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Sputtering yields and kinetic energy distributions (KED) of Al atomic ions ejected from a pure aluminium sample

under MeV silicon ion bombardment were simulated with the molecular dynamic method. Since the electronic energy

loss Se is much higher than the nuclear energy loss S, when the incident ion energy is as high as several MeV, the S,

effect was also taken into consideration in the simulation. It was found that the simulated sputtering yield fits well with

the experimental data and the electronic energy loss has a slight effect at incident ion energies higher than 4 MeV. The

simulated secondary ion KED spectrum is a little lower in the peak energy and narrower in the peak width than that

in the experiment.
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1. Introduction

It is well known that an energetic ion loses its en-
ergy via two nearly independent processes in a solid:
nuclear energy loss (S,) and electronic energy loss
(Se). When the incident ion energy is low (keV), the
nuclear energy loss is dominant. The incident ion loses
its energy mainly through elastic collisions with tar-
get atoms. Some target atoms obtain enough energy
so that they can be ejected from the sample, and the
contribution of S, to the sputtering process can be ne-
glected. This sputtering phenomenon (nuclear sput-
tering) can be well explained by the elastic collision

theory.

When the incident ion energy is high, S, becomes
much higher than S, its influence on sample sputter-
ing behaviour can no longer be neglected. However,
the mechanism of the electronic-energy-loss-induced
sputtering (electronic sputtering) is still not clear, de-
spite the fact that some models have been set up to
explain it. Among these models, the thermal spike
modell™2 and the ionic modell®*#! are the most popu-
lar. The thermal spike model assumes that the elec-
tronic energy loss can be transferred to lattice atoms
through an electron—phonon coupling process. The
ionic model assumes that the lattice atoms can ob-

tain energy from the repulsive Coulomb force between

the high-density excitations created by the electronic
energy loss. No matter what the energy transfer mech-
anism is, it is sure that a part of the electronic energy
loss can be transferred to the lattice atom, and this
will influence the target sputtering behaviour. Since
the energy that target atoms can receive depends on
both the magnitude of S, and the S.-lattice trans-
fer property, the electronic sputtering behaviour also
depends on both of these. It was found®='1 that
some materials, such as low-temperature condensed-

[13] [6.7] have strong

gas solid, organic materials,'"°! oxides,
Se-lattice energy transfer efficiencies, while some other
materials, such as Al and Ni,['?] have weak S,-lattice
energy transfer efficiencies. Therefore, the electronic
sputtering effect in different materials should be dif-

ferent even if S, is the same.

For most MeV heavy ions, the values of S, are
higher than those of S, when they travel in a solid,
and both S, and S, possibly influence the sputtering
behaviour of materials in this energy region. It was
found that the sputtering yield of Si*t from a SiO,

(14 In order to

sample depends on both S, and S,,.
study the mechanism of the electronic sputtering pro-
cess, it is necessary to investigate the S, and .S, effect
on the sputtering behaviour of materials with differ-
ent S.-lattice transfer properties. For this purpose,

Al, Al;O3 and SiO5 samples which have different Se-

*Project supported by the National Natural Science Foundation of China.
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lattice transfer properties,/®712 have been or will be
used in our sputtering measurements.

The molecular dynamics (MD) simulation me-
thod is a very powerful tool to investigate the ion
Much MD simulation work has
been carried out to simulate the sputtering process

sputtering process.

induced by low-energy ions,!*®! and the simulated re-
sults fit well with the experimental data, including the
secondary ion kinetic energy distribution (KED), an-

16,17 For elec-

gular distribution and sputtering yield.!
tronic sputtering, fewer MD simulations have been
done on weakly bonded materials, such as solid gas
samples and biological samples. Though the S.-lattice
energy transfer mechanism is not clear, some simu-
lated results are in agreement with the experimental
results.['8=20 These results have shown that the MD
simulation is suitable to study the electronic sputter-
ing process. However, up to now, very few works have
been done on the sputtering process of tight-binding-
chemical materials irradiated with MeV heavy ions.
In this paper, the MD method is used to simulate
the sputtering process of pure aluminium bombarded
Both S, and S, effects are

taken into consideration in the simulation. The simu-

with MeV silicon ions.

lated sputtering yields and secondary ion KED spectra

are compared with our experimental results.

2.Simulation method

The code used in the simulation was developed
in our group on a PC computer. The average force
method?!) was used to calculate the target atom
movement. A Hookean-like force was applied to the

boundary atoms to keep the sample stable, 9]

except
those in the sample free surface, which the incident
ions hit.

The simulated Al sample contains 14 x14x10=1960
atoms organized in a fcc structure. The pair potential
is used to describe the interaction between Al atoms

in a combined form as given by

Ae B r< Ry (1)
cubic polynomical, R; <r < Ry, (2)
V(r) = Vo(e 2o(r—Fo) _ge-alr—Fo)y
Ry <r < Ra, (3)
0, 7> Rs, (4)

where r is the distance between the pair of Al atoms.
The values of A, B and « are 4285.1eV, 2.718nm ™!
and 12.1nm~! respectively, which are adopted from
Ref.[15]. Vj is the depth of the attractive well, R; and

Ry are chosen carefully to ensure the smooth connec-
tion between the potentials (1) and (3), and Ry is the
cut-off distance for the potential.

The screened Coulomb potential with ZBL pa-
rameters is used to describe the interaction between
the incident silicon ion and the target atoms.??/ Nu-
clear energy loss could be taken into account in the
simulation directly by using the Coulomb force be-
tween the incident ion and the target atoms. As to the
electronic energy loss, it is impossible to simulate the
S.-lattice energy transfer process since its mechanism
is still not clear. In this simulation, we assume that
the electronic energy transferred to the lattice atoms
within a very short time, and the transferred energy
is distributed only to the atoms within a cylindrical

region around the ion track as follows

1
Eatom x Se X Rse X —, r< R07 (5)
T

Eatom = 0, r= RO; (6)

where FE.iom is the energy transferred to the lattice
atom, R is the S.-lattice energy transfer coefficient,
two arbitrary values of 0.025 and 0.1 are used in the
simulation, r is the distance of the atom from the ion
track, and Ry is the assumed cylinder radius. Atomic
momentum is distributed in random directions.

In the simulation, silicon ions with energies rang-
ing from 100 keV to 6 MeV are incident on the Al (111)
surface at an angle of 60° to the surface normal, and
the incident ion number is 100 for every energy. The
total simulation time is 5 ps, and those atoms that go
beyond 0.8nm from the sample surface are picked out

as sputtered atoms.
3. Experimental details

The energy spectra of sputtered secondary ions
were measured with a conventional time of flight
(TOF) set-up at Kyoto University. A silicon ion beam
used in the experiment was produced with a 1.7TMV
The TOF ion detec-

tor was in the normal direction of the sample surface.

Cockcroft—-Walton accelerator.

The system vacuum was kept at better than 4x10~6
Pa during the measurement. A surface barrier de-
tector was placed at an angle of 60° to the incident
beam to monitor the beam current intensity, and a
single-crystalline Al sample was used in the measure-
ment. An ion-beam-sputtering cleaning was applied
to the sample surface for 30min before every measure-
ment. Other details of the experiment can be found

elsewhere.[23]
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4.Result and discussion

4.1. Secondary ion sputtering yield

The simulated sputtering yields for R,.=0, 0.025
and 0.1 are shown in Fig.1 as functions of incident
ion energy (Ei,). The measured sputtering yields of
Al bombarded with MeV silicon ions are also shown
in Fig.1. All the simulation data are normalized with
the experimental data at F;,=1MeV.
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Fig.1. Comparison between the simulated and mea-
sured sputtering yields for the Al sample bombarded

with silicon ions as functions of the incident ion energy.

It can be seen that, if Rs.=0, which means only
the nuclear sputtering is taken into account, the sim-
ulated yields fit well with the experimental data when
FE;, is lower than 4 MeV. However, when Ej, is higher
than 4 MeV, the simulated data become a little lower
than the experimental data.

Though the statistical error of the simulation is
high at high energies, it can still be seen that there
is an obvious deviation between the tendencies of the
experimental and the simulated data. This deviation
may come from the S, effect. When FEj;, is low, S, is
also low, its contribution to the sputtering yield can
be neglected, and the simulated yield of Rs.=0 fits
the experimental result well. But when the incident
energy becomes high, the effect of S, becomes com-
parable with that of S,,, and then it can no longer be
ignored. The measured yield is a little higher than the
simulated data for Rs.=0 in the high-energy region.

The simulated sputtering yields for R..=0.025
and 0.1 increase monotonically with the increase of
FE;,. This behaviour disagrees with the experimental
behaviour. Even for R,.=0.025, the simulated sput-
tering yield increases much faster than the measured
one. The above results show that the S.-lattice energy

transfer process is very weak in Al. This is consistent

with the theoretical analysis.!*?!
4.2. Secondary ion KED

The KED spectrum obtained from the MD sim-
ulation contains all sputtered atoms, both the neu-
tral and the charged. In order to compare with the
measured AlT KED, some corrections must be made.
According to the tunnelling model, the single-charged

secondary ion yield from metal can be written as/24=27]
Y+ o No(E)exp(—f/vcos(4)), (7)

where No(FE) is the KED for all the sputtered atoms,
[ is a special parameter, and usually its value depends

(26] However, when

on the energy of the secondary ions.
the secondary ion energy is lower than 50 eV, its value
for Al from the Al material is nearly a constant and
can be estimated to be 1.1x10*m/s.[?8! v is the sec-
ondary ion velocity and ¢ is the angle between v and
the sample surface normal direction, with ¢=0 in our

experimental arrangement.
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Fig.2. The simulated and measured secondary ion

kinetic distribution spectra for the Al sample bom-
barded with 1MeV SiT ions: curve A, simulated KED
spectrum of all the sputtered atoms; curve B, simu-

lated AlT KED spectrum obtained with Eq.(7).

Using Eq.(7), the AI* KED spectrum can be ob-
tained from the simulated KED spectrum of the sec-
ondary ions. The simulated secondary ion KED spec-
tra for the Al sample bombarded with 1 MeV Si* ions,
both for the total atoms and for the AlT atoms, are
shown in Fig.2. The experimental AlT KED spectrum
is also shown in Fig.2 for comparison. All the spectra
are normalized to the experimental data at Ey=4¢€V.

It can be seen that the AlT KED spectrum of
the MD simulation fits roughly with the experimental
spectrum. Compared with the experimental result,
the peak energy of the simulated spectrum is a lit-

tle lower, and the simulated peak width is narrower.
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Both the simulated and measured results show that
the shape of the secondary ion KED spectra does not
depend significantly on the incident ion energy in the
range from 1 to 6 MeV.

In our simulation, the pairwise potential was used,
since it is simple and allows a faster simulation speed.
If the embedded-atom type potential is used, it can be
expected that the peak energy of the KED spectrum
of the sputtered atoms increases, and the energy peak

can become broader.[16:27]

The potential used may be
the cause for the above discrepancy between the sim-

ulated spectrum and the experimental result.

The above results indicate that nuclear sputtering
is still the dominated process for the Al sample irra-
diated with MeV silicon ions. For ion energies higher
than 4 MeV, S, shows a slight influence on the sput-
tering yield, though S, is tens times higher than S,,.
Since SiO3 or Al;O3 has a stronger Se-lattice transfer
efficiency compared with Al, it could be expected that
the electronic sputtering effect in them could be more
significant than that in Al

5.Summary

We have carried out both the MD simulation and
the measurement for the Al sample sputtered with
MeV silicon ions. It was found that, if only S, is con-
cerned, the simulated sputtering yields fit well with
the experimental ones at incident ion energies lower
than 4 MeV. By using the tunnel mode, the AlT KED
spectrum was derived from the simulated KED spec-
The simulated Al
KED spectrum fits roughly with the measured one,

trum of all the secondary ions.

though its peak energy is a little lower compared with
the measured spectrum.

These results show that, when Al is irradiated
with silicon ions in the energy range from 1 to 6 MeV,
nuclear sputtering is still the dominant process, and
This

means that the S.-lattice energy transfer process in

the electronic sputtering effect is very slight.

Al is very weak.
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