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Abstract

A three-dimensional molecular dynamics (MD) simulation is performed to study the stress generation mechanisms
in carbon thin films grown by ion-beam deposition. The relationship between the kinetic energy of incident ions and
the steady-state film stress is established. Examination of the atomic stress and film microstructures reveals that the
grown films contain a significant fraction of vacancies, contradicting the presumption of the subplantation model. By
taking into account both interstitials and vacancies, an analytical model is developed, in which the formation of the
compressive stress is attributed to competing mechanisms between generation and recovery of the defects. This model
can satisfactorily explain the numerical observation in which compressive stress prevails in films in the presence of
vacancies. The present study provides useful insights into tailoring residual stress to control thin film curvature in
microelectromechanical systems (MEMS) by ion-beam machining.
 2003 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Diamond-like carbon (DLC) films have found
widespread use in the coating industry because of
their structural and functional advantages. Interfa-
cial delamination and substrate bending due to the
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high compressive stress in thin films have become
major concerns limiting their performance. Despite
extensive studies of the delamination mechanisms
and bending in compressively stressed thin films
on the micron scale[1,2], the origin of the com-
pressive stress in thin films grown by ion-beam
deposition1 is not well understood and is the focus
of the present study.

1 For the purpose of discussion, all energetic particles
whether charged or neutral are referred to here as ions.
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When high-energy ions bombard a crystal dur-
ing the ion-beam deposition, a cascade collision
process takes place. On the path of the impact ions,
host atoms are displaced from their lattice sites,
forming a displacement spike in which defects,
such as interstitials and vacancies, are produced.
Simultaneously, a significant fraction of the ion
kinetic energy is transmitted to the solid in the
form of concentrated lattice vibration, forming hot
spots—thermal spikes. The thermal energy may
activate the migration and recovery of defects. This
process leads to a permanent rearrangement of
local atoms in the impact area, thus substantially
modifying the stress state of the solid.

To date, theoretical models for stress generation
due to ion bombardment are highly phenomeno-
logical. Within the framework of elasticity, Guinan
[3] obtained a rough estimation of thermal stress
induced by a single impinging ion in terms of the
dissipated energy in the damaged zone. However,
it is not straightforward to apply this model to the
cases where a number of energetic ions sequen-
tially impact the substrates, since the existing dam-
aged regions may have a strong influence on the
subsequent production of defects. Based on the
knock-on linear cascade theory, Windischmann [4]
predicted a square-root dependence of compressive
stress of films prepared by ion-beam sputtering on
the incident ion energy. This model, however, is
not applicable for sufficiently high ion energy.
Davis [5] and Robertson [6] developed a subplant-
ation model in which the compressive stress forma-
tion is attributed to the implantation of energetic
ions into a subsurface layer of the film. An
important implication of this model is that the film
is over-dense containing no voids, whereas films
are usually under-dense based on experimental
measurements and numerical simulations.

A variety of extremely sensitive techniques have
been used to monitor the stress evolution in situ in
growing films during ion radiations [7–10]. In
these experiments, curvature of the films is meas-
ured and the stress in a thin film is calculated using
Stoney’s equation. Volkert [7] performed in situ
wafer curvature measurements during amorphiz-
ation of silicon by MeV ion bombardment. She
observed that the compressive stress increases and
reaches a peak as amorphous regions are formed.

The stress then decreases and reaches a steady-
state value as amorphization continues and eventu-
ally saturates. Lee et al. [8] used a laser reflection
method to monitor the curvature change in DLC
films during ion irradiations. They observed that
the irradiations result in a decrease in the com-
pressive stress in the DLC films, with final stress
state being mildly tensile. Van Dillen et al. [9]
measured the stress change in alkali-borosilicate
glass samples irradiated by 2 MeV Xe ions. A tran-
sition from tensile to compressive stress was
observed during the radiation. More recently, ion-
beam machining techniques were successfully
employed by Bifano et al. [10] to eliminate the cur-
vature of thin films with thickness on the order of
several microns in microelectromechanical systems
(MEMS). However, the atomic scale mechanisms
of stress-state modification in the process of ion-
beam machining are not addressed in their study.

On the numeric side, the cascade process by ion
irradiation was simulated by Gibson et al. [11].
Using a pair potential, they studied the orbits of
the knock-on atoms and the subsequent damage. It
was observed from their simulation that the
resulting damaged configurations consist of a var-
iety of interstitial–vacancy pairs, that is, Frenkel
defects. However, the relationship between the
number of Frenkel defects and the knock-on
energy was not established due to insufficient sam-
ple energies for the impact ions. Molecular dynam-
ics (MD) simulations of stress evolution due to ion
flux [12,13] have been limited to the two-dimen-
sional cases. Muller [12] monitored microstructure
evolution of Ni films bombarded by Ar neutrals. It
was shown that the grown films are under tensile
stress. The magnitude of the tensile stress is
strongly dependent on the defect concentration and
void size distribution in the film, which is in turn
determined by the kinetic energy of the impinging
particles. Marks et al. [13] studied the relationship
between the ion-beam energy and the stress in a
growing film on a graphite substrate using MD
simulations. A transition from tensile to compress-
ive stress was observed as the kinetic energy of
impacting ions changes from 1 to 75 eV. Accord-
ing to their simulation, incident ions insert them-
selves onto the surface of the growing film rather
than penetrate into the substrate, thus contradicting
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the subplantation model. Based on this obser-
vation, they proposed a new model in which the
compressive stress in the grown films is due to a
balance between impact-induced compression and
thermal spike annealing. However, due to the con-
straint of the third dimension in their simulation,
their MD simulations may not be capable of cap-
turing the realistic dynamics of atomic motion in
film growth.

The present study is motivated by the limitations
of the theoretical models as well as the discrep-
ancies between theoretical modeling, MD simula-
tions, and experimental observations. In the present
work, a three-dimensional MD simulation is per-
formed to simulate deposition of carbon atoms
onto an initially perfect (1 1 1) diamond lattice.
The residual stress in the growing films is evalu-
ated during the deposition process. A relationship
between the steady-state film stress and kinetic
energy of incident ions is established. Based on the
atomic stress and the structure of grown films from
the simulations, an analytical model, which takes
into account the competing mechanisms of defect
production and recombination, is proposed to inter-
pret stress generation in the deposition process.
Results of the MD simulation and the model pro-
vide guidelines for reducing the compressive stress
in thin films.

The rest of the paper is organized as follows:
Section 2 presents MD simulations of growing car-
bon thin films by an ion-beam deposition process.
The stress in the films grown by bombardment of
ions with varying kinetic energies is calculated. In
Section 3, basic material properties, such as the
mass density, the sp3 fraction, the microstructures
and stress distribution of the grown films are exam-
ined. Stress generation mechanisms are discussed.
Based on the numerical observation, an analytical
model is presented in Section 4 to interpret stress
generation mechanisms. Discussions and con-
clusions are presented in Section 5.

2. MD simulations: methods and results

2.1. Film growth

The method of using MD simulations for thin
film growth by ion-beam deposition is described

elsewhere [14,15], and will therefore be outlined
here briefly. The interatomic potential, �, between
carbon atoms is of Tersoff–Brenner form [16,17].
The total potential of a system containing N atoms,
�, is the discrete summation of all the potentials
among atoms, as

� �
1
2�

i

�
j � i

�ij(rij) (1)

where index i runs over all the atoms in the system,
while index j runs over all the neighbors of atom
i within a specified cut-off radius, rij is the spatial
distance between atoms i and j.

The initial substrate is of a perfect diamond lat-
tice consisting of 672 carbon atoms with 56 atoms
per layer. Prior to the deposition, the lattice is
quasi-statically relaxed to its minimum potential
configuration using a conjugate–gradient method.
Energetic carbon neutrals are then sequentially
deposited onto the substrate with normal incidence
and randomly chosen locations. Periodic boundary
conditions are applied in the plane perpendicular
to the film growth direction. The bottom two layers
of the substrate are held fixed. Upon deposition,
substrate atoms within a prescribed radius centered
at the depositing atom are completely free, while
all the other atoms are coupled to an external heat
bath employing the method developed by
Berendsen et al. [18], as illustrated in Fig. 1. The
time constant in the Berendsen method is 125 fs.
Based on the actual maximum velocity of the
atoms in the system, a varying time-step strategy
is introduced to accelerate the simulation. Between
two consecutive depositions, the system is thermo-
stated for a relaxation time of approximately 10 ps.
Over 900 carbon atoms are deposited to ensure the
attainment of a steady-state film growth condition.

2.2. Stress at atomic scale

Within the framework of continuum mechanics,
the Cauchy stress at a material point is defined in
terms of a resolved force on an area in the limit
where the area tends to zero. Such a mechanical
definition of stress breaks down at the atomic scale.
One of the commonly used definitions of stress for
molecular systems is the virial stress. This defi-
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Fig. 1. Initial (1 1 1) diamond lattice as a deposition substrate
(red atoms are coupling to an external bath; green atoms are
held fixed; blue atoms are completely free). (a) side view, the
blue atom on the top of the substrate is the depositing atom;
(b) top view.

nition is based on a generalization of the virial the-
orem of Clausius [19] for gas pressure. In this
definition, the average virial stress over an effec-
tive volume can be written as a discrete sum of the
contribution from all the atoms in the domain of
volume �:

s �
1
�
�N

i

�miṙi�ṙi �
1
2�

j � i

rij�fij� (2)

where mi is the mass of atom i, ṙi is the time
derivative of position ri, rij = ri�rj is the spatial
vector between atoms i and j, and � denotes the
tensor product of two vectors. The parameter N is
the total number of atoms in the domain. The

interatomic force fij applied on particle i by particle
j is:

fij � �
∂�ij

∂rij

rij

rij

(3)

The sign convention adopted here for force is posi-
tive for repulsion and negative for attraction.
Accordingly, a positive stress indicates com-
pression and a negative stress indicates tension.

The stress expression in Eq. (2) includes two
parts. The first part stems from the kinetic energy
of the atoms, while the second part is from the
interatomic forces. For solids, the kinetic energy
term is usually small compared to the interatomic
force term. Unless otherwise noted, this term is
ignored in our calculation.

In continuum mechanics, the volume of the
deformed configuration is generally calculated
using the deformation gradient and the volume of
the undeformed, initial configuration. For the depo-
sition-formed volume, such initial atomic volume
is ambiguously defined. An alternative approach is
to express the effective volume by � = N /r,
where r is the atomic density in the computational
domain, and is related to the average bond length,
rav, by

r
rdiamond

� �rdiamond

rav
�3

(4)

where rdiamond is the atom number density per unit
volume of a perfect diamond lattice, and rdiamond is
bond length of a diamond. The relation expressed
in Eq. (4) is based on a comparison between an
amorphous carbon structure and a perfect dia-
mond lattice.

It should be noted that using Eq. (4) to estimate
the volume of an amorphous structure might cause
systematic drift since it might not satisfy the sum
rule.

2.3. Stress during film growth

Prior to deposition, the substrate is thermostated
at 300 K. Due to thermal expansion, a thermal mis-
match exists between the bottom two rigid layers
and those adjacent to them. Corresponding thermal
mismatch stress can be calculated from the thermal
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expansion coefficient of a diamond. In calculating
the film stress, the thermal stress is ignored since
the thermal stress is at least one order of magnitude
smaller than the overall stress caused by other
effects, as shall be seen later.

Simulations of film growth are performed with
seven levels of ion energy: 1, 20, 40, 60, 80, 100
and 150 eV, respectively. It is observed in our
simulations that surface sputtering occasionally
occurs during depositions. Generally, the higher
the incident energy, the more frequent the sputter-
ing. For example, the sputtering rate is approxi-
mately 11% of the deposition rate when ion energy
is 100 eV, while this number decreases to 6.8%
when ion energy is 40 eV. Therefore, the net num-
ber of atoms incorporated into the film is less than
the number of atoms that are actually deposited. In
calculating the film stress, only atoms that fall
above the initial free surface of the substrate are
considered. The film stress is calculated when the
system is fully thermostated after each deposition.
Our simulations show that the difference between
the in-plane stresses, sxx and syy is very small. In
addition, the in-plane normal stresses sxx and syy

are at least one order of magnitude larger than the
out-of-plane stress and all the shear stresses. Fig.
2(a) shows stress evolution of a film grown with
40 eV ions. In the initial stage of deposition, the
biaxial stress exhibits large fluctuations. When
over 600 atoms are deposited, the stress gradually
approaches a steady-state value of about 5.0 GPa.
The film stress is taken to be the linear fit of the
steady-state portion of the stress evolution curve.
Fig. 2(b) plots the mean biaxial stress, (sxx +
syy) /2, as a function of kinetic energy of incident
ions. It shows that the mean biaxial stress is
strongly dependent on the incident energy. The
film undergoes tensile stress at low ion energy. A
transition from tensile to compressive stress occurs
at around 10 eV. The compressive stress peaks
when the kinetic energy of the incident ion is
around 60 eV. Further increasing the ion energy
leads to a gradual decrease in the compressive
stress. The overall trend is similar to that predicted
by Marks et al. [13], but the magnitude of the com-
pressive stress predicted here is much less than that
reported by them. Moreover, the ion energy at
which the compressive stress peaks is larger than

Fig. 2. (a) Compressive stress evolution in a growing film
(ion energy = 40 eV); (b) mean biaxial stress versus incident
energy (negative value stands for tensile stress, positive value
for compressive stress).

their prediction. Ion energy larger than 150 eV is
not considered in the present simulation due to the
increase in the computational cost.

3. Stress generation mechanisms

The subplantation model predicts that the com-
pressive stress in the film is caused by ion implan-
tation-induced subsurface densification [5,6]. This
model implies that all the atoms in the sublayer of
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the film undergo compressive stress, and thus is
only applicable to over-dense films. Based on a
two-dimensional MD simulation, Marks et al. [13]
asserted that the compressive stress in thin films is
not due to the implantation of energetic ions. They
proposed a new model in which the steady-state
compressive stress is due to a balance between
impact-induced compression and thermal spike
annealing.

The two models mentioned above are inconsist-
ent with the observations of our simulation. In test-
ing the validity of these models, basic properties of
the grown films are examined. Fig. 3 shows atomic
structures of four films grown with 1, 20, 60 and
100 eV ions, respectively. In each film, the red
atoms represent those originally in the substrate;
the green ones are deposited atoms. All the grown
films are amorphous. For 1 eV impact, the sub-
strate atoms and deposited atoms have no inter-
penetration. For 20 eV impact, the impact ions
penetrate into the substrate to a depth of 2–3 layers.
Some of the atoms originally in the substrate are
mixed with the film atoms. As ion energy
increases, the penetration depth and degree of mix-
ing between substrate and film atoms progressively
increases. The difference between our numerical
observation and that by Marks et al. is obvious:
the degree of mixing between substrate atoms and
deposited atoms in our simulation is much larger
than that in their simulation. Besides using differ-
ent interatomic potentials, the unrealistic materials
and unphysical constraint in the third dimension in
their two-dimensional simulation may account for
the discrepancy in the results.

Mass densities of the grown films are calculated
and shown in Fig. 4. Starting from maximum pen-
etration of the incident ions at which the depth of
the film is defined by d = 0, the grown films are
partitioned into slices with the same thickness in
the film growth direction. The original diamond
surface is at the depth of d = 5.3 . The number
of atoms in each slice is counted and the mass den-
sity for each slice is calculated, and normalized by
that of a perfect diamond lattice. From the mass
density profile, three regions can be identified: a
surface region with the lowest mass density (III);
an intrinsic region in which the mass density
remains almost constant (II); and a transition

region to the substrate (I) [15], as seen in Fig. 4(a).
The mass density of the grown films is taken to
be the average value over region II. Generally, the
relationship of mass density versus incident ion
energy follows the same trend as that of stress ver-
sus incident ion energy, as seen in Fig. 4(b).

Extensive research over the last decade has been
carried out to numerically or experimentally deter-
mine the sp3 fraction in the DLC films, focusing
on identifying an optimal deposition condition that
promotes sp3 bonding [15,20–21]. On the one
hand, sp3 bonding is desirable since it makes thin
films both mechanically hard and chemically inert.
However, a large fraction of sp3 bonding likely
results in high, local compressive stress in the thin
films. It is generally accepted that sp3 fraction
directly reflects the damage of the film. The sp3

bonding is associated with interstitials, while the
sp2 bonding is associated with vacancies. Fig. 5(a)
shows the change of number of sp3-bonded atoms
during the growth of film with 60 eV ions. Prior
to deposition, there are 560 atoms in the system
with sp3 bonding. The rest of the atoms at the free
surface are with sp2 bonding. At the initial stage
of deposition, the sp3 fraction decreases due to the
damage caused by ion implantation. After enough
atoms are deposited, the number of sp3-bonded
atoms increases and gradually reaches a steady
state, where the number of sp3-bonded atoms
increases linearly with the number of atoms
deposited. The sp3 fraction of the film is taken to
be the slope of the linear fit. Fig. 5(b) shows the
sp3 fraction in the film as a function of the ion
energy. The results here are consistent with those
predicted by previous studies [15,20]. The trend of
sp3 fraction versus ion energy is similar to that of
the film stress in Fig. 2(b), indicating an inherent
relation between the sp3 fraction and film stress.

Besides sp3 fraction, the local atomic stress
presents a useful insight into the distribution of the
defects in the film. Fig. 6 shows the atomic stress
in the film grown with 1 and 60 eV ions, respect-
ively, where the atoms in red undergo local tensile
stress, while the atoms in blue undergo local com-
pressive stress. A significant fraction of subsurface
atoms undergo tensile stress, indicating that the
film contains a large number of vacancies, regard-
less of the overall stress state. It is well known that,
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Fig. 3. Atomic structures of grown films (red atoms are originally in substrate, green atoms are deposited ones). (a) 1 eV; (b) 20
eV; (c) 60 eV; (d) 100 eV.

upon energetic particle irradiation, interstitials and
vacancies are often formed in pairs in crystals, a
defect called Frenkel pairs [22]. It should be men-
tioned that the amorphous structure and the small
sp3 fraction of the grown films indicates that the

films are not crystalline. Thus, the vacancy and the
interstitial mentioned here are not defined in the
conventional sense. Instead, one can regard a vac-
ancy as a free-volume-excess, and an interstitial as
free-volume-shortage in such amorphous structures.
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Fig. 4. (a) Depth profile of mass density; (b) mass density ver-
sus incident energy.

4. An analytical model

The above simulation results demonstrate that:
(1) penetration occurs when the kinetic energy of
incident ions is beyond a critical value; (2) the
grown films are under-dense compared with the
substrate; and (3) local atomic stress in the grown
films is not uniformly in compression. The first
observation contradicts with the observation from
the two-dimensional simulation, and suggests that
the resulting stress may be caused by different
mechanisms in different ion energy ranges. The
second and third observations indicate that the

Fig. 5. (a) Change in the number of sp3-bonded atoms during
deposition; (b) sp3 fraction as a function of ion energy.

grown film contains not only interstitials, but also
vacancies. The existence of significant fraction of
vacancies in the films makes the subplantation
model inapplicable. Motivated by these discrep-
ancies between MD simulations and the restriction
of the subplantation model, in what follows, we
propose a new model to account for the stress gen-
eration mechanism.

When striking the substrate, the energetic ions
displace atoms from their lattice sites, forming a
displacement spike in which defects, such as inter-
stitials and vacancies, are produced. According to
the simple model of Kinchin and Pease [23], the
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Fig. 6. Atomic stress (red atoms indicate neutral and positive stresses, blue atoms indicate negative stress). (a) 1 eV; (b) 60 eV.

number of displaced atoms produced per ion is
given by Nd = Q /2Ed, where Q is the kinetic
energy of incident ions, Ed is the threshold energy
for displacing an atom from its lattice site. The
threshold energy depends not only on material
properties, but also on the crystallographic direc-
tion in which ions impact [23]. The produced
defects are primarily interstitial–vacancy pairs
[11,21]. The rate with which the interstitial–vac-
ancy pairs are created per unit area on the path of
ions is related to the number of displaced atoms,
Nd. Simultaneously, a significant fraction of the
kinetic energy is transferred to concentrated lattice
vibration, forming thermal spikes during which
members of the defect pairs recombine. The num-
ber of recombinations is related to the number of
jumps that a defect can make during the lifetime
of a thermal spike. According to the calculation
done by Seitz and Koehler [24], the number of
jumps a defect can make is proportional to
(Q /E0)5 /3, where E0 is the activation energy of an
interstitial–vacancy pair, and is typically several
times less than Ed. The production and recombi-

nation of interstitial–vacancy pairs reach a steady
state at which the density of defects remains con-
stant. The steady-state density of interstitial–vac-
ancy pairs, rF, can be determined by the follow-
ing equation:

rF

rA

fa � aNdfi�b
rF

rA
�Q
E0
�5/3

fi (5)

The left-hand side of Eq. (5) is the net increment
rate per unit area of interstitial–defect pairs. It is
proportional to the flux of forming atoms, fa, and
the relative density of the defects. The variable
rA is the density of the film. The first term on the
right-hand side represents the rate per unit area
with which defects are produced, which is pro-
portional to the ion flux, fi(fi � fa), and the num-
ber of displaced atoms produced per incident ion,
Nd. The second term is the rate per unit area with
which the defects are recombined, which is pro-
portional to the ion flux, the number of atoms that
receive more than the recombination activation
energy, and the relative density per unit area of the
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defects. The variables a and b are material-depen-
dent coefficients. Solving Eq. (5), one has

rF

rA

�
aQ /2Ed

fa /fi � b(Q /E0)5/3 (6)

The volumetric strain, e, is proportional to the den-
sity of interstitial–vacancy pairs, and can be writ-
ten as

e �
	V
V

� k
rF

rA

(7)

where k is the ratio of the relaxation volume of
an interstitial–vacancy pair and the atomic volume.
Within the framework of elasticity, the biaxial
stress, s, in the film is given by

s �
Y

2(1�2n)
e (8)

where Y is the Young’s modulus of the film, n is
the Poisson’s ratio. Here positive stress represents
compression. A simple analysis of Eqs. (6)–(8)
shows that the steady-state stress linearly increases
at low incident energy (Q /E0�(fa /bfi)3 /5). The
compressive stress reaches a peak at Q /E0 =
(3fa /2bfi)3/5 with a peak value sP =

k
Y

2(1�2n)
aQ /Ed

5fa /fi

, beyond which it decreases

according to a power-law (
Q�2 /3) for high inci-
dent energy. This prediction qualitatively agrees
with the results of the MD simulations presented
in the previous section. With proper choice of
material parameters, the model prediction of the
compressive stress as a function of kinetic energy
of the incident ions can be calculated using Eqs.
(6)–(8), as shown in Fig. 7.

It should be mentioned that the analytical model
applies only in the regime where ion penetration
occurs (incident ion energy � 10 eV for the
present case), and thus cannot be used to account
for the tensile stress generated by low energy ions.
In addition, the current model considers that the
damage of the film is composed of only interstitial–
vacancy pairs, and ignores unpaired, isolated inter-
stitials. Nevertheless, an important improvement of
our model over the subplanation model is that it
can explain the coexistence of compressive stress
and vacancies in films.

Fig. 7. Compressive stress as a function of kinetic energy of
incident ion predicted by Eqs. (6)–(8). Here Ed = 8.0 eV, E0

= 3.0 eV, a = 1, b = 0.016, n = 0.2, k = 1, fa /fi = 0.8.

5. Concluding remarks

In the present work, MD simulations are perfor-
med to investigate the stress generation mech-
anisms during film growth by ion-beam deposition.
The simulations show that the steady-state film
stress is found to be strongly dependent on the kin-
etic energy of the incident ions. Although this
finding is consistent with the two-dimensional MD
simulations by Marks et al. [13], the deposition
dynamics are substantially different. The mixing of
the substrate atoms and the newly deposited atoms
indicates that energetic ions penetrate below the
film surface when the kinetic energy of incident
ions is sufficiently high. Detailed examinations of
the atomic stress of the grown films provide strong
evidence that the film, though in compression, con-
tains not only interstitials, but also a significant
fraction of vacancies. This observation contradicts
with the presumption of the subplantation model.
Based on these analyses, a new model is proposed,
where stress generation is attributed to a competing
mechanism of generation and recombination of
interstitial–vacancy pairs. The theoretical predic-
tion agrees with the MD simulations.

The deposition rate in our simulation is approxi-
mately 10 orders of magnitude larger than that in
a real experiment in which annealing plays an
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important role in determining the final stress state
of the films. Within the MD simulation framework
described here, it may not be possible to fully
account for annealing during such a short elapsed
time between ion depositions. In fact, annealing is
a thermally activated diffusion processes over a
long period of time during which defects heal. MD
simulation of such a long-period process would be
computationally prohibitive. In the present study,
the annealing effect is incorporated into the ther-
mostating process that is mimicked by imposing
friction among Langevin atoms. Though artificial,
this method accelerates the annealing process, as
convinced by the observation of a similar defect-
annihilation effect in the present MD simulations.
While the simulations are carried out over only
very short time scales, they nevertheless demon-
strate that a steady state has been reached. The
basic mechanisms are believed to be valid over
much longer times. These simulation results show
that damage due to energetic ions impacting on a
surface may be used to modify the residual stress
in thin films.

Due to the small time-step and the large number
of depositions, the present MD simulation is
restricted to a small computational domain. How-
ever, the effective range of a displacement and
thermal spikes generated by ions with energy less
than 200 eV is typically on the order of 1 nm. The
size of the computational domain chosen in our
simulations ensures that the physical process of
interest, defect production and recombination,
takes place within the domain. Analysis shows that
the compressive stress generation mechanism is
relatively insensitive to the size of the compu-
tational domain. We conducted a separate simul-
ation with the substrate enlarged by a factor of 1.5
in all the three dimensions, the stress in the film
grown at 40 eV agrees with that obtained from the
smaller computational domain to within 5%. To
more completely address the domain size effect,
however, a multi-scale method bridging MD simul-
ations and the continuum scale computations
would be necessary.

Besides presenting a mechanism for the forma-
tion of compressive stress in the ion-beam depo-
sition process, the results of the present study may
have important implications in a novel approach of

tailoring thin film shape in MEMS [10], where fine
control of the thin film curvature is required. Due
to residual stress associated with the micro-fabri-
cation process, free-standing thin films are often
curved with the radius of curvature in the range of
10–100 mm. Based on the present study, impacting
the concave side of the curved thin film with ener-
getic ions generates compressive stress near the
surface of the thin film. According to Bifano et
al. [10], this can be used to effectively reduce the
curvature of the MEMS thin films. To develop a
more precise method of controlling the curvature
of such free-standing thin film structures using ion-
beam bombardment, work is presently underway
to establish relationships between the impact depth,
compressive stress and kinetic energy of impact
ions.
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