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Low-energy ions which bombard a vapor-deposited film of low adatom mobility during growth
mobilize surface atoms in the vicinity of the ion impact, causing a modification in the evolving mi-

crostructure.

In a two-dimensional molecular-dynamics simulation where inert-gas ions strike a

growing film of Lennard-Jones particles, it is demonstrated that ion bombardment during growth
causes the filling of voids quenched in during vapor condensation and induces homoepitaxial
growth. The dependence of film density and degree of homoepitaxial growth on the ion-to-vapor ar-

rival rate ratio and ion energy is studied in detail.

I. INTRODUCTION

In recent years there has been an increasing interest in
elucidating the mechanisms which lead to thin-film modi-
fications caused by low-energy ion bombardment during
growth,' =% as a detailed understanding is of importance
for the preparation of new materials and novel devices
that exhibit improved physical properties. Some ion-
induced effects are acceleration of the nucleation stage,4
enhanced adhesion,’ modification of crystal structure® and
film stress,” densification and, in the case of compound
deposition, stoichiometric changes. Films grown under
ion bombardment can be produced by a number of dif-
ferent techniques such as ion-assisted, sputter, or cluster-
beam deposition. The evolving microstructure and prop-
erties of films depend strongly on the deposition tech-
nique since the impact energies and fluxes of ions and
condensing film atoms are different for each method. For
example, in ion-sputter deposition the sputtered atoms ar-
rive at the substrate with a broad energy spectrum which
ranges from about a tenth of an eV up to several eV.}
Simultaneously, there will be bombardment from ions re-
flected from the target arriving at the film surface with
energies of a few hundred eV depending on the primary
ion energy and residual gas pressure. In magnetron
sputtering’ the growing film is bombarded by noble-gas
ions created in a plasma formed near the substrate where
the energy of the arriving ions can be influenced by an ap-
plied bias voltage. In ion-assisted vapor deposition,!”
modeled in this paper, the depositing material is evaporat-
ed by an electron gun and the bombarding ions emerge
from a Kaufman source which produces monoenergetic
ions of a well-defined flux which can be varied indepen-
dently of the energy.

In order to predict desirable film modifications by ion
bombardment, it is imperative to gain a detailed
knowledge of the basic interaction mechanisms between
ions and film species and their effects on film growth.
Several attempts have been made to model ion-assisted
thin-film growth by computer simulations. In Ref. 11
thermal spikes, created during film growth by impinging
ions, were assumed to induce thermal hopping inside the
expanding heat pulses. In Refs. 12 and 13, the binary-
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collision model was used to explain the densification of
ion-assisted films in terms of ion incorporation and sur-
face atom recoil implantation.

At present, the author is unaware of any publication on
ion-assisted deposition described in terms of a molecular-
dynamics (MD) simulation. Vapor deposition, in the ab-
sence of ion assistance, has been investigated by several
authors using the MD model. Leamy et al.'* compared
MD results for vapor-deposited columnar film growth
with the Henderson model’® and emphasized the more
realistic description of the MD simulations. Schneider
et al.'® performed a full three-dimensional MD computa-
tion which studied epitaxial growth from the vapor phase
and the effect of substrate temperature.

The purpose of this paper is to investigate, by a two-
dimensional MD simulation, ion-assisted vapor deposition
of films of limited adatom mobility. As an example, Ar-
ion-induced structural rearrangement processes which
lead to the modification of a growing Ni film on a zero-
temperature substrate will be examined at the atomic lev-
el. The dependence of the film packing density and the
degree of homoepitaxial growth on deposition parameters
like the ion-to-vapor flux ratio and the ion energy will be
discussed.

II. MODEL

The effect of ions bombarding a piece of bulk material
has been studied extensively by MD techniques, mainly to
elucidate the atomic sputtering mechanism and invaluable
conclusions, concerning its many-body nature, have been
drawn.!” These investigations were carried out for a
model sample of ideal crystals with perfect surfaces and
no crystal defects (where computer running time con-
siderations limit the target to roughly 2000 atoms). Films
grown from the vapor phase with limited adatom mobility
like high-melting-point elements and some compound ma-
terials of high binding energy evolve on a room-
temperature substrate in the form of porous columnar net-
works.!4#1318=21 quch imperfect microstructures will be
affected significantly by low-energy ion bombardment
during growth because the ions induce additional adatom
mobility. MD calculations are adequate to elucidate in
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detail the effect of ion bombardment, because they are
capable of describing the entire dynamics of all atoms in-
volved and describe satisfactorily local freezing into new
atomic configurations.

The simulation technique of MD is a classical model in
which the evolution of a representative sample of a system
is followed on the microscopic scale of time and distance.
In our case the Hamilton’s equations are solved for a sys-
tem of interacting film atoms, arriving vapor atoms, and
impinging ions. lIons are assumed to interact with the
film atoms by a pairwise additive and spherically sym-
metric Moliere potential®? V (r),

Z,Z,e?

V(r) (0.35¢ =03/4.4.0.55¢ ~ 12/
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where a is the Firsov screening length?3
a=0.4683(Z|"> +2,/*)~%> (2)

and Z, and Z, are the atomic numbers of ion and film
atom, respectively.

Two different atom-atom interactions between film
atoms are used. One is a compound function, U(r),
which consists of a Moliere repulsive “wall” (Z,=2Z,)
joined by a cubic spline?® to a Lennard-Jones function,
Uy ,(r), attractive “well,” where

12 6

g
r

g
r

(3)

ULJ(r):4€

The other is a Lennard-Jones potential Up;. Figure 1
shows the atom-atom interactions U and Upy. The spline
function joins the Moliere potential at r,=1.6 lattice
units (1 Lu. =1/2ag, ap= lattice distance) and the
Lennard-Jones potential at r,=0. A value of 0.2239 nm
for o is determined such that it corresponds to the intera-
tomic distance of fcc Ni in the (111) plane at equilibrium.
The strength parameter, €, in the Lennard-Jones potential,
which determines the depth of the well, is selected to
reproduce the cohesive energy of Ni with a two-
dimensional close-packed lattice. The strength parameter
¢ is found to equal 1.32 eV. The potential U has a softer
repulsive core than Upy. The reason for combining the
Lennard-Jones and Moliere potentials is that the repulsive
Moliere potential has been used successfully in many col-
lision cascade calculations. As the calculations are two-
dimensional and therefore reveal only qualitatively ion-
assisted vapor-phase growth, no effort has been made to
choose a more realistic potential. The interactions of Ni-
Ni, Ar-Ni, and Ar-Ar are truncated at r =2.50, 37ani_ni
(screening length) and 37a,_y;, respectively. The attrac-
tive components of the Ar-Ni and Ar-Ar interactions are
neglected since their wells are assumed to be very shallow.

In MD calculations of the equilibrium crystal vacuum
interface, it is sufficient to use a simple forward differ-
ence scheme to integrate the equations of motion. In the
case of nonequilibrium conditions where ions with large
kinetic energies collide with film atoms, changes in force
over a time step can be larger than in the equilibrium case.
For our purposes, the average force method?® which is
based on a single iteration predictor-corrector operation
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FIG. 1. Compound potential U representing the Ni-Ni in-
teraction. The Moliere potential defines U for r<r,, the
Lennard-Jones potential is valid for r > r,. A cubic spline func-
tion determines U between r, and r,. The full Lennard-Jones
potential is denoted by Uy;.

seems suitable. Assuming particle [ is at position x; at
time ¢ and has a velocity v;, then the position and velocity
at time ¢+ At is given by

X (t+AD=x;()+v;()At + (F; YAt /2m; , 4)
vi(t+A)=v(t)+(F; YAt /m; , (5)
where the average force on particle i is obtained as
(F;)=3[Fi(x;(t + AD)) + F;(x;(1))] (6)
and
X; (1 4+AD)=x;(t) +v;(1)At + F;(x;())(A)2/2m; . (7

The force exerted on particle i is determined by the sur-
rounding configuration

F;=—grad;, ¥ ¢(|x;,—x;]), (8)
J G
where ¢ is either U, Upy, or V depending on which
species i and j represent.

The length of the integration time step, At, is readjusted
for each calculation. In the case of v; > (F;)At/2m;, the
maximum absolute velocity, v,, = max{v;}, is determined
for each time and the new interval is calculated as
At=0.025a4/v,,. This method ensures that the max-
imum atomic displacement does not exceed 0.025 times
the lattice distance during each calculation. When the in-
volved particles slow down (or during film growth
without ion bombardment), the integration time step, At,
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is selected similar to other relaxation studies'® as
At=0.02(mo*/e)'/?, 9)

where m is the mass of the Ni atom.

Because a vector computer CDC Cyber 205 is used for
the computations, the MD code is designed to take advan-
tage of its powerful vector processing facilities. For the
generation of neighbor lists the “method of lights”?® is
employed with a fast vectorized sorting routine. Vectori-
zation is further applied to the force computation which
makes use of a force table look-up and interpolation pro-
cedure.

The two-dimensional rectangular simulation cell which
contains the growing film is open along the positive z axis
and the substrate consists of several close-packed rows of
Ni-atoms which are placed parallel to the x axis above
each other. The film atoms in the bottom layer are fixed
at z=0 at their ideal lattice sites while atoms in the
second layer are permitted to move. Whenever an atom
moves downwards and crosses the second layer position at
z=(V3/2)a,, its velocity is reset to zero which means
that the substrate behaves as an ideal heat sink of zero
temperature. Periodic boundary conditions are applied in
the x direction parallel to the substrate. Vapor atoms are
introduced sequentially at random and impinge under a
certain angle of incidence with respect to the film sub-
strate normal. It is necessary to choose the elapsed time
before introducing another vapor atom such that it is
large enough to avoid interactions between incoming va-
por atoms and also to give the system enough time so that
impact-induced vibrations can relax and be absorbed in
the lowest layer. (If the elapsed time chosen is too short,
the vapor will condense on a film of elevated temperature
thus the adatom mobility increases, resulting in a different
structural evolution of the film.) Before introducing a
new ion after every v impinging vapor atoms (which cor-
respond to an ion-to-vapor flux ratio of j, /j,=v~!), the
system is relaxed until all vapor atoms have arrived at the
film surface to avoid possible collisions between a fast
impinging ion and approaching vapor atoms. Before in-
troducing more vapor atoms the system is allowed to relax
after the ion-induced collision sequence. The elapsed time
before a new vapor atom arrives is chosen to be at least 15
ps. The average temperature kT of the upper-film surface
layers is calculated during deposition to ensure that vapor
atoms condense at a cold surface (kT <0.005¢). Because
of these cooling and relaxation requirements the calcula-
tions become very computer time consuming especially
for larger j;/j, values. (j;/j,y=0.16 with 780 particles
involved, requires about 3 h CPU on a CDC Cyber 205
supercomputer.)

Before we discuss the results of our MD simulation for
ion-assisted vapor deposition we have to mention the re-
strictions imposed by a two-dimensional (2D) model. The
problem with a 2D calculation is that it restricts certain
degrees of freedom of the interacting particles.”” The re-
moval of the kinetic energy from a 2D molecular-
dynamics cell is slower than from a 3D one and some of
the sputtering and atomic rearrangements occurring in the
late stage of an ion impact may partially be thermal in
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origin. The great advantages of a 2D MD calculation are
that it is computationally far less expensive and that it fa-
cilitates the tracking of particle trajectories, thus giving a
simple pictorial description of ion-assisted thin-film depo-
sition. Despite the above-mentioned disadvantages, a 2D
MD simulation should reflect many of the essential
features of a full 3D deposition.

t=11ps («©)

FIG. 2. (a) Film structure resulting from 120 condensing Ni
vapor atoms approaching with an energy of 0.1 eV. The lowest
two atomic layers represent the perfect Ni substrate. The vapor
impingement angle is 30°. An Ar ion approaches the surface.
(b)—(d) Collision sequence induced by a 100-eV Ar ion which
hits the porous Ni film at x = 14a,.
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III. RESULTS AND DISCUSSION

The structural rearrangements at an atomic level,
caused by ions impinging on a growing film are compli-
cated and therefore best represented pictorially. The film
configuration is illustrated by depicting the positions of
film atoms by open circles of radius ay/4 and ions by
solid circles. Instead of determining the kinetic energies
of the vapor atoms from a Maxwellian distribution in a
random fashion, a constant energy of 0.1 eV was assumed
for simplicity. The vapor impact mobility at such a low
kinetic energy is restricted to about one lattice distance
and the vapor atom usually relaxes at its point of impact
into the nearest cradle formed by two other film
atoms'>!°~2!_a mechanism which is inherent in a MD

t=-0.21ps b

FIG. 3. (a)—(d) Collision sequence resulting from the impact
of a 100-eV Ar ion hitting the porous Ni film at x =8.5a,.

calculation for a low-temperature substrate. Due to the
low-vapor impact mobility, atomic shadowing occurs,
causing the formation of voids and the growth of micro-
columns.

Before discussing the structural modification obtained
for different ion-to-vapor flux ratios and different ion
energies,the typical effect of a single ion which hits the
surface of a porous film is described. A typical structure
formed by a few condensed vapor atoms is shown in Fig.
2(a), where the beginning of the formation of a porous
columnar structure can be recognized. The vapor im-
pingement angle relative to the substrate normal is 30°.
Structure rearrangements occurring when an Ar ion of
100 eV strikes the surface at different points of the two-
dimensional Ni film, is illustrated in Figs. 2 and 3. (Here
the Ni-Ni interaction is of the compound form U. A
part of the kinetic energy of the ion is transferred to a few
surface atoms which in turn transfer their kinetic energies
to other film atoms so that a collision sequence evolves.
The atomic displacements are indicated by straight lines
(not trajectories) attached to the corresponding atoms with
their origin at the atom’s #=0 positions. Displacements

0.1 eV vapor

FIG. 4. (a)—(c) Typical microstructure obtained for condens-
ing vapor atoms with kinetic energy of 0.1 eV arriving under
normal incidence (a) without ion bombardment, (b) with Ar
bombardment of E =50 eV and j;/jy=0.04, (c) with Ar bom-
bardment of E =50 eV and j;/jy=0.16.
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FIG. 6. (a)—(c) Typical microstructure obtained for condens-
ing vapor atoms of 0.1 eV kinetic energy, arriving under normal
incidence (a) without ion bombardment (b) with Ar bombard-
ment of E=10 eV and j;/jy=0.16, (c) with Ar bombardment
of E=75eV and j;/jy=0.16. The atom-atom potential is U.

FIG. 7. Packing density (first nine layers above the substrate)
vs Ar ion kinetic energy E for a fixed ion-to-vapor flux ratio
ji1/jy=0.16. Results for potentials U and Uy; are shown.

less than a,/2 are not indicated. As can be seen from
Fig. 2, ion bombardment during growth removes
overhanging atoms and causes the void regions to remain
open until filled by new depositing atoms. In addition,
Fig. 3 shows that ions cause surface diffusion, local heat-
ing, and recrystallization. The initial violent ion-surface
collision and the formation of knockon atoms require only
about 0.2 ps while the freezing process, to establish the fi-
nal atomic configuration, takes about 10 ps. As can be
seen from Figs. 2 and 3 the structure rearranges such that
atoms move to lower-lying positions where some undergo
considerable displacements while a large number of atoms
only become displaced slightly during the later stage of
the relaxation process.

In the following the microstructure obtained when a
large number of ions bombard the film during growth will
be discussed. The vapor impingement angle is chosen to
be 0° and the ion impingement angle 30°— a geometrical
configuration which is frequently used in ion-assisted
deposition.'®?® The substrate consists of five layers of 40
atoms in a row and a total of 500 vapor atoms approach
sequentially the surface of the growing film. While the
ion-to-vapor flux ratio and the ion energy are varied the
vapor arrival sequence is always the same. Figure 4(a)
shows the microstructure obtained without ion bombard-
ment (0.1-eV monoenergetic vapor atoms) and Figs. 4(b)
and 4(c) with 50-eV Ar ion bombardment where the ion-
to-vapor flux ratio is j;/j,=0.04 and 0.16, respectively.
(Here, the Lennard-Jones potential Uy is used.) The
reason for the formation of a columnar microstructure
[Fig. 4(a)], even at 0° angle of vapor incidence, is due to
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the attractive force between the atoms which curves the
trajectories of vapor atoms towards adjacent atomic clus-
ters. The sputtering yield found is about 0.35. In none of
the examined cases were Ar ions entrapped in the film.
The packing densities, defined as the fraction of atoms
occupying the first nine layers above the substrate, are
shown in Fig. 5 for the two ion energies E=10 and 50
eV. The density increases with ion-to-vapor-flux ratio
ji1/jy- Because of the relatively small number of atoms
involved in the simulation, limited by the otherwise unac-
ceptable time of computation, the data exhibit consider-
able scattering but the trends are discernable. (An almost
linear increase in packing density has been found experi-
mentally for ion-assisted vapor deposited ZrO, and CeO,
films.!®?%) How the microstructure changes for a fixed
ion-to-vapor flux ratio of j;/j,=0.16 with increasing ion
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kinetic energy E is displayed in Fig. 6. The sputtering
yields are y=0 for E=10 eV and about 0.7 for E=75
eV. (The sputtering yields might be unrealistically high
due to the above-mentioned restricted degrees of freedom
in a 2D MD simulation.) The density is shown in Fig. 7
where the compound potential U results in a slightly
larger packing density. The density increases rapidly at
low ion energies because a weakly bonded porous struc-
ture is easier to reorder and densify than a more closely
packed one. The interesting regime of ion kinetic energies
larger than 100 eV could not be considered at present as
the required larger relaxation time, which follows each
ion-induced collision sequence, makes calculations very
computer-time intensive.

To illustrate the improvement in homoepitaxial growth
with increasing ratio j;/jy, Figs. 8(a)—8(c) show the

40 40
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FIG. 8. (a)—(c) Atomic density vs height z at Ar ion kinetic energy of 50 eV for (a) no ions, (b) j;/j;=0.04, (c) j; /j,=0.16.
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FIG. 9. Degree of homoepitaxy a in dependence of the ion-
to-vapor flux ratio j;/jy for Ar* kinetic energy of E=50 eV.
The atom-atom potential is Uy ;.

atomic density versus the height of the film corresponding
to the microstructures of Figs. 4(a)—4(c). Here the atom-
ic density is defined as the number of atoms found per
height interval Az =(v'3/10)a,. The substrate layers are
included. Figure 8(a) indicates disorder in the deposited
film, while Figs. 8(b) and 8(c) exhibit improved homoepi-
taxy. To illustrate the dependence of epitaxial growth on
deposition parameters more quantitatively, we define the
degree of homoepitaxial growth a as the portion of the
condensed atoms located within narrow bands of width Az
around the ideal layers at positions z=n (V'3/2)a,, where
n=5,6,7,.... By this definition the value of «=0.2 in-
dicates no homoepitaxy while a =1 corresponds to perfect
epitaxy. Figure 9 shows how a depends on the ratio j; /jy
for a fixed Ar ion energy of 50 eV. Plotting a versus the
ion kinetic energy E for a fixed ratio j; /j,=0.16, as illus-
trated in Fig. 10, reveals a rather sudden increase in the
low-energy region and perfect epitaxy is attained for an
ion kinetic energy larger than about 50 eV. Again, there
is a slight difference in the results for the two potentials
used.

IV. CONCLUSION

A molecular-dynamics calculation is employed to study
the atomic rearrangement processes occurring when
porous thin films are bombarded by ions during growth.
Although the model is only two-dimensional and there-
fore restricts deposition and relaxation processes, it is be-
lieved to reflect a number of essential features. The most

KARL-HEINZ MULLER 35

1.0 |
08
a
0.6 -
Ar* — Ni
i/i, = 0.16
v - pot.U
0.4 _
o : pot.ULJ
| 1
0 50 100
E (eV)

FIG. 10. The degree of homoepitaxy a vs ion kinetic energy
E for a fixed ratio j;/j,=0.16. Results for potentials U and
Uy, are shown.

important ion surface interaction processes which lead to
microstructure modifications are (i) atoms accumulated to
form a void structure are dislodged and forward sputtered
by incoming ions causing the void region to remain open
until filled by new depositing atoms; (ii) ion impacts in-
duce surface diffusion as well as local heating such that
recrystallization takes place during growth and the under-
lying crystal structure is adopted. In the 2D MD calcula-
tions up to 800 particles have been used to describe Ar™-
assisted Ni growth at zero substrate temperature. It has
been shown that ion bombardment during growth
enhances the adatom mobility, causing packing density
and crystal order to increase with increasing ion-to-vapor
flux ratio and ion energy. Ion-to-vapor flux ratios up to
0.16 and ion energies as high as 100 eV have been con-
sidered. The results are only slightly dependent on the
two atom-atom potentials used. For all cases Ar was not
entrapped in the film.
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