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First-Principles Simulation of Collision Cascades in Si to Test Pair-Potential for Si-Si
Interaction at 10 eV — 5 keV
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Interatomic potentials for Si-Si interaction are tested at energies 10 eV-5 keV for Si ions in ion-beam amorphized Si
by simulating range distribution data with the molecular dynamics method. The range profile of 1x 10'® 10-keV *°Sit
cm™? implanted into originally crystalline silicon were measured using a nuclear reaction technique. An interatomic

repulsive potential from first-principles calculations is proposed for the Si-Si interaction.

The dependence of the

number of vacancies produced in low-energy collision cascades on the potential is demonstrated by simulations of the

cascade dynamics.

I. INTRODUCTION

Ton implantation of crystalline silicon (c-Si) is a basic
technique in semiconductor technology. Processes that
generate damage in c-Si during implantation of keV and
MeV ions have been studied extensively, e.g. Refs. [1-7].
Ton-mixing experiments [8-12] and Monte Carlo simula-
tions [13] have shown that the damage production in col-
lision cascades depends predominantly on two-body colli-
sions below 1 keV between silicon atoms. Low-energy ion
irradiation used for surface modification, thin film depos-
ition, oxidation and doping of semiconductors [14-16], has
further emphasized the need to understand the dynamics
of low-energy collision cascades. The first step in evalu-
ating the collision cascades and hence damage production
consists in determining the interatomic potential for the
Si-Si interaction.

In previous works on atomic collisions [17], the inter-
action in binary collisions has been considered either for
neutral atoms or for charged atoms in metals which are
fully screened outside a Wigner-Seitz cell by appropriate
numbers of free (conducting) electrons. The interatomic
potentials, calculated from overlapping rigid atomic (e.g.
Hartree-Fock) charge distributions and using first or-
der perturbation theory and local-density approximation,
have been evaluated in several studies [17,18]. The res-
ults of different calculations show large scatter between
interatomic potentials at radial separation distances lar-
ger than 0.5 A. With this in mind, Ziegler et al. [17] (ZBL)
suggested a universal interatomic screening function and
hence a universal interatomic potential, which has been
used in various contexts.

The ZBL potential and other potentials based on over-
lapping rigid atoms [17,18] have deficiencies due to two
physical reasons. Firstly, these potentials do not ac-
count for the electronic screening accurately throughout
the range of the potential. Secondly, a two-body potential
is expected to be valid only in the high-energy, repulsive
region where the kinetic energies of the colliding atoms

clearly exceed the interatomic potential energy. For low-
energy (< 10 eV) interactions where the directional bond-
ing of silicon atoms can not be neglected, empirical many-
body potentials have been constructed [19,20].

In this work we want to demonstrate that with the aid
of recent development in theoretical methods in solid state
physics and first-principles simulations the experimental
results on collision cascades in silicon can be accurately
reproduced. The experimental techniques are described
in Ch. 2. Dynamic simulations of collision cascades in
amorphous silicon (a-Si) are then carried out to test in-
teratomic potentials for the Si-Si interactions in Si at dis-
tances 0.2-1.5 A, i.e. at potential energies 5 keV-10 eV,
respectively. The range profiles of 10-keV Si ions in a-
Si are calculated in full molecular dynamics (MD) sim-
ulations using an ab-initio potential based on the dens-
ity functional formalism [21] and contrasted to those ob-
tained using the ZBL [17] and Moli¢re [22] potentials com-
mon in simulation works, e.g. Ref. [23]. The methods used
to obtain the ab-initio potential are described in Ch. 3.
The simulated range profiles are compared in Ch. 4 with
the experimental profile measured with a nuclear reaction
technique.

In previous MD studies reported in the literature on
collision cascades, the dynamic processes in energetic dis-
placement cascades have been studied, e.g. very recently
vacancy and interstitial dislocation loops in MD simula-
tions of 25-keV Cu in Cu [24]. We also study the de-
pendence of the vacancy production on the interatomic
potential by MD simulations of the collision cascades of
1-keV Si atoms in c-Si. These results are reported in Ch.
4.

II. MEASUREMENTS

For the measurements of the range profiles, samples
were prepared at the isotope separator of the Acceler-
ator Laboratory by implanting fluences of 1 x 10'¢ 10-



keV 3°Sit em~?2 into n-type Si(100) slices (Czochralski
grown, doped uniformly by P to a resistivity of 2.5-3.5
Qcm) at room temperature. This dose is above the limit
(about 10" cm~?) where the amorphization of the im-
planted layer occurs [25]. During the implantations the
specimen normal (<100> axis) was aligned 6° from the
beam axis. Four sets of samples were produced.

To probe the 3%Si range distributions in the samples,
the nuclear-resonance-broadening (NRB) technique was
used [26], along with the sharp (T' = 68 eV, Ref. [27]),
strong (S = 5 eV, Ref. [27]), and isolated resonance of
the 3°Si(p,v)31P reaction at E, = 620 keV. The proton
beams of about 1 pA were supplied by the 2.5-MV Van
de Graaff accelerator of the Accelerator Laboratory. The
resolving power of the beam, typically 400 eV, was de-
termined at the 620-keV resonance with an un-implanted
¢-Si sample containing 3.1 at. % of the isotope 30Si. It
corresponds to the depth resolution of about 5 nm at
the surface. The beam was focused to a spot of 3 x
3 mm? Effects associated with the probing proton beam
were controlled by repeating each measurement twice at
each beam spot. The v radiation was detected in a 12.7-
cm-diameter x 10.2-cm Nal(Tl) crystal shielded against
the background radiation by 5 cm of lead.

The measured 3°Si distribution is shown in Fig. 1.

FIG. 1. Measured and simulated range distributions of *°Si
implanted into silicon. Also shown are the deposited energies
due to electronic and nuclear stopping powers. For the com-
parison with the range profiles the deposited energy distribu-
tions have also been convoluted by the experimental resolution
of the probing proton beam used in the NRB measurements
of the range distributions.

The distribution is contributed to by the range distri-
bution of 3°Si implants, the natural width of the reson-
ance, the energy resolution of the proton beam, and the
width of the energy-loss distribution for protons after tra-
versing in a-Si. The concentration profiles of doped 3°Si
atoms were obtained by comparison of the v-ray yields
from the doped 3°Si nuclei with those from isotope 3°Si
in natural silicon. In the calculation of the depth scale,
the stopping power of silicon for protons was taken from
Ref. [28]. The step in the excitation function arising from
the natural 3°Si concentration was used in determining

the zero-point of the depth scale.

III. MD SIMULATIONS
A. Range distributions

The experimental range profile illustrated in Fig. 1, was
simulated using a MD method based on the computer
code used very recently in simulations of slowing down
of ultra-low velocity recoils produced in thermal neutron
capture reactions [29,30]. A Cray X-MP EA /432 super-
computer was employed in the simulations.

In every simulation run the trajectories of about 5000
incident 3°Si atoms were followed until they had slowed
down to a cut-off energy of 5 eV. Due to the high im-
plantation dose of 1 x 1016 3%Sit em~2 practically all the
implanted ions observable with the NRB method can be
assumed to slow down in a-Si [25]. The initial coordin-
ates of the lattice Si atoms in a-Si [31] were based on
ab-initio MD simulations [32,33]. The starting position
of the incident 3°Si atom was 5 A above the surface of
the computational cell of a-Si in the z direction, and was
chosen randomly in the zy plane. The direction of the
initial velocity of the incident 3°Si atom was aligned 6°
from the normal of the surface of a-Si in the (100) direc-
tion. The end position of every incident atom was stored
for the calculation of the range distribution. Because the
coordinates of the Si atoms were taken from the ab-initio
calculations it was not necessary to equilibrate the MD
cell.

Due to the high kinetic energies involved, periodic
boundary conditions can not be applied as was done in the
simulations of ultra-low velocity recoils [29,30]. Instead,
a slab of undisturbed silicon was generated in front of the
incident atom every time it got close to the boundary of
the computational cell. Thus the incident atom always
moved in an undisturbed simulation cell of 63 or 216 Si
atoms.

We construct the interatomic potential as follows. For
short inter-nuclear separations (r < 1.7 A), the po-
tential is calculated through an accurate treatment of
the interacting Si-Si dimer. The repulsive potential is
then matched smoothly with the classical Stillinger- Weber
many-atom potential [19], which gives a good description
of low-energy cohesion and bonding.

The short range repulsive potential is obtained from
a self-consistent total energy calculation using density-
functional theory and the local-density approximation
(LDA) for electronic exchange and correlation [21].
The Kohn-Sham equations are solved numerically us-
ing a basis-set consisting of numerical atomic-type or-
bitals, and a discrete-variational method for the three-
dimensional integrals [34]. The stability of the total en-
ergy results with respect to the basis set and the density
of integration points was carefully monitored. The total



energy, including both the electronic part and the inter-
nuclear Coulomb repulsion, is obtained as a function of
the dimer distance, and defines the interatomic potential
energy. In practice, we use the DMol package [35] well
tested in calculations of energetics and structures of small
molecules.

In addition to the DMol potential, the simulations were
performed also with the ZBL [17] and Moliére [22] (with
Firsov screening length) potentials as the short range in-
teraction. As in the case of DMol, the Stillinger-Weber
potential was splined with the short range potentials

between r = 1.7 and 2.0 A.

FIG. 2. Interatomic Si-Si potentials used in the simulations
of the range data for the Si ions.

The potentials are compared in Fig. 2.

The experimentally confirmed electronic stopping
power from Ref. [36] was included in the equations of
motion of the incident atoms as a frictional force [30].

B. Damage simulations

In implantations and ion irradiations of c-Si and a-Si
the damage is produced mainly in secondary low energy
(of the order of 100 eV) two-body collisions between sil-
icon atoms. This was investigated by a simulation of the
evolution of a collision cascade produced in the slowing
down of 1-keV silicon atoms in a simulation cell corres-
ponding to c-Si. The simulation cell of 21600 atoms was
large enough to totally include the collision cascade of in-
cident 1-keV 3°Si atoms within a simulation time of 200
fs. For the dissipation of the recoil energy from the simu-
lation cell, open boundary conditions were applied in all
three dimensions.

IV. RESULTS
A. Range distributions

For the comparison with the measured 3°Si distribu-
tions, the calculated range profiles were convoluted with
the natural width of the resonance, the energy resolution

of the proton beam, and the width of the energy-loss dis-
tribution for protons after traversing in Si. In the numer-
ical convolution we used a Gaussian function [8] which
approximates well Vavilov’s energy straggling distribu-
tion [37]. The comparison of the front edges of the sim-
ulated and experimental range distributions showed that
the energy straggling of protons calculated according to
the Bohr model [38] had to be multiplied by 0.9.

The simulated 3°Si distributions are shown in Fig. 1.
The ZBL potential which is weaker than the DMol po-
tential at the interatomic separations 7 < 1.0 A, results
in a longer range (mean range R = 213 A) than the ex-
perimental range distribution (R = 188+ 5 A) well re-
produced by the use of the DMol potential (R = 187 A).
Neither is the shape of the range profile reproduced by the
use of the ZBL potential. The Moliére potential which is
weaker than the DMol potential at distances r < 0.6 A
and r > 1.3 A but stronger at distances 0.6 < r < 1.3
A results in a slightly larger range (R = 204 A) than the
experimental one. The reason behind the small difference
is the fact that the slowing down process is dominated by
the potential region where the Moliére potential is both
weaker and stronger than the DMol potential, Fig. 2.

The deposited energies due to the nuclear (F2A“c!) and
electronic (Fg') stopping power are also illustrated in Fig.
1 for the simulations done with the DMol potential. The
total deposited nuclear energy is 9.0 keV. This is 3 and 2
% higher than those obtained in the simulations with the
7ZBL and Moliere potentials, respectively, indicating also

higher damage.

B. Damage simulations

The number of recoiling atoms having energies higher
than 15 eV, which corresponds to the threshold energy
for the displacement of one Si atom from its lattice site in
c-Si [39,40], is shown in Fig. 3 at different times for the
DMol, ZBL, and Moliére potentials.

FIG. 3. Average numbers of recoiling Si atoms with en-
ergies greater than 15 eV (Ng(E > 15eV)) and vacancy
aggregates (Nv) at different times produced in the slowing
down process of one 1-keV Si atom in ¢-Si. The numbers are
averages calculated from 50 simulation events.



The curves have been obtained as averages from 50
simulations events. The significant difference reflects the
strength of the repulsive potentials at 7 > 0.5 A.

The total number of different types of vacancy aggreg-
ates at different times is also shown in Fig. 3. The cri-
teria for vacancy formation was that at each time there
were no atoms within a radius of 1.2 A (half the nearest-
neighbor distance in c-Si) around an original Si lattice
site. Cases where one, two, three, four, and five adjacent
lattice sites are empty were taken to correspond to mono-
, di-, tri-, tetra-, and penta-vacancies, respectively. Note
that in a collision cascade where several adjacent atoms
are displaced from their lattice sites the energy needed
to displace a lattice atom is considerably lower than 15
eV. Despite the differences in the repulsive potentials at
r > 0.5 A and in the number of high energy recoils the
repulsive potential does not have a significant effect on
the number of vacancy aggregates.

For comparison, we also simulated collision cascades
with another form for the attractive potential, the pair-
potential used in earlier studies of radiation damage
[41,42]. The wider attractive well of this potential (com-
pared to the Stillinger-Weber potential) leads to larger
(by a factor of four) numbers of vacancy aggregates. This
indicates that in the formation of vacancy aggregates in
a collision cascade, the form of the attractive potential
and the directional bonding between the lattice atoms are
important factors.

V. CONCLUSIONS

Based on the MD simulations of range data an ex-
perimentally confirmed repulsive interatomic potential
(DMol) is proposed for Si-Si interactions in silicon at dis-
tances 0.2-1.5 A. MD simulations of low-energy collision
cascades using the DMol, ZBL, and Moliére potentials
showed that the dependence of the initial vacancy pro-
duction on the interatomic repulsive potential is not very
pronounced.
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