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Evidence for diffusion-limited kinetics of ion-beam-induced epitaxial crystallization in silicon
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The theoretical predictions of point defect related models for ion-beam-induced epitaxial crystallization

(IBIEC) with reaction- or diffusion-limited kinetics are compared to each other and with experimental results.

It is shown that the diffusion model provides the correct nuclear energy deposition and dose rate dependence

of the IBIEC rate, whereas striking differences are observed for the reaction model. A compilation of several

experimental data sets indicates a uniform diffusion regime for IBIEC in a wide range of defect generation

rates. In this range the IBIEC rate can be estimated by a simple formula. The expected layer thickness

dependence of the IBIEC rate is verified by in situ time-resolved reAectivity measurements. From these results

it can be concluded that point defects originating from both the amorphous and the crystalline side contribute

to IBIEC. It is speculated that divacancies are the defects which diffuse and stimulate the recrystallization at

the amorphous/crystalline interface.

I. INTRODUCTION

Ion irradiation through an amorphous/crystalline (a/c) in-

terface may stimulate solid phase epitaxy or layer-by-layer
amorphization in dependence of temperature and ion beam
parameters. ' From a viewpoint of application the ion-beam-
induced epitaxial crystallization (IBIEC) is of interest be-
cause it occurs at temperatures much lower than necessary
for the thermally induced crystallization and works also for
layers deposited on substrates with contaminated surfaces. '

Further unique features of this process are the possibilities to
control precisely the lateral and vertical extent of recrystal-
lization and to switch from IBIEC to ion-beam-induced in-
terfacial amorphization (IBIIA). Partly, the crystal quality
and dopant activation in IBIEC regrown compound semicon-
ductors is better than obtained in thermal recrystallization.
Until now IBIEC has been found in Ge, Si, Ge& Si,
GaAs, InP, NiSi2, CoSi2, A1203, BP, and SiC. ' How-
ever, it can be assumed that IBIEC is possible in many more
solids.

In the case of Si a lot of experimental data were accumu-
lated during the past years, which describe the IBIEC/IBIIA
growth rate as function of deposited energy, ion dose, dose
rate, temperature, frequency of pulsed beams, substrate ori-
entation, and dopant concentration. "" Several phenomel-
ogical models"' ' were developed which explain some as-
pects of the complex IBIEC/IBIIA kinetics. However, there
is no model until now which provides a complete picture of
the IBIEC/IBIIA process.

In most models point defects athermally produced in dis-
placement collisions are assumed to be responsible for the
low temperature recrystallization under ion beam
irradiation. ' ' ' ' With respect to the limiting process of
the IBIEC kinetics these models can be divided into two
groups. The first one is based on the assumption that point
defect diffusion towards the a/c interface is the limiting step
in the IBIEC process. Alternatively, point defect reaction at
the a/c interface is supposed to govern the IBIEC kinetics.
In the latter category the model of Jackson is widely ac-
cepted because it was the first one which provides a quanti-

tative estimation of the IBIEC process and fits some experi-
mental results surprising1y well. However, a thorough
analysis of this model reveals some substantial discrepancies
between theoretical predictions and experimental results,
which give rise to doubts on the validity of this reaction
limited model of IBIEC.

In this article it is shown that the point defect diffusion
model' provides a much better agreement with experimental
data than the model of Jackson. ' After presenting the theo-
retical framework of both models, the results are compared
with data from the literature and our own experiments. In
particular, the IBIEC rate is considered as function of energy
deposited into nuclear collision, dose rate, point defect gen-
eration rate, temperature, and amorphous layer thickness. To
simplify matters and due to the lack of sufficient information
about IBIIA kinetics the investigation is restricted to IBIEC
and the IBIEC/IBIIA transition region only.

II. IBIEC MODELS

A. Definitions and basic ideas

In general, the recrystallization rate

r = dU/dt

is defined as the volume (V) increase of crystalline material
in an amorphous matrix with time (t). During solid phase
epitaxy (SPE) the crystalline volume increases as the volume
of an amorphous surface layer decreases by parallel layer
shrinkage, i.e., the planar a/c interface (of constant area F)
moves towards the surface. The recrystallization kinetics of
SPE is usually characterized by the interface velocity

U = dx/dt = rtF,

where x is the regrowth distance.
In the case of IBIEC it is more convenient to consider a

regrowth rate

rq, = dx/d4
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that relates the interface movement to the dose of ion irra-
diation 4. This so called IBIEC rate is the volume recrystal-
lized by one ion impact. Applying the definition of the ion
dose rate

rg, = v/j = r/(F j). (5)

Sometimes, the regrown thickness is normalized to the en-

ergy transferred into elastic collision to one lattice atom or,
via the Kinchin-Pease-formula, to the number of displace-
ments per atom (dpa) at the a/c interface. These normalized
regrowth rates are given by

and

rs„= rg, nsi/Sn (6)

rppa= rsn2Eg,

with nz; being the atomic density of silicon, S„being the
nuclear deposited energy per depth, and Ez the displacement
energy.

These somewhat trivial relations had to be shown here, as
different quantities are used in literature to characterize the
IBIEC kinetics and the terminology used there is not unam-
biguous. For example Jackson' denotes the interface veloc-
ity as rate of motion. In particular with respect to the dose
rate and energy dependence of the IBIEC process, one has to
carefully distinguish between IBIEC rate, interface velocity,
and normalized regrowth rate.

In the point defect related models of IBIEC it is supposed
that simple point defects or clusters of them produced in the
collision cascades should mediate the recrystallization pro-
cess at the a/c interface. It is not yet clear of what type these
defects are and whether they are consumed by the recrystal-
lization or act as "catalyst" only. One idea is that vacancy
type defects at the interface lower the kinetic barrier for
atomic jumps to crystalline sites. Because of the lack of de-
tailed knowledge about the atomic transport and rearrange-
ment mechanisms in the interface region one should try to
model the recrystallization process in the most simple man-
ner, namely, by assuming that each of these "unknown" de-
fects transforms a microscopic volume V, from the amor-
phous to the crystalline state. Therefore, the crystallization
rate can be written according to formula (1) as

r=V, dN, /dt=V, FX dn, /dt,

where N, is the number and n, the corresponding density of
the elementary crystallization events, respectively, mediated
by one defect at the a/c interface. The interface thickness )
is assumed to be in the order of magnitude of the atomic
distance. In order to calculate the crystallization rate we must
first determine how the elementary crystallization events are
linked to the defect concentration in the a/c interface region.
It will be shown below that there are two ways to do this in
dependence on what is assumed to be the limiting process for
the recrystallization —the diffusion of defects from the bulk
material towards the a/c interface or the crystallization reac-

(4)

we obtain from Eqs. (1)—(3) the relations between IBIEC
rate, interface velocity, and recrystallization rate, respec-
tively, as

tion of the defects at the a/c interface. Secondly, a proper
balance equation must be formulated which describes the
interplay between defect generation by ion irradiation and
defect annihilation in the bulk.

The defect generation rate can be expressed as

A =cgn

with cz being a rate constant, n the defect density, and m the
order of defect annihilation. For example, I=2 means pair-
wise defect annihilation. According to the rate theory the rate
constant cz depends on temperature T via the Arrhenius ex-
pression

c„=czo exp( F.„/kT), —

with the activation energy F.„for the annihilation process.
Notice that the term "annihilation" may also mean that

active defects are converted to other types of defects, which
do not contribute to recrystallization.

B. The model of reaction limited IBIEC

Let us assume that the IBIEC process is limited by the
crystallization reaction itself, i.e., the atomic rearrangement
processes at the a/c interface are slow compared to the point
defect diffusion from the bulk material. In this case the num-
ber of the elementary recrystallization events is directly pro-
portional to the defect density at the interface. So, we may
substitute

dn, /dt= c,n (12)

in Eq. (8). The rate constant of the recrystallization process
c, has a temperature dependence analogous to Eq. (11) with
an activation energy of Fc and is the inverse of the fre-
quently used hopping time z, .'

The steady state concentration of defects at the interface n

can be calculated by the balance equation

dn/dt = G —A =0.

Inserting the expressions from Eqs. (9), (10) into Eq. (13) we
obtain

n = (Zj /c„)"
and with Eqs. (12), (11), (8), (5)

(14)

r =c Zi(mj elm) —t exp( —F /Q'r). (15)

In Eq. (15) the IBIEC rate is given as function of quantities,
which are usually varied in IBIEC experiments —linear den-
sity of atomic displacements Z, ion dose rate j, and tempera-
ture T, respectively. The constants are summarized in the

G=Zj,

where Z is the number of atomic displacements (often inter-
preted as vacancies) per unit depth generated by one ion,
which can be calculated, e.g. , with the TRIM code, and j is
the ion dose rate. It should be noted that according to the
Kinchin-Pease-theory Z is proportional to the energy de-
posited into nuclear collisions 5, .

The defect annihilation term may be generally modeled
by
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the linear temperature dependence [Eq. (17)] to the strong
Arrhenius-like one for thermally stimulated SPE (E„=2.7
eV) (Ref. 25) that dominates at higher temperatures.

It should be noted here that Jackson's model includes also
a steady amorphization process which competes with IBIEC.
However, this amorphization process influences only the ki-
netics of the transition region from IBIEC to IBIIA and may
be neglected at sufficiently high temperatures.

factor c'. The activation energy F. ' of the IBIEC process is a
combination of both the activation energy of recrystallization
and defect annealing:

E' =Fc—E~/m.

C. The diffusion-limited model

Some authors' ' assume that the IBIEC kinetics is
governed by defect diffusion towards the a/c interface. Ac-
cording to this model each defect arriving at the interface
immediately converts a microscopic volume V& from amor-
phous to crystalline state and disappears due to atomic rear-
rangements. This means that the number of elementary crys-
tallization events Nc in Eq. (8) is identical with the number
of defects N arriving at the interface. There are some contro-
versies whether defect Auxes coming from the amorphous,
the crystalline or both sides contribute to IBIEC.' Therefore,
it is useful to formulate first the theory for one side and to
decide later what assumption is correct.

Applying the definition of the defect faux coming from the
side s= a (amorphous) or c (crystalline)

jo,=1IF dNldt,

which fiows through the area F we obtain with Eqs. (5), (8)
the one-side component of the IBIEC rate as

rc,.= ~cilo, :l/J (20)

The defect flux is given by Fick's law as

(21)jz= —D dnldx,

where D is the diffusion coefficient and n(x) the steady state
density distribution of the defects that may be calculated by
integrating the balance equationr~=c& ln[c2Zj ' exp( —Ec/kT) j for vo/v &) I/(n;L )

(17)
(22)D d n/dx +Z(x)j —DL n =0

In numerous experiments it was found that the IBIEC rate
depends almost linearly on the energy deposited in nuclear
collisions. ' ' We see from Eq. (15) that this behavior may
only be predicted from the model of reaction limited recrys-
tallization if the defect annihilation would be of order rn =1.
In this case, however, the IBIEC rate would be independent
of dose rate. Moreover, the IBIEC rate would not depend on
temperature, if both the elementary recrystallization event
and the defect annihilation are governed by atomic jumps
over the same energy barrier (Fc=E„), which was sug-
gested, e.g. , in the model of Jackson. '

The IBIEC model of Jackson is also based on the assump-
tion of reaction limited recrystallization, i.e., the IBIEC rate
is proportional to the defect density at the a/c interface.
However, in contrast to the continuous defect production
taken into account above, Jackson considered the discrete
nature of the defect generation. According to this idea defect
clouds were produced in collisional cascades caused by one
energetic ion. Subsequently, the defect concentration de-
creases within the cascade region by pairwise defect annihi-
lation (m=2) until the next ion impact into the former cas-
cade volume.

There are two limits of the Jackson model, which should
be written here in the simple and explicit notation used
in this article (for comparison with quatitites originally
used by Jackson' note the following correspondence:
R, = v, 4=j, No= n;~Z, I/7o~j, I/r, ~exp( Fc/kT), —
~Zj ' exp( —Ec/kT), (ao ) =L .

In dependence of the ratio of the time 7p between two
cascades in the same area and the time 7. for atomic jumps
the IBIEC rate is given by

that describes the so called "single cascade regime" and

r~=c3Z' j ' exp( —Ec/2kT) for 7o/7) (&1/(n, L )
(18)

that describes the "cascade overlap regime. " In Eqs. (17)
and (18) n, denotes the initial defect concentration in the
cascade and L the critical distance for pairwise defect anni-
hilation. The constants c summarize geometrical and time
constants used in Jackson's model.

Comparing Eq. (18) with Eqs. (15), (16) we see that the
"cascade overlap" limit of the Jackson model is identical to
the model of reaction limited IBIEC with continuous defect
generation if defects are suggested to annihilate in pairs (m
=2) and both the atomic jumps necessary for defect annihi-
lation and recrystallization have the same activation energy
E~. Obviously, the Jackson model provides strong devia-
tions from the linear dependence on Z. Moreover, there is no
more an Arrhenius-like temperature dependence in the case
of the "single cascade" regime. Jackson explained the weak
Arrhenius-like temperature dependence of IBIEC
(E„=0.24. ..0.32 eV) (Refs. 1 and 24) by the transition from

which involves defect diffusion, generation, and annihilation.
The special form of the annihilation rate constant used in Eq.
(22) is the consequence of a statistical model of L -cell oc-
cupation with m point defects in the limit of low defect con-
centrations. The reoccupation time of the cells can be ex-
pressed by 7.=L ID. L is the critical distance below that
defects should form immobile clusters or annihilate. It is
further assumed that both defect diffusion towards the inter-
face and defect migration necessary for the annihilation are
determined by the same atomic jump processes and, there-
fore, may be described by one diffusion constant

D =Do exp( F~ /k T), —(23)

with F. the activation energy of defect jumps, often also
denoted as migration energy.

In general, Eq. (22) can be only solved numerically. How-
ever, in the case of a depth independent Z a partial integra-
tion of the nonlinear differential Eq. (22) can be carried
out. ' Assuming further that the defect concentration van-
ishes at both the a/c interface (x=0) and the surface (x=d)
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n(0) = n(d) = 0, (24)

one may obtain the simple analytical expression between the
defect flux at the interface and the maximum defect concen-
tration n „in the layer between the surface and the ale
interface as

n{)= [Zj/(DL' )]" (26)

jD(0) = [2n,„ZjD(1 —[ I/(m+ 1)](n,„/no) )]",
(25)

with
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being the steady state defect concentration which would be
achieved when no diffusion takes place (Eq. 22). Details of
the mathematical procedure described above can be found in
Ref. 15.

The usage of the maximum defect concentration is advan-
tageous because simple limits are evident for it from Eq.
(22). For layers being thicker than a critical thickness

d (8)1/2[D/(ZJLs)]{m —))/2mL (27)

the maximum defect concentration is mainly determined by
the defect annihilation, i.e., the diffusion term may be ne-
glected in Eq. (22). In this way we obtain

n „=no for d&)d, . (28)

In the opposite case where most of the defects disappear by
diffusion towards the interface the maximum defect density
1s

n,„=(1/8)[Zj d /D] for d(&d, , (29)

which may be calculated after neglecting the defect annihi-
lation term in Eq. (22). Note that n, „(&no for d(&d, and,
therefore, the second term in Eq. (25) can be neglected.

Inserting these results into Eq. (25) we finally obtain the
"thin" and "thick" layer limit of the one-side component of
the IBIEC rate (20), respectively, as a function of implanta-
tion parameters Z, j and temperature T:

0 '--

0 10 20 30 40 50

Nuclear Deposited Energy (eV/A)

60
0

70

FIG. 1. IBIEC rate in dependence on the nuclear deposited en-

ergy. Experimental results after Linnros et al. ' The seemingly lin-

ear energy dependence is indicated by the straight line.

"a = C21/cZ j " exp( —[E, /4]/kT) for d~+dc
(34)

ments. It should be emphasized, that in the case of defect
fiuxes coming from both the amorphous and the crystalline
side, both layers must be thinner than their corresponding
critical layer thicknesses in order to obtain the pure "thin"
layer limit. Otherwise, the functional dependence is given by
the sum of Eqs. (30) and (31). This should be the normal
case in IBIEC experiments because only the amorphous
layer thickness is small and decreases during ion irradiation,
whereas the crystalline layer is as thick as the substrate.

Since there is no evidence for a layer thickness depen-
dence of the regrowth rate in most experiments the "thick"
layer limit should describe the "normal" IBIEC kinetics
within the framework of the diffusion model. As can be seen
from Eqs. (31) and (32) a linear defect annihilation process
would lead to a dose rate and temperature independent
IBIEC rate, which is in contradiction to experimental results.
For pairwise defect annihilation we obtain

7 4„=2 ~cZd for 0~dc

,=O'V Z ' j '
( F /kT)—

(30) III. COMPARISON OF EXPERIMENTAL RESULTS
WITH MODEL PREDICTIONS

A. Energy dependence

with

for d&)dc, (31)

and

Ec=E, /[2m/(m —1)] (32)

[2m/(m+ 1)])/2D m —))/2m/L{3m —s)/2m
m (33)

According to these theoretical results the "thin" layer limit
of the IBIEC rate should be independent on temperature and
dose rate. Further it is proportional to the linear density of
the displacements per ion Z and depends on the layer thick-
ness d. The layer thickness dependence of IBIEC, when
found in experiments, would be an unambiguous confirma-
tion of diffusion controlled IBIEC kinetics. However, the
critical thickness dc could be much smaller than the layer
thicknesses investigated or resolved in usual IBIEC experi-

Previous experiments on IBIEC have shown that at con-
stant ion energy the IBIEC rate increases with ion mass '

(see Fig. 1) and decreases for same ion species with increas-
ing ion energy, respectively. In both cases it was found that
the IBIEC rate is, within the experimental errors, directly
proportional to the part of energy deposited into nuclear col-
lision S„at the a/c interface and, therefore, to the displace-
ment density Z. Numerous experiments carried out later have
seemingly confirmed this obvious linear dependence on S„.
However, according to the point defect models presented
above such a linear behavior is expected only for a linear
defect annihilation process, where no dose rate or tempera-
ture dependence exists [Eqs. (15), (31)].

For pairwise defect annihilation the reaction model pre-
dicts a square root dependence or even a much weaker loga-
rithmic behavior in the case of Jackson's single cascade
model [Eqs. (17), (18)]. This is in striking contradiction to
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FIG. 2. Normalized regrowth rate in dependence on nuclear de-

posited energy S, . Experimental results after Kinomura et al. The
theoretical predictions of the diffusion and the Jackson model are

given by the solid and the broken line, respectively.

the experimental findings. Although the diffusion model pro-
vides a sublinear dependence [~Z ' ~S„'; see Eq. (34)j on
the nuclear energy deposition, too, the deviation from the
linearity is much smaller than in the reaction model. It is
very difficult to prove such a small difference in experiments
because of implantation and analysis inaccuracies. However,
a simple mathematical trick recently applied by Kinomura
et al. can help to render the deviation from linearity more
evident. The IBIEC rate divided by the deposited nuclear
energy, i.e., the normalized regrowth rate [Eq. (6)], should
not depend on the deposited nuclear energy, if the IBIEC rate
is exactly proportional to the displacements. Otherwise, a
clear functional dependence should be found.

Kinomura et al. have investigated the IBIEC process for
several ions at energies of 1.5 and 5.6 MeV, respectively. In
Fig. 2 the experimental results of the normalized regrowth
rate are represented as function of the nuclear energy depo-
sition. It can be clearly seen that the normalized regrowth
rate is not constant, but follows very well a 5„" depen-
dence as predicted by the diffusion model with pairwise de-
fect annihilation. For comparison the curve expected from
the cascade overlap regime of the Jackson model (S„") is
drawn, too.

Interestingly, the previous results of Linnros et al. ' (Fig.
I) on the energy dependence of the IBIEC rate show also
strong deviations from the linear behavior, if they are repre-
sented in a normalized plot (Fig. 3). As can be seen in Fig. 3
the results for He, Ne, and Si irradiation, which was carried
out at the same dose rate, can be fitted again by an 5„"
curve. However, the regrowth rates obtained from ion irra-
diation at lower dose rates are higher as expected. Consider-
ing the dose rate dependence predicted by the diffusion
model with pairwise defect annihilation [Eq. (34)], the re-
growth rates measured at lower dose rates j can be normal-
ized to jo

=3 X 10' cm s '
by multiplying them with

(j/jo)"". In this way an excellent agreement between theo-
retical prediction and experimental results is obtained.

Finally, it should be noted that the deviation from the
linear energy dependence of the IBIEC rate becomes evident
in experimental studies only if the nuclear deposited energy

FIG. 3. Normalized regrowth rate in dependence on nuclear de-

posited energy S„,Experimental results after Linnros et al. ' Note
that these are the same as presented in Fig. 1. Empty squares are
experimental results normalized to the dose rate of 3 && 10'
cm s '. The theoretical prediction of the diffusion model is given

by the solid line.

is varied over orders of magnitudes and all other implanta-
tion parameters are kept constant.
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FIG. 4. IBIEC rate in dependence on the dose rate. Experimen-
tal results after Williams et al. The theoretical predictions of the
diffusion model are given by the solid line.

B. Dose rate dependence

The dose rate dependence of IBIEC was investigated by
several authors. Williams et al. studied the IBIEC process
with 80 keV He+ ion irradiation at 440 'C (Fig. 4). They
found that the IBIEC rate decreases with increasing dose
rate. Similar results were obtained by Linnros and Holmen
for 300 keV inert gas ion implantation in silicon and silicon-
on-sapphire material at different temperatures. In Fig. 5 the
results obtained at 400'C are shown. However, only three
different dose rates were used in these previous studies. This
is clearly insufficient for a reliable comparison with theory.
Therefore, a more comprehensive and precise study of the
dose rate dependence of IBIEC stimulated with 300 keV Si+
at 400'C was performed by Heera et al. (Fig. 6). In all
these experiments the measured data are in good agreement
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exp( —1.2 eVlkTR)=3. 5X10 cm s Z j. (35)

C. Temperature dependence

Several experimental studies' have demonstrated that
the activation energy of IBIEC is between 0.24 and 0.32 eV
for TR&T~400'C and then increases to 2.7 eV for ther-

1000—
IBIEC Si

with the j " behavior (solid lines in Figs. 4—6), which is
expected from the diffusion model with pairwise defect an-
nihilation [Eq. (34)]. Note, that it is not possible to fit these
experimental results with the Jackson model, which predicts
a logarithmic dependence for the single cascade regime [Eq.
(17)] and a square root dependence for the cascade overlap
regime [Eq. (18)], respectively.

Deviations from the j ' dependence were found near the
transition temperature from IBIEC to IBIIA. ' It was dem-
onstrated that the critical temperature for this growth rever-
sion increases with increasing nuclear energy deposition
and/or dose rate. According to the data given in Ref. 35 the
following empirical relation exists between the critical tem-
perature, displacement rate, and dose rate

~4, IBIEC ~4, IBIIA (36)

Following Jackson's idea to model the amorphization by a
temperature and dose rate independent rate, ' we obtain with
expression (34) the relationship between the critical tempera-
ture TR and the irradiation parameters j,Z as

exp( E, IkTR) =—(r@ 1BIIA IVCC2) Z j . (37)

According to the diffusion model with pairwise defect anni-
hilation the activation energy for defect jumps F should be
four times the IBIEC activation energy [Eq. (34)], i.e.,

E~ =0.96.. . 1.28 eV. (3g)

This is in excellent agreement with the experimental results
of Linnros et al. [Eq. (35)], who found E/=1.2 eV.

In order to obtain the same dependence on the displace-
ment density as in Eq. (35) the IBIIA rate must be propor-
tional to Z ' . This is a reasonable assumption. Recent inves-
tigations on IBIIA indicate a linear nuclear energy
dependence, which is very close to Z .' It should be noted,
however, that there is also a temperature and dose rate de-
pendence of IBIIA and, therefore, the considerations above
could be too rough.

mally stimulated solid phase epitaxy (T)550'C). These
findings were explained with point defects necessary for re-
crystallization. It was assumed that in the case of thermally
induced SPE the activation energy is the sum of the energy
of defect formation and migration, whereas for IBIEC only
the defect migration energy is necessary because the defects
are formed in a ballistic way. The activation energy of IBIEC
has been often attributed to the vacancy migration energy,
because the migration energy of neutral vacancies in silicon
is 0.33 eV. ' It was shown by the author in a previous paper'
that this idea cannot be correct. According to the diffusion
and also to the reaction model (overlap regime) the IBIEC
activation energy is determined by both the activation energy
of the elementary atomic jump processes and the order of
defect annihilation. Only a fraction of the activation energy
of the elementary process is predicted to be the IBIEC acti-
vation energy for higher orders of defect annihilation [see
Eqs. (15), (16) and (31), (32)].

Under certain experimental conditions the a/c interface
does not move during ion irradiation, because of the balance
between IBIEC and IBIIA

800—

E0
o
E

400—
tO

U 200-I
0—

q p10

~ 300 keV Si

j
-1/4

q p11 q p12

Dose Rate(cm s')
$013 g 014

with

v = v o exp( —Elk T) = cG" exp( —ElkT), (39)

a= 1/m

for the reaction model (cascade overlap) and

D. Defect generation rate dependence

According to definitions [(5),(9)] and the model predic-
tions [(15),(31)] the interface velocity can be represented as
function of the defect generation rate and temperature

FIG. 6. IBIEC rate in dependence on the dose rate. Experimen-
tal results after Heera et al. The theoretical predictions of the
diffusion model are given by the solid line.

u = (m+ 1)/2m

for the diffusion model (thick layer), respectively.
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FIG. 7. Preexponential factor of the a/c-interface velocity dur-

ing IBIEC as function of the defect generation rate. The solid line is
the best fit of the experimental results IEq. (40)]. Note that the

figure compiles numerous experimental results obtained at quite
different experimental conditions.

A double logarithmic plot of vo over G gives a straight
line with slope a. We have analyzed a big number of IBIEC
data taken from literature" ' ' in order to look for such a
dependency and to determine u. In order to avoid complica-
tions by the IBIIA process only IBIEC results are considered,
which were obtained at least 40 K above the critical tempera-
ture [Eq. (35)].As shown in Fig. 7 there is a good correlation
of the data points with a straight line of slope 3/4. This is
exactly the result expected from the point diffusion model
with pairwise defect annihilation in the bulk. It should be
emphasized that there is a uniform IBIEC regime in the wide
range of defect generation rates from 6&10' to 2X10
cm s '. The scattering of the data points could be caused
by both experimental inaccuracies (e.g. , target temperature)
and different material quality (e.g. , defect and doping level).

An approximate value for the constant in Eq. (39) can be
extracted from the experimental data plotted in Fig. 7. To-
gether with the known slope and the activation energy a
simple formula for a rough quantitative estimation of the
IBIEC rate can be derived, which works for a very wide
range of experimental conditions and is very useful when
planning IBIEC experiments:

r@——5 X l 0 ~ cm s Z j ' exp( —0.3 eQ/kT)

for T~(T~400 'C and d~dc. (40)

K. Layer thickness effects

The most striking feature of the diffusion model com-
pared to the reaction model is the existence of a layer thick-
ness dependence of the IBIEC rate [Eq. (30)].In order to find
out such thickness effects the IBIEC rate must continuously
be recorded up the disappearance of the amorphous layer
with a high degree of precision. This is only possible by in
situ measurement methods as, e.p. , the time resolved refiec-
tivity (TRR) analysis method. ' According to Eq. (27) the
critical thickness below which the thickness effect should
appear is itself a function of temperature and ion beam pa-
rameters. Proper experimental conditions should be chosen

FIG. 8. Time resolved refiectivity trace measured during IBIEC
as function of fluence. ' The peak-to-valley distance corresponds to
a regrown thickness of 36.2 nm.

500
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FIG. 9. IBIEC rate as function of the remaining amorphous
layer thickness as calculated from the TRR trace in Fig. 8. The solid
line is only to guide the eye.

to maximize the critical thickness. This means that the tem-
perature should be as high as possible whereas the dose rate
and the displacement density should be kept as low as pos-
sible. Priolo et aI. ' investigated the depth dependence of the
IBIEC process for 600 keV Kr+ ions at 350'C by TRR
measurements. Indeed, the IBIEC rate was found to decrease
with shrinking amorphous layer thickness. However, this ef-
fect was attributed to the decline of the nuclear energy depo-
sition profile in this depth range. Results on IBIEC rate de-
crease with increasing ion fluence during 300 keV ion
irradiation ' can be interpreted in a similar manner. There-
fore the depth dependence of IBIEC were studied by TRR
measurements with ions of several MeV kinetic energy. " In
this case the nuclear deposited energy is almost constant in
the near surface region. In Fig. 8 the measured reAectivity
during IBIEC with 7 MeV I + ion irradiation at 300'C is
shown in dependence on the ion dose. In this curve every
peak-to-valley distance corresponds to a regrown layer thick-
ness of 36.2 nm. So it is possible to represent the IBIEC rate
as function of the amorphous layer thickness (Fig. 9). It is
obvious that after an initial stage with an almost constant
regrowth rate of about 36 nm/10' cm the IBIEC rate de-
creases with shrinking amorphous layer thickness. The depth
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dependence of the IBIEC rate for amorphous layer thick-
nesses below 200 nm cannot be explained by a profile of
nuclear energy deposition. Assuming a linear depth depen-
dence as theoretically predicted from Eq. (30) the IBIEC rate
for zero thickness can be extrapolated to be about 18 nm/10'
cm, which is just the half of the initial one. Because the
IBIEC rate does not vanish it is clear that defects coming
from the crystalline side participate in the recrystallization
process. Moreover, the bisection of the IBIEC rate implies
that defects coming from the amorphous layer should con-
tribute to IBIEC with the same efficiency. Previous results on
the effect of channeled ions on the IBIEC rate can be in-
terpreted in an analogous way. The IBIEC rate is reduced to
one-half of its initial value when the ions enter the target in
channel direction and, therefore, do not produce atomic dis-
placements in the crystalline layer.

Further evidence for defect diffusion during IBIEC is
given by recent experiments from Stepina et al. who used
low energy ions which do not arrive at the a/c interface, but
nevertheless stimulated the regrowth process.

IV. CONCLUSIONS

It was demonstrated in this article that the defect diffusion
model with pairwise defect annihilation in the bulk describes
the IBIEC rate as function of nuclear deposited energy and
dose rate in good agreement with experimental results,
whereas a thorough analysis of the reaction limited model of
IBIEC reveals some striking differences between theoretical
predictions and experimental findings. Moreover, the diffu-
sion model is valid in a wide range of defect generation rates
as indicated by a compilation of many experimental IBIEC
data. From these data the unknown constant of the model is

determined and a formula for a quantitative prediction of the
IBIEC rate in silicon is derived. As a consequence of the
model the migration energy of the defects which induce the
crystallization should be four times the IBIEC activation en-
ergy, i.e., between 0.96 and 1.2 eV. From this reason single
vacancies with migration energies between 0.18 and 0.33 eV
cannot be the IBIEC stimulating defects. However, a pos-
sible candidate for the IBIEC stimulating defect could be the
divacancy with a migration energy of about 1.3 eV. ' This
assumption is quite reasonable because several investigations
have shown that divacancies are the most available vacancy-
type defect in silicon after ion implantation at room
temperature. " Moreover, a recent positron annihilation study
has demonstrated that tri- and tetravacancies are formed dur-
ing IBIEC. Therefore, it can be speculated that the pairing
process considered in the diffusion model is the agglomera-
tion of divacancies to tetravacancies.

Further evidence for the diffusion model of IBIEC was
provided by the experimentally proved decrease of the
IBIEC rate with shrinking amorphous layer thickness. Be-
cause the IBIEC rate extrapolated to zero thickness is about
one-half of the initial rate it can be concluded that defects
coming from both the amorphous and the crystalline side
contribute to IBIEC to the same magnitude. The existence of
vacancy-type defects in ion irradiated amorphous silicon has
recently been shown by van den Hoven et al.
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