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Molecular Dynamics simulations are carried out for investigating atomic processes
of platinum sputtering. Sputtered Pt atom energy distribution functions (EDF) are
determined at different sputtering argon ionenergies: 100, 500, and 1000 eV. Calculated
EDF show a cross-over from Thompson theory to binary collision model when increasing
argon ion energy and Pt atom sputtered energy. Implanted argon ion number is
depending on its kinetic energy, while it is not the case in binary collision approximation.
Finally sputtering yields are greater for Thompson theory than for binary collision model
at low energy, but converge to the close values at high energy.

Keywords: plasma sputtering, molecular dynamics simulation, atom energy distribution function, sputtering rate,
low temperature plasmas

INTRODUCTION

Platinum in the form of dispersed nanoclusters is a well-known catalysts used in many applications
[1] as fuel cells and chemical sensors, for example. Due to its high cost, it has been necessary to
find deposition techniques suitable for lowering its quantity and at the same time retaining or
increasing its catalyst activity and its selectivity. Among the various existing possibilities, plasma
sputtering deposition has attracted attention due to its simplicity, scalability in the industry [2-
4] and in the case of noble metal catalyst, its capability for controlling catalyst shape, size, and
concentration profile in catalytic active layers [5-11]. This capability is largely dependent of the
sputtering conditions as bias potential of the sputtering target or as the nature of the plasma
forming elements. Sputtering yield, impinging ion retention and energy distribution of sputtered
particles are often the main information that are searched for. Many works have been carried out
both analytically and by simulations for recovering this information. A very popular simulation
tool, able to determine sputtering yield, i.e., sputtered atom energy distribution function, is the
SRIM software (version 2013 with 2008 stopping power parameters) [12, 13], which considers an
amorphous target and ignores the interaction between trapped sputtering ions, and consequently
the effect of their accumulation in the target. This is due to the fact that calculation always considers
a pristine target. Moreover, interactions between incoming ion and target atoms, and between target
atoms are treated in the frame of binary collision approximation [12] which means essentially
that these collisions are statistically independent, and so that many-body effects occurring during
collision cascades are not treated. On the other hand, a new empirical formula [14, 15], called
Yamamura formula, is available for calculating the sputtering yield based on the Sigmund theory
[16] using the Ziegler-Biersack-Littmark (ZBL) [17] screened repulsive potential and including the
Lindhard electronic stopping power [18]. This model also includes a correction at sputtering ion
low energy by including the sputtering threshold energy [14]. In that case, the sputtering rate can
be calculated through the Yamamura formula:
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where E is the incoming sputtering ion energy, m, and m; are
the masses of ion and target atom in a.m.u., respectively, and
the numerical factor in units of A=2. U, is the target surface
binding energy. Ey, is the sputtering threshold energy. S,,(E) is the
stopping power. I', Q, and o™ are (fitting) parameters as defined
in Yamamura and Tawara [14].

Moreover, the Thompson model [19, 20], issued from collision
cascade theory, is able to provide an empirical formula of
the sputtered atom energy distribution function. Basically,
in a binary collision approach, the main ingredient is to
calculate the collision differential cross-section of an incident
ion with a surface atom, which recoils upon impact, leading
for a collision cascade (the extent of the collision cascade
being dependent of the transferred energy). The interaction
potential in this case is a purely repulsive potential, and
thus suitable for high energy (above 1 keV) impinging ions.
The overall process is treated statistically in including a
recoil density. Assuming that sputtering is issued from such
random collisions and also from focused collision cascade,
the energy distribution function f(E) of this model reads [19-
22]:

Y (E) = 0.042

1
1— (Ew;,+E> 2
yEAVJr

f(E) . (1+ %)3

(2)

where Ey, is the cohesive energy of the target material, E is
the energy of the ejected atoms, y = 4&_7’:;2)2 is the kinetic
energy mass transfer factor, for which m, and m; are gas/plasma
phase atom (e.g., argon) and target sputtered atom masses,
respectively, and E4,4 is the kinetic energy of the impinging Ar
ions.

As the sputtering process is of atomic nature, simulating
at the atomic level the mechanism of atom ejection
is of primary importance. Besides these well practiced
method, Molecular Dynamics (MD) simulations which
are calculating all trajectories of a system of particles
are very attractive, as they give insights in all coupled
dynamical processes, including many-body effects [23]. Thus,
studying sputtering phenomena using MD allows overcoming
approximations involved in binary collision approximations
and empirical modeling [23-30], even if not so much studies
have been carried out, especially at ion energy below 1
keV.

The present work is addressing the determination of
sputtering yields, retention rates, and sputtered atom energy
distribution functions (EDF) in the case of platinum sputtering
at various incoming sputtering argon ion energies, thanks to
MD theory. The results are compared with SRIM, Yamamura
and Thompson model calculations in order to show how
MD simulations are able to give a complementary insight of
sputtering phenomena.

MD SIMULATIONS

In MD simulations, a system evolution is followed at the
atomic/molecular scale by solving a set of Newton equations of
motions:

32?1‘(1‘) 1

= —q-, with the force f;
o2 m,‘fl ﬁ

_%v (0. Fa(), - (D) 3)

where 7;(t) is the position of atom i at time t with mass m;, and V
is the interaction potential between all involved species.

The platinum target is modeled by a (100) 50 x 50 x 25
lattice units simulation cell, i.e., a target of size 196 x 196 x 98
A3, comprising 150,000 platinum atoms. This target is divided
in three zones. The bottom layer is composed of six layers of
atoms. These atoms are immobilized. In an intermediate zone
(layers 7-20) the target temperature is controlled by a Berendsen
thermostat for dissipating the ion transferred energy. This second
region is thick enough for preventing the cascading atoms to
collide with the atoms belonging to the bottom zone, where
atoms are immobilized. In the third outermost surface zone (top
five remaining layers) the target atoms can move freely, upon
impact. This remaining zone is thick enough for allowing any
sputtered atom to escape the surface with the right energy, i.e.,
without any artificial damping coming from the thermostat. In
this way, we avoid to externally control the entire target.

The damping constant of the Berendsen thermostat is chosen
to be the thermal relaxation time calculated from the electron-
phonon coupling theory [31, 32] and is expressed as:

2MeKER

= @DTkLneszZ

(4)

Op is the Debye surface temperature, T the target temperature, L
the Lorentz number, # the electron density, e the electron charge,
kg the Boltzmann constant, Z the valence, m, the electron mass,
k the thermal conductivity, ep the Fermi energy and Ty is the
kinetic temperature. For Pt, T = 1.2 ps.

Incoming argon ions are randomly placed at a height between
12 and 23 A above the platinum target and are released toward
the surface every 2 ps for allowing correct thermal relaxation
of the target. This is ensured by the fact that such a delay
between each ion injection is smaller than the thermal relaxation
constant t. The initial velocity of the incoming ions is normal
to the target surface (see Figure 1) and corresponds to three
chosen kinetic energies: 100, 500, and 1000 eV, respectively
corresponding to velocities 219, 490, and 693 A.ps~!. These three
energy values are explored for the following reasons: 100 eV is
closed to the sputtering threshold which gives enough statistics
for obtaining an energy distribution function of the sputtered
atoms. Five-hundred electronvolt is typical of sputtering energy
in experiments. The 1000 eV energy is chosen for evaluating the
“common” idea that SRIM yields are correct from this energy and
above. So if MD yields are close to SRIM results, this will give
the indication that MD is correctly operating. Due to the high
velocities, the integration time step is fixed to 0.1 fs. The Pt target
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FIGURE 1 | Initial configuration of the simulation. Small spheres are Pt
atoms at the crystal position. The incoming Ar ion is at random location above
the surface and it is directed to the Pt surface.

atoms are located at the crystal position and their velocities are
randomly chosen in the Maxwell-Boltzmann distribution at the
target temperature, Ts = 300 K here. It should be noticed that Ar™
ions are treated as fast neutral in the present MD simulations.
This is justified while they are neutralized by free electrons of the
Pt target before they impact the surface.

In this work, the interactions between target Pt atoms are
modeled using embedded Atom Model (EAM) potential [33—
36], while Ar-Pt and Ar-Ar interactions are described by pairwise
repulsive Moliere potentials.

EAM potential V(r) is of the form:

N
D Ei=; D3p 3 +ZFz<ﬂz (5)
i=1

i=1 i,j,i#j

V(r) =

where E; is the potential energy of an atom i, ¢(r;;) is the pair
energy term as a function of the interatomic distance r;; between
atoms i and j, and Fj(p;) is the many-body embedding energy
term as a function of the local electron density p;, at the position
of atom i. The local electron density is calculated as a linear sum
of the partial electron density contributions from the neighboring
atoms:

N
p=Y_fir) (6)
Jij#1
where f;(r;) is the contribution from atom j to the electron
density at the site of the atom i. The pair energy term is defined

as:
Aexp [—a (é — 1)] Bexp [—ﬁ (72 — 1)]
. 20 . 20
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where 7, is the equilibrium spacing between nearest neighbors,
A, B, o, and B are four adjustable parameters, and « and A are
two additional parameters for the cutoff distances. The electron

density function is taken to have the same form as the attractive
term in the pair potential with the same values.
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FIGURE 2 | Pt sputtering yields and Ar retention rates as a function of
Art ion sputtering energies at normal incidence.

The electron density function is given by:

el (2 1)
)

The Moliere potential takes the simple form of the universal form
for the screened Coulomb potential [23]:

fn= (8)

& r,
Vul(rip) = Zig cjex il 9
m(ri) = mor; 2 Z : p( )
1/3
. 083(128) ap .
For which ag = W with ap = 0.529177 A and Zl and
Zs

Z, are the atomic number of the collision partners. This potential
is suitable for the energy range of the argon ions and captures the
essential physics of the ion interactions with target atoms.

The simulations have been carried out using the LAMMPS
GNU open source code [37]' , on a 40 core Intel Xeon High
Performance Computer (ALINEOS SA). One run lasts for 15 days
using 9 core for describing 4 ns of the process corresponding to 4
107 iterations. CPU time is high due to the numerous interactions
with and within the large Pt target (150,000 atoms).

RESULTS AND DISCUSSION

Calculation of sputtering rates and argon retention and energy
distribution of sputtered Pt atoms are carried out at three energies
of the sputtering argon ions: 100, 500, and 1000 eV. High 1000
eV energy is chosen as it is expected that SRIM is better suited for
high energy and is known to be questionable at lower energies.
On Figure 2 are plotted the values of sputtering yields T"
using Yamamura formula, SRIM and MD simulations, and argon
retention rate t only using SRIM and MD, at these three energies.

!http://lammps.sandia.gov
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FIGURE 3 | Energy distribution function (EDF) of the sputtered Pt
atoms. Ar ion kinetic energy of (A) 100 eV, (B) 500 eV, (C) 1000 eV.

MD simulations are providing a sputtering rate which is over
the SRIM values but being closer to SRIM at higher energies
values. Yamamura formula sputtering yields are always under
both MD and SRIM. Concerning the comparison of SRIM and
MD, similar overestimation of MD compared to SRIM has

20
A A A
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@
16 |
- . .
> 12 /
o
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o
&
vV 8T
4 }
—--MD -A-SRIM —e- Yamamura
0 L L
0 500 1000
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FIGURE 4 | Mean kinetic energies of sputtered Pt as a function of the
Ar+ incoming kinetic energy at normal incidence and for the three
different calculation methods.

already been observed for Ar sputtering of Cu [26]. This can be
due to the fact that Ar retention in the Pt target is reducing Pt
atom binding, despite many-body effects insuring Pt cohesion are
operating.

Figure 3 displays the EDF of the sputtered Pt atoms at the
three considered energies. The number of incident Argon atom
is 2000 and released one after each other every 2 ps (i.e., every
20,000 time steps), allowing enough relaxation of the Pt target
and thus preventing interaction between collision cascades of
two successive argon ions. The SRIM simulations are considering
5000 incident ions. The Yamamura formula does not required
any simulations.

Comparison with SRIM and Thompson formula is very
interesting. At all incident Art kinetic energy, MD EDF
maximum is located at the same energy of Thompson EDF, which
is always located at a fixed position, E,;/2, while SRIM maximum
is shifted toward higher energies. When increasing Art ion
energy the SRIM EDF maximum is shifting toward Thompson
and MD EDF maxima. The tail of the EDFs above 10 eV are
all different for the three different methods: the MD EDF tail is
situated between the rapidly decreasing Thompson EDF tail and
the SRIM one. When increasing incident Ar™ kinetic energy, the
MD and SRIM EDF tails are almost overlapping.

This shows that the Thompson EDF is consistent with MD
simulations at low incident Ar™ kinetic energy, almost on the
entire range of the sputtered energies. At this low incident Ar™
kinetic energy, the Thompson formula is almost overlapping with
the MD EDF below 10 eV sputtered Pt atom energy, while SRIM
is coinciding above 10 eV.

Thus, MD simulations are reproducing features of both SRIM
calculations and Yamamura analytical formula, for all incident
Ar™ kinetic energies, i.e., between sputtering threshold and 1000
eV. Above 1000 eV, it has already been demonstrated that MD
becomes close to SRIM [24].

For further comparison, the mean kinetic energies deduced
from these EDFs can also be compared, and reported in Figure 4.
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The evolution of mean kinetic energies also illustrates the
differences highlighted above between the three methods. MD
and SRIM mean kinetic energies are close above 500 eV. In
fact, SRIM does not exhibit any change of the Pt mean kinetic
energy, while MD deals with a lower Pt mean kinetic energy
at lower Art incoming kinetic energy. While Pt mean kinetic
energy evolution for Thompson model is similar, the values are
systematically 20% lower. This can be considered not so much
different, but when looking at the EDFs, the main difference lies
in the EDF high energy tail region, for which more numerous
high energy sputtered Pt are present for the MD EDF than
for Yamamura EDF. This can result in important differences in
film properties/structure when studying deposition of Pt on a
substrate. So discussing deposited film properties only using the
mean kinetic energy parameter is not sufficient for qualifying the
energy effects during sputtered atom deposition.

CONCLUSION

MD simulations of Pt plasma sputtering are carried out for
understanding properties of sputtered Pt atoms, especially the
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