEDED at the crystalline-amorphous interface ( —1150 A
from the surface), respectively. Here, As ions are
denoted by open squares and Ne+ ions are represented
by solid circles. As also clearly seen in this figure, the
ENDED for Ne+ ions are one order of magnitude
smaller than those for As+ ions, whereas the IEDED is
comparable to those for Ne+ ions. Therefore, from
Figs. 17 and 18, it can be said that the number of vacan-
cies and interstitials for Ne+ irradiation is one order of
magnitude smaller than that for As+, whereas the num-
ber of electron-hole pairs is comparable for both Ne+
and As+. These facts are the essence of the differences
between the energy dependence on the recrystallized
thickness for Ne+ and As+ ions. The reason for the
difference between Ne+ and As+ ions is thoroughly
explained in detail in Secs. III D 1 and III D 2.

Energy dependence for Ne+ ion irradiation

Although the total ENDED integrated to the depth
direction becomes small as the irradiation energy de-
creases, the ENDED at the crystalline-amorphous inter-
face increases inversely, as shown in Figs. 13(a) and 17.
Therefore, the number of vacancies and interstitial Si
atoms at the crystalline-amorphous interface, which
directly contribute to the crystallization of the amor-
phous Si layer, increases when the irradiation energy de-
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creases. Although the number of electron-hole pairs de-
creases as the irradiation energy is lowered, the number
of doubly negative vacancies might be saturated from the
beginning, because the produced vacancies and intersti-
tials are originally one order of magnitude smaller than
those produced by As+ ions. Therefore, although the
number of electron-hole pairs decreases when the irradia-
tion energy is lowered, the number of doubly negative va-
cancies might increase. This is the reason the recrys-
tallization rate increases as the irradiation energy de-
creases for Ne+ light-ion irradiation.

2. Energy dependence for As+ irradiation

for As+ heavy-ion irradiation.
Thus, the author predicts that the energy dependence

on the crystallized thickness becomes more remarkable as
the irradiation ion mass increases. In order to under-
stand the inAuence of the ENDED and the IEDED on
the crystallization rate more precisely and directly, one
may vary the IEDED under the same ENDED condi-
tions. For example, one can directly ascertain the role of
IEDED in the crystallization processes of amorphous Si
layers, if the recrystallization rate is enhanced by irradi-
ating electrons, ultraviolet lights, or x rays simultaneous-
ly during ion beam irradiation.

The number of vacancies and interstitial Si atoms at
the crystalline-amorphous interface increases when the
irradiation energy is lowered, the same as in the Ne+ ir-
radiation case. However, produced vacancies and inter-
stitial Si atoms are originally one order of magnitude
greater than for Ne+ irradiation, and the doubly nega-
tive vacancies might not be saturated from the beginning
Therefore, although the number of vacancies increases as
the irradiation energy is lowered, the doubly negative va-
cancies decrease inversely as a result of decreasing the
number of electron-hole pairs. This is why the recrystal-
lization rate increases as the irradiation energy increases

IV. APPLICATIONS AND ISSUES
TO BE SOLVED HEREAFTER

In this last section applications are discussed, particu-
larly upon the formation of the SOI structure. The recry-
stallization of amorphous Si layers by high-energy
heavy-ion beam irradiation is strongly characterized by
low-temperature ( ~300 C) processes far below the nor-
mal SPEG temperature of -600 C. In order to utilize
this low-temperature characteristic and the resulting
characteristics of low thermal stress, high-energy heavy-
ion beam irradiation is suitable for the formation of the
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SOI structure and for the activation of dopant atoms in
the GaAs substrates that requires a low annealing tem-
perature.

A. Applications

I. Formation of the SOI structure

Figure 19 shows a cross-sectional view of the SOI
structure. The —10-pm-width SiOz stripe layers of
—1000 A thicknesses were formed on the crystalline Si
substrate. Thereafter, the CVD amorphous Si layer of
-4000 A thickness was deposited on both the stripe Si02
layers and on the crystalline Si substrate. After deposi-
tion, the samples were annealed at -600 C for 24 hours.
Figure 20(a) shows the reliection high-energy electron-
diffraction (RHEED) pattern of this furnace-annealed
sample. Because only partial areas of the amorphous Si
layer that were in contact with the crystalline Si substrate
through the narrow window surrounded by the amor-
phous Si02 film crystallized by furnace annealing, and be-
cause this crystallization did not proceed laterally onto
the SiOz film, the characteristic halo pattern of amor-
phous Si was clearly observed.

After annealing for 24 hours at 600 C, the furnace-
annealed sample was irradiated by 2.5-MeV As+ ions
for a 1.0X10' /cm dose with a —3.5 pA/4 cm dose
rate. This dose rate resulted in a -300'C substrate tem-
perature.

Figure 20(b) shows the RHEED pattern of this high-
energy heavy-ion beam irradiated sample. The halo
pattern disappeared and crystallization proceeded lateral-
ly onto the —10-pm-width Si02 film, although the crys-
tallinity was not very fine. It should be remembered that
the crystallization rate of the CVD amorphous Si layer
on the crystalline Si substrate, that is, the crystallization

High-energy heavy-ion beam

»

» t »

(a)

IH 411».w .

FIG. 20. (a) The RHEED pattern of the SOI structure after
annealing for 24 hours at 600'C. The characteristic halo pat-
tern was observed. (b) The RHEED pattern by 2.56-MeV 'As+
ion irradiation after furnace annealing for 24 hours at 600 C for
a 1.0X10' /cm dose with a 3.5 pA/4 cm dose rate which re-
sulted in the —300'C substrate temperature. The halo pattern
disappeared and crystallization proceeded onto the 10-pm-
width SiO& film.

l
SIO2

CVD amorphous Si

SIOg

Cl)fsfalllhd Si

FIG. 19. The cross-sectional view of the SOI structure. The
CVD amorphous Si layer was deposited on the patterned SiO~
film and on the bare crystalline Si substrate between the SiO~
film. First, the samples were furnace annealed and the amor-
phous layer crystallized vertically on the crystalline Si substrate;
however, crystallization did not proceed laterally onto the SiO&
film. Then a high-energy heavy-ion beam was irradiated and
the amorphous layer crystallized laterally onto the Si02 film.

rate in the vertical direction (layer-by-layer crystalliza-
tion rate}, was only —60 A/(1. 0 X 10' /cm ), as shown in
Fig. 8. Therefore, the vertical crystallized thickness
ought to be at most -600 A with a 1.0X 10' /cm dose.
However, the crystallization proceeded laterally onto the
Si02 film even of the —10 pm length.

Here, the crystallized area of the amorphous Si layer
on the crystalline Si substrate is the irradiated area itself,
if the Si02 film is withdrawn. Assuming that the diame-
ters of the initially formed cylindrical damaged regions
(recrystallized by vacancy migration and recombination
mechanisms, as mentioned before) around the incident

0
ion tracks are -50 A, the doses needed for those dam-
aged areas to overlap the entire irradiated area are
1.0X 10' /cm —1.0X 10' /cm . Therefore, the doses
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1.0X10' /cm —1.0X10' /cm in the present irradiation
conditions are enough for crystallizing the entire irradiat-
ed area.

Taking into consideration the vacancy difFusion in the
radial (lateral) direction of the cylindrical damaged
volumes around the incident ion tracks at a low tempera-
ture with low thermal stress, it might be possible that the
crystallization proceeded onto the wide areas of the
amorphous insulator in such SOI structures.

Recently, Voelskow et al. succeeded in formation of
the SOI structure using a 330-keV Si+ ion beam; how-
ever, the lateral spread of crystallization was only —1.5
pm. The irradiation conditions such as beam energy, the
substrate temperatures, etc. , must be thoroughly taken
into account.

2. The GaAs compound semiconductor annealing

The compound semiconductors such as GaAs become
electrically positive or negative by replacing the Ga or As
lattice sites with Si atoms doped, for example, by ion im-
plantation. In order to obtain a high activation
efficiency, high-temperature annealing is needed. Howev-
er, As atoms, a main constituent of a GaAs substrate,
have a disposition for evaporating from the surface in the
high-temperature circumstances. Therefore, various an-
nealing methods, such as cap annealing, have been con-
sidered.

If this low-temperature ion-beam annealing is success-
fully applied, the process is simplified. Moreover, using
As atoms as irradiation species, there wi11 be no unfavor-
able inhuence on the GaAs substrate, for As atoms are
the constituents of GaAs substrates. These trials have al-
ready been undertaken and good results have been ob-
tained.

B. Issues to be solved hereafter

The mechanism of ion-beam-induced low-temperature
crystallization of the amorphous Si layers on the crystal-
line Si substrates has been speculated on and clarified;
however, there still exist several issues to be solved. In
this section these problems are discussed and new phe-
nomena found in continuing experiments are shown.

1. The dose rate dependenc-e of recrystallized thickness
for various irradiation energies

Figure 21(a) shows the (100)-channeling spectra of
high-energy heavy-ion beam irradiated samples for vari-
ous incident energies in order to investigate the energy
dependence on the recrystallized thickness. The sub-
strate temperature had been kept at the constant value of—195 C by varying the beam currents (dose rate) to pro-
duce the same input power density. The irradiated doses
were 5.0X 10' /cm, using a 4-cm area mask.

As clearly seen from this figure, the recrystallization
rate was the highest for 2.56-MeV irradiation. For the
2.00- and 1.56-MeV cases, the recrystallized thicknesses
were almost the same and were smaller than that of the
2.56-MeV case. The amorphous layer thickness was en-
larged, that is, layer-by-layer arnorphization occurred in

D~(R )=[Yg(R ) —Yo(Rp)]„/[Y„(Rp)—Yo(Rq)],

where Y&(R ) and Yo(R ) are the yields at R of ( 111)-
channeling spectra for a high-energy As ion irradiated
sample and an unirradiated bulk crystalline sample, re-
spectively. Y, (R ) is the yield at R of the normal RBS
spectrum in the random direction.

Figure 23 shows the damage degree at R versus the
substrate temperature during irradiation with a
1.0X10' /cm dose for various irradiation energies and

(7)

the 1.03-MeV case, as in the ease of low-temperature
( ~120'C) irradiation with 2.56 MeV energy. Whereas
the layer-by-layer arnorphization occurred below the—120 C substrate temperature at 2.56 MeV, the same
phenomenon occurred at the higher temperature of—195 C at 1.03 MeV. Therefore, the threshold tempera-
ture for amorphization and crystallization increases as
the irradiation energy decreases. In other words, the re-
crystallization phenomenon becomes remarkable as the
irradiation energy increases at the same substrate temper-
ature. These experimental results of 1.54—2. 56-MeV en-
ergy dependence on the recrystallized thickness shown in
Fig. 21(a) coincided with the results in Sec. II F obtained
with a large scanning area of 62 cm, shown in Fig. 6(a).

However, drawing attention to the deeper region in the
crystalline Si substrate, the buried amorphous layer was
found in the 1.03-MeV case. In Fig. 21(a), the SSB detec-
tor was settled at a 110' angle to the probe He beam
direction in order to improve the depth resolution. The
surface amorphous Si layer region was the only region of
interest.

In Fig. 21(b), the ( 100)-channeling spectra of the same
samples as in Fig. 21(a) are shown. They were obtained
by setting the SSB detector at a 170' angle to see the
deeper region. As clearly seen from this figure, not only
for the 1.03-MeV case but also for the 1.54-MeV irradia-
tion, buried amorphous layers were formed in the depth
near the 8 of incident As+ ions, due to the nuclear
scattering of the high-energy As+ ion beam.

It was reported previously that the damages induced
in the crystalline Si substrate by high-energy heavy-ion
beam irradiation were much smaller than those predicted
by the ENDED estimation or those induced by low-
energy (several tens of kilo-electron volts) ion implanta-
tion, even if the annealing eAects during irradiation were
taken into account. Figure 22 shows the (111)-
channeling spectra of 1.54-MeV As+ ion irradiated
(111) crystalline samples for various doses with a dose
rate of 3.0 pA/40 cm . The damage increases with an in-
crease in dose. However, even if the dose reaches
5.0X 10' /cm (open triangles), the damage degree
remains small. The substrate temperature had been kept
at -260 C during irradiation, on this dose-rate condi-
tion.

On the other hand, in Fig. 21(b) for the same 1.54 MeV
energy and the same 5.0 X 10' /cm dose with the
different 1.77 pA/4 cm dose-rate (open circles) irradia-
tion, the buried amorphous layer was formed by the irra-
diation beam itself, although the —195 C substrate tem-
perature was lower than -260'C in Fig. 22. In Ref. 22
the author introduced damage degree at R or Dz(R~ ) as
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(a) {100}-channeling spectra of (100) Si after crystallization by ~'As+ ion irradiation for a 5.0 X lp "/cm' dose with vari
ous irradiation energy. The dose rates were varied from 1.06 pA/4 cm to 2.63 pA/4 cm~ so that the substrate temperatures might be
the same value of —195 C for difFerent irradiation energy. The SSB detector was settled at a 110 angle to the probe He beam direc-
tion to improve the depth resolution. (b) The same {100}-channeling spectra as in (a); however, the SSB detector was settled at a
170' angle to observe deep in the crystalline Si substrate.
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FIG. 22. (111)-channeling spectra of the (111)bulk crystalline Si after irradiation by 1.54 MeV "As" ions for various doses with
a 3.0 pA/40 cm dose rate. The probe He beam energy was 2.56 MeV.

dose rates. It was speculated that the crystallization of
cylindrical damaged volumes in the crystalline substrate
around the incident ion tracks occurred by the vacancy
migration (thermal-diffusion) mechanism. From the
slope in Fig. 23, the activation energy for vacancy migra-
tion was deduced as 0.18 eV, which coincided with the
activation energy of 0.18 eV for doubly negative vacancy
migration proposed by Watkins.

From Fig. 23, in the case of 1.03- and 1.54-MeV ener-
gies with a 5.0X10' /cm dose at the —195'C substrate
temperature, Dd(R ) is expected to be 0. 1 —0.2, whereas
the buried amorphous layers were formed in Fig. 21 for
both 1.03 and 1.54 MeV cases, in spite of the same sub-
strate temperatures, irradiation energies, and doses.
Thus, the effective annealing in the crystalline Si sub-
strate during high-energy heavy-ion beam irradiation that
the author reported previously does not seem to occur
under these Fig. 21 experimental conditions. The only
different irradiation conditions in Fig. 21 compared with
Figs. 22 or 23 were the dose rates. That is, in Fig. 21, the
samples were irradiated through a 4-cm area mask to
shorten the irradiation period.

Therefore, at first, it seemed that those differences be-
tween the damage degree in the crystalline Si substrate
shown in Figs. 21 and 22 (or Fig. 23) were attributed to
the dose-rate differences. That is, in Fig. 23 (40-cm scan-
ning area), the dose rates of —1.6 pA/40 cm2 for 1.54
MeV and -2.4 pA/40 cm for 1.03 MeV were needed to
produce the —195 C substrate temperature. However, in

Fig. 21 (4-cm scanning area), about one-order-of-
magnitude-higher dose rates of —1.77 pA/4 cm for 1.54
MeV and -2.63 pA/4 cm for 1.03 MeV were needed to
produce the same —195 C substrate temperature, due to
the cooling efFect of partial irradiation. The buried amor-
phous layers shown in Fig. 21(b) seemed to be formed by
this one-order-of-magnitude-higher dose rate.

In conclusion, the buried amorphous layers were only
formed when the samples were irradiated below —1.5
MeV energy and through a 4-cm area mask. Thus, the
inAuence of the dose rate on the experimental results in
Sec. II can be overlooked, because in almost all results,
such as dose dependence, dose-rate dependence, substrate
temperature dependence, etc. , except for the energy
dependence, the irradiation energies were 2.56 MeV.

Only the energy-dependence results obtained by using
a 4-cm area mask shown in Fig. 21(a) might not show
the precise energy dependence on the recrystallized thick-
ness, even if the substrate temperature had been kept at
the constant value of —195'C. Therefore, the author
tried again to examine accurately the energy dependence
by irradiating a wider scanning area of 62 cm to obtain
lower dose rates than for a 4-cm scanning-area case.
The experimental results in Sec. II F showing the energy
dependence on the recrystallized thickness were thus ob-
tained, and eventually the results shown in Figs. 6(a) and
21(a) were almost the same.

In order to investigate the damage formation in the
crystalline Si substrate at "low energy" below —1.5 MeV
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under the high-dose-rate (4-cm scanning-area) condition,
the author thoroughly examined the damage degree for
various doses.

2. The damage degree in the crystalline substrate
for various doses under high dose rate

As mentioned in Sec. IV B 1, damages were substantial-
ly introduced in the crystalline Si substrate below —1.5
MeV irradiation energy and with a high dose rate using a
4-cm area mask. Figure 24 shows the (111)-channeling
spectra of a 1.03-MeV energy irradiated (111) crystalline
Si sample with a 2.6 pA/4 cm dose rate for various
doses. This irradiation energy and dose rate resulted in
the —195 'C equilibrium substrate temperature, mea-
sured by heat labels attached to the back side of wafers.
As clearly seen from this figure, damages were introduced
considerably for a 1.0X10' /cm dose. The amorphous
layers were thoroughly grown from deep in the substrate
to the near surface for the 5.0X 10' /cm dose. Then the
thick amorphous layer crystallizes both from the surface
and from deep inside with further increases in irradiation
doses.

It is to be noted that the Dd(R ) was only -Q.Q3 for
the 1.0X 10' /cm dose at the —195 C substrate temper-
ature from Fig. 23 for 40-cm scanning-area cases. Thus,
it seems that the damage annealing processes during

high-energy heavy-ion beam irradiation, discussed in Ref.
22, does not occur with the high dose rate of the 4-cm
scanning-area case.

However, considering further, there is another point of
view. That is, under the present experimental conditions,
the Si wafers were heated up by the high-energy ion beam
itself. So, as calculated in Sec. III A, the Si wafer temper-
atures had been kept at temperatures lower than the equi-
librium values in the initial stage of irradiation. In the
case for the 2.6 pA/4 cm dose rate shown in Fig. 24, it
takes only -25 sec to reach the 1.0X10' /cm dose.
The transient wafer temperature after the 1.0X 10' /cm
dose irradiation, that is, the substrate temperature at
-25 sec, is at most -70'C, far below the equilibrium
temperature of —195'C. Thus, a considerable amount of
damages was certainly introduced at such a low tempera-
ture. The wafer temperature reaches equilibrium values
for the -5.0X 10' /cm dose and the continuing irradia-
tion of the high-energy beam induces recrystallization of
the buried amorphous layer formed in the initial stage of
irradiation according to the vacancy migration mecha-
nism minutely discussed and speculated on in Sec. III B.

In Fig. 24 the buried amorphous layer was recrystal-
lized both from the surface and from deep in the crystal-
line substrate. If the crystalline nucleations are left near
the surface, recrystallization should naturally occur by
the vacancy migration mechanism, that is, vacancies are
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FIG. 24. (111)-channeling spectra of the (111)bulk crystalline Si after irradiation by 1.03-MeV 'As+ ions for various doses with
a 3.0 pA/4 cm dose rate.

supplied not only from deep in the crystalline substrate
but also from the surface crystalline region to the buried
amorphous layer.

In conclusion, to solve the issues mentioned in Secs.
IV 8 1 and IV 8 2, that is, to clarify whether the cause of
the considerable amount of damage observed below the
—1.5-MeV irradiation energy with a 4-cm scanning-area
mask lies in the dose-rate effect itself or in the transient
substrate temperature during irradiation, the wafer hold-
er must be equipped with the heater to warm up the
wafers and must have been kept under the same tempera-
ture regardless of different dose rates.

4. The layer-by-layer amorphization processes
at lou temperature

The author clarified the layer-by-layer amorphization
mechanism at low temperature ( ~ 120'C in the 2.5-MeV

As+ ion irradiation case) and predicted that the
amorphization thickness would be saturated as the sub-
strate temperature was lowered. However, in order to
understand the amorphization and damage formation
mechanism thoroughly in detail, more data acquisition at
low temperature —for example, at approximately the
liquid nitrogen temperature —is needed.

3. The role of inelastic electronic scattering
in the vacancy migration process V. C(ONCI USIGNS

It was discussed in Sec. III 8 that the crystallization of
amorphous Si layers on the crystalline Si substrates oc-
curred at a low temperature far below the normal SPEG
temperature by supplying vacancies to the amorphous
layer. The author speculated that the charge converting
process from neutral to doubly negative vacancies by in-
elastic electronic scattering of the incident high-energy
beam also contributed to enhance the crystallization rate.
In order to directly ascertain this conversion process, the
ultraviolet light, x rays, or electron beams with an ap-
propriate energy and intensity should be irradiated simul-
taneously with the ion beam. If the crystallization rate is
enhanced, the role of inelastic scattering is proved.

The low-temperature crystallization phenomenon by
ion beam irradiation was reviewed. Then the author
minutely clarified and speculated on the mechanism of
low-temperature crystallization and low-temperature
layer-by-layer amorphization of amorphous Si layers on
the crystalline Si substrates by high-energy heavy-ion
beam irradiation. The vacancy migration model assisted
by electron-hole pair production was proposed, which ex-
plained clearly and comprehensively both the crystalliza-
tion and amorphization. Applications to forming the
SOI structure by utilizing the low-temperature and low-
thermal-stress characteristics, as well as issues to be
solved in the future, were also referred to.
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