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Abstract.

We combine molecular dynamics and Monte Carlo simulations to study damage
. accumulation and dose rate effects during irradiation of Silicon. We obtain the initial

stage of the damage produced by heavy md light ions using classical molecular dynamics
simulations. While heavy ions like As or Pt induce amorphization by single ion impact,
light ions like B only produce point defects or small clusters of defects. The amorphous
pockets generated by heavy ions are stable below room temperature and recrystallize at
temperatures below the threshold for recrystallization of a planar amorphous-crystalline
interface. The damage accumulation during light ion irradiation is simulated using a
Monte Carlo model for defect diffusion. In this approach, we study the damage in the
lattice as a function of dose and dose rate. A strong reduction in the total number of
defects left in the lattice is observed for lower dose rates.

Amorphization of semiconductors by ion bombardment has been a subject of study for
many years. However, the atomistic nature of amorphization, and in particular, damage
accumulation is not yet understood. For heavy ion bombardment it is assumed that
amorphization occurs by overlapping of disordered zones generated by single ion
impacts, or heterogeneous amorphization [1]. This model is supported by HREM
observations whch show highly disordered regions after low dose 100 keV Bi+
implantation [2]. This is also in agreement with molecular dynamics simulations for self
irradiation of Si [3] and irradiation with heavy ions [4]. In contrast, for light ion
bombardment it is considered that timorphization occurs by accumulation of point
defects: when a critical concentration of point defects is reached the lattice collapses and,
consequently, a continuous amorphous layer is produced [5]. A linear increase of the
number of defects produced is observed as a function of dose [6,7] that has also been
related to an increase in the lattice strain [8]. However, these simple models for
amorphization can not explain recent results about ion beam induced amorphization at

. elevated temperatures [9]. In this case, the minimum dose for amorphization depends
both on the temperature of the lattice and the ion flux. The final damage is the result of
two competing effects: damage production and damage annihilation during ion

. irradiation. At low enough temperatures, when defects are not mobile, there is no
dependence on the dose rate, as observed experimentally for irradiation at 70K [10]. At
higher temperatures a dependence on dose rate is observed, and this dependence seems to
be more important for light ion bombardment [11].

Ion implantation in Silicon can be studied using the binary collision approximation, like
in simulation models such as Marlowe [12] or TRIM [13]. These models give an accurate
description of the depth profile of the implanted species. However, they do not include
dose rate effects, i.e., the possible annihilation and clustering of defects between
cascades. In order to understand the effect of intercascade annihilation during damage
accumulation we couple molecular dynamics and Monte Carlo simulations. This
approach allows a complete description of both the initial. damage state, described by
molecular dynamics, and the defect diffusion and armhdauon between cascades, given
by the Monte Carlo model [14].



We study the damage producedby the bombardmentof sili:on with heavy ions using
molecular dynamics simulations. The simulation uses the Stdhnger-Weber interatomic
potential [15] coupled with the LJniversd potential for short range interactions [13].
Inelastic energy losses are introduced by the Llndhard model [161. The system is coupled
to a thermal bath in order to dissipate the energy deposited by the ion, and a maximum of
-1o6 atoms ~e simulated. Ion implantation of As and Pt in Silicon at energies between 3
and 25 keV has been simulated. Each of these ions uroduces an amorrrhous rezion
generated in the core of the cascade.

In figure 1 we present the amorphous pocket
generated by a 25 keV Pt impact on Silicon,
after 10us. The criteria to select an atom as
amorph&rs is based on a time average of the
bond angles and coordination number of each
atoms. This is explained elsewhere [17]. We
can observe that a large disordered zone is
produced during the first few picosecond of
the cascade. However, the time regime for
cascade overlap is of the order of ms to s.
Therefore, it is necessary to study the
stability of the damage produced by these
ions in order to understand dose rate effects
on amorphization. Considering each of the
amorphous pockets generated by different ion
masses and energies as the starting poin~ we
have studied the evolution of these pockets as
a function of the temperature of the lattice. In
figure 2 we present the number of amorphous-.. .-
atoms in the lattice as a tunctron ot time tor

~lg~ 1. Amorphous pocket produced’by different a:nealing temperatures. The initial “.
a 25 keV Pt implant in Si, after 10ps configuration M an amorphous pocket

generated by a 5 keV As cascade in Silicon.
Observe that the recrystallization does not proceed in an exponential way, but it includes
kuge plateaus and sharp steps. This is in agreement with recrystallization models
proposed for the growth of a planar amorphous-crystalline inte~ace [18, 19, 20]. In these
models recrystallization occurs by the production of a kink site that is able to migrate
along [110] ledges in (111) planes. Each one of these defects can reduce recrystallization
of several atoms during its migration. In our simulations we find that amorphous pockets
are less stable than a planar amorphous-crystalline interface, since they recrystallize at
temperatures helow the threshold for planar interface motion. This can be explained by
the higher number of nucleation sites present in these amorphous pockets due to their
irregular shapes, as compared to the case of a planar amorphous-c~stalline interface, as
proposed by Priolo et al [21]. From fi~e 2 we can extract an effective activation energy
for recrystallization. The values obtained are 0.23eV, 0.37eV and 0.46eV for pockets
containing 500, 1500 and 4000 amorphous atoms respectively. Therefore, the stability of
the amorphous pockets increases as the pocket size increases. From this result we can
conclude that the minimum dose for amorphization must depend on the ion mass, since
larger ions will produce larger amorphous pockets. And consequently, the maximum
temperature for arnorphization to occur must also depend on the ion mass. However, at
room temperature and below the amorphous pockets seem to be stable, at least for the
time scale of the simulations and in agreement with experiments [10].
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Figure 2. Number of amorphous atoms as a function
of annealing time for different temperatures. The
initial configuration is the result of a 5 keV As
implantation.

Currently, the decreasing size of
semiconductor devices requires
shallow junctions at depths of the

order of O.lpm or less. To
achieve these, industry is moving
towards lower energies for the
implantation (0.2 keV -1 keV for
B [22]) and lower doses (-1015
ions/cm2) and dose rates (-1014
ions/cm2 s). It is, therefore,
important to understand how
damage accumulation occurs at
these very low energies. We
combine the results obtained from
molecular dynamics with Monte
CaQo simulations of defect
diffusion to study the effect of
different dose rates in the final
damage profile for irradiation of
Si with 500 eV B. The defects
obtained from the molecular
dynamics simulation are used as
an input for the Monte Carlo
model. These defects are allow~d
to migrate according to their
diffusivities. The different
energetic for vacancies,

interstitial and dopants (boron in this case) are obtained from classical molecular
dynamics simulations [23] and “ab ihitio” calculations [24]. Boron is considered to ~.
diffuse by coupling to an interstitial produced during the irradiation and undergoes a
kick-out mechanism, as predicted by “ab initio” calculations [24]. In our simulations we
considered room temperature, therefore boron diffusion is very unlikely. However, both
vacancies and interstitial will be able to migrate at these temperatures, giving different
results for different dose rates. The input parameters for this simulation are presented in
Table I. Clusters lar er than 5 have binding energies fitted to a function of the form:

hEbv(N) = 3.6- 4.9(n -(n-l)m) eV and E~(n)=2.5-2.17(n1 n-(n-l)ln) eV, for V and I of
size n respectively. The program is described in detail in ref. [14]..

Table I. Parameters used for the Monte Carlo simulation. Values for diffusivities and
binding energies from classical molecular dynamics calculations [11].

I nn== T$IV~ (cm*/s)
I

BINDING I BLNDLNG
I

BINDING
I

BINDING
ENERGY ENERGY ENERGY EIWRGY I

I SIZE2 (eV) I SIZE3 (eV) I SIZE4 (eV) I SIZE5 (eV)
VACANCY 0.001EXP(-0.43/KT’ n L? n 7Q 19 * 01 I

iNTERSTITIfi O.OLEXP(-0.91KI
.11 I V.U4. I U.lo I 1 1.OL

r) 1.6 2.25 ;.;9 *.29 i

We perform a simulation of 500eV Boron implantation in Silicon at 3501}. In figu;e 3
we show the final defect concentration in the lattice for a dose of 10 ions/cm at
different dose rates. Observe that the total number of defects decreases as the dose rate



decreases, since there has been more recombination both in the bulk and at the surface.
At these very low energies the surface recombination has a very strong effect, since the
defects are located very close to the surface. In figure 4 we plot the defects in the lattice
as a function of dose for two different dose rates. From this figure we cart see that the
damage produced by these light ions do not accumulate linearly with dose, as it is in the
case of heavy ion bombardment. Instea& there is a signflcant annihilation of damage in
between cascades, and therefore, as the dose increases the recombination also increases,
giving a sublinear increase in the amount of defects in the lattice. This effect is more
pronounced for lower dose rates.

t i!-HI
Depth (rim)

Figure 3. Concentration of defects in the bulk
for different dose rates, for 500eV B implant in Si,
10]5ions/cm2.

In summary, we have shown that
amorphous pockets produced by
heavy ions are stable at room
temperature and below. At higher
temperatures these pockets
recrystallize and their stability
depends on the size of the pocket,
with bigger pockets recrystallizing
slower. From these results we can
conclude that a heterogeneous
model of amorphization is plausible
for heavy ion implantation at low
temperatures or high dose rates.
The minimum dose for
amorphization will depend on the
ion mass, as well as the maximum
temperature to induce an
amorphous layer in Silicon.

For light ion implantation a
different approach to study damage -
accumulation is taken. In this case
no direct amorphization is observed

by a single impact. Amorphization has to occur by the accumulation-of point defects. The
defects produced by light ions are small clusters or defects or isolated point defects, that
are able to migrate, even at room temperature. Therefore, significant annealing between
cascades is expected, and consequently a dependence on the dose rate for amorphization.
Using molecular dynamics and Monte Carlo simulations we have shown that significant
annihilation occurs between cascades and that the total defect concentration decreases as
the dose rate decreases. This can also be observed in the dependence of the damage on
the dose, which does not increase linearly as in the case of heavy ion implantation. For a
complete simulation and understanding of light ion induced amorphization we are
currently preforming simulations for higher energies and higher doses of B in Silicon.
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