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An outline of new and previously published results of solid-phase epitaxy of implanted Si layers in-
duced below room temperature by electron irradiation in the transmission electron microscope is given.
The basic features of the process (i.e., the dependence of epitaxial growth rate on temperature of the tar-
get, electron energy, dose rate of irradiation) are discussed and compared with the trends reported in the
literature for ion-beam-induced epitaxy obtained in a higher-temperature range (typically
200=T =<400°C). The aim is to demonstrate that the fundamental characteristics of electron-beam-
induced epitaxy are consistent with the extrapolation to low temperature and low mass of irradiating
particles of the features of ion-beam-induced epitaxy, if appropriate assumptions on the kinetics of the
defects responsible for the transformation are made. To better clarify this point it is shown that both a
purely interface- and a purely diffusion-limited model of particle-induced epitaxy can in principle repro-
duce the very essential features of the process: the key point being the assumptions made on the dom-
inant mechanism of defect reaction. In fact, while a linear-recombination scheme seems appropriate to
explain the results of electron-induced epitaxy below room temperature, a dominant bimolecular-
reaction mechanism seems necessary to reproduce the essential features of ion-induced epitaxy. Possible
influences on electron-beam-induced epitaxy of electronic excitation or elastic collisions under the
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threshold for production of Frenkel pairs are also qualitatively discussed.

I. INTRODUCTION

The ability of ion or electron beams to induce epitaxial
crystallization of amorphous implanted layers of Si and
Ge at temperatures much lower than the value necessary
to observe epitaxy with thermal annealing, has been
known for several years.! 7> The renewed interest in this
subject during the last few years®’ is due to the possibili-
ties of application of low-temperature beam-induced pro-
cesses in the field of microelectronics. In fact, it seems
interesting to optimize the conditions of beam-induced
processes in order to improve specific properties of elec-
tronic materials which cannot be achieved by simple
thermal annealing. The exploitation of such possibilities
requires a good comprehension of the basic physical
mechanisms governing beam-induced transformations.

As far as radiation-induced solid-phase epitaxy (SPE)
of implanted Si is concerned, it has been attempted to
formulate qualitative models of the phenomenon, since its
early experimental observation.® The first aim was to
identify by what mechanism the irradiating particles sup-
ply the energy necessary to activate the transformation.
Even though some authors have suggested that electronic
stopping could be responsible for the effect,* the prevail-
ing hypothesis is that the energy for the transformation
comes basically from the energy deposited in elastic col-
lisions.>»%7 This conclusion has been supported by exper-
iments performed on amorphous Si layers which have
shown a proportionality of the epitaxial growth rate to
the nuclear energy loss of ions,® or to the elastic displace-
ment cross section of electrons.’

The commonly accepted hypothesis is that the trans-
formation is mediated by defects produced by elastic col-
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lisions just at the amorphous-crystalline (a-c) interface!®
or, alternatively, in the bulk (amorphous and/or crystal-
line material) from where they can diffuse to the a-c inter-
face.>!!

The increasing amount of experimental data about the
dependence of the growth rate of ion-beam-induced epi-
taxial crystallization (IBIEC) on the various irradiation
and target parameters (dose rate,”'>!3 substrate orienta-
tion,'* and doping!* %) and the observation of the transi-
tion to layer-by-layer amorphization, which occurs under
ion-beam irradiation when the temperature is reduced
below a critical value depending on the dose rate,!” have
stimulated the formulation of models which could ac-
count for the observed behaviors.!6 18722

Most of the work about beam-induced SPE has been
performed on IBIEC (for a recent review of the subject
see Ref. 23). Relatively little work has been done, in
comparison, on electron-beam-induced epitaxial crystalli-
zation (EBIEC).>% 1624726 The interest in EBIEC experi-
ments is related to the possibility of using beam energies
both below and above the threshold for defect production
E, (E;~145 keV for Si,2” corresponding to a threshold
T,~~13 eV in the kinetic energy transferred to the recoil)
and of exploring a range where the quantitative aspects of
the stopping processes are much different from the case
of ions, due to the large difference in the mass of irradiat-
ing particles.

The stopping characteristics of electrons in Si are sum-
marized in Fig. 1, where the displacement cross section
o, of electrons in Si, which was calculated?® by assuming
T,=13 eV, and the electronic (inelastic) stopping for
electrons, in an energy range typical of transmission elec-
tron microscope (TEM), are reported.
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FIG. 1. Inelastic energy loss (left scale) and elastic displace-
ment cross section (right scale) of electrons in Si as a function of
electron energy. Displacement cross section is calculated ac-
cording to Ref. 28 by assuming a displacement threshold of the
energy transferred in elastic collisions T, =13 eV. E;~145 keV
is the corresponding threshold for the incident electron energy.

In this work we present new results and review previ-
ously obtained ones of EBIEC performed at temperature
T =20°C. Analogies and differences with the results of
IBIEC reported in the literature are pointed out and dis-
cussed.

II. EXPERIMENT

Si wafers (001)-oriented, Cz-grown, p-type, with a resis-
tivity of about 1 Q2 cm, were implanted at room tempera-
ture with 100-keV Si* ions at a dose of 2X10'
ionscm 2. This implantation condition produced a sur-
face amorphous layer about 210-nm thick. Thin cross
sections for TEM were prepared by mechanical thinning
and ion milling.

The irradiations were performed mainly on a Philips
CM-30 TEM, equipped with a LaB; cathode and a
liquid-helium cool stage, capable of operating at tempera-
tures in the range —258 <7 =20°C. The irradiations
were performed with a beam spot having a radius of
about 1 um, centered at the a-c interface on cross sec-
tions (110) aligned. The reported results will refer to
beam energies of 100, 175, 200, and 300 keV. The
current density J varies in a range 60<J <600 A cm 2.
The chosen values of irradiation temperature are —258,
—170, —140, —120, — 100, and 20°C.

The typical duration of a single growth experiment is
between 1 and 2 h for J =100 A cm™ 2. The current den-
sity from which the irradiation dose is calculated, is mon-
itored every 5 or 10 min by means of a Faraday cage, ad-
justable in position, inserted in the observation chamber
of the microscope, following a procedure analogous to
the one described in Ref. 9. A picture of the irradiated
region is recorded every time after the measurement of J.

Each experimental point of the rate of beam-induced
SPE is an average of several measurements. The bars re-

ported in the graphs represent casual errors due to the
fluctuations in the current density, the errors in the mea-
surements of the epitaxially grown layer, and the spread
in the results of the various irradiations performed at the
same nominal conditions. A systematic error of 20%,
which has been estimated to affect the current-density
(and, as a consequence, the dose) measurement, has not
been reported, since we are interested in the behavior of
the SPE rate as a function of irradiation parameters,
rather than in its absolute values.

A theoretical estimation of the beam-heating effect has
been made in Ref. 9 in order to demonstrate that the irra-
diated spot remains practically at the same temperature
of the specimen holder. The theoretical expression® indi-
cates that the temperature increase due to beam heating
is proportional to the current density in the spot. As a
consequence, the experimental observation that the
growth per unit electron dose is strictly independent of
the beam current density under the whole range of irradi-
ation parameters investigated, leads automatically to ex-
clude the occurrence of beam-heating effects.

A proper question is if the growth observed on thin
cross sections is representative of the behavior of a bulk
material, i.e., if “thin-film” effects do not perturb EBIEC.
It has been shown’® how the thermal SPE induced on
cross sections of implanted Si samples by heating them in
situ under TEM observation, is retarded if the specimen
thickness is less than about 20 nm.

Figure 2 is a TEM image of a cross section of implant-
ed Si, in a region where the specimen thickness decreases
going from the left to the right of the picture, which has
been heated in situ at T=540°C. The above-mentioned
effect is clearly demonstrated, as a decreasing SPE rate
which occurs when the specimen thickness is reduced
below a critical value estimated to be some tenths of nm.
The saturation value of the SPE rate (about 5.5 nm s~ !)
measured in the left region of Fig. 2, is equal to the rate
observed in bulk samples annealed in a furnace at the
same temperature. An analogous effect of retardation
has been observed during EBIEC experiments when irra-
diating specimen regions of thickness less than some
tenths of nm. For this reason all irradiations were per-
formed in regions of thickness >150 nm, where no
dependence of the measured SPE rate on specimen thick-

FIG. 2. TEM bright-field image of a cross section of self-
implanted Si during heating irn situ at 540°C. The arrow indi-
cates the direction along which the thickness of the specimen
decreases. (a) amorphous layer, (c) epitaxially grown crystalline
layer, (b) bulk crystal. The effect of the reduced SPE rate in the
thinner region is evident.
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ness is observed. For analogy with the thermal experi-
ments the SPE rate measured under such conditions has
been considered to represent the behavior of the bulk ma-
terial.

III. RESULTS

A. Temperature and energy dependence
of the EBIEC rate

Figure 3 is an Arrhenius plot in which the thickness of
the epitaxially grown layer per unit electron dose is re-
ported as a function of temperature, for the different elec-
tron energies used in the irradiations.

Irradiations have also been performed at electron ener-
gy of 100 keV: the result is that no growth occurs even
for very long irradiation times.

The data in the interval —170= 7 <20°C can be de-
scribed by very small apparent activation energies (about
0.4-0.9X 1072 eV), tending to decrease when lowering
electron energy. However, the results at T=—258°C
cannot be obtained by the extrapolation of these data. In
fact, with decreasing 7T the apparent activation energy
still decreases down to a practically negligible value.

Figure 4 reports the data of Fig. 3 as a function of elec-
tron energy for the different irradiation temperatures.
The linear scale has been introduced in order to make
more evident the effect of the reduction in the depen-
dence of the growth rate on T with decreasing electron
energy.

Figure 5 reports the growth rates normalized to the
value measured for an electron energy of 300 keV at the
different temperatures of irradiation, as a function of
electron energy. The full lines represent the normalized
displacement cross section o4, obtained with the McKin-
ley and Feshbach approximation to the exact Mott
scattering formula.?® Each curve is calculated for a
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FIG. 3. Arrhenius plot of the thickness of the epitaxially
grown layer per unit dose reported as a function of temperature,
for the different electron energies used in the irradiations. The
dashed lines are drawn as a guide to the eye.
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FIG. 4. The same data of Fig. 3 reported on a linear scale as
a function of electron energy, for the different irradiation tem-
peratures.

different value of the atomic displacement threshold 7.
The results are consistent with the hypothesis of a growth
rate proportional to the displacement cross section if a
threshold 12 =T, <14 ¢V, is assumed, which is the range
most widely accepted in the literature?’ and theoretically
confirmed by molecular-dynamics simulations.>!
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FIG. 5. EBIEC rates normalized to the maximum values ob-
served for electron energy of 300 keV as a function of electron
energy for the different temperatures of irradiation. Full lines
represent the displacement cross sections, calculated for three
different values of the threshold energy 7,, normalized to the
value at E=300eV.
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It is interesting to point out that TEM observations,
using diffraction contrast mode, as well as high-resolution
electron microscopy (HREM) techniques, indicate that in
EBIEC there are not strongly preferred sites for the crys-
tallization of atoms at the a-c interface.

Figure 6 is an example of a HREM image of a sample
in (110) projection before and after irradiation with 300-
keV electrons in an Hitachi 9000 TEM for a time of 28
min at room temperature. It gives just a qualitative pic-
ture of the process, due to the absence of a Faraday cage
for the measurement of the irradiation dose. The dotted
line in (b) indicates the position of the original a-c inter-
face. It is interesting to observe how the original undula-
tions in the a-c interface show no tendency to smooth
out, as instead occurs during thermally induced SPE of
(001) Si samples amorphized by Sit implantation.’? The
layer marked in Fig. 6(b) is too thin to be structurally
characterized in detail. This is due to the slow growth
which can be obtained on very thin cross sections (neces-
sary for high-resolution imaging), which is a consequence
of the above mentioned ‘“‘thickness” effect. Localized
electron-diffraction patterns obtained on thicker samples,
where growth is of the order of 100 nm,’ clearly show the
crystalline nature of the grown layer in spite of a large
amount of small unresolved defects. Moreover rodlike
defects, a well-known consequence of electron irradiation
at E > E, are clearly visible.

B. Influence of doping on EBIEC

We do not report here the previously published results
which refer to irradiation of amorphous layers doped
with P, As, and B.!® We just recall that the maximum
difference in EBIEC rates observed on doped and un-

FIG. 6. High-resolution electron microscopy (HREM) image
of a thin region of a self-implanted Si sample in (110) projection,
before (a) and after (b) irradiation with 300-keV electrons for a
time of 28 min at room temperature. The dotted line in (b) indi-
cates the position of the original a-c interface.
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doped samples was less than a factor of 2, pointing out a
doping dependence much weaker than the one observed
in thermal SPE. In considering this result one should
take into account also the effect, quite difficult to quanti-
fy, of charge injection due to electronic excitation by the
irradiating beam. A strong injection condition should, in
fact, shift the position of the Fermi level in doped crystal-
line Si towards the midgap, reducing the difference in its
electrical behavior with undoped Si. A similar argument
could for instance suggest an explanation of the results of
combined effect of doping level and dose rate on the
growth rate of crystalline Si grains irradiated by Xe™
ions, reported in Ref. 33.

C. Summary of results

We synthesize here the most relevant results of EBIEC
experiments in some points which we will refer to in the
forthcoming section to discuss analogies and differences
with IBIEC.

(i) EBIEC takes place down to temperature of about 15
K; no transition to layer-by-layer amorphization is ob-
served.

(ii) The temperature dependence of the growth rate is
very weak in the range investigated. The apparent ac-
tivation energies observed in the range —170=T7T <20°C
are 1-2 orders of magnitude lower than the typical
values characteristic of defect migration’* and show a
tendency to decrease with decreasing temperature and
electron energy.

The two points above indicate that the EBIEC rate (in
terms of growth per unit time) is proportional to the de-
fect production rate G, which can be written as
G =Jo, /e, where e is the electron charge.

(iii) The EBIEC rate scales linearly with the displace-
ment cross section calculated assuming a value for the
effective threshold of transferred energy for displacement
in the range 12=7T, =14 eV. No growth is observed for
under-threshold irradiation.

(iv) The growth rate per unit electron dose is indepen-
dent of the beam current density J in a range 60 =J =< 600
Acm 2

(v) Weak doping dependence of EBIEC is observed in
comparison with thermally activated SPE.

IV. DISCUSSION

A. Comparison of IBIEC and EBIEC
experimental results

Analogies of EBIEC and IBIEC are readily identified
with respect to points (iii) and (v) of Sec. III C (see Refs.
8, 14, and 15). An important difference is found in point
(i). It has been shown in a previous work?* that the extra-
polation to the range of very low damage defect produc-
tion of the results, which illustrate the relation between
the critical temperature for the transition to layer-by-
layer amorphization and the quantity (displacements)?
(dose rate),' cannot describe the behavior of EBIEC. In
fact, such extrapolation would predict the ‘“‘reversal” of
EBIEC at a temperature of the order of 20 °C, for the typ-
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ical energy and dose rate conditions used in the experi-
ments.

By examining the results in Fig. 12 of Ref. 13, it can be
seen that the data relative to the lighter ions do not fall
exactly on the reported fit. In fact, the experimental crit-
ical temperature for them is lower than the one predicted
by the extrapolation of the data of heavier ions.

In a recent work,>® the efficiencies of various ions in
promoting IBIEC are examined in a wide range of ion
masses. It is concluded that, while for relatively heavy
ions the growth per unit dose scales as the square of nu-
clear stopping (in agreement with the results reported in
Ref. 13), for light ions the recrystallization efficiency is
higher than the one predicted by such rule.

We can consider the results reported in Refs. 13 and 35
as an indication that the behavior of IBIEC induced by
light ions deviates from the behavior observed for heavy
ions in a direction consistent with the results of EBIEC
experiments.

As far as point (ii) is concerned, it is not possible to
make here a direct comparison between IBIEC and
EBIEC, because for T below room temperature ion irra-
diation generally induces amorphization. Anyhow, we
can resort to the results of EBIEC experiments per-
formed by other authors in the typical temperature range
of IBIEC (200 < T <400°C),” in which they measure an
apparent activation energy of the same order as the one
observed for IBIEC.

Point (iv) is in general not true for ions. IBIEC, in
fact, depends on dose rate, the growth per unit dose being
lower for higher dose rates. Nevertheless it is observed
that such dependence becomes less pronounced when de-
creasing ion mass and/or temperature.'!3

According to the above observations it can be conclud-
ed that where a qualitative difference between the two
processes exist, it seems to be a simple consequence either
of the different mass of particles involved or of the tem-
perature ranges to which the results refer.

In the light of this conclusion we may investigate what
are the specific physical assumptions that need to be
modified, when applying to IBIEC and EBIEC the same
model of beam-induced SPE, in order to reproduce such
differences.

B. Survey of the approaches to the description
of beam-induced SPE

The natural starting point for elaborating a model of
radiation-induced SPE, is the expression used to describe
the transformation at thermal equilibrium. The SPE rate
v can be written as

AG,,
kT

v=AvfX |l1—exp , (1)

where A is the lattice spacing, v is the jump frequency of
atoms at the a-c interface, which can be written as
v=vyexp(—AG,: /kT), where v, is typically considered
to be the Debye frequency and AG,, the free-energy bar-
rier for an atomic jump, 1/f is the number of jumps
necessary for one atom to pass from one phase to the oth-
er at the a-c interface, X is the atomic fraction at the in-
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terface of the sites where an atom from the amorphous
phase can be crystallized, AG,, is the atomic free-energy
difference between the amorphous and the crystalline
phase, T the temperature, and k is the Boltzmann con-
stant.

A procedure to write an expression for beam-induced
SPE is to retain Eq. (1) and modify properly both X and
AG,,, in order to take into account the effect of irradia-
tion on the atomic fraction of interface crystallization
sites at the interface and on AG,,.!®!® The rate v can be-
come negative (this corresponding to the transition to
layer-by-layer amorphization) if the free-energy difference
between the two phases at the interface changes its sign
as a consequence of irradiation. Other authors consider
only the kinetic term out of the square brackets of Eq.
(1),1620722 making more or less implicitly the assumption
that irradiation does not modify appreciably AG,..*® In
any case the problem is the calculation of X under bom-
bardment.

If in general we consider the possibility that defects re-
sponsible of SPE can be created far from the a-c inter-
face, diffuse towards it and recombine there, then a gra-
dient in X is established, which drives the diffusion of de-
fects towards the interface. We can mathematically treat
this case by writing a diffusion equation for defects with
the appropriate boundary conditions at the a-c interface.

It is interesting to show that, due to its generality, such
approach may include both the diffusion- and the
interface-limited regimes of transformation as limit cases.

C. Diffusional approach

We will assume that the defects whose concentration is
the rate limiting factor of the transformation at the a-c
interface are vacancies. Their recombination there with
atoms which are not in regular lattice sites is equivalent
to these atoms jumping to the proper crystallines posi-
tions. Further simplifying assumptions, already made in
Ref. 26 are (i) for the process of interest a quasisteady
state of defect concentration (i.e., a concentration whose
variation in time, both in the long and in the short
period, are negligible) is reached in a time small in com-
parison with the typical irradiation time, and (ii) among
the various possible bulk reactions we will consider only
the linear recombination of defects at fixed unsaturable
centers.

As shown in the following, the latter assumption, al-
though not obvious, is justified from a phenomenological
point of view by the behavior of the experimental results.
It must be underlined that neglecting direct interstitial-
vacancy recombination leads to the equations being iden-
tical for the two kinds of defects, so only vacancies need
to be considered.

Now we can directly write the equation for vacancy
concentration (in units of cm™3) as

d*N,(x)

D
Y dx?

+G—k,c,N,(x)=0, 2)

where N,(x) is the spatially dependent concentration of
vacancies, D, is the diffusivity of vacancies, G the num-
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ber of stable Frenkel pairs produced per unit volume and
time, ¢, the bulk concentration of unsaturable recom-
bination centers for vacancies, and k, the rate coefficient
of the linear-recombination process.

Suitable boundary conditions are

dN,(x)
o | T =sN,(xg) > 3)
dx X =X,
]dNU(x)
D, |——— =0. 4)
dx X —> 0

In Eq. (3), x,. indicates the position of the a-c interface,
and s is a quantity related to the interfacial defect recom-
bination rate. The relation represents the continuity
equation for defects at the a-c interface, where the term
sN,(x,.) is the number of defects recombining per unit
time and area, which must be equal to the flux of defects
arriving at the interface. Equation (4) indicates that at a
large distance from the interface the concentration of va-
cancies is uniform.

To introduce the reaction mechanism at the interface,
expressed by Eq. (1), we can write s as

AG,,
kT

s=MAv|1—exp (5)

We underline that the introduction of Eq. (3), instead
of the condition N, (x,. )=0, used in Ref. 26, represents a
generalization of the early approach, allowing the con-
sideration of the interface reaction mechanism which was
neglected there.

The analytical solution of Eq. (2) at the a-c interface
with the boundary conditions (3) and (4) is

G(L * )2

v

Ny (X )= — .
“ (D,+Lpks)

In Eq. (6), Ly=v'D,/k,c,=V 1/4mryc,, where we
have used the relation k, =47ryD,,*” in which rq is the
effective recombination radius of the vacancy sinks. L
may be considered as a typical diffusion length, or aver-
age free path of vacancies which, although explicitly in-
dependent of T, may depend implicitly on it through 7.

In Eq. (6) it is possible to identify two limit solutions:

() if s>>D, /LS, then the denominator is ~Ls and
the rate of transformation v is given by

(6)

_ JsNy(x,) _ fGL/
NSi NSi ’

v (7)

where Ng; is the atomic density of Si. N,(x,.)/Nyg; is the
atomic fraction of vacancies at the interface. This corre-
sponds to the pure diffusion-limited case'® (i.e., large
diffusion length of defects and/or large recombination
rate of defects at the a-c interface);

@) if s <<D,/L}, then the denominator is ~D, and
the rate of transformation is given by

_ SsNy(xe) _ fGLS)
NSi NSiDv

v
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This corresponds to the pure interface-limited case (see,
for instance, Ref. 19) (i.e., small diffusion length of de-
fects and/or small recombination rate at the interface).

The consequence of neglecting both defect clustering
and mutual recombination is that the solution
v=fsN,(x,.)/Ngs depends linearly on G both in the
diffusion-limited and in the interface-limited cases. Fur-
thermore, if we assume that s < exp(—AG,, /kT) and
D, < exp(—AG, /kT), the exponential term containing
the strongest dependence on T through the migration en-
ergy AG,},, disappears also in (8).

If we introduce in Eq. (2) terms describing bimolecular
reactions between defects (i.e., clustering or mutual
recombination) the solution is no longer analytic. Any-
how, it can be shown?? that in such case the transforma-
tion rate is a nonlinear function of G, and its expression
would contain one (or more) exponential terms with
AG., which would reasonably give a temperature depen-
dence stronger than the one allowed by Eq. (7) or Eq. (8).

D. Application of a recent model of IBIEC to EBIEC

Alternative approaches, based on the assumption that
the process is purely interface limited'® ?° and, further-
more, that the defects which mediate the transformation
can exist only at the a-c interface and not far from it,”!
lead to a different procedure for the calculation of X in
Eq. (1). Due to its capability of explaining satisfactorily
most IBIEC results, we will refer here to a recent model
proposed by Jackson,? trying to adapt it in order to de-
scribe EBIEC. The key assumption of this model in or-
der to explain both temperature and dose rate depen-
dence of IBIEC, is that defects responsible for SPE are
created and annihilated in pairs.

In order to explain layer-by-layer amorphization Jack-
son introduces a quantity ¥V, which represents the
volume of amorphous material created at the interface
per unit time by each ion. At the same time the defects
left behind by the ions produce a crystallization, whose
rate R is given by
_a (N)A

X b
Tj

R 9

where a is the lattice parameter, (N ) is the time-
averaged defect density at the interface, A is the volume
of crystal created by a single defect jump, and 1/7; is the
frequency of jumps, which can be written as
1/7;=vyexp(—E /kT) (vo~ Debye frequency, E =free-
energy barrier for atomic jump). The condition
V,¢>R,, where ¢ is the ion flux, means that amorphiza-
tion becomes faster than crystallization at the interface,
i.e., the transformation is reversed.

This way of treating the balance between amorphiza-
tion and crystallization allows a straightforward applica-
tion of the model to EBIEC, for which the assumption
V,=0, can automatically account for the observed lack
of transition to layer-by-layer amorphization, even at
T=—258°C. Further peculiarities of EBIEC are (i) the
density of defect generation G is calculated as a pure
effect of elastic displacements (i.e., no thermal-spike
effects, which have been postulated for instance in Ref.
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21, are expected for electron irradiation, due to the low-
energy transferred in each scattering event), and (ii) the
ratio ¥ of 7, (average time between the arrival of particles
at the interface) to 7; is much lower for electron irradia-
tion than for ion irradiation, due to the higher electron
current density. The consequence is that, even if the den-
sity of defect production (N, in the Jackson model) is
much lower for electrons in comparison with ions, the de-
fect concentration at the interface will build up in a way
similar to that shown in the lower part of Fig. 5 of Ref.
20, reaching a quasistationary value whose fluctuations in
time are very small, due to the very small decay of defect
concentration expected during the interval 7, between the
arrival of the ith and the (ith+ 1) electron.

If we retain the assumption of Jackson about the fact
that defects responsible for SPE generate and recombine
in pairs, their uniform concentration N will obey

%}M=2G—k2N2 , (10)
where k, is the rate coefficient of mutual recombination.
Equation (10) gives at the quasisteady state

(N)=N=V'2G /k, . (11)

By using the same notation as Ref. 20, and writing
k,=o0% /7;, where o? is the cross section for mutual
recombination, the net crystallization rate becomes from
Eq. (9)

R, =V"2Gavy/0>A exp . (12)

2kT

The model of Ref. 20 assumes £ =1.2 eV from the ex-
perimental results reported in Ref. 13. So, in accordance
with Eq. (12), we should observe a square-root depen-
dence of EBIEC rate on G and an apparent activation en-
ergy of 0.6 eV.

A nonlinear dependence on G and the presence in the
solution of an exponential, Boltzmann-type term contain-
ing the energy E, is found also by the application of a
purely diffusional scheme?? under the same assumption of
dominant bimolecular reactions, even if the details of
such dependencies are slightly different.

As a consequence, we can conclude that the main point
which determines the qualitatively most significant
dependencies on experimental parameters of beam-
induced SPE is the selection of the defect reaction mecha-
nisms. In fact, under a similar assumption on this point,
the application either of a diffusion- or of an interface-
limited approach leads to differences in the results which
are qualitatively less important.

To our knowledge, no explicit correlation of experi-
mental results of EBIEC obtained at temperatures be-
tween 200 and 450°C (Ref. 25) to the prediction ex-
pressed in Eq. (12), or to the model of Ref. 22, has been
made. A qualitative agreement in temperature and dose
rate dependence would suggest that the recombination
mechanism depends on T and that also for EBIEC a pic-
ture in which direct mutual defect interactions dominate
is more appropriate for 7 = 200 °C.
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E. Effects of electronic stopping
and under-threshold elastic collisions

It has been suggested (see, for instance Refs. 38 and 39)
that electronic stopping may be the dominant mechanism
of beam-induced crystallization in some compound ma-
terials, due to the existence of defect production mecha-
nisms induced by electronic excitation alone.

The discussion about the occurrence of such mecha-
nisms in Si has lasted many years (for a review on this
subject see Ref. 40). The prevailing point of view is that
electronic excitation cannot produce displacement dam-
age in Si by itself. Nevertheless, it can influence the mo-
bility (and, in general, the reactions) of already existing
defects. Several different mechanisms of enhanced defect
diffusion due to electronic excitations have been suggest-
ed (see, for instance Refs. 41 and 42).

The occurrence of EBIEC even at T~ —258°C sup-
ports the existence of an irradiation-induced mechanism
of mobility of defects, which, according to the results at
thermal equilibrium, would otherwise be frozen.*?

It may be expected that even if electronic effects play a
role in IBIEC, this is probably hindered by the amorphiz-
ing effect of ions at the temperature for which such basi-
cally athermal effects could be identified. Nevertheless
electronic effects have been supposed to influence the dy-
namics of damage accumulation and annealing in the sur-
face region of MeV implanted Si,>** where the ratio of
electronic to nuclear stopping of ions increases, becoming
more similar to the case of electron irradiation.

The examination of EBIEC results leads us to conclude
that the defects produced by displacement collisions are
necessary to promote EBIEC; electronic excitation can at
most give an athermal component to their reaction rates.

It is interesting to note that a similar effect could, in
principle, be attributed to elastic collisions which transfer
energies lower than T,.** The elastic cross section for
transferred energies lower than about 3 eV decreases with
increasing electron energy with a trend similar to the one
shown by electronic stopping and opposite to the one
shown by the displacement cross section o, (see Fig. 1).
Figure 7 reports the elastic cross section for transferred

0 8, | L
100 200 300
electron energy (keV)

FIG. 7. Elastic cross section for transferred energies 7= T';,
as a function of electron energy, for different values of the
minimum transferred energy T... The scale for the dashed
line, relative to T';, =0.3 eV, has to be multiplied by a factor of
10.
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energies T =T, as a function of electron energy, for
different values of the minimum transferred energy T;,.
The dashed curve represents 7,,;,, =0.3 eV, which is a
typical value of energy necessary for defect migration.

The trends of the electronic and under-threshold elas-
tic cross sections, compared with the displacement cross
section o4, suggest that the reduction of the temperature
dependence of EBIEC rate with decreasing electron ener-
gy could be qualitatively explained by the increasing
amount of the athermal component of reaction energy
available for each defect produced, as foreseen by both
the above mechanisms.

V. CONCLUSIONS

The results of EBIEC, obtained in a TEM on cross sec-
tions of amorphous self-implanted Si layers at tempera-
tures in the range —258 <7 <20°C point out the follow-
ing.

(i) The basic mechanism of the induced epitaxial crys-
tallization is the production of defects by nuclear elastic
collisions; inelastic stopping or elastic under-threshold
effects alone cannot induce the transformation.

(ii) The rate of the transformation is very weakly
dependent on temperature and always >0 (i.e., no transi-
tion to layer-to-layer amorphization is observed) in the
range investigated. The apparent activation energies in
the range —170 < T =<20°C are 1-2 orders of magnitude
lower than the typical migration energies of point defects
in Si lattice; moreover the temperature dependence be-
comes still weaker in the range —258 <T < —170°C.

(iii) The thickness of the regrown layer per unit dose is
independent of the beam current density and proportion-
al to the cross section for elastic displacement, calculated
by assuming a threshold energy in the range 12<7, <14
eVvV.

Some effects, such as the reduction of temperature
dependence of EBIEC rate with decreasing electron ener-
gy, in connection with the results reported in point (ii),
could be explained by the assumption that electronic
stopping and/or under-threshold elastic collisions play a
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role in the process, supplying an athermal contribution to
the reaction rates of the defects responsible for the trans-
formation.

The comparison made with known results and pub-
lished models of IBIEC has, first of all, underlined that
many differences in the qualitative behaviors of IBIEC
and EBIEC can be explained in a natural way by consid-
ering the trend in the data of IBIEC when decreasing ion
mass and temperature. In fact, they show deviations
from the models which fit the data of heavier ions, in a
direction consistent with the results of EBIEC.

Even if no attempt has been made here to discriminate
between the interface- or diffusion-limited character of
IBIEC and EBIEC, nevertheless it is concluded that
different assumptions about the basic defect reactions,
probably related to the two different ranges of tempera-
ture in which the two processes have been characterized,
are necessary to explain the results of IBIEC and EBIEC.
While, in fact, the assumption of dominant direct mutual
interactions seems essential to explain IBIEC results, a
linear-recombination mechanism seems more appropriate
for low-temperature EBIEC.

The capability of EBIEC to occur at very low tempera-
tures, due to the ineffectualness of electrons to induce
amorphization of Si, allows the observation of effects, hy-
pothetically influenced by electronic excitation or by
under-threshold elastic collisions, which are hindered in
IBIEC due to the amorphization occurring at low T.
Nevertheless, the observation of similar effects may be ex-
pected in the surface region of Si implanted with light
ions at MeV energies, where the stopping characteristics
of ions become more similar to those of electrons.
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FIG. 2. TEM bright-field image of a cross section of self-
implanted Si during heating in situ at 540°C. The arrow indi-
cates the direction along which the thickness of the specimen
decreases. (a) amorphous layer, (c) epitaxially grown crystalline
layer, (b) bulk crystal. The effect of the reduced SPE rate in the
thinner region is evident.



FIG. 6. High-resolution electron microscopy (HREM) image
of a thin region of a self-implanted Si sample in (110) projection,
before (a) and after (b) irradiation with 300-keV electrons for a
time of 28 min at room temperature. The dotted line in (b) indi-
cates the position of the original a-c interface.



