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Abstract
The evolution of stress in silicon, induced by argon ion bombardment up to ﬂuences of 4.5 · 1014 ions/cm2, is studied using molecular
dynamics simulations with empirical interatomic potentials. A periodically replicated 5.43 nm cube with an exposed (0 0 1) surface models
the sample of silicon. An interatomic force balance method computes stresses directly across planes in the cube. After every impact, the
target material is cooled to 77 K, a temperature that inhibits structural changes in the material until the next impact. This procedure
makes it unnecessary to simulate explicitly any long-timescale relaxation process. For low ﬂuences (up to about 7 · 1013 ions/cm2)
the mean induced stress is tensile, but it becomes compressive with further bombardment and appears to saturate at 1.36 and
1.62 GPa when calculated from forces acting on a 5.43 nm · 5.43 nm cross-section, for the 500 and 700 eV cases, respectively. The evolution of compressive stress is observed to be directly proportional to the number of implanted argons. The results are statistically converged by ensemble averaging multiple randomized simulations.
 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
The mechanisms by which ion bombardment induces
stress are not well understood, but the problem is
important because of the role stress plays in numerous
applications and processes. Ion bombardment leads to
nanostructure formation on semiconductor [1–7], metal
[8–11] and amorphous oxide [12] surfaces. Rearrangement
of atoms close to the surface leads to the evolution of these
ion bombardment-induced nanostructures and depends on
defects created directly by the bombardment process and
the instabilities associated with these defects. Strain energy
gradients, or equivalently stress gradients in the material,
can play an important role in the rearrangement of atoms
and, therefore, in the creation of these surface nanostructures [13–18]. Thus, understanding the ion-induced stress
evolution is central to understanding the nanostructure
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evolution on the bombarded surface. Ion processing is also
widely used in very large-scale integrated (VLSI) circuits
[19,20] and stress aﬀects the semiconductor device performance signiﬁcantly [21–27]. Also, the mechanical reliability
of a microelectronic device depends on the stress in the
material [28]. Thus, understanding and controlling stress
evolution during ion bombardment could improve device
performance. Argon ion bombardment at ion energies of
500 eV is also used in free-standing thin-ﬁlm structures to
correct out-of-plane curvature caused by large stress gradients during fabrication [29]. Curvature correction using ion
beam bombardment depends on the stress induced and the
mechanism of stress creation.
Stress development in thin ﬁlms due to ion bombardment and ion-assisted deposition has been analyzed both
numerically and experimentally. DÕHeurle predicts a compressive stress due to ion bombardment using the atomic
peening model [30,31]. A quantitative model studies the linear dependence of compressive stress with ion ﬂux and the
square root of the energy [32]. The dependence of stress on
working gas pressures, target mass/gas mass ratio, and
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substrate orientation has also been studied [33]. In situ
wafer curvature measurements on silicon bombarded with
ion beams of MeV energy indicate an increasing compressive stress, followed by a decrease and saturation in the
stress with increasing ﬂuences [34]. Transitions between
tensile and compressive stress regimes with increasing ﬂuences have been observed in materials other than silicon
[35–37]. Zhang et al. [37] have observed a steady compressive stress after a particular ﬂuence of carbon atoms incident on a diamond lattice in the 1–75 eV ion energy
range. The evolution of stresses in silicon when bombarded
with medium-energy ions (500 eV) with increasing ﬂuences has not been analyzed in detail. The present work
uses molecular dynamics (MD) simulation to study this
process in silicon.
Stress in a material is dependent on the speciﬁc arrangement of atoms in the material. Any simulation technique
used to study the stress evolution due to ion bombardment
must, therefore, track the evolution of new atomic conﬁgurations. While various atomistic simulation techniques
are available, an MD simulation allows this explicit tracking of atomic positions. Therefore, an MD simulation is
used in the present work. It is also possible using MD
based on empirical interatomic potentials to study ﬂuences
large enough such that stress evolution can be meaningfully
interpreted. Silicon is studied due to its wide use in the
semiconductor industry and the rich behavior in terms of
kinetics and dynamics that the atoms near the surface exhibit when ion bombarded, which leads to the creation of
nanostructures [38–40]. Beam energies used in nanostructure fabrication and curvature correction are typically less
than the several keV ion beams used in ion implantation
processes [19,41] and greater than the few tens of eV ion
energies used in ion-assisted mild surface modiﬁcation or
deposition [42–48]. Two beam energies in this intermediate
range, 500 and 700 eV, are considered in this work. The
next section discusses the simulation methodology; a section on results and discussion follows.

tions. These potentials, which are widely used in molecular
simulations, provide a reasonable model of the interactions
of interest. Close agreement between ab initio pseudopotential-based density functional calculations and the SW
potential has been demonstrated [54], and the sputtering,
melting, and other phenomena due to ion bombardment
calculated using the SW potential are in agreement with
experiments [19,40]. The negligible attractive parts of
argon–argon and argon–silicon interaction energies, when
compared with the attractive part of silicon–silicon interaction energies, justify the use of a purely repulsive Molière
potential for argon atom interactions [55]. The functional
form of the Molière potential is


q2 n
r
r
U ¼ ZiZj
0:35 exp 0:3 þ 0:55 exp 1:2
a
a
r

r o
þ 0:10 exp 6:0
;
ð1Þ
a
where Zi and Zj are atomic numbers of the ith and jth
atoms, q is the electron charge, r is the distance between
atoms, and a is the Firsov screening length dependent only
on the Bohr radius and the atomic numbers [56]. The equations of motion are integrated using the velocity Verlet algorithm [57] in order to track atom trajectories. The
numerical time step, Dt, is 0.25 fs except during the initial
stages of ion impact when Dt is reduced to 0.1 fs in order
to resolve the initial impact dynamics. Results from simulations with even shorter time steps conﬁrm that the chosen
time steps are suﬃcient.
An x–y periodically replicated 5.43 nm cube consisting
of 8000 silicon atoms models the sample material as shown
in Fig. 1. The transverse box size is selected so that there
are no perceivable eﬀects of the periodic boundaries; the
dimension of the crystal in the z direction is set so that
the boundaries are far away from the impact region and
the choice does not directly aﬀect the damage characteris-

2. Simulation methodology
In order to track the eﬀects of the accumulated damage
of multiple ion impacts, including the eﬀects of the
impacted ions themselves, it is necessary to explicitly simulate them. This is in contrast to studies of annealed damage
patterns due to a single impact, which can be studied by
neglecting the dynamics of the collision cascade [49,50].
Likewise, the knock-on atom method [41], which has been
used to track the collision cascade dynamics in order to
study defect production and structural transformation, is
not able to show the eﬀect of the embedded atoms on the
stress because the method only represents the ionÕs energy
and momentum, but not the ion itself.
In the simulations reported here, the Stillinger–Weber
(SW) interatomic potential [51] models the silicon–silicon
atomic interactions and the repulsive Molière potential
[52,53] models the argon–silicon and argon–argon interac-

Fig. 1. Schematic of simulation cell used to perform the MD calculations
of the ion bombardment process. A cell periodically replicated in the x–y
direction is used. The initially crystalline undamaged silicon cell contains
8000 atoms. The bottom few monolayers are held ﬁxed in order to prevent
translation during momentum transfer from an incident argon ion. Point
P represents a random impact point.
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tics. Two hundred atoms at the bottom of the sample are
held ﬁxed in order to prevent translation of the target
due to momentum transfer by the ions. Argon ions are incident on the sample in the ½0 0 
1 direction. During an
impact, a thermostat applied only to the bottom two silicon
unit cells models cooling by thermal conduction into the
sample. Speciﬁcally, a Berendsen thermostat [58] that
works by rescaling velocities is used at each time step.
The velocities are rescaled by:
V ðt þ DtÞ ¼ kV ðtÞ;


1=2
Dt T 0
k¼ 1þ
1
;
s T

ð2Þ
ð3Þ

where V(t) is the velocity at time t, k is the proportional
scaling factor, Dt is the time step size, T0 is the target temperature, and T is the current temperature of the simulation cell, and the timescale parameter s sets the strength
of the thermostat. The value of s is 1013 s, except during
the initial stages of impact when a value of 7.5 · 1015 s
is used. The initial x and y coordinates of each argon atom
are selected randomly. Before every impact on the target,
the same thermostat is applied to all the atoms to equilibrate the material to 77 K. Then an argon atom above
the surface is assigned a momentum normal to the original
silicon surface, in the process increasing the kinetic energy
and the temperature of the system. After the atom impacts
the surface, the thermostat in the bottom of the simulation
cell is activated to cool the sample to 77 K. This thermostat
temperature of 77 K is chosen because most defects in silicon are thought to be immobile for temperatures less than
150 K [59,60]. For typical ﬂuxes used in ion bombardment,
the time interval between ion impacts on a
5.43 nm · 5.43 nm surface can be a millisecond or more.
However, because no structural changes should occur once
the system is cooled to 77 K, there is no need to simulate
the whole time gap before the next impact; this
allows the simulation of ﬂuences large enough to observe
meaningful trends in stress evolution without enormous
computational cost. Stresses are calculated after every impact, and the entire process is repeated for each ion impact.
There are many formulations to calculate stress at the
atomistic level, none of which is universally applicable
[61–63]. These formulations include the virial stress
[57,64], the BDT atomic stress [65], the Hardy stress [66],
the local volume method [19], the Lutsko stress [67], and
the interplanar mechanical stress based on a force balance
approach [68]. Theoretically, the virial stress, the Lutsko
stress, the BDT stress, the Hardy stress, and the local volume method can only be usefully interpreted when the
strain energy density and the stress state are homogeneous
in the volume of material under consideration [61,63,69].
Cheung and Yip [68] demonstrated that the explicit
mechanical and virial deﬁnitions of stress do not agree in
the regions of atomic inhomogeneity like free surfaces;
the methods would certainly not be expected to agree
in the highly damaged inhomogeneous target material in
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the problem presented here. Near a surface, the virial definition has unphysical ﬂuctuations. For the purposes of
comparison, the virial stress result for the current problem
is presented in Appendix A. Stress calculated using HardyÕs
formalism has also been demonstrated to ﬂuctuate near the
surface, though the ﬂuctuations are considerably smaller
than those in the virial formalism [69]. In using the Lutsko
deﬁnition, Cormier et al. [70] point out that the presence of
interfaces and system boundaries needs to be considered
more rigorously because of the use of integral Fourier
transforms in the calculation [69]. The interplanar mechanical traction method, described in the following paragraph,
is used in the present work.
To calculate the interplanar mechanical stress, the force
across a plane cutting through the material is used to compute the traction on that plane. Fig. 2 shows an example
with the traction computed on a vertical y–z plane. The
traction is the equivalent force per unit area required to
keep the structure in equilibrium if the structure to one side
of the plane is removed. This calculation is done for a static
conﬁguration obtained by quenching, so the kinetic energy
and momentum of atoms can be neglected. For the SW
potential, the traction is a sum of two- and three-body
forces per unit area:
0
1
X
X
X
X
X
1B
C
tn ¼ @ i j>i Fji ðrij Þ þ
Fjki ðrij ; rkj ; hijk ÞA;
i
j>i
k>j
A
ni nj <0

ni nj <0 and=or ni nk <0

ð4Þ
rxx ¼ tn  ex ;

ð5Þ

where A is the area of cross-section, Fji is the force vector
on atom j from atom i, Fjki is the force on atom j due to
atoms k and i, ni is the unit vector passing through atom
i, originating at the plane and normal to the plane, and
ex is the unit vector along the x axis. In the present work,
the traction is calculated using seven y–z planes, each spanning the entire 5.43 nm · 5.43 nm of the simulation unit
cell cross-section. The tractionÕs depth dependence is calculated by computing the force speciﬁcally across ten smaller

Fig. 2. Traction is calculated by determining the two- and three-body
forces acting on a cross-section } using the interplanar mechanical
deﬁnition. Traction in the target box is obtained by averaging tractions
calculated from seven cross-sections of size 5.43 nm · 5.43 nm. n denotes
the normal to the plane }.
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bins in each plane at diﬀerent depths in the material. The x
coordinates of the seven planes are chosen to pass between
planes of atoms in an undamaged crystal.
3. Results and discussion
The stress computation procedure is validated by calculating the elastic moduli of the undamaged silicon crystal
using constant-strain experiments with strain magnitudes
less than 0.1%. The bulk and YoungÕs moduli are calculated to be 102.0 and 129.8 GPa, respectively, using the virial formulation, and 101.9 and 128.4 GPa using the
traction method. The results in the undamaged silicon crystal at small strains are independent of the stress deﬁnition
used. However, for reasons mentioned in the previous section and in Appendix A, the interplanar mechanical deﬁnition is used to calculate and interpret stress in the present
work. Models based on these calculations explain the stress
evolution due to ion bombardment.

Statistically converged tractions are obtained by averaging over the seven planes in each of the multiple ensembles.
Fig. 3(a) and (b) show the evolution of average stresses
with increasing ﬂuences for the 500 and 700 eV beam energies, respectively. The error bars in the ﬁgures represent
standard deviations of the stress values among diﬀerent
members of the ensemble. Averages in the 500 eV case
are calculated over seven ensembles until the 100th ion
and then over three ensembles beyond the 100th ion. In
the 700 eV case, averages are calculated using ﬁve randomized ensembles until the 78th ion, three ensembles from the
79th to the 114th ion, and then one ensemble beyond the
115th ion.
A small initial tensile traction of 32 MPa is observed in
the target prior to any impacts. This tension is a result of
the imposed unit cell size of 5.43 nm, which is slightly larger than the unit cell size dictated by the SW potential. This
stress is representative of the dopant-related residual stress
in thin-ﬁlm structures. This stress magnitude is well within

Fig. 3. Evolution of average tractions with increasing ﬂuence for: (a) the 500 eV case and (b) the 700 eV case. Error bars indicate standard deviations from
the mean in numerous statistical realizations.

N. Kalyanasundaram et al. / Acta Materialia 54 (2006) 483–491

the range of stresses due to thermal expansion because of
temperature increases in the range of a few hundred kelvin;
it is expected to have no eﬀect on the physics of damage
cascades [29].
Fig. 4 shows the variation of stress with depth into the
target after an incident ﬂuence of 2.71 · 1014 ions/cm2,
together with the atomic positions from a single ensemble. It is clear, as expected, that computed stresses are
higher in regions of greater damage. The nearly ﬂat interface separating the highly damaged region and the predominantly undamaged, nearly crystalline region below
becomes well deﬁned between a ﬂuence of 2.20 · 1014
and 2.54 · 1014 ions/cm2 (65 and 75 ions, respectively).
During this period, as the interface develops, the tractions
in the damaged portion of the target are in general compressive and greater than 2 GPa when averaged over only
the damaged portion of the material above the interface;
the stresses drop signiﬁcantly, close to zero, in the crystalline region.
The average stress variation with the number of
implanted argon atoms (incident atoms minus sputtered
atoms) shows three distinct stages of stress evolution
(Fig. 5). The ﬁrst stage is characterized by tensile traction,
the second stage by a linearly increasing compression, and
the ﬁnal stage by an apparently steady compressive stress.
3.1. Stage I of stress evolution
After the ﬁrst impact, the traction in the sample jumps
to 300 MPa in tension and remains near this value for
the next 10–15 ions (incident ﬂuences of 3.39 · 1013–
5.09 · 1013 ions/cm2). In this ﬁrst stage of stress evolution,
when portions of the initially crystalline surface are still
undamaged, an atom impacting the surface creates a surface vacancy and pushes an atom in to a near-surface bulk
interstitial position. The resultant instability associated
with the creation of a surface vacancy causes the surface
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to reconstruct, which induces the initial tensile stress. This
explanation can be conﬁrmed by creating an ideal surface
vacancy–bulk interstitial pair near the surface of an
undamaged silicon crystal followed by relaxation at
300 K. Annealing the relaxed sample to 77 K and subsequent quenching to 4 K after creating the defect leads to
a tensile stress of 64 MPa, which is consistent with the
ion bombardment results. During the ﬁrst few impacts,
parts of the target close to the surface are still undamaged
and the surface retains its tendency to reconstruct and take
on tensile stress. It is only after the ﬁrst 10–15 impacts that
the damage aﬀects the entire surface and renders the mechanism ineﬀective. A second mechanism then takes over and
leads to compressive stress.
3.2. Stage II of stress evolution
The onset of the decrease in tensile stress marks the
beginning of the nominal second stage of stress evolution.
The increasing compressive stress is observed in both 500
and 700 eV ion energy cases, although the crossover from
tensile to compressive occurs with fewer impacts in the
700 eV case. As shown in Fig. 5, once the entire surface
is damaged, after a ﬂuence of about 7 · 1013 ions/cm2,
the compressive stress is proportional to the number of
argon atoms implanted at a given depth. The rate
of increase in compressive stress changes after a ﬂuence
of about 2.40 · 1014 and 1.70 · 1014 ions/cm2 in the 500
and 700 eV cases, respectively, and marks the end of the
second stage of stress evolution. Two models relating the
number of implanted argon atoms to the mechanical stress
are presented below. The ﬁrst model is based on a supplantation mechanism, while the second is based on an implantation mechanism.
Sputtering calculations have shown that three to four
silicon atoms sputter for every ﬁve incident argon atoms
[71]. The ﬁrst model explaining the stresses assumes that

Fig. 4. Variation of stress with depth after a ﬂuence of 2.71 · 1014 ions/cm2 in comparison to the damaged structure of the target. Atomic positions
obtained from one of the ensembles are shown after the same ﬂuence. Blue circles denote silicon atoms and red circles denote argon atoms. The structure is
shown as viewed in the [0 1 0] direction. The stress values are averaged over seven cross-sections and over multiple ensembles. Consistently, higher stresses
are observed in regions of greater damage.
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Fig. 5. Tractions plotted as a function of the number of implanted argon atoms (incident atoms minus sputtered atoms). Three stages of stress evolution
are observed: an initial tension, followed by steadily increasing compression, and ﬁnally a nearly steady compression. The rate of increase in compression
in the second stage is 23.3 MPa per implanted argon and 24.7 MPa per implanted argon for the 500 and 700 eV beam energies, respectively. The inset
shows the variation of stress versus number of implanted argon atoms for the 700 eV case. Time (or total ﬂuence) increases from A to B along the line
joining the points. The oscillatory behavior of stress and number of implanted argons about a steady value are characteristic of the third stage of stress
evolution, which represents a nearly steady state.

each incident argon atom supplants a silicon atom from the
lattice and no volume changing defects are created. Since
the atomic radius of an argon atom is eﬀectively larger than
a silicon atom, any argon implantation would result in
increased volume. The atomic radii of silicon and argon
atoms are assumed to be 0.117 nm, or half of the silicon–
silicon equilibrium bond distance in crystalline silicon,
and 0.188 nm, or the van der Waals atomic radius, respectively. The compressive stress required in the x–y direction
to restore the system to its original volume is calculated.
Periodic boundary conditions are applied in the x and y
directions and the sample is allowed to expand freely in
the z direction, replicating the boundary conditions used
in MD simulation. Elastic constants C11, C12, and C44 for
silicon are assumed to be 143.8, 64.3, and 37.7 GPa, respectively [72]. The stress required to bring the system volume
back to the original undamaged volume calculated using
these elastic properties is



1=2
N Ar;L
N Ar;V
rxx ¼ 22:95
;
ð6Þ
¼ 22:95
N Si;L
N Si;V
where NAr,L and NSi,L are the linear density of argon and
silicon atoms, respectively, and NAr,V and NSi,L are the
number of argon and silicon atoms in a layer of target

material that is 5.43 by 5.43 nm in the x and y directions
and has a thickness t in the z direction. Fig. 6 shows the
variation of tractions and stress calculated using the supplantation model with depth calculated for one ensemble
after a ﬂuence of 2.71 · 1014 ions/cm2. While the supplantation model provides a reasonable estimate of the stress,
it fails to predict the linear dependence of stress on implanted argon. Instead, the stresses follow a square root
dependence and the average stresses are over-predicted
from the actual interplanar mechanical stress by about
10–40%.
In the second model, each argon atom is assumed to be
implanted at a substitutional site surrounded by silicon
atoms in the target. Because an argon atom does not form
chemical bonds with silicon atoms, one way for an argon
atom to be implanted is for the argon to be surrounded
and trapped by silicon atoms in the target. The assumption
that argon atoms are implanted in the substitutional site is
therefore reasonable. It is noted that there are fewer argon
atoms close to the surface because they can easily escape
their geometric, nonbonded constraint after impact. This
model does not account for the rearrangement details of
the atoms due to damage. Silicon sputtering is also
neglected, but is small. Since sputtering is a relaxation
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Fig. 6. Supplantation model calculations: variation of stresses calculated
from MD and stresses calculated using the supplantation model. The data
presented correspond to a single ensemble after a ﬂuence of
2.71 · 1014 ions/cm2 for the 500 and 700 eV cases. The supplantation
model clearly fails to predict the linear dependence of stress on the number
of implanted argon atoms.

mechanism, neglecting this should result in a small overprediction of the traction. The traction is calculated analytically using the Molière and SW interatomic potentials to
be 30.0 MPa per implanted argon atom, matching with
the observed linear dependence upon the number of
implanted argon atoms. The coeﬃcient of linear dependence is also predicted reasonably well. MD simulation
yields 23.3 MPa per implanted argon and 24.7 MPa per
implanted argon for the 500 and 700 eV cases, respectively.
Fig. 7 shows the number of argon atoms at diﬀerent
depths from the surface plotted alongside the traction calculations from MD for a single ensemble after a ﬂuence of
2.71 · 1014 ions/cm2. A direct correlation between the
number of implanted argons and stresses exists locally at
any depth in the material, not just when forces and the
number of implanted atoms are calculated over the entire
box.
3.3. Stage III of stress evolution
The number of argon atoms implanted in the target saturates at large ﬂuences; the argon implantation to silicon
sputter ratio reaches steady state at ﬂuences beyond
2.00 · 1014 ions/cm2 [71]. A steady value of stress is indeed
seen in the 700 eV case (Fig. 5) after implantation of about
80 ions (implantation rate of 2.71 · 1014 ions/cm2). This
steady region constitutes a third stage of stress evolution.
The inset in Fig. 5 is a parametric plot between stress
and number of implanted argon atoms for increasing ﬂuences or time. The oscillatory behavior about a mean value
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Fig. 7. Variation of stresses with depth calculated from MD and the
variation of the number of implanted argons with depth from the surface
for one ensemble after a ﬂuence of 2.71 · 1014 ions/cm2. Calculations
based on the implantation/substitutional model predict the direct correlation between the number of implanted argons and stresses, not just in an
average sense, but also locally at any depth from the surface.

indicates steady state. The steady value is not as clearly
seen in the 500 eV case, where fewer argon atoms are
implanted up to the ﬂuences considered in this work when
compared to the 700 eV case.
The steady value of compressive traction in the 700 eV
case is observed to be 1.62 GPa over a depth of 5.43 nm
and the value of compression in the 500 eV case is approximately 1.36 GPa over the same depth. In experimental
work on stress modiﬁcation in ion-bombarded MEMS
micromirrors it is estimated that there is about 1 GPa of
compressive stress in the damaged region [29]. Thus, the
calculations using the interatomic force balance method
are in reasonable agreement with experiments.
4. Conclusions
Three stages of stress evolution have been identiﬁed in
argon ion bombardment of an initially crystalline, clean silicon surface. Due to the disorder in the material, the virial
deﬁnition of stress gives physically implausible results and
the interatomic force balance-based stress deﬁnition is used
to interpret the stress. In the ﬁrst stage, occurring when the
ﬁrst few ions impact the predominantly undamaged surface, tensile stresses of about 300 MPa are observed due
to creation of surface vacancies and bulk interstitials near
the surface with no other signiﬁcant damage to the remaining crystal. The tensile stress remains steady for the ﬁrst
approximately 10 impacts (3.39 · 1013 ions/cm2). Then in
the second stage of evolution, the stress decreases, becoming
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compressive in direct proportion to the number of argon
atoms implanted in the target. A model based on substitutional argon defects predicts this linear behavior and its
coeﬃcient. A model based simply upon the exclusional volume of the embedded argon does not. The rate of increase
in compression in the second stage is 23.3 MPa/implanted
argon and 24.7 MPa/implanted argon for the 500 and
700 eV cases, respectively, in good agreement with the
30.0 MPa/implanted argon atom predicted by the linear
model. Stresses in the target approach a steady value in
the third stage of evolution. Averaged over the entire depth
of 5.43 nm of the target, these values are 1.36 and 1.62 GPa
for the 500 and 700 eV cases, respectively.
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Appendix A. Virial stress in ion bombarded material
The virial deﬁnition of stress component rxx, in a system
modeled using two- and three-body interactions, is given
by
(
XX
2
1 X
rxx ¼
mi jvi j þ
xij f2x ðri ; rj Þ
X
i
i
j>i
)
XXX
x
x
þ2
½xij f3 ðri ; rj ; rk Þ þ xkj f3 ðrk ; ri ; rj Þ ;
i

j>i

k>j

ðA:1Þ
where X refers to the system volume, mi is the mass of atom i,
vi is the velocity of particle
 i, xij is the x component of posiof
tion vector rij = ri  rj, f2x ri ; rj refers to the xcomponent

two-body force between atoms i and j, and f3x ri ; rj ; rk is the

x component of three-body interaction between atoms i, j,
and k. The three-body terms for argon–silicon and argon–
argon
interactions are zero. The contribution from the term
P
2
i mi jvi j is close to zero, in the case studied here, as the
stresses are computed after quenching the material to 4 K.
When the virial deﬁnition is used to calculate stress in
the damaged material studied here, increasing tension is
observed with increasing ﬂuence. Fig. 8 shows the evolution of virial stress in one randomized ensemble bombarded at 500 eV to a ﬂuence of 2.64 · 1014 ions/cm2. For
reasons mentioned in [68], the virial deﬁnition of stress cannot be meaningfully interpreted in the presence of inhomogeneities like free surfaces, or in a highly damaged target
material. In the physical process considered here, increasing ﬂuences lead to increased argon implantation in the target. Despite silicon sputtering and loss of crystallinity, the
mass density of the target increases due to argon implantation. Thus, in contrast to the virial result, the implanted
atoms and increased density are expected to cause compressive stress in the target because the thin ﬁlm is constrained in the plane of the ﬁlm. This mechanism is
similar to the development of compressive stress in the
atomic peening model [30,31]. Experimental observations
also suggest a compressive stress in the target [29] and
therefore contradict the calculations based on the virial formalism. Furthermore, argon ion bombardment at 500 and
700 eV damages only the top few nanometers of the target,
so the stresses in the few nanometers closest to the surface
are of primary interest [71]. The use of the interplanar
mechanical deﬁnition of stress instead of virial deﬁnition
eliminates the unphysical ﬂuctuations that arise due to
the presence of free surface in the region of interest [68].
For these reasons, the virial deﬁnition of stress is not used.
Calculations using the interplanar deﬁnition of stress agree
well with experiments both in tensile/compressive nature
and in the magnitude of the stress.

Fig. 8. Variation of virial stress with increasing ﬂuence up to 2.64 · 1014 ions/cm2. The stress is tensile even at large ﬂuences. This result is inconsistent
with experimental observations, where compressive stresses are observed in the material at large ﬂuences. An atomic peening model predicts a compressive
stress in the material.
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