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Abstract

lon-beam amorphization of crystalline silicon is reviewed. All the peculiar features of the
process (temperature effect, incubation fluence, superlinear behavior of the amorphous fraction as a
function of the ion fluence, dose—rate effects, ion mass/energy dependence, doping influence, etc.)
can be explained within the classical theory of nucleation and growth based on capillarity.
Nucleation and growth rates depend on the free energy of the amorphous clusters and on the
kinetics balance between damage creation at the prompt stage of each ion collision cascade and
competitive re—crystallization induced by atomic jumps of long living defects at the cluster surface.

The model explains the damage accumulation kinetics either in dilute or dense collision cascade. It
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is an extension of the theoretical approach describing the reverse process, i.e. the ion—beam assisted
nucleation and growth of crystalline clusters in the amorphous material. The description is

independent on the atomistic nature of the involved defects.

1. Introduction

Amorphization of silicon by ion beam irradiation occurs in many fabrication steps in the
silicon—based device technology [1]. It can be a desired process, such as the pre-amorphizing
implants to form highly doped shallow regions [2] in nanometric—scale silicon devices or to
promote the Si reaction in silicide metallic contacts [3,4], or it can be a side effect in highly doped
regions. The experimental data on the silicon amorphization induced by ion—beam irradiation show
that the process is the result of a competition between damage generation and its dynamic
annihilation, mainly governed by the temperature dependent defect mobility. The evolution of
amorphous fraction is then critically dependent on substrate temperature, on the energy deposited
by the ion into elastic collisions, on dose rate, and on dopant concentration. An exhaustive review
of all of these evidences can be found in Ref. [5] for the Silicon amorphization and in Ref. [6, 7] for
compound semiconductors. Recently, the role of defect diffusion during the dynamic annealing in
ion-irradiated Si has been investigated by means of pulsed beam irradiation [8, 9]. The process is
governed by interstitial and vacancy migration characterized by different activation energies. The

dynamic annealing rate is limited by vacancy annihilation at sinks and by divacancy formation.

Compound semiconductors differ noticeable for their response to irradiation, since the
transition to the amorphous phase is quite complex. It has been shown that the cross section of
damage production is not correlated to the ionicity, nor to the elastic constants of the materials. A
correlation has been found instead with the force constant associated to the optical lattice vibrations

[10]. A similar view [11] has been adopted to describe the resistance of different compounds to
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amorphization by radiation damage. The behavior in the analyzed compounds is determined by the
competition between the short-range covalent and long —range ionic forces. With increasing the role
of the covalent force to the total force the resistance to amorphization decreases. Due to the

complexity of the considered phenomenon the reported investigation is then related only to silicon.

Although many attempts have been made to theoretically describe the amorphization process,
no single model, however, appears to be able to explain all the huge amount of experimental data. It
has been proposed that amorphization of silicon can be described either by a homogeneous or by an
heterogeneous process. In the first case amorphization occurs when the lattice energy density
overcomes a critical value (critical energy/defect model) [12,13]. In the second case amorphization
results as a consequence of the overlapping of locally disordered regions within each ion collision
cascade (overlap damage model) [14,15]. More recently, a fully atomistic model, based on the
assumption that the interstitial-vacancy (1V) pair is the elementary unit forming amorphous
embryos, has been proposed, suggesting the existence of a critical radius related to the stability of
such complexes, whose recombination is characterized by different activation energies depending

on their degree of coordination [16].

In the present paper we model silicon amorphization under ion irradiation in terms of ion—
beam induced nucleation and growth of amorphous clusters, by following classical theory based on
capillarity. The main assumption is that any single incident ion creates in the crystal lattice two
different types of defects during the prompt stage of its collision cascade. The ions generate: i)
vacancies, interstitials, vacancy—interstitial pairs, divacancies etc, causing formation and growth of
the amorphous phase, and ii) long-living (e.g. dangling—bond-like) defects, responsible of damage
recovering. The concentration of these latter defects progressively increases during irradiation and,

for temperatures at which where amorphization is observed, it remains far from its steady—state
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value for a significant fraction of time, giving rise to a transient behavior of the crystal to

amorphous transition.

The model accounts for the detailed dependence of the amorphous fraction on the irradiation
fluence in a wide range of irradiation parameters (ion mass, energy, dose rate) and of target
temperature. The description evidences the existence of an incubation time associated with the
formation of supercritical stable amorphous clusters. For large cluster sizes, the model converges to
the theoretical description that explains the behavior of the ion—beam induced planar
crystallization/amorphization (IBIEC) [17], and moreover it can be seen as an obvious extension of
the theoretical approach adopted to describe the reverse process, i.e. the ion—beam assisted
nucleation and growth of crystalline clusters in the amorphous material [18, 19]. The model, as
already said, does not describe, from the atomistic point of view, the amorphous formation, i. e. the
transition of point defects, such as vacancy, interstitials, divacancies, interstitial-vacancy pair and

small agglomerates into amorphous cluster.

2. Theoretical description

Silicon amorphization is modeled by extending the formalism previously developed to
describe ion—beam assisted crystal grain nucleation and growth [18, 19]. The impinging of the j-th
ion on the area defined by its collision cascade of radius r, generates during the life of the collision

cascade, the prompt stage, Atprompe (~ 0.1 + 1 ps), defects like self-interstitials, vacancies, and

interstitial-vacancies pairs. Our description does not need to take into account for the detailed
atomistic structure of these defects. A plethora of defects are created by the irradiation; in addition,
their interaction depends also on their concentration and on the state of the surrounding material.

There are in literature several attempts to develop atomistic models to describe the ion beam
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induced amorphization of silicon. The situation is so complex that neither the experiments nor the
simulations allow a clear identification of the atomistic nature of the involved defects to describe
the amorphous formation. For these reasons the only assumption we make is that such defects,
during the prompt stage prior to disappear, convert a certain concentration n, of crystal atoms in the

amorphous state, leading to the nucleation and growth of amorphous clusters.

At any instant t the concentration N; . of clusters with i atoms in the amorphous phase will

increase accordingly to the following rate equations:

ON; ; , .
61;, = k" 1N;_1: — k' Ny, £=123, .., imax (1a)
imax
Nor =p— Z Ny (1)
i=1

where N, is the concentration of monomers in the crystal phase, k;* the number of atoms
converted in the amorphous phase per second at the surface of clusters with size i and p the silicon
atomic density. Under the hypothesis that the concentration n, of atoms converted into the
amorphous state by the ion beam is also trapped at the cluster surface, the transition rate k{* will be

proportional to ngy/Atprompt and to the number O; of atoms at the cluster surface:

)
k= A= xe) 7——0; ©)
prompt

here x, is the amorphous fraction at the instant t that is related to N, , through the following

relationship:
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Xe=1-——— (3)

The term (1 — yx,), introduced in Eq. 2, takes into account for the reduced availability of crystal

atoms that can be converted into the amorphous state while the clusters grow.

The parameter A is determined by imposing that the total number of atoms converted into the

amorphous phase per unit time at the surface of all the clusters is equal to (1 — y;) v e
prompt
imax imax
ng Ng

ki'Nie = z Al - Xt)At—OiNi,t =(1- Xt)At— 4)
=0 =0 prompt prompt
and then:

1
A=sm DN (5)
i=0 OiNi¢

Assuming spherically shaped clusters, the number of atoms 0; at the amorphous—crystal

interface depends on the cluster size i through the following relationship:

3 2/3

0i=4n(E) i%/3  fori>0 (6)
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further, we impose 0; = 1 for i = 0, the size conventionally attributed to the monomers in their
initial crystal phase.

By introducing the dimensionless variable & = t/At,rompe, EQs. 1a and 1b become:

ON; ¢

5z = Ano(1=X)(0i-sNirg — Oii) (=123, imax (7a)
imax

Nog=p— ) iNy (7b)
i=1

to be integrated between ¢ = 0 and & = 1, by imposing the sum rule given by Eqg. 2, up to a finite

UppPer Size iy ax-

However, it is well known that ion bombardment also produces different kind of defects that
may instead enhance the crystallization process. As an example, ion irradiation of an amorphous
layer induces the nucleation and growth of crystalline silicon at temperature above 350 °C [17,18,
19, 20]. These defects (e.g. dangling-bonds like) are characterized by longer lifetimes, in the order
of seconds at 250 °C and of 3 days at room temperature [21,22]. These circumstances strongly
suggest that also long-living defects must be considered when modeling both amorphization and

crystallization processes.

We then assume that these defects, produced by each impinging ion at a certain concentration
level c,, interact with the atoms or bonds at the amorphous cluster surface converting them into
crystalline atoms, i.e. re—crystallization of amorphous regions occurs. Since their mobility is

thermally activated, at low temperatures their influence is negligible and then amorphization
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prevails on crystallization. The instantaneous value of defect concentration, ¢,, at the arrival of the

j—th ion, will be:

Ct=(j-Dr,

p ] + Ct=(j-1)1o (8)

EO = CO [1 -
where ¢, (j_1), IS the concentration level established at the time (j — 1)z,, corresponding to the

impinging of the previous j—-1 ions, T, being the time interval between the arrival of two successive

ions in the same region:

1

- d)ﬂroz

To

)

¢ being the ion irradiation dose rate and ro being the radius of the collision cascade.

During t,, immediately after the prompt stage and before the arrival of the successive ion,

due to in—pair annihilation process [17], defect concentration decreases following the relationship:

dc 5 p 2
prin —aoc“fc (10)

where o2 is the cross section for defect annihilation, a the average atomic distance, and f is the
thermally activated defect jump frequency. Eq. 10 does not take into account for the thermal
background of defects since that contribution is negligible in the investigated temperature range,

where amorphization prevails on crystallization. The solution of Eq. 10 is:
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G
1+ cac?flt — G — D]

c j=1,23,.. (11)

Figure 1 shows the typical dependence of the concentration of long living defects c, as a function of
the irradiation fluence. At low fluence values, defect concentration increases very rapidly since in—
pair annihilation, occurring during 7,, is only weakly effective (lower left inset in Fig. 1).
Increasing ion fluence, the defect concentration approaches values at which the annihilation,
proportional to c2, becomes particularly relevant (upper right inset in Fig. 1), and defect density

reaches a steady-state value of the order of the silicon atomic density p = 5 x 1022 cm™3.
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Fig. 1. Time dependence of the concentration of defects responsible for the re-crystallization of
amorphous regions. The two insets show details on the evolution during the time interval among

different collision cascades.

Analogously to the case of crystal grain nucleation, the stability of each amorphous cluster

with i atoms is controlled by its free energy given by:
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AG; = Aggcl + 0,4.0; (12)

where Ag,. (positive for amorphous clusters) is the free energy change associated with the
amorphization of a single atom, and a,.. is the interface free energy of each atom at the amorphous—
crystal interface. In the following, for simplicity, we have assumed a Ag,. constant and
independent of defect concentration on the surrounding crystal. Fine variations of Ag,. as a
function of the defect concentration cannot be excluded, but their effects on the ion-induced
amorphization-crystallization process are beyond the aim of the present work. Irradiation
increases the free energy not only of the crystalline region but also of the amorphous zones as
evidenced by several experiments on the relaxation of amorphous silicon obtained by ion
implantation [23, 24, 25]. The amorphous to crystal free energy increases with the irradiation
fluence and decreases with the annealing temperature of the implanted layer. In any case the

difference amounts to 10-20% of the value for the relaxed material [23].

Then, the amorphous cluster density will evolve through defect-mediated attachment or
detachment of atoms at the amorphous—crystal interface, driven by the change of cluster free
energy. This process occurs immediately at the end of the prompt stage of each collision cascade,
and it lasts the time interval t,. By using the reaction rate theory developed by Turnbull and Fisher
[26], cluster growth or shrinkage is determined by two different atomic jump rates, k;" and k",

given by:

_AGi1—AG;
kf = 0;cAfe™ 2kT (13a)

10
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AGiy1—AG;
ki = O;cAfe  2kT (13b)

where A is the volume transformed by each defect jump to the crystal or to the amorphous phase,

and k the Boltzmann constant.

Hence, immediately after the prompt stage, amorphous clusters start to shrink since, in the
amorphization regime, conversely to the case of crystal nucleation, AG; is a monotonic positive
function of the cluster size, and k; prevails on k;". The shrinking velocity, k; — k", strongly
increases by decreasing cluster size as shown in Fig. 2. Small amorphous clusters are very unstable
since, below a critical size, the average amorphization velocity can be lower than the crystallization

one. The average amorphization growth rate, (k;*), is given (for y; «< 1) by:

Mo
k& = 0, — 14
(ki) = 0,2 (14)

The calculated values are also reported in Fig. 2 as dashed line. The two curves crosses at a critical
size where the net average growth rate is equal to zero. This critical size is not constant during the

transformation since the concentration of defects inducing re—crystallization increases with time.

Then, due to capillarity effects, the cluster density will evolve according to:

aNl‘t

Pl k" \Ni—1¢+ kiziNigre — (ki + k7DN;, i =123, .., Imax (15a)
imax

Nor =p— 2 N (15b)
i=1

11
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Fig. 2. Re—crystallization velocity, k;7 — k; (full line), and average amorphization growth rate,
(k) (dashed line), as a function of cluster size, calculated using the following parameters: Ag,. =
0.13eV,0,, =0.14eV,c=5%x 1021 cm™3, f =1.1x 103571, 62 =2x 10" cm3, A =

2x 1072 cm?,ny = 8% 10%° cm?, 1y = 5nm, ¢ = 1.5 X 10'2 cm 2571,

Numerical solutions of the coupled Egs. 7a, 7b, 15a and 15b can be obtained following the
method of Kelton et al [27]. Calculation starts with a relatively low value of i,,,,4 (~ 50). Then i
is progressively increased to follow the growth of the amorphous clusters, with the constrains that
the total number of atoms in clusters of size iy ax (imaxNi,.,.¢) IS Negligible, i.e. several orders of
magnitude lower than the silicon atomic density p. The final result of calculations is not affected by

the particular choice of i, provided that:

12
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imaxNimaX,
Schematic of the model is shown in Fig. 3. At the prompt stage of the collision cascade
amorphous clusters nucleate and grow (Fig. 3a), then long-living defects induce the cluster
shrinkage (Fig. 3b). As a consequence, amorphous fraction abruptly increases at the prompt stage
and then decreases in the time interval t,, before the arrival of the successive ion, down to a level

still higher than the one reached by the previous impinging ion (Fig. 3c).

(a) prompt stage (b) defect-mediated
disorder accumulation recrystallization
k4
\m\)"“?\f\g’
-~ o0
amorphous
cluster
(©) 4
c
i)
©
o
Y
(7))
>
o) {\L\L\\\
o o
5 -
o Kk
E [~ <
0

time

Fig. 3. Schematic picture of ion—beam amorphization in silicon. (a) The arrival of a single ion

. <10713p (16)

induces the nucleation and growth of amorphous cluster within the volume of its collision cascade;

(b) in the time interval between the arrival of two successive ions on the same region, amorphous

13
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clusters shrink; (c) amorphous fraction increases as a result of the balance between cluster

nucleation/growth and defect-mediated re—crystallization.

It should be pointed out that the present description is consistent with the Jackson model
describing the ion beam induced motion of a pre—existing amorphous—crystal planar interface [17].
Indeed, from Eqs. 2, 13a, and 13b, for temperatures at which crystallization prevails on
amorphization, at large cluster sizes and for y, = 0 (planar interface), the average growth velocity

approaches the value:

4 0-<cAf’—ﬂ) (17)
dc ! pPTo

where f' = flexp(Agac/2kT) — exp(—Ag,./2kT)] since AG;,., — AG; approaches Ag,. fori —

00,

By using the relationship i = %nR3p between i and cluster radius R, Eq. 16 gives:
dR ( AF n0> 18
dt - a\c pTO ( )

and, in unit of ion fluence, we get the same functional form proposed by Jackson in his model [17]:

d_R _achf’
dp ¢

-V (19)

14


https://doi.org/10.1016/j.nimb.2019.11.009

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
https://creativecommons.org/licenses/by-nc-nd/4.0/

This is the postprint version of an article accepted for publication in Nuclear Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms
(Elsevier). The Version of Record is available online at
https://doi.org/10.1016/j.nimb.2019.11.009

where V, = arrén,/p is the amorphous volume created at the crystal-amorphous interface at the

arrival of each ion on the area r{.

15
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3. Results and discussion

3.1 Amorphization at cryogenic temperature

Let’s start to examine silicon amorphization at cryogenic temperatures (in the range 50—

100K), where long—living defect mobility is negligible. Indeed, jump rate f is thermally activated:

F=foexp(-72) 20

with activation energy, E,, of about 1 eV, and pre—exponential factor f; [17, 18, 19]. Under these
conditions, amorphization proceeds only by cluster nucleation and growth occurring during the

prompt stage of each collision cascade, described by Egs. 7a and 7b.

Fig. 4 shows the fit of the present model (full line) to the experimental data reporting the
silicon amorphous fraction as a function of ion fluence for irradiation with 380 keV Sn (open
squares) or 380 keV Si (open circles), at a substrate temperature of 90 K, taken from Ref. [28]. At
these temperatures defect mobility is negligible, the amorphous fraction as a function of fluence,
described by Egs. 1a and 1b, depends only on the product n,mrZ, i.e. on the number of atoms
converted in the amorphous state by the single ion per unit length during the prompt stage of the
collision cascade. This value should be compared with the number of displaced atoms per unit
length, n1, given by the Monte Carlo simulation code TRIM [29]. We find that the best fit for the
simulation requires values of nynrZ of 3.4x 10° cm™ for the irradiation with 380 keV Sn, and
5.2x108 cm—* for the irradiation with 380 keV Si respectively, both higher than n1 by a factor in the

range 6-8 (Tab. Il). This behavior was already observed in the case of IBIEC [17], or in the regime

16
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of ion—-beam-induced crystal grain nucleation of amorphous silicon [18, 19], and it is in agreement
with numerical simulation of the amorphization efficiency according to which the crystal to
amorphous transition occurs when an amount of self interstitials defects greater than 13-15% is

inserted in the host lattice [30].

1.01 O O —Ot
c 0.8 [J 380 keV Sn
S O 380 keV Si
&
= 0.6 -
»
=
(@)
£
G 04
o -
% 0.65 7

1.0X10™  1.1X10%  1.2X10%

o
N

o
o

0.0 2X10"4 4X10"4 61014
fluence (ions/cm?)

Fig. 4. Amorphous fraction as a function of the ion fluence for silicon irradiated with 380 keV Sn
ions (LJ) or 380 keV Si ions (O) at a temperature of 90 K. Solid lines are the fits to the data from
Ref. 15 using the model described in the text. Details of the time evolution among successive

collision cascades are shown in the inset where dashed line is calculated by using Egs. 21 and 22.

Inset in Fig. 4 is a detail of the fitting curve (full line) for a time interval containing only few
collision cascades. What it is seen as a continuous trend, it is actually the result of a discontinuous

sequence of an abrupt increase of the amorphous fraction at the prompt stage of each collision
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cascade. It should be pointed out that the average behavior of the amorphous fraction versus ion
fluence as described by Egs. 1a and 1b, exhibits the same dependence as predicted by the Avrami—

Johnson—Mehl equation [31-34]:

d 1-—
ox _ X (21)
d¢  ¢q
where y is the amorphous fraction as a function of irradiation fluence ¢, i.e.:
x=1—exp (— i) (22)
bq
where:
p
= 23
ba = (23)

Eq. 22 describes an amorphization process that proceeds through progressive accumulation of
isolated amorphous atoms (dashed line in the inset of Fig. 4), at an average time rate of ny/pt,,
rather than by nucleation and growth of amorphous clusters. Then, at liquid nitrogen temperature,
since the defects responsible for re—crystallization are immobile, the Avrami-Johnson—Mehl (AJM)
description based on Eq. 21 and the one based on nucleation and growth of clusters according to
Egs. 7a and 7b, are perfectly equivalent. We also point out that the functional form given by Eq. 22
coincides with the theoretical expression proposed by Gibbons [15] (involving overlap of damage
pockets) for the case m = 0 (m being the minimum number of overlaps in the same region necessary
to produce amorphization) with a damaged area produced by a single ion track right equal to

rény/p, i.e. the reciprocal of ¢,,.
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3.2 Amorphization above cryogenic temperatures

The description based on nucleation and growth of amorphous clusters, and particularly their
stability as a function of size, becomes relevant at higher irradiation temperatures, where the
competition with re—crystallization is significant due to the increase of defect mobility. As an
example, the experimental data (Ref. 35) for irradiation of single crystal silicon wafers with 1 MeV
Ge™" ions at a substrate temperature of 373 K (open circles), with 400 keV Ge* ions at a substrate
temperature of 373 K (open squares), or at a room temperature (open diamonds), respectively, at a

dose rate of 1.5x10% cm~2s! are shown in Fig. 5.

1.0 1 Ol r
c 0.8 I
O
2
&= 0.6 1 i
%)
=
2
S 0.4 I
g > 400 keV Ge, T=300 K
© 0.2 [J 400 keV Ge, T=373K [
QO 1MeVGe, T=373K
0.0

0.0 1X1015 2X1015
fluence (ions/cm?)

Fig. 5. Amorphous fraction as a function of the ion fluence for silicon irradiated with 400 keV
Ge ions at substrate temperatures of 300 K (<>) or 373 K (), or irradiated with 1 MeV Ge ions at
373 K (O) from Ref. [35]. For all the experiments the irradiation dose rate was fixed to 1.5x10*2

cm~2s7%, Solid lines are fits to the data using the present model.

19


https://doi.org/10.1016/j.nimb.2019.11.009

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
https://creativecommons.org/licenses/by-nc-nd/4.0/

This is the postprint version of an article accepted for publication in Nuclear Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms
(Elsevier). The Version of Record is available online at
https://doi.org/10.1016/j.nimb.2019.11.009

Compared with the irradiation data at 90 K (Fig. 4), the amorphization kinetics at room
temperature or above is significantly slower. This indicates clearly that the growth of amorphous
clusters is contrasted by their shrinking due to the presence of mobile defects responsible for re—
crystallization. We also observe that the increase of the amorphous fraction as a function of ion
fluence follows a trend different from that observed at 90 K. At cryogenic temperature (Fig.4) a
monotonic negative concavity is revealed, whilst at room temperature, or above, the fluence
dependence is more complex showing an inflection point, i.e. a change in the sign of the concavity.

To fit such experimental data (Fig. 5) Campisano et al. [35] used an AJM expression of the kind:

x=1—exp l— (%)"l (24)

with n = 3.5. According to our model, however, at relatively high temperatures amorphization
proceeds slowly, and an incubation time, before stable amorphous clusters form, characterizes the
transformation. The concentration of defects responsible for re—crystallization is far from its
steady-state value for a significant extent of the transformation (see Fig. 1 as an example). Then,
the Avrami—Johnson—Mehl description cannot be used since nucleation rate and growth velocity of
the amorphous clusters are not constant during the irradiation time. Continuous lines in Fig. 5 are

fits of our model to the data, by using the parameter values shown in Tab. I.

Tab. | Parameter values used to fit the experimental data from Ref. [35] shown in Fig. 5

according to the theoretical model described in the text.
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ion ¢ T AGac | Oac | No ro Co a? A f

irradiation | (cm=s?) | (K) eV) | (eV) | (cm™3) (nm) | (cm3) (cm?) | (cm®) (s

400 keV Ge | 1.5x10%? | 300K | 0.13 | 0.14 | 8.0x10%° | 5.6 | 1.05x10%° | 2x10** | 2x10%* | 1.6x10°

400 keV Ge | 1.5x10%* | 373K | 0.13 | 0.14 | 8.0x10%° | 5.6 | 1.05x10%° | 2x10** | 2x10% | 1.1x10°®

1MeV Ge | 1.5x10%? |373K |0.13 | 0.14 | 7.1x10%®° | 5.0 | 6x10% 2x101 | 2x10% | 1.1x10°®

We have assumed that thermodynamic parameters, Ag,. and a,., defect annihilation cross
section, o2, and volume crystallized by each defect jump, A, do not change by varying temperature
and the defect concentration in the surrounding crystal. We have also assumed that each defect
jump at the cluster surface induces the transition of one atom from the amorphous to the crystalline
phase, i.e. A =1/p =2x10"2 cm®. Instead, defect jump frequency, f, was adapted according to the
two temperatures used in the experiments (300 and 373 K). The concentrations of atoms converted
from the crystal to the amorphous phase, no, of the defects responsible for re—crystallization, co, and
the radius, ro, of the collision cascade were allowed to change for the two different ion irradiation
energies. In a similar investigation [36] using different ion masses, fluences and target temperatures
the experimental data were described in terms of a two-stage nucleation-limited amorphization
process. Initially the process is limited by the availability of nucleation sites and then by the supply
of simple defects to these clusters. Our model describes simultaneously amorphous growth and

shrinkage.

A relevant achievement of the present description is its capability to describe the
amorphization process for a wide range of ion energy and ion mass, spanning from heavy to light
ions. As an example Fig. 6 shows, as solid lines, the fits to the experimental data for irradiation with

Sn, Si, or Cions at an incident energy of 380 keV and substrate temperatures of 90 or 300 K [28].
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The fitting parameter values are listed in Tab. Il. The model accounts for the details of the damage
accumulation kinetics either in extremely dilute (380 keV C) or dense collision cascade (380 keV
Sn). We notice, again, that the trend of the amorphous fraction dependence on the fluence changes
by increasing temperature as evidenced by the different slopes, in the semi—logarithmic plot, of the
curves fitting the data at 90 and 300 K, respectively. At cryogenic temperature the transformation
proceeds by the accumulation of amorphous clusters of small sizes, and the trend of the amorphous
fraction versus fluence mimics the one described by the AJM equation with exponent 1. At higher
temperature, amorphous clusters of small sizes are unstable. Only those exceeding a critical size,
fluence dependent, can grow by trapping most of the no atoms converted in the amorphous state by
each impinging ion per unit volume, and leading to a AJM—like behavior with exponent larger than

1.

300K

amorphous fraction

1x10™ 1x10™ 110" 1x10" 1x10"
fluence (ions/cmz)

Fig. 6. Amorphous fraction as a function of the ion fluence for irradiation at an energy of 380 keV
with various ions, C, Si, and Sn, at either room temperature or 90 K from Ref. [28]. Calculated

curves are also plotted (solid lines).
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Tab. Il Parameter values used to fit the experimental data from Ref. [28] shown in Fig. 6

according to the model described in the text.

ion ¢ T AGac | Oac | No ro Co o? A f

irradiation | (cm%Y) | (K) | (eV) | (eV) | (cm3) (nm) | (cm™) (cm?) | (cm®) (s

380 keV Sn | 3x10' 90 |0.13 |0.14 |15x10% |85 2.2x10% | 2x10™ | 2x10% | ~0

380 keV Si | 3x10% 90 0.13 | 0.14 |55x10® |55 7.2x10%° | 2x10 | 2x10% | ~0

380 keV Sn | 3x10% 300 |0.13 |0.14 | 1.5x10% |85 2.2x10%° | 2x10 | 2x10% | 1.6x10°

380 keV Si | 3x10% 300 | 0.13 | 0.14 |55x10%® |55 7.2x10%° | 2x10%* | 2x10% | 1.6x10°°

380 keV C | 3x10% 300 |0.13 |0.14 |2.0x10%® | 3.0 7.0x10% | 2x10 | 2x10% | 1.6x10°

The agreement of the experimental data with simulations evidences the effectiveness of the
model in taking into account for the incubation fluence, i.e. the ion fluence necessary to build up a
sufficiently large population of stable amorphous clusters, a characteristic feature of a nucleation—
limited phase transition. The incubation fluence increases by decreasing the ion mass (2x10%2 cm™
for Sn, 3x10%* cm for Si, and 1x10%* cm for C), a behavior that is clearly reproduced by the

simulations.
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Fig. 7. (a) Concentration n, of atoms converted into the amorphous state and (b) radius of the
collision cascade roas a function of the nuclear stopping power for irradiation at several energies

and with various ions, C, Si, Ge and Sn. Solid lines are linear fits to the data points.

As shown in Fig. 7, no and ro scale with the maximum of the nuclear stopping power, as calculated
by TRIM [29], ranging from 2x10%° cm~3and 3 nm for 380 keV C (8 eV/nm) to 1.5x10?* cm~3and
8.5 nm for 380 keV Sn (200 eVV/nm). This behavior is quite expected for ng, since, according to the

modified Kinchin-Pease equation [see for details ref. 37]:

N, —os(dE) : 25
d — " dx n ZEd (I) ( )

Where N;~n, is the number of displacement per unit volume, (Z—i) is the nuclear stopping power
n

and E; = 15 eV is the displacement energy for Si.
Deviations from the linear trend (e.g. ro value for 380 keV Si) could be relied on the heterogeneities
of the data employed for the fits, collected in several laboratories by means of different

experimental techniques.

3.3 Dose-rate dependence

Amorphization under conditions where dynamic re—crystallization is extremely significant
depends not only on the substrate temperature but also on irradiation dose rate. Fig. 8 reports the
damage yield in silicon irradiated with 1 MeV Si ions at a fixed fluence of 1x10* cm as a function

of the substrate temperature and for three different dose rates: 2.88x10% cm s (open circles),
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3.57x10'2 cm=2 s (full circles), and 2.63x10*® cm~2 s (open squares) [38]. Continuous lines are
calculations using the parameter values reported in Tab. I11. It should be noted that a unique set of
parameters reproduces the process dynamics as a function of dose rate, in a wide temperature range,
extending from values where amorphization is inhibited to temperatures at which full

amorphization occurs.

1.0 1

c

IS 0.8

S

= 0.6

)

S

2

G041  1mevsi

g O 2.88X10"" cm2 g1

© 0.2 @® 3.57X102 cm=2 s’

O 2.63X10"3 cm2 s

0.0 - - .

260 280 300 320 340 360 380
temperature (K)

Fig. 8. Amorphous fraction in a single crystal silicon irradiated with 1 MeV Si ions to a
fluence of 1x10'° cm as a function of the substrate temperature and for dose rates of 2.88x10*!
cm~2 st (open circles), 3.57x10*? cm=2 s (closed circles), 2.63x10% cm™2 s (open squares),

respectively, from Ref. [38]. Solid lines are fits to the data.

Tab. Il Parameter values used to fit the experimental data from Ref. [38] shown in Fig. 8

according to the theoretical model described in the text.
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ion AGac | Oge | Mo ro Co o? A fo Ea
irradiation eVv) | (V) | (cm?) (nm) | cm™3) | (cm?) | (cmd) (sh (eV)
1 MeV Si 0.13 | 0.14 | 4x10%° 4 6.0x10%° | 2x10% | 2x102%® | 4x10%? 11

Our treatment successfully extends the phenomenological model developed by Jackson for
the ion beam induced motion of a pre—existing amorphous—crystal silicon planar interface, to the
amorphous nucleation and growth in irradiated single crystal silicon. To take into account for the
effect of temperature in the amorphization process we introduced, in the simulation, the thermally
activated dependence of the defect jump frequency f(T) as a fit parameter. All the data (Fig. 8) are

described , by a unique activation energy Ea = 1.1 eV and a pre—exponential factor fo = 4x10*2 s2,

The values of jJump frequency, f, as obtained by the fits to all the experimental data presented
so far, are shown in Fig. 9 in a semi—logarithmic plot as a function of the reciprocal temperature.
For the 1 MeV Si irradiation we have plotted the jump frequency values (diamonds) corresponding
to substrate temperatures where the amorphous fraction reaches 50%. This procedure has been
performed for the three different dose rates shown in Fig. 8. We report as guide lines two solid lines

describing the activation energy ranges, corresponding with a slope of 0.6 and 1.1 eV, respectively.

It must be remarked that the investigated temperature range spans less than 100 degrees. The
experimental uncertainness and the comparison of data acquired in several laboratories with
different experimental setups justify the corresponding large variation in the estimated activation

energy for defect migration and in the pre-exponential factor.
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Fig. 9. Defect jump frequency adopted to fit the experimental data as a function of the
reciprocal temperature. The reported jump frequencies are the values obtained by the fit of the data
of Fig. 5 (open circles), Fig. 6 (open triangle), and Fig. 8 (open diamond). The two solid lines

corresponding t00.6 and 1.1 eV respectively are guidelines for the activation energy range.

This activation energy is significantly lower than the value characterizing the kinetics of the
reverse transformation (Ea = 1.36 eV), i.e. the spontaneous nucleation and growth of crystal grains
in an amorphous silicon layer under ion beam irradiation at higher temperatures [18, 19]. It should
be considered, however, that the two processes (amorphous or crystal nucleation) occur at quite
different temperature ranges: below 200 °C the former, well above 350 °C the latter. Indeed, studies
on the annealing kinetics of defects in amorphous silicon have shown that a whole variety of defect

structures may exist with a large spectrum of energies ranging between 0.3 and 2.7 eV [23, 39, 40,
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41]. The larger range in the low values characterizes the annealing of isolated amorphous zone. The
2.7 eV value is associated to the epitaxial re-growth of a planar amorphous-crystal interface. The
irregularity of the interface of any nanometer sized zone and the local atomic arrangement at the
surface may be responsible for the wide range of activation energies. Therefore, it should not
surprise that defects promoting damage recovering at temperatures where amorphization prevails on
crystallization can be different from the ones responsible for crystallization at higher temperatures,
where the transformation proceeds in the opposite direction (amorphous to crystal). In our
description, we have considered, for simplicity, the existence of a single type of defects responsible
for the damage recovering, characterized, in the investigated temperature range, by a single
activation energy for migration. The actual situation is, of course, more complicated: a lot of
defects are present; each of them is governed by a characteristic energy for migration. At low
temperature defects with low activation energy are mobile, at high temperature these defects have
already disappeared and remain those with a high energy for migration. In ref. 8 using pulsed ion
beam irradiation two activation energies of 0.073 and 0.42 eV were determined below and above

60°C respectively for the migration of interstitial and vacancy.

Our model also predicts the structural characteristic of the damage resulting from the balance
between prompt amorphization and re—crystallization, at a given value of the amorphous fraction.
This effect is shown in Fig. 10 where the calculated cluster size distributions is plotted in a semi—
logarithmic scale, for 1 MeV Ge" irradiation of silicon at 373 K, at two different dose rates,
3.0x10%2 cm2s7t and 1.5x10* cm2s! respectively, and for 380 keV C* irradiation at 300 K at a
dose rate of 3.0x10* cm2s2. For all the irradiation conditions, calculations were carried out up to
ion fluences corresponding to an amorphous volume fraction equal to 40%. The parameters were set

to the values reported in Tab. II.
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Fig. 10. Calculated size distributions of amorphous clusters in undoped silicon irradiated with
1 MeV Ge ions at two different dose rates, 1.5x10*? cm=2 s (full line) and 3.0x10%* cm= s
(dashed line) and with 380 keV C ions at the dose rate of 3.0x10* cm s (dot—dashed line)

respectively. The adopted fluences produce the 40% amorphous phase.

For irradiation with 1 MeV Ge™ at 373 K the peak of cluster size distribution shifts from 1 nm
(dashed line) to about 2 nm (full line), by decreasing the dose rate from 3.0x10%*2 cm?s! to 1.5x10'?
cm~2sL. In the case of 380 keV C* irradiation at 300 K, the same amorphization fraction is
associated with cluster size distribution peaked at even larger radius, about 3.5 nm (dot-dashed

line).

3.4 Doping effects

lon beam induced crystallization (IBIEC) enhancement due to the presence of dopant atoms is

a pretty known effect [42]. It was extensively investigated and interpreted by assuming that defects

29


https://doi.org/10.1016/j.nimb.2019.11.009

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
https://creativecommons.org/licenses/by-nc-nd/4.0/

This is the postprint version of an article accepted for publication in Nuclear Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms
(Elsevier). The Version of Record is available online at
https://doi.org/10.1016/j.nimb.2019.11.009

promoting the amorphous to crystal phase transition are allowed to exist in charge states and their
concentration, co, in doped silicon increases with respect to undoped material. In the already
mentioned paper, Campisano et al. [35] have analyzed the influence of doping, with boron or
arsenic, on the time dependence of the amorphous fraction under irradiation with 1 MeV Ge* ions at
a substrate temperature of 100 °C and dose rate of 1.5x10'?> cm= s™. The corresponding
experimental data are shown in Fig. 11 where the amorphous fraction is plotted as a function of the
fluence for undoped (open squares), As—doped (full triangles, 5x10*? As/cm~), or B—doped (full

circles, 10%° B/cm?) silicon wafer. All the fitting parameters are summarized in Tab. V.

1 |
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©
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Fig. 11. Amorphous fraction as a function of the ion fluence for undoped (), As—doped (A),
and B—doped (®) silicon samples irradiated with 1 MeV Ge ions at a substrate temperature of

100 °C from Ref. [35]. Solid lines are a fit to the data by the present model.
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Tab. IV Parameter values used to fit the experimental data from Ref. [35] shown in Fig. 11

according to the theoretical model described in the text.

ion ) T Dopin | Agae | 0gc | No o Co o? A f
irradiation | (cm?2s?) | (K) | ¢ eV) | (eV) | (cm™) (nm) | (cm™) (cm?) | (cm’) (s

1 MeV Ge | 1.5x10%* | 373 | - 0.13 | 0.14 |7.1x10%®° |5 6.0x10%° | 2x10** | 2x102% | 1.1x10°3
1 MeV Ge | 1.5x10* | 373 | B 0.13 [ 0.14 | 7.1x10% |5 8.5x10*° | 2x10 | 2x102® | 1.1x10°3
1 MeV Ge | 1.5x10%? | 373 | As 0.11 | 0.14 |7.1x10®° |5 8.0x10%° | 2x10* | 2x102® | 1.1x10°3

The present theoretical description explains the difference in the amorphization kinetics
between undoped and B—doped sample, by adjusting only the parameter co, i.e. the concentration of
mobile defects generated at the arrival of each single ion. In particular co have to be increased in the
case of B—doped sample (co changes from 6x10° cm~2 for the undoped sample to 8.5x10° cm for

the B—doped one).

The effect of As may seem somewhat surprising as it is known that this dopant, like B,
enhances ion beam induced crystallization at planar amorphous—crystal interfaces. However, within
the context of the present description, where kinetics effects are combined to thermodynamic
argument (through the capillarity theory), it should be noted that the presence of arsenic decreases
the free energy difference Ag,. between the amorphous and crystal phase, an effect that has been
already observed during the pure thermal crystallization regime [43]. The reduction of Ag,. makes
the amorphous clusters more stable and counterbalances the re—crystallization enhancement
associated with the increase of co. The fit to the As data shown in Fig. 11 was obtained still by
increasing co, to the value of 8x10%° cm3, in order to take into account for the kinetics enhancement

of re—crystallization induced by arsenic, and, at the same time, by diminishing Ag, to the value of
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0.11 eV, coherently to what was observed from the investigation of the crystal grain nucleation in

As—doped amorphous silicon [43].
4.  Conclusions

We have shown that the amorphization kinetics in ion beam irradiated crystal silicon can be
described within the framework of the nucleation and growth theory. Nucleation and growth of
amorphous clusters occurs during time regime of collisional cascade processes (1072 s). Cluster
stability depends on their free energy content, and their growth is contrasted by the action of long—
living defects, also generated by the ion beam, whose concentration keeps far from its steady—state
value for a significant extent of the transformation. As a consequence nucleation rate and growth
velocity remain transient, even after the incubation fluence, i.e. the ion dose necessary to form a
suitable high concentration of clusters at sizes where the amorphization growth rate overcomes the
re—crystallization one. The model mirrors and extends the theoretical descriptions already proposed
to interpret the layer—by—layer amorphization and recrystallization occurring at planar amorphous-
single crystal interface and the ion—beam assisted nucleation and growth of crystalline clusters in
the amorphous silicon material. It explains all the peculiar features of the ion—beam induced silicon
amorphization process (transient behavior, dependence on temperature and on irradiation
parameters in a wide range of ion energy and mass), including effects associated with the presence
of doping. Model predictions are in very good agreement with experiments, taking into account the
heterogeneities of the data employed, collected in several laboratories by means of different

experimental techniques.
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