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Molecular dynamics simulations of self-sputtering are performed using the recent picture [M.
P. D’Evelyn and 8. A. Rice. J. Chem. Phys. 78, 5081 (1983)] of a stratified liquid-metal
surface as a model. These results are compared to those obtained from 2 liguid model having
uniformly distributed atoms and a crystalline solid model. The stratified liquid-metal model
shows an enhanced low-energy sputter yield, which falls below those of the other models for
ion-impact energies above several hundred electron volts. These results are discussed in light of
various published measurements of sputter yields of metals in their liquid and solid phases.

L INTRODUCTION

Et is of scientific interest as well as of some practical
interest to understand and be able to model the collisions of
atoms with liquid-metal surfaces. A factor that may be im-
portant in determining the sticking coeflicient for metal
atoms incident upon a liguid-metal surface as well as the
angular distribution for reflected atoms and sputtering
yields and distributions is the topology of the liquid surface.
Recent research on the structure of liquid-metal surfaces has
shown that these surfaces are likely not to be sharp boundar-
ies, with the transition from liguid to vapor (the 90%-10%
density points) occurring over two atomic diameters as it
does for, say, liquid argon. Instead, theoretical studies’ and
experimental grazing-incidence x-ray determination of the
reflectance® and of the structure factor™® at the liquid-vapor
interface indicate a stratification in the density over a num-
ber of atomic diameters near the interface.

This structure in the density profile p{z), where z is the
direction normal to the surface, arises because of the vari-
ation in the effective interatomic interactions near the liquid-
metal surface. These interatomic forces are strongly depen-
dent upon the density of conduction electrons, which screen
the ions. The rapid change in density near the surface and the
associated change in electronic potential give rise to oscilla-
tions in the electron density, leading to oscillations in the ton
density.’

En this paper I describe molecular dynamics computer
simulations of collisions of low-energy atoms with model
stratified liquid, uniformly distributed liquid, and single-
crystal solid surfaces of the same bulk density. Of interest is
the comparison of sputtering yields and reflectances for the
three surfaces, which represent two models for liguid sur-
faces and a model for a perfect solid surface. My model of the
liquid-metal surface follows directly from the work of
D’Evelyn and Rice ' on liquid mercury. There have been
previcus simulations of sputtering of liquid metals®® but
they used the standard picture of the density profile at a
liquid-gas interface, which I have called a uniform Hquid
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model in my simulations. Although there are no experimen-
tal data for sputtering of mercury and scanty data in general
for liquid metal sputtering, we will see that the resubts of this
modeling are consistent with most of the published data.
These calculations illustrate an interesting and, for some ap-
plications, important effect and serve as a prediction for fu-
ture measurements.,

. SIMULATING ATOMIC COLLISIONS WITH LIQUID-
METAL SURFACES

A. Surface structure of liguid mercury

Although this is a study of the sputtering characteristics
of model systems, I have drawn on the research of D’Evelyn
and Rice' on mercury for the stratified liguid-metal model.
In modeling the interfacial region of mercury IV’Evelyn and
Rice defined two types of Hg: metallic and vapor with the
metal-nonmetal transition setting in at a density p,,,,, of 9~10
g/cm.” The pair interactions in the metallic region are de-
scribed by a density-dependent effective potential, @ (7;1),
while those in the vapor region interact via an atomic poten-
tial @, (7). The atomic potential is purely repulsive, ai-
though vapor atoms interact with the conduction electrons
in the metal zone via an attractive van der Waals type of
potential, ¥ {z,, }, where z,, is the distance to the metal-like
zone. The effective potential in the metallic zone was ob-
tained from psendopotential calculations which were then
adjusted, based on Monte Carlo simulations, to give good
agreement with measured pair correlation functions in bulk
mercury.

D’Evelyn and Rice then performed extenstve equilibri-
um Monte Carlo { EMC) simulations of the interface region
to obtain the density profile for liquid mercury. They fitted
their EMC resulis for p(z) with a seven parameter function,

pz) _ 1+ [4sinQuz/4)/(1 + 22/1%)]
P 1 4 exp(z/6)

. - 2
+hexp(——=——~—~—=~——-(zz§) >, (1)
w

where p, = 13538 gom * (1 =437X10"2 A" %) is the
bulk Hg density.

I have used the above expression for the density profile
p£{z) to generate a model surface for use in dynamics simula-
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tions. The values of the constants used are 4 = 0.8, A = 0.6,
¢=30Aw=08A,8=06A1=30Aand/=6TA,
The density profile p(z) is shown in Fig. §. In Fig. 2 is shown
a side view of the 900-atom “‘slab” used in the MD simula-
tions. This represents a snapshot of the spatial distribution of
metal atoms for z> — 10 A at an instant in time. The unit cell
is 36 A square in the x-y plane and the bottommost atoms in
the metallic zone are at z = — 15 A. With the appropriate
potentials a dynamical simulation would allow the atoms to
move around in thermal motion yet retain the same density
profile, p(z), as given by the equation above.

B. interatomic potentials

In performing the dynamical simulations described be-
low, I used a modified Lennard-Jones potential for the inter-
action between atoms in the slab and a potential function
given by D’Evelyn and Rice' for the interaction between the
incident atom and the slab atoms. Although most sputtering
experiments involve collisions between ions and surfaces, 1
have assumed, following the theory of Hagstrum,'>" that at
these low energies metal ions, such as mercury, are likely to
have been neutralized by resonant tunneling or Auger pro-
cesses before colliding with the metallic surface.

The metallic potential used by D’Evelyn and Rice,
which was not an analytic function but was tabulated for
their calculations, is strongly repulsive having its minimum
at an interatomic separation of 4.60 A. In 2 molecular dy-
namics simulation, however, this potential was not satisfac-
tory in that it did not vield a negative total energy for a liquid
at the density of Hg. I found that a potential with a minimum
at saller 7, similar to that obtained by Kurcha and Suzuki'?
from pseudopotential calculations, did make the model sys-
tem stable on the time scale of the collisional and sputtering
processes. On a longer time scale, using this potential func-
tion, the stratified liquid slab equilibrates to an amorphous
slab of uniform density. The potential that I used was a
modified Lennard-Jones function,

Vir) = —4e[(a/r)'? — Alp)(a/N)°]. (2)

The well depth € == 0.1 eV gives approximately the correct
cohesive energy and the distance parameter o = 2.08 A
comes from the average nearest-neighbor distance as evi-
denced by the radial distribution function g{r) for the liguid.

Z(A)

FIG. 1. Model density profile relative to the bulk density near liguid Hg
surface.
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FIG. 2. Side view at an instant in time of 900-atom stratified liquid-metal
“slab” used in molecular dynamics simulations; units are A.

The very approximate density-dependent screening function
A{p) was gotten using the three potential curves, corre-
sponding to three densities, shown by D’Evelyn and Rice.!
This function is

Afp) = 0.67 4 0.56p, (33

with the density g in the units of p,,. This form of A (p) gives
about the “correct” density-dependent binding energy, tak-
ing that of Ref. 1 to be correct, which even the authors claim
is dubious. I found that this screening had a negligible effect
on the sputter yield obtained from the simulations. In the
calculations V{r) was cut off at 2.5¢.

The vaporlike potential is given in Ref. | as a Born-
Mayer type of pair potential plus a surface polarization po-
tential,

Voap (7}
Avap [€XP( — by ?) — €XP( — byyptia, )]s 7 <Py
= {O, L N
(4)
and
V,= — [l —exp( —az) (C/2), (5)

where A,,, = 6.07X10°eV,4,,, = 3.524 ", =543 4,
a=583x10"%*A? and C = 1.87 eV A>. Clearly the pair
potential is repuisive and the surface potential is attractive.
Their relative magnitudes are such that ¥V, {z) is much
smaller than V,,, (r} for separations less than about 5 AV,
{z) is large enough, however, to prevent the loosely bound
vaporlike atoms from escaping the slab due to their thermal
motion alone. This is the potential that I used for the interac-
tion between the incident atoms and the atoms in the slab.
I have reported here the details of the potential func-
tions developed for and used in the simulations but I did find,
as others doing similar modeling have,'>'* that such details
are not very important and most potential functions would
probably yield results similar to those presented here.

C. Molecuiar dynamics simulation method

In the molecular dynamics (MID) simulation the atoms
in the lquid are coupled to each other by the pairwise forces
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discussed above and the equations of motion are integrated
in time. Although the usual fluctuating and frictional forces
and generalized Langevin equations'® were used in the de-
scription of the moticn to mimic an isothermal system, this
sophistication was unnecessary due to the brevity of the
coliisions and the sputtering process.

The MD method of modeling atom-surface collisions is
very different from the Monte Carlo (MC) technique used
by sputter codes, such as TRIM'® or MARLOWE,!” which are
used to predict sputter yields. These MC codes assume an
amorphous solid and a binary encounter collision approxi-
mation. They then use a simple interatomic potential, usual-
iy a screened Couiomb (repulsive) potential with a screen-
ing function that has been obtained as an approximate solu-
tion y(r) to the Thomas-Fermi equation. Such potentials
combined with the binary encounter assumption, which are
high-energy approximations, allow one to simulate cascade
collisions and subsequent sputtering by what, in the end,
amounts to a mean-free-path algorithm. Clearly this method
is different from that that I have discussed above, which is
much more suitable for low-energy collisions where attrac-
tive interactions and cnergy sharing by many particles are
very important.

Hi. SPUTTERING CALCULATIONS

{ have used the molecular dynamics code and physical
models described above to simulate sputtering from the two
liguid and the solid model surfaces. The liguid models com-
prised 900 atoms each and the solid model, which is the
{111) face of an fce crystal, consisted of 726 atoms. All mod-
el slabs extended toadepthof z = — 12to — 15 A and were
thick enough to stop all incoming atoms up to the 500-eV
maximum kinetic energy. In order to obtain the 95% confi-
dence error bars on the yields shown in Fig. 3, 20-40 trajec-
tories were run for each case. The incoming atoms were all at
normal incidence and their impact peints were randomly
distributed on the slab surface with a uniform distribution in
x and y. The dynamics of the collision cascade was computed
for 1.2-1.8 ps with a time step of 2.0 fs. An atom was consid-
ered to have been sputtered from the surface if it passed a
plane 2 A above the top extremity of the surface having posi-
tive total energy and a velocity vector directed away from the
surface. Test calculations showed that this criterion counted
ali but the very infrequent atoms sputtered off at grazing
angles and that 1.2-1.8 ps was sufficient time for the cascade
to be essentially complete.

The sputter vields that I have computed using MD are
shown in Fig. 3. In addition to performing MD simulations
on the three models described above, I have used, for com-
parison, the TRiM'® MC code to compute the sputter yieid.
These results are also plotted in Fig. 3. We see in the figure
that the yield for the stratified liguid model is higher at low
impact energies and lower at high energy than the yields of
the other models. There is experimental evidence for this,
which will be discussed shortly. The physical reason for this
appears to be that binary collisions in the low-density vapor-
like regions of the liquid have a lower spuitering threshold
than in the other more dense models, whereas at higher im-
pact energies the incident atoms penetrate farther into the
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FIG. 3. Sputter yields for atoms incident on stratified liguid (O}, uniform
density p(z) {A), and fee (111} solid (8) model surfaces calculated using
molecular dynamics. The points (&) are the results from the TRiM Monte
Carlo program.

liguid than the solid so that their energy is absorbed more
efficiently without sputtering. This can be seen also in the
calculations of the reflection coefficient. The uniform liquid
and the solid models have reflection coefficients that are near
unity for these low energies but the stratified liguid model
has a reflection coefficient that falls from 65% at 50 eV to
only 30% at 500 eV.

The sputter yield of the stratified liquid model at 500 eV
has dropped dramatically below the yield at 350 eV. The
500-e¥ calculations were performed with a 1-fs time step,
which allows a maximum displacement of about 8.1 per
time step. As a check, I performed ancther simulation using
a 0.5-fs time step and obtained statistically the same yield
{3.6vs 3.4 atoms per ion ). It is well known 14 that the sputter
yield curves turn over at an energy at which the inwardly
directed component of the momentum of the primary
knock-on atoms becomes dominant over the transverse com-
ponent. [t may be that this mechanism is enhanced by the
underdense region near the surface of the slab causing the
more rapid than expected deciine in yield.

The sputter yields from the TRIM calculation lie a factor
of 23 below those of the uniform liquid MD model, with
which they should be most comparable. This may, however,
be reasonable considering the significant difference in intera-
tomic potentials used in the two calculations ' and the
small impact encrgies. These results are shown only for com-
parison because Monte Carlo programs such as TRIM are
widely used for sputter yield estimates. Finally, itis known **
that simulations such as this tend to overestimate the yield
when compared to experiment, so the important point here
is the relative, not the absolute, yields of the various models.

IV. SPUTTERING STATISTICS

The error bars on the spuiter vields in Fig. 3 are based on
assumed Poisson statistics. I we consider the distribution of
atoms ejected per single ion'® (ASI) we find that, of the total
number of trajectories run, a fraction will have yielded no
sputtered atoms, another fraction one sputtered atom, an-
other two, etc. Examples of such ASI distributions are
shown in Harrison’s review'* of sputtering simulation. If we
have no knowledge of the statistical law followed by the ASI
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distribution we must make use of Tchebysheff’s expres-
sion'® for the probability of deviation by a random variable
from the mean g:

P{jx — u| > ko)<1/k?, (6)

with & > | and where o is the standard deviation. Knowledge
of the probability distribution followed by the data reduces
the error bars substantially.

If we think of the sputter simulations as generalized Ber-
noulli trials, the probability that event £ is realized S, times
in N trials is given by the multinomial distribution’®'?:

P8, =5,.,5 =5} = N py ,

S8t

(73

where p; is the probability that %, is realized in any single
trial such that Zp;, = 1. The set {Sj} is a set of discrete ran-
dom variables such that £§; = &. It is easy to show using
Stirling’s approximation n! = 27nrn"e™, which is accurate
to better than 2% even for n = 5, that the multinomial distri-
bution can be written as a product of Poisson distribu-
tions.'®!? We see the correspondence to sputtering simula-
tions where &V is the number of trajectories run, the event £,
is the ejection of / — 1 atoms on any given trajectory, which
occurs with probability p;, and S; is the number of times
J— 1 atoms are sputtered in &V trajectories. The distribution
of §; is just the ASI distribution.

I assumed in computing the error bars in Fig. 3 that the
ASI distribution is Poisson where the probability that a sin-
gle ion will eject # atoms is

Pin) =A% */nl (8)

The parameter A is, of course, the mean number of ejected
atoms or the sputter yield. E took this as a nud! Aypothesis and
tested it on my own ASI distributions using Monte Carlo
synthetic sampling® and y” analysis. The mean y’ confi-
dence levels were in the range from 6% to 72%. I believe that
this is reasonable support for the nuli hypothesis. I tested
this hypothesis further by performing the analysis on the
ASI distributions published by Harrison [Fig. 18{a) of Ref.
14} and found mean y” confidence levels in the range from
14% to 52%. Some synthetic ASI distributions, when com-
pared to those obtained from sputter simulations, gave y*
contfidence levels as high as 94%.

TABLE 1. Published measurements of liguid- and solid-metal sputter yields.

V. DISCUSSION

There have been several measurements comparing the
sputter yields of liquid and solid metals. The materials and
methods used in these measurements are summarized in Ta-
ble 1. The measurements of Wehner, Stewart, and Rosen-
berg?! on tin sputtered by argon ions show a 40% larger yield
for liquid tin at an ion energy of 200 eV and a 6% smaller
yield at 400 eV. On the other hand, similar measurements by
Krutenat and Panzera® over the range of 100-800 eV show
the solid having a lower sputter threshold than the liquid
metal, about a 55% larger yield at 250 eV, a crossover at
about 400 eV, and a 17% smaller yield at 800 eV. Another
low-impact-energy measurement of relative sputter yield of
indium by 107-eV argon ions by Hurst and Cooper®® shows
liguid In having an 11% larger vield. At high bombardment
energies Garvin®® has observed, in going from the solid to the
liquid, a 50% decrease in sputter yield of indium and of lead
by 6-keV Hg ions but, within error bars, Dumike ez a/.*° have
observed no difference in the sputter yield of liquid and solid
gallium and indium by 15-keV argon ions. Clearly the results
are inconclusive and the definitive measurement has yet to
be performed. Wehner®® has suggested that the sputter yields
of solid metals are sensitive to the presence of irreguiarities,
such as steps, on their polycrystalline surfaces. This is an
issue that could be investigated using modern surface char-
acterization and diagnostic techniques. With regard to mod-
eling, there is evidence that an amorphous solid is not 2 good
model for polycrystalline materials’®. The MC code
MARLOWE has been used'’ to model sputtering of polycrys-
talline solids, but I do not know of this having been done
using molecular dynamics technigues. Finally, the simula-
tions presented here show a much larger difference between
the sputter yields of the statified Hquid surface and the solid
surface than any of the measurements have observed. It is
likely that due to its very large vapor pressure, much larger
than the vapor pressures of the liquid metals used in the
experiments, the difference in the low-energy sputter vield
between the stratified lguid and the solid model is exagger-
ated compared to what would be measured for Sn or In, for
example, just above their melting points.

The results of these simulations indicate that there
should be 2 difference in sputter yield and in reflectance of
liquid- and solid-metal surfaces. Experimentally there is a

Authors Metal Ion Yield measurement

Wehner, Stewart, and Rosenberg® Sn 200-400-eV Ar? Absolute; microbalance weight loss
Krutenat and Panzera® Sn 100-800-eV Ar* Absolute; microbalance weight loss

Hurst and Cooper® In 107-eV Ar™* Relative: oscillating crystal

Garvin® In, Pb 6-keV Hg* Relative; gnadrupole mass spectrometer
Dumke et al.* Ga, In 15-keV Ar™ Absclute; Rutherford backscatter analysis

of graphite collectors

*Reference 21.
"Reference 22.
‘Reference 23.
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need for more precise low-energy sputtering measurements,
including investigations of the effects of the topology of solid
surfaces on yield and reflectance. The latter can also be stud-
ied by simulation. More theoretical research following the
pioneering work of D’Evelyn and Rice on the surface struc-
ture of liquid metals and further simulations using realistic
potentials and studies of the effects of the form of such poten-
tials on the simulation predictions at very low impact ener-
gies (such as has been done for high impact energies by
Harrison and Webb!'>'*) are needed to provide a clear un-
derstanding of sputtering phenomena.
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