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The relationship between the ion-beam energy and the stress in thin carbon films is studied using two-
dimensional molecular-dynamics simulations. In agreement with experiment, a transition is seen from tensile to
compressive stress with increasing ion energy. The compressive stress reaches a maximum near 30 eV, after
which it slowly decreases. A significant result of the simulations is that the compressive stress does not arise
from the implantation of ions beneath the surface layer as has been previously proposed, rather, incident ions
are incorporated into growing surface layers. Animation sequences of the impact process also provide detailed
insight into the film growth mechanism.

I. INTRODUCTION

It is well established that the properties of thin films
grown by deposition from ion beams are strongly dependent
on the energy of the ions. Films grown with thermal energy
ions are typically porous and have a columnar structure,
whereas films grown with 30–100 eV ions have a dense,
connected structure and are often compressively stressed.
The compressive stress is of considerable interest as it causes
delamination if the film is grown beyond a critical thickness
and has also been linked to the formation of dense phases of
materials such as tetrahedral amorphous carbon (ta-C! ~Ref.
1! and cubic boron nitride.2 This paper reports results of
two-dimensional molecular-dynamics simulations designed
to investigate the compressive stress generation mechanism.

In a number of materials the stress changes from tensile to
compressive with increasing ion energy. A maximum com-
pressive stress is attained for ion energies in the 40–70 eV
range and above this energy the stress slowly decreases.
Theories of compressive stress generation typically focus on
two main areas, the mechanism by which the stress is gen-
erated and the dependence of the stress on the ion energy.
Davis3 has proposed a theory to explain the energy depen-
dence of the stress and Robertson4 has proposed a similar
theory to explain the dependence of thesp3 fraction in ta-C
on the ion energy. Central to both theories is a conceptual
picture of film growth known as the ‘‘subplantation model.’’
In this model the energetic ions are implanted into the sub-
surface of the film, producing densification and compressive
stress in the process. In addition to this subplantation pro-
cess, it is postulated that the ions cause local melting near the
impact site, a phenomenon known as a ‘‘thermal spike’’
which anneals the surface region and reduces the stress. In
the theories of Davis and Robertson it is the competing ef-
fects of densification and annealing which are responsible for
the energy dependence of the compressive stress. While both
theories are in reasonable agreement with experiment it has
yet to be shown that subplantation mechanism is responsible
for the generation of the compressive stress.

Molecular dynamics~MD! is a highly effective technique
for understanding film growth because the film and substrate
are treated from an atomistic perspective. Implantation mod-
els such asTRIM are valid only when the ion energy is over

100 eV as they assume the binary collision approximation
and picture the system from a continuum viewpoint. Mu¨ller5

has successfully used MD to model the growth of films in
two dimensions using thermal energy ions. Mu¨ller’s simula-
tions reproduced a number of experimentally observed fea-
tures including columnar growth of the films, an increase in
densification with energy, and a characteristic peak in the
tensile stress for ions with an energy of 1–2 eV. However,
these simulations were not suitable for the investigation of
compressive stress phenomena.

At higher impact energies Kaukonen and Nieminen6 had
some success modeling the growth of carbon films. Using a
Tersoff potential,7 they found the films were most diamond-
like when the ion energy was in the range 40–70 eV. How-
ever, their maximumsp3 fraction was 44 %, approximately
half of the experimentally observed value1 and the stress in
the films was not calculated. Simulations of individual ion
beam impacts have also been performed for carbon8 and
silicon.9 However, a common feature of all these simulations
is a lack of detail concerning the thermal spike and the
growth process itself. Both of these phenomena are studied
in some depth in this work.

The simulations performed in this work reproduce experi-
mentally observed features such as the transition from tensile
to compressive stress with increasing energy and a peak in
the compressive stress around 30 eV. A significant result of
the simulations is that the compressive stress in the films is
not due to subplantation. In fact, it was found that the ener-
getic ions did not penetrate the surface at all. Instead they
were incorporated into the surface layer of the film.

II. MODEL

A. The potential

The simulations were two dimensional and used a modi-
fied form of the Stillinger and Weber~SW! potential10 to
describe the atomic interactions. The parameters used were
derived by Bensan,11 who performed Hartree-Fock calcula-
tions to reparametrize the SW potential for graphite. The
most important quantities were

«55.5 eV, s51.266 Å, andu5120°,
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where« is the bond strength, 21/6s 5 1.421 Å is the bond
length, andu is the ideal bond angle.

The SW potential was chosen for this work as it offered
the prospect of compressive stress in two dimensions. Previ-
ous 2D studies using the Lennard-Jones potential produced
crystalline and polycrystalline films but not amorphous struc-
tures. In addition, the Lennard-Jones films were able to sus-
tain a compressive stress only when an impurity atom was
introduced into the system.12 In this context the use of the
SW potential is an attempt to simulate the growth of 2D
films, which are both amorphous and intrinsically stressed.

It must be emphasized that the simulations are not an
attempt to reproduce the dynamics of a particular material
such as carbon, in either its graphite or diamond form. In-
stead, it should be viewed as a 2D model of a hypothetical
material using a realistic interatomic potential. The restric-
tion to two dimensions allowed a much larger system to be
studied and a greater number of simulations to be performed.
We are confident that the 2D nature of the calculation does
not adversely affect the compressive stress phenomena as
Müller5 and others12 have had success modeling tensile stress
properties in two dimensions. In addition, the degree to
which the results are consistent with experiment suggests the
2D model retains the essential characteristics of a thin film
grown using an ion beam.

B. Growing the films

The simulation technique used to grow the films was cho-
sen to emulate experimental conditions as much as possible.
The ions were deposited individually, a thermostat was used
to remove energy from the edge of the simulation cell, and
the film and substrate were cooled back to 300 K before
subsequent ions were deposited. It was not possible to model
thermally activated processes such as surface diffusion as
these occur on time scales ofms, which are too long to be
simulated by MD.

The films were grown on a graphitelike substrate measur-
ing 23380 Å containing 736 carbon atoms. The ions were
deposited randomly with normal incidence onto the central
region of the substrate. The width of the ion beam was 40 Å.
Periodic boundary conditions were not used, instead the edge
atoms and the base layer were fixed.

To avoid prematurely chilling the thermal spike, the sys-
tem was cooled to 300 K only once the structure was con-
stant and no new bonds were being broken or formed. The
typical lifetime of the spike before the cooling to 300 K
ranged from 0.2 ps for the 1 eV ions to 1 ps for the 100 eV
ions. The ions were deposited individually as even in rapid
deposition systems such as the cathodic arc13 the time be-
tween successive impacts in a 10310 Å region is of the
order of a millisecond. Thus the impact region reaches ther-
mal equilibrium with the rest of the film and substrate long
before the next ion arrives at the surface.

C. Calculating the stress and density

The lateral stress in the film was calculated using the fol-
lowing expression, which sums over all atoms in the film:
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This definition is equivalent to calculating the force acting
across vertical lines of arbitraryx position and taking the
average value. In this expression,A is the area of the film,
r i j is the distance between atomsi and j , F(r i j ) is the force
between atomsi and j , andnxi j is the difference inx po-
sition of atomsi and j . The sign convention adopted for the
force was positive for attraction and negative for repulsion.
Thus a positivesxx indicates a tensile stress and a negative
sign a compressive stress. Note that the units ofsxx are not
Pa but Nm21 as a stress in two dimensions is a force per unit
length. To assist in interpreting the magnitude of the stresses,
sxx was converted to an equivalent three-dimensional value
by dividing by 3.51 Å, thec-axis spacing in graphite. This
equivalent value should be taken as a guide only.

It is instructive to rewrite Eq.~1! in the equivalent form
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n is the number of atoms in the region, andr is the atom
number density/unit area. In this formsxx is expressed as the
average value of a new quantitys i which measures the con-
tribution of each atomi to the total stress. Thuss i represents
the stress environment local to each atom.

The density was inferred from the average bond length
r av using the relationr;1/r av

2 and normalized with the
graphite natural bond length, 1.421 Å. This expression pro-
vides a valid comparison between structures with similar to-
pologies but different densities. This definition gave the most
appropriate measurement of the density. Approaches based
on counting the number of atoms in a given region were
found to be overly sensitive to the area of the region speci-
fied.

III. RESULTS

A. General properties of the films

A total of six films, each containing between 300 and 400
atoms, were grown with ion energies of 1, 10, 20, 30, 50, and
75 eV. The films were amorphous and stressed and the film
properties showed a strong dependence on the ion energy. In
addition, the film grown with 75 eV ions was bombarded
with two-hundred 100 eV ions, sufficient to result in another
equilibrium stress level.

Four of the films are shown in Fig. 1, with the black and
white circles denoting deposited ions and substrate atoms,
respectively. The dependence of the stress and density on the
ion energy is shown in Figs. 2 and 3. The error bars in Fig. 2
reflect the degree of uncertainty in the curve fit used to take
into account fluctuations in the stress with film thickness. An
example of the amorphous nature of the films is seen in Fig.
4, which shows the topology of the 75 eV film.

These figures show that the simulation reproduces the sig-
nificant features observed experimentally. With increasing
energy there is a transition from the voided columnar films
under tensile stress to denser, more uniform films under com-
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pressive stress. At higher energies the stress reaches a maxi-
mum and then gradually decreases. This transition has not
been previously reproduced in a simulation, but is commonly
observed experimentally.

This dramatic change in morphology and properties is a
function of the various dynamical processes which occur
when the ions impact on the surface of the growing film. A
1 eV ion bonds to the first atom it comes near to, as its
kinetic energy is insufficient to break bonds. For this reason
the film growth is columnlike as higher sections of the film
‘‘shadow’’ the surrounding region. However, when 10 eV
ions hit the surface, they have sufficient energy to break
bonds, which prevents the growth of columns and produces a
structure which is stress-free. As the ion energy is further
increased, the films grow with significant compressive
stresses. The mechanism by which this stress arises is quite
subtle and is examined in detail in the following sections. At
still higher energies, the stress decreases. Increased surface
mobility is evident at these ion energies and the films in Fig.
1 show two consequences of this effect. As the ion energy
increases the films become progressively wider and a greater
degree of mixing occurs between the film~black circles! and
the substrate~white circles!.

B. Testing the subplantation model

Analysis of the thermal spike showed that the deposition
process differs from the subplantation model proposed by
Davis3 and Robertson.4 We propose a model in which ener-
getic ions insert themselves into the growing surface while
simultaneously heating the atoms near the impact site. Evi-
dence for this model is presented below.

A critical test of whether subplantation is taking place is
seen in Fig. 5, which shows the resting position of the ener-
getic ions once the thermal spike has cooled. The final posi-
tion of the ion ranges from outside of the film as a result of
sputtering~white circle!, to lying on the surface with various
coordinations~solid markers!, to becoming part of the bulk
~white squares!. The distinction between surface and bulk
was made using the convention shown in Fig. 6, which used
a ring counting algorithm to identify the surface and bulk
regions. Atoms were deemed bulk atoms if they were found
in three rings and surface atoms if in less than three rings.
Bonds were considered to be in the bulk if they were found
in two rings and as on the surface if in one ring or no ring at
all. This definition of surface and bulk is used for the remain-
der of the paper.

FIG. 2. Lateral stress in the simulated films as a function of the
incident ion energy. The solid circles indicate films which were
grown. The white square shows the stress of the film grown with 75
eV ions after it was bombarded with two hundred 100 eV ions.

FIG. 3. Density of the simulated films as a function of the inci-
dent ion energy. The density was inferred from the average bond
length and normalized using the graphite natural bond length. The
values quoted are a percentage fraction of the natural density of
graphite.

FIG. 1. Films grown with ion beam energies of 1, 10, 30, and 75 eV. The solid circles denote deposited ions while the white circles
indicate substrate atoms.
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Figure 5 demonstrates that the impacting ions do not
‘‘subplant’’ below the surface of the film, rather they form
new surface material, with a coordination of two likely in
over 50% of events. In addition, there is no correlation be-
tween the number of ions deposited into the bulk and the
compressive stress. Also, the small number of events which
did give rise to a subplanted atom were not due to direct
subplantation, but to ‘‘caving-in’’ of nearby atoms when the
ion was deposited into a small valley in the surface. These
results are significant as they demonstrate that subplantation
is not necessary to generate compressive stress. While it may
be argued that subplantation may occur in three-dimensional
structures, it cannot be presumed that the compressive stress
is due to subplantation effects.

Figure 7 shows the average number of bonds formed and
broken per impact in the surface and bulk regions as a func-
tion of the ion energy. The solid and dotted lines are linear
and quadratic curve fits, respectively. A significant feature of
this graph is that the number of bonds formed and broken in
the bulk is the same, which shows that the energetic ions do
not add net material to the bulk. Were this the case the im-
planted ions would produce a net increase in the number of
bulk bonds, an effect which is not observed. This reinforces

the argument presented above that subplantation does not
occur and shows that the only process occurring in the bulk
is annealing.

Further evidence for the surface growth model is reflected
in the net number of surface bonds created. The difference in
the number of surface bonds formed and created is approxi-
mately constant around 1.5 bonds/impact, which is the ex-
pected growth rate for a structure which is threefold coordi-
nated. This demonstrates that the growth of the film occurs at
the surface. The slight convergence of the two curves at
higher energies is due to an increase in sputtering, which
reduces the deposition rate.

The linear and quadratic dependence of the surface and
bulk statistics are also worthy of mention. Such a depen-
dence is consistent with the thermal spike radiusr being
proportional to the ion energy. This conclusion is based on
the fact that in two dimensions the number of surface and
bulk bonds lying within a distancer of the impact site scales
as r and r 2, respectively.

It is interesting to speculate on the annealing mechanism
responsible for the decrease in stress at higher energies. Re-
ferring to the curves showing the number of bonds altered in
the bulk it is evident that the stress begins to decrease when
the number of bonds annealed approaches 1 bond/impact. If

FIG. 5. Resting place of the energetic ions after impact as a
function of energy. The bracketed numbers show the coordination
of the ion on the surface. The distinction between surface and bulk
was made using the convention shown in Fig. 6.

FIG. 6. Scheme used to identify atoms and bonds as belonging
to either the surface or the bulk. The white circles represent surface
atoms and the solid circles represent bulk atoms, while the thin and
thick bonds denote surface and bulk bonds, respectively.

FIG. 7. Average number of bonds formed and broken per im-
pact. The solid circles and squares denote bonds formed and broken
on the surface. Similarly, the white circles and squares indicate
bonds broken and formed in the bulk. The solid and dotted lines are
linear and quadratic curve fits, respectively.

FIG. 4. Ring structure of the film grown with 75 eV ions. The
color of each ring indicates the number of atoms in the ring: black
~five atoms!, gray ~six atoms!, and white~seven or more atoms!.
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the growth process is assumed to produce a mixture of com-
pressed and tensile bonds, say 0.9 and 0.6 bonds/impact, then
a critical value of 1 bond/impact appears to be a sensible
point for the maximum compressive stress to be achieved.
Above this energy the compressed bonds will be broken
faster than they can be created and a lower stress will result.
Evidence supporting a mixture of atoms under compressive
and tensile stress in all films is reported in a later section
using the local stress parameters i .

C. Dynamics of the thermal spike

Animation sequences provide a useful insight into the
deposition process and the interactions between the energetic
ion and the surface of the film. A series of snapshots depict-
ing impacts at 10, 30, and 75 eV are shown below. These
three energies span the three significant regions in Fig. 2, that
is, films with no stress, films with the maximum compressive
stress, and films with a reduced compressive stress. The pic-
tures and the accompanying discussion help explain the be-
havior of the thermal spike and the generation of compres-
sive stress from an atomistic viewpoint.

1. 10 eV impact

Figure 8 shows an example of how bonds are broken and
formed when an ion is deposited with an energy of 10 eV,
which is approximately twice the strength of a bond. The ion,
shown as a white circle, makes a glancing collision with a
surface atom@Fig. 8~b!#, which transfers momentum to a
second surface atom immediately to its left@Fig. 8~c!#,
breaking the bond between them in the process. At this time
the motion of the surface atoms has slowed somewhat but
they still have sufficient energy to form two new ring struc-
tures@Fig. 8~d!#, which are more stable than dangling bonds.

The surface nature of the impact is a clear feature of
deposition at this energy. Both the bond which broke and the
three new bonds formed lay on the surface, and the final
position of the ion was also on the surface. Important infor-
mation about the impact is seen in Fig. 9, which shows the
kinetic energy of the incident ion during the deposition pro-

cess. It is evident that the ion loses most of its kinetic energy
in its first collision, and that the energy of the ion rapidly
diffuses away into the substrate. The efficient transfer of en-
ergy occurs because all the atoms have the same mass.

The effects observed in this impact are even more pro-
nounced at higher ion energies where they play a significant
role in the growth of the film. The rapid transfer of energy
produces temporary compression of the surface area due to
the conversion of the ion’s kinetic energy into potential en-
ergy in the film. When the compressed region expands, ki-
netic energy is released creating the thermal spike. The joint
role played by the compressed region and the thermal spike
are considered again in the Discussion.

Also worthy of note in Fig. 9 is the increase in the kinetic
energy of the ion when it forms a bond. As the ion ap-
proaches the surface of the film, it is accelerated into the
potential well of the closest atom, gaining nearly 5 eV of
kinetic energy in the process. A similar increase occurs be-
tween Fig. 9~c! and Fig. 9~d! when the ion forms its second
bond. At lower impact energies, such as at 1 eV, this extra
kinetic energy provides additional surface mobility for the
depositing ion.

2. 30 eV impact

Figure 10 shows an impact at 30 eV, the energy at which
the compressive stress is a maximum. The new ion, drawn as
a white circle, makes a head-on collision with a surface atom
@Fig. 10~b!#, which is displayed as a gray circle. The ion
loses most of its energy to this grey atom, breaking the eight-
membered ring which collapses downwards@Figs. 10~c! and
10~d!#. This leaves the ion with no surface to bond to and
results in the sputtering of the ion. By this time sufficient
energy has diffused into the substrate for the atoms to close
into first a six-membered ring@Fig. 10~e!#, and later, a five-
membered ring@Fig. 10~f!#.

The trajectory followed by the atom color-coded gray is
of some significance. This atom is usually termed a ‘‘knock-
on’’ atom as it receives the bulk of the energetic ion’s kinetic
energy. In the subplantation model such an atom would ini-
tiate a knock-on sequence and produce a subsurface intersti-
tial, which in turn would increase the density and produce
compressive stress. The simulation, however, shows this not
to be the case. Instead, the knock-on atom initiates a rear-

FIG. 8. Animation sequence showing various stages in the depo-
sition of a 10 eV atom~white circle!. The frames shown correspond
to the following times:~a! 0 ps;~b! 0.01 ps;~c! 0.03 ps;~d! 0.08 ps.

FIG. 9. Kinetic energy of the incident ion at the stages of the 10
eV ion impact depicted in Fig. 8.
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rangement of the surface, converting a weakly bonded eight-
membered ring to the much stronger and denser combination
of a five- and a six-membered ring.

Another important point is that as in the 10 eV case the
impact is primarily a surface event, despite 30 eV being the
energy at which the compressive stress is a maximum. A
comparison of Figs. 10~a! and 10~f! shows that only two
bonds were broken, both from the surface, and that of the
three new bonds formed, two lay on the surface while the
third was in the bulk. The presence of high compressive
stress at 30 eV and the lack of surface penetration demon-
strates that the compressive stress is formed at the surface
when the energetic ions bury preexisting surface in a stressed
configuration.

3. 75 eV impact

At higher energies the films grow with a reduced stress
due to an annealing process. Figure 11 shows a section of
film before and after the deposition of a 75 eV atom. This
single impact considerably alters the surface, breaking three
rings and forming five new ones. The plus and minus signs
indicate the rings which were formed or broken as a result of
the impact.

It is evident that the 75 eV impact is considerably more
energetic than the impacts at lower energies. Six bonds were
broken, and nine new bonds were formed, some of which lay
9 Å away from the impact site. Of greater importance, how-
ever, is that of the six bonds broken, two were bulk bonds,
which is of relevance to the stress relieving mechanism. At
lower energies very few bonds are broken in the bulk, but as
shown in Fig. 7, the number of bonds broken in the bulk
increases significantly with increasing energy. The simulta-
neous increase in broken bulk bonds and decrease in stress
suggests that the breaking of bulk bonds is the factor respon-
sible for reducing the stress at higher energies. One feature
which the 75 eV impact does share with the lower energy
impacts is that the energetic ion comes to rest on the surface
of the film.

D. Microscopic view of stress

The local stress parameters i provides a useful and intui-
tive interpretation of the stress in the films. In particular,
pictures of the films usings i highlight the compressive and
tensile stressed areas and the interaction between the film
and substrate. Figure 12 shows three films, with the circles
and dots indicating the local stress at each atom. The solid
circles denote a compressive stress, the white circles a tensile
stress, and the small dots a neutral stress.

The stress in the films is reflected in the stress pattern in
the substrate. For the tensile stressed 1 eV film, the tendency
of the film to contract squeezes the section of substrate be-
neath it. This squeezing action produces the semicircular

FIG. 10. Animation sequence showing various stages in the
deposition of a 30 eV atom~white circle!. The gray circle indicates
the ‘‘knock-on’’ atom which receives the majority of the kinetic
energy of the energetic ion. The frames shown correspond to the
following times: ~a! 0 ps; ~b! 0.01 ps;~c! 0.02 ps;~d! 0.05 ps;~e!
0.10 ps;~f! 0.20 ps.

FIG. 11. Section of film before~a! and after~b! the deposition of
a 75 eV ion, shown as a white circle. The plus and minus signs
indicate rings formed or broken as a result of the impact.
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compressively stressed region~solid circles! below the film.
The opposite effect is seen between the edge of the film and
the fixed substrate boundaries. On either side of the film are
triangular-shaped regions of the substrate which are tensile
stressed~white circles!. This tensile stress, which indicates
these parts of the substrate are being stretched, is due to the
contraction of the central section of the substrate.

For the compressively stressed 30 eV film the situation is
reversed. In this case the film is trying to expand, which
produces a tensile stress~white circles! in the central section
of the substrate. Accordingly, the expanded central section
results in a compression of the substrate near the boundary.
The triangular region of compressively stressed atoms~solid
circles! on either side of the film reflect this squeezing. The
film grown with 10 eV ions is essentially unstressed and
hence does not produce a significant stress pattern in the
substrate.

An important feature of Fig. 12 is that all three films
contain a large number of both compressive and tensile
stressed atoms despite having significantly different total

stresses. The distribution of local stresses in the film grown
with 50 eV ions is seen in Fig. 13. The thick vertical line
shows the total film stress, which by Eq.~2! is the average
value of the local stresses. Despite the broad distribution of
local stresses, there is a clear excess of compressively
stressed atoms resulting in a total stress which is compres-
sive. A similar distribution of local atomic stresses has been
obtained by Kelires,14 who used a Monte-Carlo annealing
technique to simulate the elastic properties ofta-C.

This broad distribution of stresses reflects the large range
of bond lengths present in the films as well as induced stress
effects. In regions where the film is compressively stressed a
tensile stress is induced in the film below, andvice versa, an
effect similar to the film-substrate interaction discussed
above.

This presence of significant numbers of compressive and
tensile areas demonstrates that the stress generation mecha-
nism is more subtle than most models suggest. The films are
not compressively stressed because the impacts always pro-
duce densification, rather the stress arises because the growth
process produces a film with more compressively stressed
atoms than tensile stressed atoms.

An important part of the technique used to measure the
total stress was a curve fitting procedure used to account for
fluctuations in the film stress with thickness. As shown in
Fig. 14, the stress in the film~the thin solid line! does not
reach a constant value until several hundred atoms have been
deposited. In addition, the fluctuations increased with energy
making the curve fitting procedure~shown as a thick dotted
line! a valuable tool at higher energies. A second feature of
the thickness dependence of the stress was the linear change
in stress from an initial tensile value to the constant average
compressive value. This trend was present in all the films
except the film grown with 1 eV ions. In fact, it was not
possible to use the curve fitting procedure for the 1 eV film
as the lack of periodic boundary conditions meant the stress
peaked, then slowly decreased with thickness. The stress
value plotted in Fig. 2 is the stress after all 300 atoms were
deposited.

IV. DISCUSSION

The results presented above allow us to make a number of
assertions about the mechanism which produces compressive

FIG. 12. Films grown with 1, 10, and 30 eV ions displayed
using the local stress parameters i . The solid circles, small dots,
and white circles indicate compressive, neutral, and tensile stresses,
respectively.

FIG. 13. Distribution of local stress in the film grown with 50
eV ions. The average stress is indicated by the solid vertical line.
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stress in a two-dimensional system. While the generalization
to three dimensions requires some care, the agreement be-
tween experiment and the simulations suggests the essential
physics will be similar.

A major observation in this work is that the stress genera-
tion process is more subtle than previously thought. For this
reason it is almost as important to state what does not pro-
duce stress as what does. The traditional picture of the ener-
getic ion inserting itself into the subsurface of the growing
film is not supported by the simulations~Figs. 5 and 7!,
neither is there any evidence for the related mechanism of
knock-on subplantation~Fig. 10!. Another key point con-
cerns the statistical nature of the stress generation mecha-
nism. Analysis of individual atomic sites reveals a broad
range of compressive and tensile stresses~Fig. 13!, which
sum to give a much smaller net stress.

It is significant that compressively stressed films are pro-
duced even though the energetic ions do not penetrate the
surface. Instead the stress is a consequence of the growth
process itself. When the energetic ion strikes the surface it
distorts and compresses a small region and loses most of its
kinetic energy in the process~Fig. 9!. The compressed region
expands a fraction of a picosecond later, converting the po-
tential energy associated with the compression into kinetic

energy. This kinetic energy rapidly diffuses away and the
disordered region becomes sufficiently cool and forms a
structure which conforms to the topology of the system. If
sufficient kinetic energy was available, the region would be
able to self-anneal and a neutral stress condition would re-
sult. However, by the time the region is cool enough to form
a solid structure, most of the kinetic energy which was asso-
ciated with the distortion has diffused away. Thus the process
is irreversible as the surface region has less kinetic energy to
relieve the distortion than was used to create it. This leads to
a ‘‘locking-in’’ of the compressively stressed structure and
subsequent ions cannot ‘‘unlock’’ this structure unless they
have a much larger energy.

Another important point is that this locking-in of the
stressed structure is an inherently collective phenomenon in-
volving the cooperative behavior of a number of atoms. It
cannot be viewed as a process resulting from the motion of
one atom only. Models which picture the new ion inserting
into a preexisting structure ignore the strong interactions
which result in the complete disruption of the structure.

V. CONCLUSION

In summary, the simulations performed in this work dem-
onstrate that in two dimensions the compressive stress in thin
films is not due to the implantation of energetic ions. We
propose a model of film growth in which the energetic ions
grow new surface which is compressively stressed due to an
equilibrium between impact-induced compression and ther-
mal spike annealing. It is also shown that at the atomic level
the stress in the films is considerably inhomogeneous, and
that the films contain significant numbers of tensile and com-
pressively stressed atoms. This mixture of tensile and com-
pressive stress is not predicted by film growth models which
explain the stress simply in terms of densification.
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