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Abstract. The TRIM.SP program which is based on the
binary collision approximation was changed to handie
not only repulsive interaction potentials, but also poten-
tials with an attractive part. Sputtering yields, average
depth and reflection coefficients calculated with four dif-
ferent potentials are compared. Three purely repulsive
potentials (Moliére, Kr-C and ZBL) are used and an ab
initio pair potential, which is especially calculated for
silicon bombardment by silicon. The general trends in
the calculated results are similar for all potentials ap-
plied, but differences between the repulsive potentials
and the ab initio potential occur for the reflection coeffi-
cients and the sputtering yield at large angles of inci-
dence.

PACS: 79.20.; 34.20.

Introduction

In simulation programs based on the binary collision ap-
proximation only repulsive interaction potentials have
been used so far, despite the fact that atoms in the
groundstate usually attract each other above some dis-
tance. The argument for purely repulsive potentials is the
low potential energy at larger distances. This is certainly
justified at large particle energies, but at low energies,
which have to be considered for sputtering calculations,
larger internuclear separations become important. The
attractive potential well is of the order of the surface
binding energy, which indicates a possible influence on
the sputtering yield and on the reflection coefficients es-
pecially at grazing incidence. The attractive potential also
leads to negative scattering angles at large interatomic
distances. The question is if this different scattering be-
haviour will cancel out during the many collisions which
usually occur during the development of the cascade. At
low energies this influence of an attractive part in the
potential is expected to be larger than at higher energies

because of the limited number of collisions and the lower
potential energy.

This paper discusses a comparison of calculated range,
sputtering and reflection data using three repulsive po-
tentials and a potential especially determined by the Har-
tree-Fock-Slater method for the bombardment of silicon
by silicon.

The main emphasis is put on possible differences in
the results achieved with the repulsive potentials and a
potential with an attractive part. It is not the intention
to prove that a specific potential gives the best agreement
with experimental data. More complicated potentials like
the Stillinger-Weber [1] and Tersoff [2] potentials have
been developed where even threebody interactions (at
least implicity) have been included to describe the silicon
solid satisfactorily. For the case of sputtering Harrison
[3] has studied the dependence of the yield on different
potentials. A more complete survey of interaction poten-
tials is given in [4].

Interaction potentials

The interaction potentials chosen are three repulsive
potentials: The Moli¢re- [5], the krypton-carbon (KrC)-
[6] and the Ziegler-Biersack-Littmark ZBL (sometimes
called the ‘universal’) [7] potential. In the Moli¢re- and
KrC-potentials the Firsov screening length, «a,., is used

a,=0.8853a,(Z >+ 72)/2)=2/3, (1)

whereas the ZBL screening length is given by
Ay =0.8853a, (Z) P+ 2977, (2)

where a, is the Bohr radius.
All three potentials have the general form

V(;")=»Z#§2£ @ <'> (3)
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Table 1. Constants in the screening functions for various poten-
tials (4)

Moliere Kr-C ZBL
(5] [6] (71
n 3 3 4
¢ 0.35 0.190945 0.02817
I 0.55 0.473674 0.28022
¢y 0.10 0.335381 0.50986
¢ 0 0 0.18175
d, 0.3 0.278544 0.20162
dy 1.2 0.637174 0.40290
dy 6.0 1.919249 0.94229
d, 0 0 3.1998

with the screening function

r - r .
o (5)=Zeew(-ay). Bt @

i=1 i=1

The constants ¢; and d; are given in Table 1.

The Moliére potential is an empirical fit to the Thomas-
Fermi function; the KrC potential describes the inter-
action between Kr and C atoms, but has shown to be a
good mean potential for many different atom-atom-col-
lisions [8]. The ZBL potential is determined as a mean
potential of many individual cases calculated by a Har-
tree-Fock-Slater method (non relativistic).

An ab initio calculation using a finite-clement molec-
ular self-consistent field Hartree-Fock-Slater (SCF-HFS)
code [9] gives the interaction between two silicon atoms
[10]. This pointwise determined interaction potential is
approximated by

®(r/a,)={0.35exp(—0.28r/a,)
+0.55exp(— 1.2r/a,;)+0.1exp(—6r/a,)
—0.002327(r/a,)exp[—0.15 (r/a,— 5.757)]}
< [1-0.005713 (r/a,)]. (5)

The approximation is based on the Moliére potential with
additional terms to account for the zero crossing and the
attractive potential well. The well depth is slightly smaller
in the approximation than in the pointwise determined
potential.

A comparison of the potential functions used is shown
in Fig. 1. At small distances all potentials coincide, then
with increasing internuclear separation the Si-Si potential
follows the KrC, then switching to the ZBL potential,
reaching zero at about 1.6 A and the minimum at about
2A.

It should be mentioned that the Si-Si potential cal-
culated here is based on atoms in the ground state. Any
excitation or ionization would change the potential func-
tion especially at larger internuclear separations of the
two atoms. It may very well be that the potential which
actually occurs in a realistic case is somewherc between
the ab initio groundstate potential and the empirical po-
tentials. Nevertheless, it is important to demonstrate the
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Fig. 1a, b. Four different silicon-silicon interaction potentials: Mo-
liere, Krypton-carbon (KrC), Ziegler-Biersack-Littmark (ZBL) and
a specific silicon-silicon (Si-Si) potential, see (5). The Firsov screen-
ing length . is used in Moliere, KrC and Si-Si potentials, a,, in
the ZBL potential. a small internuclear separations. b large inter-
nuclear separations; the ring distances l/r?PmaX (see text) are indi-
cated

dependence of the physical observables from the various
choices of the interaction potential. From that point of
view the ab initio calculated potential must not neces-
sarily be better than an empirical potential.

The calculational model

The influence of different interaction potentials on range,
backscattering and sputtering data is determined by the
Monte Carlo program TRIM.SP (version TESTSI). The
program TRIM.SP is described in detail in [11]. The main
essentials are: the solid has a randomized structure, it is
based on the binary collision approximation, the elastic
collisions are described by one of the interaction poten-
tials mentioned above, energy losses due to electrons are
treated as an equipartition of the local Oen-Robinson
model [12] and the nonlocal Lindhard-Scharff model [13],
a planar surface binding potential (4.70eV) leads to a
refraction and an energy loss (gain) of emitted (incident)
particles. The cutoff energy is taken slightly below the
surface binding energy, namely 4.6 eV.
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Fig. 2. Computing time and sputtering yield, Y, versus the number
of pivots for the integration procedure. Silicon is bombarded by
100 eV Si at normal incidence, the KrC potential is used

In contrast to the original program [11] the new ver-
sion 1s vectorized which means a complete restructuring.
In the new version the density is conserved. The integra-
tion procedure ‘Magic’ [14] applied in TRIM.SP works
only for repulsive potentials. Therefore in version TESTSI
the scattering angle and the time integral are determined
by the Gauss-Mehler integration procedure [15] which is
also used in the MARLOWE program [16] and for the
calculation of scattering data in tables [17, 18]. The ac-
curacy of the calculated scattering angle and the time
integral depends on the number of pivots and is discussed
in [18]. In Fig. 2 the dependence of the calculation time
and the sputtering yield, Y, on the number of pivots used
is shown for the example of 10° silicon atoms with an
energy of 100 eV at normal incidence (« = 0°) on a silicon
target. For the number of pivots larger than 8, the sput-
tering yield does not change in the statistical limits. In
all calculations given below, 16 pivots have been used
which gives an increase in computing time of about 30%
compared to 4 pivots. The increase in the sputtering yield
of about 10% from 2 pivots to 8 pivots is usually in the
error limits of experimental data. In MARLOWE cal-
culations often 4 pivots are used.

As described in [4, 11], simultaneous weak collisions
are applied in TRIM.SP to account for the fact that at
low energies a particle may interact not only with one
atom (as in the binary collision approximation). A col-
lision partner is searched for in a cylindrical volume with
P .. as the radius. Also additional collision partners
{(weak collisions) are randomly chosen in concentric suc-
cessive ring cylinders with the same volume. The elastic
energy losses of these simultaneous collisions and the
corresponding scattering angles are taken into account
as corrections to the values found for the cylindrical vol-
ume. In other words, the resulting scattering angle and
energy loss of a moving Si atom with the solid is a su-
perposition of all collision events with the partners from
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Fig. 3a, b. Impact parameter, p, versus the energy, E,. T/T,, is the

relative energy loss (7,,=1 for equal collision partners) for Si-Si
collisions. The values for the maximum impact parameters in the
search cylinder (p,,,) and the successive ring cylinders are indi-
cated. a T/T, =107 is fixed. Curves for different potentials are

" -

given. b Curves for several values of 7/7,, for the Si-Si potential

the inner cylinder and the ring cylinders. In doing so we
use the approximation that the effective potential of the
atom-solid interaction can be broken up in a sum of atom-
atom potentials. Thus we neglect the higher order effect
of the rearrangement of the potential in the many atom
case. In detail we proceed as follows. As shown before
[11], for repulsive potentials it is sufficient to take two
ring cylinders into account. A further weak collision does
not influence the sputtering or backscattering results be-
cause the energy loss due to larger impact parameters is
negligible as can be seen in Fig. 3a. The situation for the
Si-Si potential is quite different as shown in Fig. 3a and
b. Due to the attractive part of the potential the curves
for constant relative energy losses 7/ T, become different.
For a fixed elastic energy loss two curves appear which
means that at a fixed energy E, the same energy loss
occurs at three different impact parameters p. At a fixed
energy F, the elastic energy loss decreases at first with
increasing impact parameter as for repulsive potentials
(see Fig. 7.2 of [4]) and then increases again. The reason
for this effect is that the two atoms interact for a larger
time which can be seen by looking to the actual trajec-
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tories (see Fig. 2.9b of [4]). These additional energy losses
at larger impact parameters decrease the absolute value
of the sputtering yield but do not change the dependencies
on incident energy and angle of the yields. Because we
are interested here mainly in differences of dependencies
and not so much in absolute values, we chose also for
the Si-Si potential two ring cylinders. Using more ring
cylinders increases the computing time. Recoils created
at larger impact parameters do not contribute to the sput-
tering yield because the energy loss is less than the surface
binding energy as can be deduced from Fig. 3b. The larg-
est negative scattering angles (laboratory system) are
about —45° in the laboratory system for all energies
down to the surface binding energy [18] so that no or-
biting atoms are generated.

Due to the complicated form of the Si-Si potential the
calculations need about 30% more computing time than
for the KrC and the Moliére potentials. The use of the
ZBL potential affords about 10% more time than the use
of the Moliére potential due to its four exponential terms
instead of three in Moliére and KrC potentials.

Calculated data and comparison

All the calculations deal with the bombardment of silicon
by silicon. The first example shows the average depth
(range) versus the energy of the projectiles for normal
incidence in Fig. 4. The dependence is the same for all
four potentials applied. The difference is only a few mon-
olayers which is beyond experimental depth resolution.
The range increases with a weaker potential; therefore
the Moliére potential gives the shortest range, the ZBL
potential the largest range at a fixed projctile energy. The
data for the Si-Si potential follow the values calculated
for ZBL potential at low energies, whereas at higher en-
ergies, they are closer to the data calculated with the KrC
potential. This result is expected from the form of the Si-
Si potential shown in Fig. 1a.

The dependence of the average depth versus the angle
of incidence for 200 eV projectiles is shown in Fig. 5. At

. Si—» Si
o= 00 ///g
< 102 ¢ o
£ 5 g/
a . 7
S I Réi/
o 10 + /g%+
s o * KiC
o g gy + Moliere
= B o ZBL
— x Si-Si
1 Lo ||111{ [ I!llll! 1 A_I_LLH}
10 102 103 104

Eq, projectile energy (eV)

Fig. 4. Average depth of implanted silicon into silicon at normal
incidence versus the projectile energy for four interaction potentials
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Fig. 6. Particle and energy reflection coefficients, R, and R, re-
spectively, versus the projectile energy. Four different potentials
are applied for the bombardment of silicon by silicon at normal
incidence, o =0°

this low energy this dependence does not exhibit a cosine
distribution as at high energies. The data for the three
repulsive potentials give a similar dependence only shifted
in absolute value as discussed above. The data for the Si-



Si potential show a slightly weaker dependence at large
angles of incidence.

The next example is the backscattering of projectils
described by the particle and energy reflection coeffi-
cients, R, and R, respectively. The general dependence
of both reflection coefficients at normal incidence is sim-
ilar for all four interaction potentials, see Fig. 6. At 1 keV
projectile energy the values for R, and R, are the same
for all potentials. At lower energies the Si-Si potential
exhibits the lowest values for the reflection, whereas at
higher energies the situation is reversed. Below 500 eV
projectile energy the reflection coefficients for the differ-
ent potentials can differ by a factor of 2 to 3, whereas
the data for the repulsive potentials alone differ by less
than a factor of two (not regarding the small values at
25eV, where the statistical error becomes large).

The angle of incidence dependence of the reflection
coefficients is given in Fig. 7 for 200 eV projectiles. The
curves calculated with the Si-Si potential show systematic
lower values, which are about a factor of two lower than
for the Moliére potential. Whereas all repulsive potentials
lead to nearly total particle reflection (R, = 1), the Si-Si
potential leads only to R, =0.75 near a = 90°. The dif-
ference is even larger in the energy reflection.

The last example investigated is the sputtering of tar-
get atoms. The sputtering yield verus the projectile energy
at normal incidence is shown in Fig. 8. The curves for
the repulsive potentials follow each other in absolute val-
ues as the potentials which means that the strongest po-
tential gives the highest yields. The curves for the Si-Si
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potential is close to the one for ZBL potential at low
energies, at higher energies it crosses the curve for the
KrC potential and reaches the same values as for the
Moliere potential at about 10keV. The difference be-
tween the curves for the different potentials is less than
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a factor of two in the whole energy range. A similar result
is observed for the sputtered energy, Y.

The angular dependence of the sputtering yield for
200 eV projectiles shown in Fig. 9, exhibits the difference
of the data determined by the repulsive potential and the
Si-Si potential. The main difference is the position of the
maximum which is at ¢ = 68° for the Si-Si potential and
around o = 60° for the repulsive potentials. The biggest
difference appears at grazing incidence, where the values
for the Si-Si potential are a factor of 3 larger than for
the repulsive potentials. This is closely related to the lower
reflection coefficients at grazing incidence, see Fig. 7.

Conclusion

The main result is that a potential with an attractive part
shows the same general dependence for the ranges, re-
flection coefficients and the sputtering yield on the pro-
jectile energy and angle of incidence as purely repulsive
potentials. There are a few specific deviations for the
Si-Si potential compared to the repulsive potentials. The
main differences appear at larger angles of incidence as
expected. At near grazing incidence the dependence of
the range is less steep, the reflection coefficients do not
reach values close to unity and the decrease of the sput-
tering yield is less pronounced (combined with a shift in
the position of the maximum).

These differences seem to be large enough to be proven
experimentally. But effects of surface roughness are
known to be of great importance (Fig. 5 of [19]) so that
it will not be easy to check experimentally the effects
discussed in this paper. Therefore in most cases it is rea-

sonable to apply purely repulsive potentials in simula-
tions of ion-solid interaction.
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