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ABSTRACT

We present results of molecular dynamics computer simulation studies of the threshold
energy for point defect production in silicon. We employ computational cells with 8000 atoms at
ambient temperature of 10 K that interact via the Stillinger-Weber potential. Our simulations
address the orientation dependence of the defect production threshold as well as the structure and
stability of the resulting vacancy-interstitial pairs. Near the <111> directions, a vacancy-—
tetrahedral-interstitial pair is produced for 25 eV recoils. However, at 30 eV recoil energy, the
resulting interstitial is found to be the <110> split dumbbell configuration. This Frenkel pair
configuration is lower in energy than the former by 1.2 ¢V. Moreover, upon warming of the
sample from 10 K the tetrahedral interstitial converts to a <110> split before finally recombining
with the vacancy. Along <100> directions, a vacancy-<110> split interstitial configuration is
found at the threshold energy of 22 eV. Near <110> directions, a wide variety of closed
replacement chains are found to occur for recoil energies up to 45 eV. At 45 eV, the low energy
vacancy-<110> split configuration is found. At 300 K, the results are similar. We provide details
on the atomic structure and relaxations near these defects as well as on their mobilities.

INTRODUCTION

To develop a better understanding of ion implantation and transient enhanced diffusion in
silicon, knowledge of the average value of the threshold energy for defect production under
irradiation, E{g, is required. Eq is used in analytical and Monte Carlo calculations of damage,
where the number of displacements per atom for a given set of irradiation conditions is given by

1v=0.8ED/2E¢ [1]. Here ED is the damage energy deposited in elastic collisions by the irradiating
beam. In addition to E{, the geometry, stability against recombination, and the mobility of
irradiation induced defects are important quantities necessary to obtain a complete understanding
of irradiation phenomena.

Despite the many efforts dedicated over the years to the study of the value and orientation
dependence of E{ in silicon, controversy over these quantities still remains [2]. Although values
of the minimum value of the threshold energy Ed m=13-15 eV [3] are often used in the literature,
many experiments indicate Eq.m = 20-25 eV depending on orientation, with the defect
introduction rate being highest along <111> and lowest along <110> [4-6]. A recent study for
bulk Si with Tersoff's interatomic potential gave values of Eq=11 eV for recoils near [100] and
Ed=13 eV for recoils near [111], [7].

In contrast to studies in metals, electron irradiation investigations of silicon have been
unable to establish the value of the migration energy and the geometrical properties of the self-
interstitial. Low temperature electron irradiation experiments have long suggested that the self
interstitial is mobile in silicon below 4 K [8]. Although these results do not provide a quantitative
value of the interstitial diffusivity, they point towards the validity of the Bourgoin-Corbett
mechanism of athermal interstitial migration via successive changes in charge state [9]. Ab-initio
MD studies by Car et al. {10] have shown that the equilibrium self-interstitial configuration is the
<110> dumbbell, an extended defect which, interestingly, has no states in the gap.
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For vacancies. migration enthalpies have been measured by tracking the annealing
kinetics after low temperature electron irradiation. These results lead unambiguously to values of
Hm=0.3 eV for the neutral vacancy [11]. Car et al [10] have recently shown that the vacancy
migration enthalpy is 0.3 eV in excellent agreement with experimental results.

MD is a valuable tool to study the threshold energy for defect production and its
orientation dependence. Also, the properties of the resulting defect structures such as their
migration and formation enthalpies and entropies are easily accessible to this type of simulations.
Gibson et al. performed the first detailed study of the threshold energy for defect production;
albeit in copper [12]. In silicon, the form of the interatomic potential is complicated by the
covalent bonding and not as many classical MD studies of radiation effects have been performed
to date as in metals {13]. Recent results [14] with the Stillinger-Weber potential [15] for defect
formation energies are in good agreement with the ab-initio MD studies [10].

In this communication we present results of MD studies of the threshold energy for defect
production in silicon for a variety of recoil directions. Because of the importance of melting and
amorphization processes in particle-solid interaction phenomena, we employ the Stillinger-
Weber (SW) potential [15]. Our results indicate a value of Eq m = 18 eV, with the damage rate
highest along <111> and lowest along <110> directions, in good quantitative agreement with
experimental results [4]. In addition, the form of the produced interstitial is the <110> dumbbell,
in excellent agreement with ab-initio MD studies [10].

MODEL

Our MD simulation employs cubic crystal cells with 8000 atoms which at the start of the
simulation occupy perfect diamond cubic lattice sites. The cell had periodic boundary conditions
in the X and Y directions. The bottom (001) plane was held fixed and a free unreconstructed
(001) crystal-vacuum interface was present. The atoms were allowed to interaci via the
Stillinger-Weber potential for silicon [15]. The simulations were performed with our

MOLDYCASK code and require 7x10-3 s/atom—time-step on a Cray YMP C90. The substrate
ambient temperature was set at either 10 K or 300 K. Recoil atoms were imparted the appropriate
kinetic energy in the direction of interest after equilibration of the crystal at the desired
temperature. The equations of motion were then integrated with a fourth order predictor-
corrector algorithm and the temperature was kept constant by applying an isokinetic constraint to
atoms in the bottom 2 (001) atomic planes of the cell. The time step in the simulations was
allowed to vary as the value of the maximum kinetic energy in the cell decreased. The minimum
and maximum time steps were 0.05 femtoseconds (fs) and 1 fs, respectively. The simulations
were run for times up to 3 picoseconds (ps) at which point no additional thermal diffusion jumps
were expected.

In addition to this dynamical runs, quenching of the kinetic energy of the crystal to search
for lowest energy defect configurations was also carried out. This was achieved by periodically
setting to zero the velocities of those atoms with opposite signs of the velocity and the
acceleration. In this manner, only those atoms that are moving toward their equilibrium positions
are allowed to move in a given time step while the rest are held fixed. Following this method,

quenching rates = 10-14 K/s were achieved.




RESULTS

We present results for defect production in silicon along the [110], [100], [111},[111],
and [221] directions as well a for a variety of additional recoil trajectories. Most of the
simulations were done at 10 K with a few of the cases at 300 K for comparison. These results are
summarized in Figure 1.

Along the [111]
direction, the threshold
energy (E4) was found to
be 22.5 eV, while along
I [TT1] E4=17.5 eV.
/ This asymmetry is.
of {‘ / ) possibly due to the
! AR { different geometry along
f / / . these two directions.

A1 Y4 While along [111] the

20l - ‘% H ] recoil atom must
b - displace its first neighbor
into the tetrahedral
°r ] position (or beyond if
imparted with sufficient
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distance d=(31/2/4)a,

Fig.1 Defect production in Si, E4(eV), for different recoil directions. where ag is the
equilibrium lattice

parameter, without

having to transfer a large

amount of kinetic energy. The secondary recoil can then induce a displacement of its neighbor

along [11 1] and this results in a permanent displacement in the lattice at lower threshold energy
than in the [111] case. At a primary knock-on atom (PKA) energy of 25 eV along [111], the
resulting interstitial was found in a tetrahedral position with the vacancy in the corner of its unit
cell. At 30 eV PKA energy however, the resulting interstitial had the low energy <110>
dumbbell configuration with the vacancy left at the site of the PKA. The dumbbell is composed
of two atoms that share the same lattice site. The length of the dumbbell was found to be 0.57ag,
The atoms around the vacancy site relaxed towards the vacancy. Upon quenching of the kinetic
energy of the system, the potential energy of the crystallite was found to exceed that of the
perfect crystal by 6.37 eV. This is in contrast to the 25 eV case where the vacancy-tetrahedral
interstitial pair was found to raise the crystal potential energy by 7.68 eV. This results are in
excellent agreement with ab-initio MD studies of Car et al {10] which show the <110> dumbbell
to be the stable interstitial configuration in silicon. As mentioned above, this interstitial has no
states in the gap, a fact that may help explain why the interstitial has never been directly
identified in silicon. Table I gives the initial and final coordinates (in lattice parameter units) of
the atoms in and around the dumbbell.
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Table 1. Initial and final positions of atoms in and around the dumbbell.

Atom # Inttial positions tinal positions
1864 -1.50 -2.00 -0.50 -1.29 -2.00 -0.29
1664 -2.00 -2.00 -1.00 -1.70 -2.00 -0.70
4864 -1.76 -1.75 -0.75 -1.65 -1.65 -0.65
6864 -1.25 -1.75 -0.25 -1.35 -1.65 -0.35
6854 -1.75 -2.25 -0.25 -1.74 -2.23 -0.26
4854 -1.25 -2.25 -0.75 -1.24 -2.23 -0.74

Annealing of these configurations at ¢levated temperatures reveals that the tetrahedral
interstitial is not stable and readily recombine s with its own vacancy. After 15 ps at 500 K, the
interstitial reconfigured into the lower energy <110> dumbbell configuration. Then, because of
its close proximity to the vacancy, the pair recombined after 7 ps at 750 K.
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Along the <100> directions,
the threshold energy was found to
be between 20 and 25eV. Figure 2a
shows the components of the
displacement vector for the 20 eV
primary knock-on atom (PKA) as a
function of time. The atom moves
along [100] but falls back to its
original position after 0.5 ps. At
Epka=25 eV however, figure 2b
shows that the X coordinate of the
PKA increases as the atoms moves
along [100]. In contrast to the 20
eV case, the PKA remains stable at
a distance = 0.95a¢ from its
original position. The atom in the
replacement position then formed a
self interstitial with one of its
nearest neighbors. The vacancy-
interstitial pair so produced
appeared stable against
recombination at 10 K after 4 ps.
The interstitial was a <011> split
interstitial with the length of the
dumbbell = 0.6ap in good
agreement with the results of the
[111] recoil events. No evidence
for multiple vacancies was found.

Fig.2 Components of the
displacement vector as a function of time,
(a) PKA energy 20 eV, no defect
production, (b) PKA energy 25 eV, stable
vacancy-interstitial formation.



Near [110], the results are more complex. We find E4 between 40 eV and 45 eV, a much
higher value than near either [100] or [111]. In addition to this, for recoil events at Epkas40 eV,
closed replacement chains with no defect production were observed. For example, for a recoil 2°
off the exact [110] direction and Epka=35 eV , a closed chain of three replacements going back
to the original PKA site was observed. This is illustrated in Figure 3 where the atoms that
participated in the closed replacement chain are indicated by arrows. Such closed chains have
been previously observed in MD studies of defect production in copper [16] and are very
efficient at inducing atomic mixing. At Epka=45 eV, a vacancy is left at the PKA site and a
<110> split dumbbell interstitial is produced centered at the site 2 atomic jump distances away
along [110]. It is interesting to note, that these results are very sensitive to the exact direction of
the PKA. A simple 2° change in the azimuthal angle of the PKA towards the [110] direction at
Epka=35 eV results in the absence of closed replacement chains with the PKA returning to its
original site. The same results were found at for simulations in lattices at 300 K ambient
temperature.

Fig. 3 Replacement loop. Atoms 1-2-3 interchange their positions
when atom 1 is the PKA with E=35 eV and direction 8=899, ¢=430,

For recoils directed between the low index crystallographic directions, our results (c.f.
Fig 1) are in good qualitative agreement with the data of Hemment and Stevens [4] for irradiation
of silicon at 80 K with 400 keV electrons. The damage rate is lowest near <100> and <111>,
goes through a local maximum between these two directions and increases as the recoil direction
approaches the <110> axis.




SUMMARY

In summary, we have employed the Stillinger-Weber potential to study the directional
dependence of the threshold energy for defect production in silicon via molecular dynamics. The
potential adequately predicts the minimum value of Eq and gives results that are in good
agreement wiwn experimental studies regarding its orientation dependence. Along the <110>
directions, the threshold is high, = 45 eV, and closed loops of replacements that do not produce
point defects are common at lower energies. Along <111> and <100>, stable vacancy-interstitial

pairs are produced for = 25 eV primary recoils and along [1 1 1] E3d=20 eV. The interstitial
defect consist of two atoms that share a common lattice site in the shape of a <110> dumbbell.
The <110> orientation of the self-interstitial in silicon is also predicted by ab-initio MD studies.
The orientation of the interstitial dumbbell prevents it from recombining with the vacancy even
when both are separated by as little as 1.25ap. On the other hand, the <110> orientation results
in a high threshold for producing Frenkel pairs along this orientation as the interstitial strain field
intersects the vacancy and the pair easily recombines.
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