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Solid-phase epitaxy of amorphous silicon induced by electron irradiation at room temperature
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The technique of cross-sectional electron microscopy has been used to investigate the mecha-
nism of electron-beam-induced solid-phase epitaxy of amorphous silicon at room temperature.
Cross sections of samples with surface and buried amorphous layers were irradiated in a transmis-
sion electron microscope with electrons of energies higher than the threshold energy for atomic
displacement and the induced recrystallization process was characterized. Evidence is given that
the dominant mechanism of recrystallization is the di6'usion to the amorphous-crystalline interface
of the defects produced by elastic displacernents both in the crystalline and in the amorphous re-
gion. The dift'usion length of such defects results in the order of 25 —30 nm and is approximatively
the same in the crystalline and amorphous Si. Electron-beam irradiation is shown to induce
room-temperature polycrystalline nucleation in the amorphous layer. Such a process becomes
competitive with solid-phase epitaxy for a dose higher than 5)& 10' C/cm .

I. INTRODUCTION

The rapid developments of very-large-scale integration
(VLSI) technology call for a better understanding and
control of the processes used for manufacturing electron-
ic devices. The new interest in the details of beam-target
interaction during ion implantation of semiconductors is
mainly due to the following reasons: (i) the introduction
of new, high-energy, high-current implantation
machines; (ii) the problems raised by focused implanta-
tion in maskless ion microlithography; (iii) the use of im-
plantation for producing buried insulating layers in
silicon-on-insulator (SOI) technology; (iv) the observa-
tion of enhanced solid-phase epitaxial growth of amor-
phous silicon during ion bombardment. The detailed in-
vestigations which have been recently carried out about
this last item are also related to its possible application
in the field of low-temperature processes.

The effect of low-temperature, particle-induced
recrystallization of Si and Ge has been known for several
years. ' More recently, in order to clarify the basic
mechanism of ion-induced recrystallization, both irradia-
tion of preamorphized Si samples, performed at uniform
temperature (ion-beam annealing), ' and high current
density implants on virgin samples, for which doping
and annealing occur during the same implantation cycle
(self-annealing), have been performed. In the latter
case the temperature rise is due to the heating effect of
the ion beam itself. In both kinds of experiments recry-
stallization is found to occur at temperatures much
lower than the value necessary to observe some apprecia-
ble thermal epitaxy in a furnace (i.e., about 500'C). The
mechanism of such phenomenon has been mainly as-
cribed to the migration and recombination at the
amorphous-crystalline interface of defects created by the

elastic collisions between beam ions and target atoms.
In spite of the efforts which have been devoted to un-

derstand the basic mechanism of particle-induced recry-
stallization, some controversial points still remain to be
clarified. The main one "deals with which part of the
material the recrystallization occurs in: in the amor-
phous phase; at the interface; in the crystalline part near
the interface; or in two, or in all of these parts. " For
instance Williams et al. conclude from their experiment
that "displaced atoms lead to multiple rearrangements of
surrounding atoms, and that the measured activation en-

ergy of 0.24 eV is associated with subsequent crystalliza-
tion processes around these nucleation sites generated at
the interface by nuclear collisions of the ion beam. "
Linnros et al. perform a similar experiment (irradiation
of a buried amorphous layer under channeling and ran-
dom conditions), but give the different conclusion that
"the regrowth mechanism involves generation and mi-
gration of point defects predominantly in the crystalline
part of the material. " The measured activation energy
of the process which is about 0.3 eV leads them to iden-
tify these defects as neutral vacancies.

A consequence of the hypothesis of a displacement-
induced recrystallization is that a similar effect should be
observed for irradiation with electrons of energy E )Ed,
where Ed is the threshold energy for atomic displace-
ment in silicon [i.e., about 145 keV (Ref. 9)]. The results
of some experiments reported in the literature seem to
confirm the above hypothesis. ' ' Recently, epitaxial
regrowth of implanted Si layers in the temperature range
400(T(500 C has been observed for irradiation with
0.8-MeV electrons, ' while a room-temperature recry-
stallization obtained by 2-MeV irradiation of a cross-
sectional sample in a high-voltage electron microscope
(HVEM) has been reported by the authors. '
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with the first condenser lens off and with only the fixed
condenser aperture intercepting the electron beam. This
experimental setup allows current densities at the speci-
men plane as high as 150 A/cm . The irradiation time
required for a complete recrystallization was generally
less than 1.5 h. Pictures of the irradiated area were tak-
en every 5 or 10 min. At the same time the current den-
sity was monitored and recorded.

In order to estimate the effect of beam heating of the
specimen the following expression was used
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FIG. 1. Cross section for elastic displacement in Si, as a
function of electron energy, calculated according to McKinley
and Feshbach (Ref. 15).

The aim of the present work is to give a further in-
sight into the mechanism of particle-induced recrystalli-
zation, by room-temperature electron irradiation of
cross-sectional specimens performed in a transmission
electron microscope (TEM) working at 200 and 100 kV.
The comparison with the results obtained at 2 MeV al-
lows us to check the role of elastic displacements I
act the number of primary displacements per atom is

given by Nd ——Pod, where P is the dose and o.
d is the

displacement cross section which, according to the ap-
proximation of McKinley and Feshbach' varies with en-
ergy as reported in Fig. 1.

Moreover, the results obtained by irradiating the cross
section of a sample which exhibits a buried amorphous
layer, give crucial information about the origin of the
defects which take part in the recrystallization process.

II. EXPERIMENTAL PROCEDURE

Thhe cross-sectional specimens were prepared from
samples obtained in self-annealing experiments which
have been described elsewhere. ' To summarize, the im-
plantation was carried out on (100), p-type, thermally in-
su ated Si samples, with 100-keV P+ ions at current den-
sities of 60 to 240 pA/cm . Irradiation times were 5 and
1 s, respectively, giving a total dose of 1.9X10' and
1.5~10" atoms/cm . In the former case the combined
effect of amorphization and self-annealing produces a
buried amorphous layer 100 nm thick with a surface
crystalline layer 40 nm thick. The result of implantation
in the latter conditions was a continuous amorphous lay-
er 200 nm thick.

Electron irradiations were performed with a JEOL
200B electron microscope, equipped with a LaB6
cathode and operating up to 200 kV. Beam current den-
sity was measured by a Faraday cage, installed in the ob-
servation chamber of the microscope; the collected
current was amplified by a Keithley 427 current
amplifier. The measurements were performed on the
central part of the spot, over an area with a diameter of
—150 nm. In this region, which is smail compared to
the spot diameter ( —2 p, m) the beam current density is
practically homogeneous. The microscope was operated

where ( T,„—To) is the maximum temperature rise in-

duced by a uniform spot of radius ro and current density
J, impinging on a circular sample of radius R, which is

kept in good thermal contact at its periphery with a
holder at T=TO. k is the thermal conductivity of the
specimen, e is the electron charge, dE/dx is the elec-
tronic stopping power of the specimen. If we take
dE/dx =7.5 &(10 ' J cm ' for 200 keV electrons, ' and
consider the typical range of parameters used in our ex-

calculate that, for k =1.5 Wcm ' K ', which is the
value of thermal conductivity of crystalline Si, beam

eating effects are negligible. This conclusion was exper-
imentally confirmed by irradiating a sample with a beam
energy of 100 keV, which is lower than the displacement
threshold for Si, and a current density of 110 A/
No

) CI11

o detectable recrystallization was observed, even after
an irradiation time of several hours. Moreover, as will
be seen later, the comparison of recrystallization rate ob-
served for different current densities at 200 keV, shows
that the width of the regrown layer depends only on the
total electron dose and not on the dose rate. These ob-
servations leave out the possibility that some epitaxial
growth of thermal nature can take place during the irra-
diation of the specimens.

III. RESULTS AND DISCUSSION

Figure 2 shows the thickness of the regrown layer
versus electron dose for the irradiation of the cross-
sectional sample with a surface amorphous layer 200 nm
thi

f 2
ic . The irradiation was performed at a current den ensi-

ty o —105 A/cm . For comparison the data from 2
MeV electron irradiations at 4 A/cm are reported in
the same figure.

The behavior of regrown layer thickness versus dose is
linear up to a distance of about 120 nm from the surface.
In this region the ratio of the recrystallization speeds for
irradiation at 2 and 0.2 MeV is practically equivalent to
the ratio of the primary displacement cross sections (see

ig. 1).' This fact, together with the absence of re-
growth observed for 100 keV irradiation, gives further
evidence of the elastic displacement as the dominatinna ing
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FIG. 2. Regrown layer thickness vs electron dose for irradi-
ations with 200 keV electrons at current density of 105 A/cm
(~) and for irradiation with 2 MeV electrons at a current den-
sity of 4 A/cm ().

mechanism of particle induced recrystallization.
At a distance of about 110 nm from the surface, when

the dose reaches the value of —5)& 10 C/cm, the recry-
stallization process is stopped abruptly. Figure 3 shows
a cross section of the sample under consideration in an
unirradiated region and in the irradiated region, after
the interface has stopped. The diffraction pattern re-
ported in the inset, shows that polycrystalline nucleation
has occurred in the surface amorphous layer 100 nm
thick, before complete epitaxial growth could take place.
This polynucleation is the cause of the interface stop-
ping.

The competition between solid phase epitaxy and
polycrystalline nucleation in ion-implanted Si during
thermal annealing has been extensively investigated.
It has been observed that, for low-dopant concentration
(C & 10 atoms/cm ) and temperatures not exceeding
1350 C, solid-phase epitaxy is the dominant process due
to its lower thermal activation energy (E, =2. 5 eV, com-
pared to E, =4 eV for polynucleation). The presence of
impurity precipitates in the amorphous layer, in the case
of high-dose implantation, may favor polynucleation.
When such nucleation occurs the amorphous-crystalline
interface may be slowed down and ultimately stopped as
it approaches the region where polycrystalline material
has been formed. For the experimental conditions (im-

planted dose and irradiation temperature) relative to the
sample shown in Fig. 3, the previous mechanism seems
unlikely.

It is well known that irradiation with high-energy par-
ticles may induce phase transformations in materials.
The possibility, for instance, that irradiation can
enhance the atomic rearrangement leading to crystalliza-
tion of an amorphous material has been considered. In
the present case it is interesting to point out how the
two different processes (solid phase epitaxy and polynu-
cleation) are affected by electron irradiation. If we make
a comparison with the observed behavior during thermal
processing at high temperature, we can say that under
electron-beam irradiation at room temperature, the ki-
netics of polynucleation is apparently more strongly
enhanced than the kinetics of solid-phase epitaxy.

Figure 4 illustrates the behavior of regrown layer as a
function of electron dose for irradiation of the sample
which exhibits a buried amorphous layer 100 nm thick.
To check the influence of dose rate, irradiations were
performed at current densities of 76, 93, and 108 A/cm .
The behavior of upper as well as of deep interface is
displayed. For comparison the data referring to the re-
growth of a single amorphous-crystalline (a-c) interface
are reported too. The main points to be underlined are
(i) no appreciable influence of dose rate is observed; (ii)
after a difference observed at the early stage of the pro-
cess, the regrowth rates for upper and deep a-c interfaces
are the same; (iii) the regrowth rate of the deep a-c inter-
face is initially equal to the regrowth rate observed in
the sample with a single interface, but is progressively
slowed down, as the recrystallization proceeds.

To clarify this last point we have reported in Fig. 5
the regrowth rate expressed as the regrown layer thick-
ness for a unit dose of 1 C/crn, as a function of the
buried amorphous layer thickness. The point relative to
the sample with a single a-c interface is reported too.
We will discuss later the lower regrowth rate observed at
the early stage of the process for the upper a-c interface.
First of all we consider the range where the velocities of
the two growing interfaces are the same. The most in-
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FIG. 3. TEM micrographs of a cross section of the sample
irradiated at 200 keV under conditions described in Fig. 2.
Left side, unirradiated area (bright-field image); a, amorphous
region; right side, picture of the area irradiated with a dose of
5X10' C/cm . The latter picture is a dark-field image ob-
tained using a portion of a polycrystalline ring present in the
diffraction pattern reported in the inset.

FIG. 4. Regrown layer thickness vs electron dose for irradi-
ation of the sample with a buried amorphous layer, performed
at 200 keV and different current densities J. Open symbols
refer to upper amorphous crystalline interface, while solid ones
refer to the deep interface. 0, t: J =76 A/cm;, ~: I =93
A/cm; O, ~: J =108 A/cm . Open triangles ('7) refer to the
regrown behavior of the sample with a single amorphous crys-
talline interface (see Fig. 2) ~
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FIG. 5. Solid-phase epitaxial rate as a function of the
amorphous-layer thickness for the sample with a buried amor-
phous layer irradiated at three different current densities J;
J =76 A/cm; o: J =93 A/cm; +: J =108 A/crn . The data
refer to the movement of the deeper interface. For comparison
the point relative to the regrowth rate observed for the sample
with a single amorphous crystalline interface is reported too
(v).

teresting feature of the results shown in Figs. 4 and 5 is
the slowing down of the interface velocities as the thick-
ness of the amorphous layer is reduced. For a thickness
of —50 nm the difference with the rate observed for the
single a-c interface growth becomes manifest. The
growth rate reduces progressively to about one half of its
initial value, as shown in Fig. 5.

It should be pointed out that a similar effect had al-
ready been observed in self-annealing experiments, when
a buried layer with two growing interfaces were present.
If we assume that the regrowth rate is proportional to
the number of defects which are available at the inter-
face, we must hypothesize a reduction of defects supply
with decreasing the amorphous layer thickness.

The most satisfactory and simple hypothesis which
can, in our opinion, explain such experimental behavior
is that defects coming with a diffusive process both from
the amorphous and from the crystalline region, contrib-
ute to the recrystallization at the interface. Under such
an assumption we expect that the regrowth rate will be-
gin to decrease when the amorphous layer thickness will
become of the order of 2A,„where A,, indicates the
diffusion length in the amorphous Si of the defects which
are responsible for recrystallization. From the data re-
ported it is possible to infer a diffusion length of the or-
der of 25 —30 nm. Moreover, the observation that the
velocity of the interfaces extrapolated to zero
amorphous-layer thickness is about one-half of the veloc-
ity of the single interface (Fig. 5), leads us to conclude
that the contributions to regrowth coming from the
crystalline and from the amorphous regions must be ap-
proximatively the same.

The lower regrowth rate detected for the upper inter-
face at the early stage of recrystallization (Fig. 4) may be
explained as well. In fact the reduced defects supply can
be attributed to the thickness of the surface crystalline
layer, which is initially lower than 2k.„where A,, indi-
cates the diffusion length of defects in the crystal. This
leads to a reduced contribution from the crystalline side.
As the two interfaces show the same regrowth rate when
the surface crystalline layer thickness becomes greater
than —50 nm we can conclude that A,, =25 nm=A,

so nm
l@~,...

FIG. 6. TEM bright-field image of the sample irradiated at
the center of the buried amorphous layer for a time of 15 min
with a beam diameter of 10 nm. The arrow shows the beam
impact region while the small ring represents the beam size; a,
amorphous region. Beam energy was 200 keV. The current
density was estimated of the order of 300 A/cm .

To give further evidence of a regrowth mechanism
based on point defects diffusion, we present a prelirni-
nary result of an experiment which will be discussed in
detail elsewhere. We have irradiated a sample exhibit-
ing a buried amorphous layer about 60 nm thick in a 200
kV scanning transmission electron microscope. Beam
spot was reduced to a diameter of 10 nm, and localized
entirely inside the amorphous region, at the center of the
buried layer, while current density was of the order of
300 A/cm . This value is a rough, upper estimate of the
true current density which at present was not possible to
measure with the accuracy obtained in the JEOL 200B
microscope. As the aim of this preliminary experiment
was to check the hypothesis of defects diffusion from the
amorphous side, the estimate served just to be sure that
no appreciable sample heating might occur during irra-
diation. In fact, from Eq. (1), with k =0.01
Wcm ' K ', which is the value of thermal conductivity
of amorphous Si, ro ——5&10 cm and J =300 A/cm, it
can be deduced that this condition is fulfilled. Moreover
this estimate was confirmed by the absence of any appre-
ciable recrystallization during irradiation in the same
conditions with an energy of 100 keV.

The result obtained after irradiation with 200 keV
electron for a time of 15 min is shown in Fig. 6. It is
clear that epitaxial recrystallization took place, starting
from the two a-c interfaces and propagating to the beam
impact region. This gives ultimate evidence that (i) de-
fects produced in the amorphous region contribute to
particle-induced recrystallization; (ii) defects responsible
for enhanced growth reach the a-c interface by a
diffusive process characterized by a diffusion length of
some tens of nm.

IV. CONCLUSIONS

The main results obtained in this work by using
cross-sectional electron microscopy technique may be
summarized as follows.
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The dominant mechanism of room-temperature
electron-beam induced solid-phase epitaxy of amorphous
silicon layers is the diffusion to the a-c interface of the
defects produced by irradiation both in the crystalline
and in the amorphous regions.

The diffusion length of such defects is about 25 —30
nm at room temperature, and seems to be approximately
the same in both the amorphous and in the crystal. This
fact, together with the observation that the contribution
to regrowth coming from the crystal and from the amor-
phous are about the same, indicates a damage produc-
tion rate which appears to be independent of the Si
phase. Then, as concerns the production and diffusion
of point defects under irradiation, amorphous and crys-
talline Si display a similar behavior.

Electron-beam irradiation induces polycrystalline nu-
cleation at room temperature in the amorphous layer.
This process is competitive with the induced solid-phase
epitaxy when the dose is higher than 5 & 10 C/cm .

The role of cross-sectional electron microscopy as a
powerful technique for the investigation of electron-

induced reactions in silicon has been demonstrated.
Among the advantages that it offers in comparison with
other experimental approaches, we can mention the
in situ observation of the processes; the possibility of us-
ing electron energies both lower and higher than the
threshold energy for atomic displacement, which makes
it easy to clarify the role of point defects in the process-
es; the large beam current density () 100 A/cm ) avail-
able in a small spot, which allows a very high defect pro-
duction rate without beam heating of the sample; the
possibility to select with a resolution up to some nanom-
eters the region where to produce point defects.
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