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Abstract

Recent experiments of bombardment of silicon targets show that keV energy polyatomic projectiles can greatly

increase both the total yield and the secondary silicon ion emission, especially complex secondary ions. This effect is

more pronounced for the heavy polyatomic projectiles than for light ones. To understand why the heavy projectiles

increase the non-linear enhancement of the yields, molecular dynamics simulations of the bombardment of a Si(1 0 0)–

(2� 1) surface by Aln (n ¼ 1, 2) and Aun (n ¼ 1, 2) projectiles with E0 ¼ 1:5 keV/atom at the incident angles of h ¼ 0�
and h ¼ 45� have been carried out. It is shown that oblique bombardment by heavy dimer projectiles at this initial

energy leads to an increase of the number of trajectories with a very high yield of ejected atoms. A microscopic analysis

of the events is given and also the influence of the high yield events on the energy distributions of the sputtered silicon

atoms is described. � 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The use of polyatomic projectiles has the po-
tential to create the optimal conditions required for
secondary ion mass spectrometry (SIMS) analysis
of large organic species, including biomolecules
and synthetic polymers adsorbed on different sur-
faces, as well as to offer some advantages for depth
profiling of both ultrashallow dopant profiles and
metals [1–9]. The specific question, which is still
open in analytical studies, is how to optimize the
different primary beam parameters, e.g. primary

particle mass, energy, incident angle, and the
number of projectile constituents for a given target
to obtain the desired improvement of the sensitivity
of SIMS.

One of the fascinating observations in experi-
ments with polyatomic bombardment is that poly-
atomic projectiles can greatly increase both the total
yield and the secondary ion emission with respect to
atomic projectiles [10]. This effect is more pro-
nounced for complex secondary ions [11–13]. The
apparent enhanced yield could, in fact, be merely
due to the fact that there are more projectiles. In
order to remove the effect of numerous incident
particles, an enhancement factor is defined. When
the emission yield induced by polyatomic projectile
containing n atoms is larger than n times the yield
for one atom at the same velocity per atom, then
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there is ‘‘non-linear enhancement’’ of the yield.
Specifically for polyatomic projectiles, the en-
hancement factor is

kn;m ¼ mYn
nYm

; ð1Þ

where Yn and Ym are the emission yields induced at
identical impact velocities by projectiles having n
and m constituents, correspondingly. If kn;m > 1
for n > m, then the ratio in Eq. (1) reflects the
amount of non-linear enhancement of the emission
yield under polyatomic impact.

A strong non-linear enhancement in the total
sputtering yield of gold atoms was observed for
Auþ

n (n ¼ 1–5) projectile impact of a gold metallic
target [14] at energies 20–5000 keV/atom. For ex-
ample, the impact of a single Auþ

5 cluster was re-
ported to produce on average 3000 secondary gold
atoms, while a single Auþ projectile ejects only 55
atoms at the initial energy of 150 keV/atom.
Bombardment by Au2 is particularly interesting
because they can be made in liquid metal ion guns
and used for surface imaging experiments [15,16].
Many of the applications for the imaging experi-
ments involve usage of biological and organic
solids in which the atomic mass of the target is
considerably less than the polyatomic projectile
atoms.

The sputtering from a polycrystalline silicon
target induced by Au�

n (n ¼ 1–3) and Al�n (n ¼ 1,
2) ions with the initial energies from 6 to 18 keV/
atom was recently investigated in [12,13]. The
polyatomic gold ion bombardment was found to
increase the contribution of large clusters of Siþn
(nP 4) to the total yield of charged particles. In
the case of Au� and Au�

2 bombardment at a pri-
mary energy of 9 keV/atom, the k2;1 for Si

þ
4 and Siþ6

are 40 and 200, respectively. The cluster contri-
bution to the total yield increases with increasing
incident energy. The projectiles Al� and Al�2 are
less effective at producing large cluster ion emis-
sion. An increase of the large secondary cluster
yield is obtained by decreasing the incident energy
of the Al�2 projectiles. This observation indicates
that the non-linear enhancement of the sputtering
yield has a complex behavior vs. incident energy
and incident particle type.

The molecular dynamics (MD) computer simu-
lation approach has been quite successful in mod-
eling the polyatomic bombardment of metal
substrates [17–20] and organic overlayers on metal
and silicon substrates [21–25]. These works have
confirmed that the surface structure and the num-
ber of atoms in the projectile affect the character of
the events developed within the crystal after the
projectile impact. The openness of the Si substrate
is more effective for intact organic molecule de-
sorption compared to the close-packed metal sub-
strate under low energy polyatomic projectile
bombardment [23,24]. The polyatomic projectiles
consisting of lighter mass atoms lead to a greater
yield of ejected molecules than atomic projectiles of
heavier mass.

The purpose of the present simulations is to
understand how heavy Au polyatomic projectiles
relative to the lighter Al projectiles can create the
conditions favorable for high yield events inducing
the non-linear enhancement of both the total and
cluster yield for Si substrate. The MD simulations
of the interaction of Aln and Aun (n ¼ 1, 2) pro-
jectiles at the same initial energy per atom with the
silicon surface are performed. We use different
incidence angles to demonstrate the influence of
this parameter on emission of Si clusters. Com-
paring Al and Au bombardment, the Au2 projec-
tile at oblique incidence is better for high yield
events, thus enhancing both the total and cluster
yields.

2. Method

MD simulations have been carried out to model
the interaction of Aln and Aun (n ¼ 1, 2) with a
Si(1 0 0)–(2� 1) surface. The projectiles hit the
substrate with an initial energy E0 ¼ 1:5 keV/atom
at incident angles of h ¼ 0� and h ¼ 45�.

The classical MD simulations have been de-
scribed extensively elsewhere [26,27]. Briefly, the
method consists of numerically integrating Ham-
ilton equations of motion to determine the posi-
tion and the velocity of each particle as a function
of time. Pair and many-body interaction potentials
describe the energies and forces in the system.
Experimentally observable properties are calcu-
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lated from the final positions, velocities and masses
of the ejected species. Mechanistic information is
obtained by monitoring the time evolution of rel-
evant collision events.

The dimer reconstructed Si(1 0 0)–(2� 1) mi-
crocrystallite consisting of about 9000 atoms with
10 layers is used. The orientation of the dimer
projectiles with respect to the surface is selected
randomly. To obtain average yields, 1950 trajec-
tories are calculated for each combination of
projectiles and incident angle. The integration of
any run is terminated either when no particle
within the target volume has sufficient energy to
eject, or when a cutoff time of 3 ps is reached.
Because the action in the substrate is much larger
in the case of Au2 bombardment at h ¼ 45� than
for the other systems, the average yields in this
case are calculated with 150 trajectories with a
cutoff time of 8 ps. The microscopic analysis is
performed with 150 trajectories.

Open boundary conditions are used for the
system [26]. That is, energetic particles that reach
the sides or bottom of the microcrystallite are al-
lowed to exit, taking their energy with them. Ul-
timately, these atoms will penetrate into extended
regions of the crystal.

The forces among the atoms are described by
the best available empirical potential energy func-
tions. The MD-MC/CEM potential developed by
DePristo and coworkers [28–30] is used for the Al–
Al and Au–Au interactions. The Tersoff potential
is used for Si–Si interaction [31]. A purely repul-
sive Moli�eere potential is used to describe the in-
teractions between the Al–Si and Au–Si atoms.

At the end of each simulation, the atoms and
clusters, which have velocities directed towards the
vacuum and are at distances of more than 6
�AA above the original sample, are regarded as
ejected. For identifying clusters, pairs of atoms are
checked to see if there is an attractive interaction
between them, in which case they are considered as
linked [27]. A network of linked pairs is con-
structed and the total internal energy of the group
is evaluated. If the total internal energy is less than
zero, then the group of atoms is considered as an
ejected cluster. The process of cluster dissociation
before reaching the detector [32] is not considered
in our simulations for two reasons. First, the short

time fragmentation changes fractions of sputtered
clusters containing different number of atoms, but
does not dramatically decrease the total cluster
yield. Furthermore, the Si–Si potential [31], which
realistically describes the silicon binding in the
crystal, is not expected to describe adequately the
binding of Si clusters in the vacuum.

3. Results and discussion

The total and cluster yields as well as their en-
hancement factors have been calculated vs. the
atom mass of projectile constituents, the number
of atoms in the projectile and the incident angle.
The results obtained are explained in terms of the
specific mechanism of the interaction of the pro-
jectiles with the substrate atoms. The results show
a pronounced enhancement of both the total yield
and the cluster yield for Au2 bombardment at
45� angle of incidence.

3.1. Enhancement of the total and the cluster yields

The average total and cluster sputtering yields
are given in Table 1 for Al, Al2, Au and Au2

bombardment of the Si(1 0 0)–(2� 1) surface along
the surface normal and at the angle of incidence of
45� for the energy of 1.5 keV/atom. The average
yields are calculated as the raw number of all
sputtered Si atoms for the total yield and the raw
number of Si atoms linked in clusters for the
cluster yield divided by the total number of tra-
jectories. The enhancement factor is calculated by

k2;1 ¼ Y2=2Y1; ð2Þ
where Y1, Y2 are the yields induced by atomic and
dimer bombardment at the same impact velocities,
respectively. The cluster fraction is calculated as a
ratio of the number of atoms comprising the
sputtered clusters to the total number of sputtered
Si atoms.

It is seen in Table 1 that k2;1 > 1 for all cases
when going from atomic to dimer bombardment.
The enhancement factors reported in Table 1 of
slightly larger than 1 are typical of values other
investigators have reported for metallic [20] and
organic overlayers on metal and silicon substrates
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[24]. The enhancement factor of 7 for Au2 vs. Au
bombardment at 45�, however, is larger than
heretofore reported in simulations. Moreover, the
computational approximations of a finite micro-
crystallite size and finite simulation time will tend
to make the calculated Au2 yield at 45� too small,
thus, the real enhancement could be even larger.
The dimer bombardment enhances the cluster
yield relative to the total (and monomer) yield, an
observation also found for metal substrates [20].

The different character of the Au2 bombard-
ment at 45� is shown in Fig. 1(a) and (b) where we
have plotted the probability distributions of tra-
jectories leading to the simultaneous emission of a
given number of particles. We have grouped the
number of ejected Si atoms per incident particle
into groups of 10. The number of trajectories
leading to the emission of a number of atoms be-
longing to a given bin are summed and divided by
the total number of trajectories. The trajectories
having no ejected atoms are considered in the first
bin. The trajectories sputtering more than 150
atoms are taken into account in the last bin. In
general, most of the primary projectiles eject less
than 10 atoms in a single impact event. The ex-
ception is Au2 bombardment at h ¼ 45� where as
many as 200 atoms can eject in one impact.

The ramifications of the probability distribu-
tions shown in Fig. 1(a) and (b) on the total yield
of sputtered particles are given in Fig. 1(c) and (d).
In the case of Au2 bombardment at h ¼ 45�, the
yield increase is mainly caused by the trajectories
in which more than 40 atoms are ejected. Trajec-

tories that give rise to a large number of sputtered
atoms are, of course, the ones that are most
probable for cluster formation. The mechanistic
reasons for the large yields with Au2 bombard-
ment are given below.

3.2. Microscopic view of the dimer interaction with
the silicon surface

The process of energy transfer from the pro-
jectile to the surface depends on the mass ratio of
the incoming and substrate atoms as well as the
projectile initial velocity and the substrate struc-
ture. The difference between the masses of the Al
(27 amu) and Au (197 amu) atoms is large. As a
result, the character of collision event development
after penetration of these particles into the silicon
(28 amu) substrate is quite different. Although the
yields are representative of the final positions of
the particles, we have found that the essential
physics leading to this large enhancement is ap-
parent at 28 fs into the trajectory. This time is
convenient for analysis because almost all the in-
cident particles are still in the microcrystallite used
in the simulations.

It has been established in Ref. [22] that pro-
duction of high yield events and, as a consequence,
the enhanced sputtering yield, are unambiguously
connected with the amount of energy deposited in
the substrate and the degree of the energy local-
ization with respect to the depth and the bulk. An
overview of the trajectories at 28 fs is shown in
Fig. 2 for 45� incidence, where the positions of Al

Table 1

The average yields and the enhancement factors for Al, Al2, Au and Au2 bombardment with E0 ¼ 1:5 keV/atom at h ¼ 0� and h ¼ 45�a

Angle Projectile Total yield k2;1-total yield Cluster yield k2;1-cluster yield Cluster fraction

0� Al 1.2 0.4 0.3

Al2 3.3 1.4 1.7 2.1 0.52

Au 1.2 0.4 0.3

Au2 4.2 1.7 2.1 2.6 0.64

45� Al 3.0 1.1 0.37

Al2 10.0 1.7 6.3 2.9 0.63

Au 5.3 3.2 0.60

Au2
b 74.0 7.0 69.3 10.8 0.94

aA total of 1950 trajectories were calculated for each set of initial conditions with a maximum time of 3 ps unless noted otherwise.
bA total of 150 trajectories with a maximum time of 8 ps are calculated.
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and Au projectile atoms are graphically displayed.
The Al atoms are spread over the crystal bulk in
the first 28 fs, whereas most of the Au atoms are
localized in a small region near the surface. Not
only are the Au atoms remaining closer to the
surface but the average energy deposited per slab
of 1 �AA depth of the Si microcrystallite is more for
the gold projectiles than the aluminum ones as
shown in Fig. 3. There are several interrelated ef-
fects transpiring simultaneously.

• Al is lighter and smaller than Au, thus at these
kinetic energies it can travel larger distances in

the Si substrate than the Au atoms (Fig. 2).
Consequently, its energy is deposited over a
greater depth (Fig. 3).

• The nearly identical masses of Al and Si allow
almost complete energy transfer in a single col-
lision. Numerous Si atoms have also moved
large distances in the first 28 fs thus taking en-
ergy away from the near surface region. In con-
trast, the Au atoms give up small amounts of
energy to many Si atoms.

• The maximum scattering angle for an Au atom
hitting a Si atom is only 8�. The Au atoms do
not diverge much from their original path as

Fig. 1. Probability distributions and associated yield distributions over the number of sputtered Si atoms for aluminium (a, c) and gold

(b, d) projectiles at the normal and 45� incident angle.

M. Medvedeva et al. / Surface Science 505 (2002) 349–357 353



clearly shown in Fig. 2. Moreover, the two Au
atoms remain together as dimer through the
first 28 fs.

The concept that the Au atoms maintain their
identity as a dimer is shown more clearly in Fig. 4
where the probability for the Al2 and Au2 con-
stituents to be at a given distance, expressed in
units of the equilibrium internuclear distance for
each dimer r0, is shown for time intervals of 28
and 50 fs. It is seen that upon penetrating into the
substrate the Al2 constituents quickly disintegrate
in the initial part of the trajectory, acting inde-
pendently thereafter. In contrast, the Au2 con-
stituents act together for a longer time. Cascades
created by gold dimer constituents overlap with a
large probability, and many Si atoms are dis-
placed in a small region. As a result, the deposited
energy is localized within a relatively small nar-
row surface region, where all atoms are set in
motion. In this case, more damage is created and
it is harder for either Au or Si atoms to penetrate
into channels and escape from the collision re-
gion.

The one particle nature of the Au2 molecule is
reinforced in Fig. 5 where the remaining energy of
the Au atoms is given at 28 and 50 fs. It is seen that
the Au atoms that are part of a dimer penetrate

less deeply into the bulk than the atomic projec-
tiles. The dimer constituents deposit their energy
more slowly than the atomic projectiles. For dimer
bombardment, more atoms keep their initial en-
ergy after 50 fs. The process of sharing and de-
positing energy is slow and more effective in the
Au2 case, thus increasing the probability of high
yield events for enhancement of both the total and
cluster yields.

The angle of incidence dependence is illustrated
in Fig. 3. The Au2 dimers aimed normal to the
surface deposit their energy more deeply (�5–8 �AA)
into the substrate than those aimed at 45�. This
distance is too deep for effective sputtering.

Fig. 2. Bulk distribution of the Al (the small dark spheres) and

Au (the large light spheres) atoms at 28 fs. These are 150 dimer

projectile impacts at h ¼ 45�.

Fig. 3. Distributions of the average energy deposited by one

incoming atom over the crystal depth at 28 fs after the impact

for all the bombardment systems. The silicon microcrystallite is

divided into slabs of 1 �AA depth. The kinetic energies of the

silicon atoms in a given slab after 28 fs are summed over all the

trajectories and are then divided by the number of all the in-

coming atoms. If the Si atom coordinate is more than 19 �AA,

then it is considered as penetrating deeper into the crystal.
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3.3. Kinetic energy distributions of the sputtered
silicon monomers

In addition to increasing yields, cluster fractions
and enhancement factors, it has been shown in
Ref. [22] that high yield events can affect the
kinetic energy distributions (KEDs) of intact or-
ganic molecules sputtered from the metal surfaces.
To check the influence of high yield events on the
KEDs of sputtered Si atoms, angle-integrated
KEDs of silicon monomers sputtered by Au and
Au2 projectiles at h ¼ 0� and h ¼ 45� are calcu-
lated and shown in Fig. 6. The form of the dis-
tribution for Au projectiles at normal incidence is
typical for atomic sputtering [33]. For both Au
and Au2 projectiles at h ¼ 45�, the KEDs are
broader with increased low (<1 eV) and high
energy contributions. The increase at high kinetic

Fig. 4. Probability distributions of the distance between dimer

constituents at 28 and 50 fs after the impact. The distance is

expressed in units of the equilibrium internuclear distance r0 for

each type of projectile. The values of r0 for Al2 and Au2 are 2.67

and 2.47 �AA, respectively.

Fig. 5. Scatter plot distributions of the Au atom energy over

the crystal depth at 28 and 50 fs after the impact, obtained for

150 trajectories at h ¼ 45� with Au2 and Au projectiles.

Fig. 6. Angle-integrated KEDs of ejected Si monomers for Au

and Au2 bombardment with E0 ¼ 1:5 keV/atom at h ¼ 0� and

h ¼ 45�. All the distributions are peak normalized to unity.
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energy is explained by the concentration of the col-
lision cascades in the near surface region [34,35].
The appearance of the low energy monomers is
connected with the large number of low energy Si
atoms ejected in the large damaged region. As
mentioned in the previous section, the probability
of creation of this region is greater for Au2.
Moreover, it is created nearer to the surface. As a
consequence, the number of low energy sputtered
Si monomers is the largest in this case.

4. Conclusion

MD calculations have been performed on a
Si(1 0 0)–(2� 1) surface with Aln and Aun (n ¼ 1,
2) projectiles at the initial energy of 1.5 keV/atom
for incident angles of h ¼ 0� and h ¼ 45�. The non-
linear enhancements in the total and cluster yields
have been determined under dimer bombardment
for each projectile/silicon surface system at both
incident angles. Both the total and cluster yields of
sputtered silicon species are greater at h ¼ 45� than
those at h ¼ 0� for all the projectiles. The largest
enhancement factor for the total and cluster yields
is predicted for Au2 at h ¼ 45� bombardment. The
microscopic analysis of interaction of atomic and
dimer projectiles at h ¼ 0� and h ¼ 45� displays
that differences between Au and Al projectiles
become pronounced even at the beginning of the
trajectory evolution, i.e., at 28 fs after impact.

The bombardment at h ¼ 45� creates a high
energy density region close to the surface. Heavy
gold atoms have less initial velocity than light
aluminum ones at the same E0 and stay near the
surface for longer time. The collisions of Au and Si
atoms produce less energetic recoils than Al–Si
collisions. As a result, the process of transferring
energy to the substrate for Au occurs more slowly
than for Al. The gold dimer constituents stay in
the vicinity of each other for a much longer time
than the constituents of an aluminum dimer, thus
increasing the density of deposited energy in the
subsurface region. Consequently, there are many
high yield events, which, in turn, lead to the in-
crease of the cluster particle sputtering.

Our simulations show that the gold dimer with
the initial energy of 1.5 keV/atom at h ¼ 45� en-

hances the cluster yield of Si significantly. These
results are qualitatively consistent with the recent
experimental data, where the large non-linear en-
hancements of both the total yield and the cluster
one under Au2 projectiles at the same incident
angle has been established.
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