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A study of void and heliumsHed bubble stability in amorphous siliconsa-Sid subjected to heavy-ion
bombardment was conducted with molecular dynamics simulations. The effects of incident ion
energy, incident ion direction, and He pressure were investigated. He bubbles with pressures equal
to or greater than 0.1 kbar were found to be stable during isotropic 2 keV xenonsXed irradiation.
Bubbles with pressures below this limit collapsed completely. On the other hand, voids and bubbles
of all pressures were stable followingunidirectional2 keV Xe bombardment. In this case, the voids
and bubbles became elongated and resisted closure, a phenomenon attributed to the inability of
liquid Si to wet the flat, low-curvature internal surfaces of the open-volume defect. The void closure
rates varied from 55 to 180 Å/dpa as the Xe projectile energy increased from 0.2 keV to 2 keV,
respectively. An analytical model based on a viscous flow mechanism is presented to describe the
behavior associated with the slowest closure rate. The faster rates are attributed to pressure-induced
convective flow into the void. ©2004 American Institute of Physics. [DOI: 10.1063/1.1791759]

I. INTRODUCTION

Irradiation of amorphous siliconsa-Sid is relevant to mi-
croelectronics applications, as well as serving as a prototypi-
cal tetrahedral, covalently bonded disordered solid. Molecu-
lar dynamics(MD) computer simulations offer a practical
method to investigate such systems on an atomic scale. A
few MD simulations have been conducted on irradiation of
a-Si.1–9 These studies focused on sputtering,1,2 ion beam
mixing,3,4 ion beam induced amorphization and
crystallization,5,6 low-energy ion dopant effects on depth
profiles,7 and defect and pressure distribution ina-Si due to
low energy Si bombardment.8,9 Here we present MD simu-
lations designed to study the effect of Xe bombardment on
void and helium bubble stability.

Amorphous Si was chosen as a model system for the
study of radioactive decay damage in nuclear waste glass.
Within waste glass,a decay of actinides can lead to He
accumulation. Bubbles, thought to contain He, have been
observed in simulated waste glasses with a He concentration
of 100 appm.10 The He atomic density in bubbles within Si
can reach values approaching 1023 cm−3 because of the weak
He-He repulsive potential and highs<1 eVd enthalpy of
solution.11 The Xe ions used in this study resemble heavy
recoils from actinidea-particle decay, which typically range
from 70 to 100 keV.10 The present study was limited to a

maximum Xe energy of 2 keV, greater Xe energies would
have required larger simulation cell sizes and much longer
computation times.

II. SIMULATION PROCEDURES

The MD code Parallel Cascade(PARCAS) (Ref. 12) was
specifically designed to simulate displacement cascades and
was employed in this study. Approximately 30 Si interatomic
potentials13–16 and at least 11 methods to createa-Si
exist.17–27 The Stillinger and Weber(SW) potential14 was
chosen for Si-Si interactions and the melt-quench procedure
was used to create ana-Si simulation cell. The SW potential
and the melt-quench procedure produce very good agreement
with the knowna-Si structure factor obtained from diffrac-
tion data,27,28 and result in a melting point reasonably close
to that ofa-Si sTm,1050 Kd.27

The starting point for the melt-quench procedure was a
diamond lattice simulation cell with{100} faces containing
54 872 Si atoms, corresponding to 19319319 unit cells
with a c-Si lattice parameter of 5.43 Å.29 Periodic boundary
conditions were employed at all six faces of the cube. The
temperature of this cell was raised to 3000 K, inducing liq-
uid disorder, and equilibrated for 5 ps under a constant vol-
ume boundary condition. The system was then cooled at a
rate of 0.005 K/ fs via velocity scaling to 10 K, freezing in
the liquidlike disorder. Finally, the system was relaxed under
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a P=0 boundary condition at 10 K for 5 ps. A 20 Å diameter
spherical void was created by removing Si atoms in the cen-
ter of the simulation cell once the amorphous structure was
obtained. The system was again allowed to relax after void
introduction under theP=0 condition at 300 K for 20 ps,
followed by cooling at a rate of 0.005 K/ fs to 10 K. This
relaxation step reduced the size of the void slightly to a di-
ameter of<19 Å.

Bubbles containing He pressures of 0.01, 0.1, and
1.0 kbar were created within thea-Si simulation cell. The He
number density within a bubble could be calculated using the
Laplace equationsP=2g / rd and the ideal gas law, but these
equations become inaccurate for small radii and at high
pressures.30 The following procedure was therefore used to
fill the void with He to create a bubble. First, a fcc He lattice
was created using the Lennard-Jones potential for the He
-He interaction withs=2.63 Å and«=10.92 K.31 This cell,
containing 2048 He atoms[83838 unit cells with a lattice
parameter of 4.24 Å(Ref. 29)], was heated to 500 K at con-
stant volume for 5 ps with periodic boundary conditions. The
system, now disordered, was then cooled at a rate of
0.01 K/ fs to 10 K and held under constant volume condi-
tions for 5 ps. This quenched in the gas phase. Finally, the
system was relaxed for 30 ps under a constant pressure
boundary condition that was set to the desired He bubble gas
pressure. A 20 Å diameter sphere was removed from the cen-
ter of the relaxed He system and inserted into thea-Si void.
The corresponding number of He atoms within the bubble
for pressures of 0.01, 0.1, and 1 kbar were 2l, 93, and 144,
respectively. Notice the linearity associated with the ideal
gas law does not predict the correct behavior of the He
atomic density within the bubbles. The finala-Si He system
was heated to 150 K for 500 fs, cooled at a rate of
0.005 K/ fs to 10 K under aP=0 condition, then allowed to
remain at 10 K for an additional 20 ps atP=0.

The purely repulsive Ziegler, Biersack, and Littmark
(ZBL) potential32 was used for He-Si interactions. A purely
repulsive potential is justified by the low solubility of He in
Si. For example, Raineriet al. found that the minimum con-
centration to form He bubbles inc-Si via implantation of 20
to 300 keV He ions was 3.531020 cm−3, corresponding to a
maximum He solubility of 0.007fHeg / fSig.33 Such a low
terminal solid solution solubility is consistent with the very
limited chemical interaction of an inert gas within a solid.
The primary interaction of He with the solid will be a volu-
metric dilatation associated with the elastic medium, an ef-
fect that truly is repulsive in nature. The purely repulsive
potential reflects this interaction.

The ZBL potential was also used to describe Xe-Si and
Xe-He interactions, as is typically done in simulations in-
volving energetic collisions. The binary collision approxima-
tion associated with the ZBL potential is valid for these in-
teractions because of the higher energies and because only a
single Xe projectile(as opposed to a cluster of Xe atoms, for
example) is introduced at a time. Xe projectiles with incident
energies of 0.6, 1, and 2 keV were initiated at a distance of
40 Å from the center of the cube and directed toward the
void/bubble. This was done to ensure that this void/bubble
was within the displacement cascade region of each bom-

bardment event. A typical 2 keV displacement cascade is
shown in Fig. 1. This figure demonstrates that the displace-
ment cascade is contained within the cell and that the dis-
placement damage region reaches the void or bubble. The
latter statement is not true for 0.2 keV events and a special
procedure was used in this case, as described below.

Xe was either introduced in a unidirectional manner
(projectile initiated from the same location and direction for
each event) or in an isotropic manner(projectile initiated at a
random location for each event, but always at a radius of
<40 Å and directed toward the void or bubble). The excep-
tion was the 0.2 keV Xe bombardment case, where both the
initial direction and location of the projectile were chosen at
random. Once a Xe projectile was introduced att=0 with the
cell at 10 K, the simulation continued for 30 ps at constant
volume. This was sufficient for the displacement cascade to
fully evolve with respect to time. Following this, a relaxation
of the lattice was performed atP=0 for an additional 30 ps.
Heat dissipation out of the simulation cell was facilitated by
coupling the outer 10 Å of the cube to a 10 K temperature
bath. One reason for directing the 0.6, 1, and 2 keV Xe pro-
jectiles toward the center of the cell was to ensure the dis-
placement cascade did not occur within this heat sink bound-
ary. The heat sink was also excluded from the volume
available for introduction of the 0.2 keV projectiles. In all
cases except the 0.2 keV set of simulations, the Xe projec-
tiles were introduced sequentially, with the cell completely
relaxed before initiation of the next event.

For the 0.2 keV events, the projectile was given both a
random position and direction to allow the displacement cas-
cades to encompass the majority of thea-Si volume. Eight
0.2 keV events were run simultaneously, one in each of the
eight individual 42342342 Å3 cubes comprising the entire
simulation cell volume without the heat sink boundary. This
was done to accelerate the simulation and is justified since
the range of a 0.2 keV Xe projectile is<20 Å. Although the
direction and position of the 0.2 keV projectiles within each

FIG. 1. Typical displacement cascade from a 2 keV Xe projectile near a
20 Å diameter void(represented by the circle). The projectile originated at
x=y=0 andz=−40 Å. The center of the simulation cube and the center of
the void are atx=y=z=0. The displacement cascade is shown after 30 ps
have elapsed. Each arrow designates an atom which moved at least 1.0 Å
and connects the starting and finishing position.
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42342342 Å3 cube was chosen randomly, projectiles di-
rected toward the 10 Å heat sink boundaries were rejected
before the simulation proceeded.

The volume of the void or bubble after each
displacement-relaxation sequence was estimated with an al-
gorithm designed to locate open regions in the simulation
cell. This algorithm partitioned the entire simulation cell into
33333 Å3 cubes. Each cube that did not contain a Si atom
and also had at least three vacant(no Si atom present)
nearest-neighbor cubes, contributed 27 Å3 to the total void/
bubble volume of the system. The outermost surface of the
simulation cell was excluded from this algorithm so extrane-
ous volume associated with the system boundaries was not
included. It is important to note the total void/bubble volume
calculated by this algorithm incorporated not only the void/
bubble volume but also open volume associated with regions
separate from the central void or bubble. The volume deter-
mined with this algorithm for the relaxed a-Si cell without a
void or He bubble present was<200 Å3. This value there-
fore represents the baseline open volume due to the disor-
dereda-Si.

Three separate sets of simulations were performed to
examine void and bubble stability: The effect of(i) incident
Xe energy on void stability,(ii ) He pressure on bubble sta-
bility, and (iii ) incident Xe direction(isotropic versus unidi-
rectional) on void and bubble stability. A summary of the
simulation runs is provided in Table I.

III. RESULTS AND DISCUSSION

A. Void stability under isotropic bombardment

The effect of incident ion energy on void stability in
a-Si under isotropic bombardment is presented first. The
void volume versus simulation event number is shown in
Fig. 2 for the four Xe energies investigated here. This figure
demonstrates that an inverse relationship exists between the
projectile energy and the number of events required to close
or eliminate the void. In fact the number of events for com-
plete void elimination(determined by visual inspection of
the simulation cell after each event) scales well with inverse
energy; 4, 9, and 16 events for 2, 1, and 0.6 keV respectively.
This inverse scaling breaks down for the 0.2 keV case,

where the expected number of events for closure would be
<50. The void in the 0.2 keV case was still intact after 93
events, at which point the simulation sequence was termi-
nated. The scaling behavior at higher projectile energies is, in
fact, misleading; the analysis presented below demonstrates
that the closure rateon a displacement-per-atom(dpa) basis
does not depend as strongly on energy.

Another observation from Fig. 2 is the trend of larger
residual open volume after void elimination as the projectile
energy decreases. This could be a consequence of spontane-
ous annealing induced by the displacement cascades. Delaye
and Ghaleb34 noted annealing effects within nuclear waste
glass subjected to different oxygen projectile energies.
Through MD simulations, they discovered that annealing oc-
curred more rapidly when sufficient recoil energy was avail-
able, which might explain the trend observed in our study.
The residual volume for the low-energy cascades is dispersed
throughout the entire simulation cell(original voids in the

TABLE I. Summary of simulation parameters.

Simulation Type Xe EnergyfkeVg He pressurefkbarg Number of Eventsa Number of Replicatesb

Isotropic, variable energy 0.2 0.00 93 1
0.6 0.00 20 1
1.0 0.00 16 1
2.0 0.00 10 1

Isotropic, variable pressure 2.0 0.00 10 1
2.0 0.01 12 1
2.0 0.10 14 1
2.0 1.00 14 1

Unidirectional, variable pressure 2.0 0.00 5 4
2.0 0.01 5 2
2.0 0.10 5 3
2.0 1.00 5 2

aRepresents a single Xe bombardment event.
bNumber of times entire sequence of events was repeated.

FIG. 2. Void volume vs simulation event number for the different Xe pro-
jectile energies studied under isotropic bombardment. The volume plotted in
the figure was determined using an algorithm described in the text and
represents both the volume associated with the original void and any addi-
tional vacancy defect clusters. The latter includes clusters that have broken
away from primary void and clusters created during the displacement cas-
cade independently of the primary void. The curves for the three highest
energies level-off at the point where the void is completely eliminated. The
baseline volume,<200 Å3, is shown as the horizontal line and represents
the open volume inherent to the as createda-Si.
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center of the cell were completely eliminated) and is the
result of small regions of free volume that persisted, perhaps
because of insufficient annealing.

Analysis of the behavior shown in Fig. 2 begins by con-
sidering the void closure arising from radiation-induced vis-
cous flow. An analytical expression for the void closure rate
vr can be derived by equating the energy dissipated via vis-

coelastic flowẆ and the time rate of change of the surface

energy ĖS. The first term in this balance is given by the
volume integral of the square of the stress tensorsij of the
viscous medium,35

Ẇ=
1

2h
E usij

2udV, s1d

whereh is the viscosity. The stress tensor has the following
diagonal elements in spherical coordinates:

srr = 2h
] vr

] r
= 2hS2R2

r3 Dvo

sff = 2h
vr

r
= 2hSR2

r3 Dvo

suu = 2h
vr

r
= 2hSR2

r3 Dvo, s2d

whereR is the outer radius of the spherical medium andr is
the inner or void radius. Eq.(2) assumes the medium is a
viscous liquid that cannot support shear strains. The right-
hand side of Eq.(2) was obtained using volume conservation
during closure,

dr

dt
= vr =

R2

r2

dR

dt
=

R2

r2 vo, s3d

wherevo is the rate at which the outer surface of the medium
contracts. The integral given by Eq.(1) is evaluated as

Ẇ= 16hvo
2R4pS 1

r3 −
1

R3D >
16hvo

2R4p

r3 , s4d

where we assumeR3@ r3.
The time rate of change of the surface energy is given by

ĖS= 8pRg
dR

dt
+ 8prg

dr

dt

= 8pRgvo + 8prg
R2

r2 vo > 8pg
R2

r
vo, s5d

where g is the surface energy and Eq.(3) is used for the

intermediate step. The requiredẆ=ĖS balance is given by
equating Eqs.(4) and (5),

16phvo
2R4

r3 = 8pg
R2

r
vo, s6d

and, again using Eq.(3), it is found that

vr =
g

2h
. s7d

The slopes of the data in Fig. 2 are volumetric closure
rates, but on a per-event basis. Conversion to a per-dpa basis
is done by dividing by the dpa per incident Xe ion. The value
of the dpa per Xe ion can be calculated using the modified
Kinchin-Pease model. The closure rate is then given by

vr

ḟ
=

dr

dt
Sdf

dt
D−1

=
dr

de
Sdf

de
D−1

, s8d

whereḟ is in units of ions per second,dr /de is the closure
rate, anddf /de is the number of incident ions per event
(equal to one by definition), but can also be written as dpa
per event. Combining Eqs.(7) and (8), we have the follow-
ing relationship for the closure rate on a per-dpa basis,

g

2hḟ
=

dr

de
Sdf

de
D−1

. s9d

Equation(9) allows a comparison of the results of the simu-
lations (right-hand side) to an experimentally known quan-
tity, the radiation-induced fluidity 1/shḟd. The value of
1/shḟd has been determined by Mayret al.36 These authors
found that a single, universal value of 1/shḟd,3
310−9sPa dpad−1 characterized the irradiation of amorphous
solids (metallic glasses and glassy SiO2). They also found
that the same value characterized radiation-induced viscous
flow in MD simulations of amorphous CuTi when the pro-
jectile energy exceeded 200 eV.36

The results of our simulations are shown in Table II. A
systematic trend in the closure rate is observed, with the
slowest rate at the lowest Xe projectile energy. We believe
this trend signals a change in the closure mechanism from
viscous flow at low projectile energy(as calculated above) to
convective flow at high projectile energy. The latter mecha-
nism is a consequence of the large momentum transfer
within the displacement cascade directed toward the void.
The ensuing pressure gradients force flow into the void open

TABLE II. Analysis of MD simulations of void closure for isotropic Xe
projectile bombardment.

0.2 keV 0.6 keV 1 keV 2 keV

Irradiated volumea fÅ3g 5.73105 2.63105 2.63105 2.63105

Si atomsb 2.93104 1.33104 1.33104 1.33104

Displacements per ionc 8 24 40 80
df /dec fdpag 2.8310−4 1.9310−3 3.1310−3 6.2310−3

dr /ded fÅg 0.015 0.15 0.43 1.1

dr /desdf/ded−1 fÅ dpag 55 80 140 180

1/shḟde fsPa dpad−1g 8.5310−9 1.2310−8 2.2310−8 2.8310−8

aRepresents the volume of the simulation cell within which the projectiles
were introduced. The outer boundary heat sink and the void are excluded
from this volume for the 0.2 keV case. The volume for the 0.6, 1, and 2 keV
cases also excludes the void and is defined by the 40 Å projectile-initiation
radius(see text).
bNumber of Si atoms within the irradiated volume.
cDisplacements per ion using the modified Kinchin-Pease model,
0.8sE/2Edd with Ed=10 eV, divided by the number of Si atoms.
dSlope of the data in Fig. 2 converted todr /de using r =s3V/4pd1/3, where
V is the volume. This slope represents an averaged value from event zero
(initial radius att=0) to the event number where the curve leveled off or
where the simulation was terminated(0.2 keV case).
eFrom Eq.(9) using a value ofg=1.3 N/m.
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volume, an effect not accounted for in the above viscoelastic
model. Evidence of convective flow into the void during the
MD simulations is presented in Sec. III C. It is reasonable
that the lowest projectile energy simulated here gives the
best agreement with work of Mayret al.; the 0.2 keV cas-
cades were initiated with a random location and direction,
and the response of thea-Si medium is therefore closest to
the viscous model. At the other extreme, the closure induced
by convective flow overwhelms the viscous response and
much higher rates(or fluidities) are observed for the 1 and
2 keV cases.

Values for the radiation induced fluidity obtained from
our simulations are quoted in Table II. This calculation is
based on Eq.(9) and required a value for the surface energy
g. We determined the surface energy for thea-Si lattice us-
ing MD and foundg=1.3 N/m.This value is for a flat free
a-Si surface at 70 K; the value determined from MD for the
20 Å void at 10 K isg=1.1 N/m. Both values compare well
with crystalline(111) Si, g=1.2 N/m.37

The fluidity for the 0.2 keV case is approximately a fac-
tor of 3 higher than the universal value quoted by Mayr
et al. This could be a consequence of several factors. For
example, the SW potential may not adequately reproduce the
elastic properties ofa-Si. Alternatively,a-Si may behave dif-
ferently from metallic glasses and SiO2. It is also possible
that the 0.2 keV case, such as the higher energy bombard-
ments, is influenced by local melting when the displacement
cascade is in the vicinity of the void.

The larger fluidities for the 1 and 2 keV cases are, in
fact, a consequence of the internal free surface. In general,
the radiation-induced fluidity of an amorphous solid is the
response of theinfinite medium to an applied stress during
displacement damage. A free surface will perturb the re-
sponse of an amorphous system, an effect investigated by
Mayr et al. with MD.36 These authors found that the fluidity
did not level off with projectile energy to the above stated
value, as it did for infinite geometry, but continually in-
creased to<2310−8 sPa dpad−1 at 10 keV.36 Mayr et al. at-
tributed this to mass flow onto the free surface caused by
pressure within the cascades. Our higher energy results are
thus consistent with this conclusion.

Finally, we mention the work of Zhuet al., where nano-
cavity shrinkage was investigated ina-Si.38 Voids with radii
on the of order 100 Å were created inc-Si by hydrogen
implantation followed by thermal annealing. Thec-Si lattice
in the vicinity of the voids was then amorphized by energetic
s245 keVd Si irradiation. This same Si bombardment induced
simultaneous shrinkage of the voids. Shrinkage as function
of Si ion dose was quantified by Rutherford-backscattering
(RBS) measurements of implanted Au getter efficiency. We
estimated a void closure rate of,20 Å/dpa from these mea-
surements. The Kinchin-Pease model for dpa was used for
this estimate. We also assumed that the measured Au getter
efficiency is directly proportional to the radius of the void
and that sufficient Au was present to saturate the trapping
interaction prior to shrinkage. We also assumed that the ini-
tial cavity size quoted by Zhuet al. from TEM images is
truly representative. Even though this estimate is signifi-

cantly lower than our values in Table II still warrants presen-
tation since it is the only experimental demonstration of cav-
ity shrinkage ina-Si known to us.

B. Isotropic, monoenergetic irradiations of He
bubbles

The stability of He bubbles with pressures of 0.01, 0.1,
and 1.0 kbar under isotropic 2 keV Xe bombardment was
examined in the second set of simulations. The irradiation
protocol was identical to that described for the high-energy
cases in the preceding section. The bubble volume versus
simulation event number is shown in Fig. 3. The 2 keV void
simulation sP=0d is shown for comparison. The two cases
with highest bubble pressures did not close completely and
therefore represent a stable defect. We believe this stabilizing
effect is the result of the He gas pressure resisting displace-
ment cascade-induced convective flow into the void. The
0.01 kbar bubble closed completely; bubbles with this pres-
sure and lower are therefore not stable with respect to
2 keV Xe bombardment. Notice that the final volume for the
0.01 kbar case is equal to that of the voids<500 Å3d, but is
achieved after twice the number of simulated events.

The pressure required to stabilize a bubble, between 0.01
and 0.1 kbar, must be considered with the following caveat;
the a-Si cell was initially at 10 K and the temperature spike
within the first picosecond of the displacement cascade(not
shown) significantly increased the pressure within the
bubble, by perhaps a factor of 100. In other words, the same
energy introduction that locally melted thea-Si simulta-
neously increased the He pressure, thereby enhancing the
stability of the bubble at the given pressure. A greater He
pressure would therefore be required to induce stability at a
higher temperature.

While resisting closure, both the 0.1 and 1 kbar cases
exhibited volume reductions. This is attributed to He emis-
sion shifting the balance point between internal gas pressure
and flowing liquid penetration, causing the bubbles to resta-
bilize at the new, smaller volume. He emission is the result
of two effects, ballistic collisions, and the large pressure in-

FIG. 3. Void (bubble) volume vs simulation event number during isotropic
2 keV Xe bombardment of cells containing He bubbles with the pressures
shown. The slight variation in the initial bubble volume before Xe bombard-
ment was due to the lattice relaxation following the introduction of He.
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crease associated with the above mentioned temperature
spike. This effect would eventually lead to a complete loss of
He from the bubbles and concomitant closure in the simula-
tions. At a temperature where He atoms are mobile, however,
a steady-state balance between He loss from the bubbles and
He arrival to the bubbles(via diffusion) would be expected.
The resulting He bubble distribution would then be at equi-
librium with respect to the source strength of the alpha emit-
ters embedded in the medium and with respect to heavy-ion
bombardment from the recoil nuclei.

C. Unidirectional, monoenergetic irradiation

Lastly unidirectional irradiation of He bubbles with
2 keV Xe projectiles is considered. These results are shown
in Fig. 4 and demonstrate that He bubbles of all pressures are
stable with respect to unidirectional 2 keV Xe irradiation.
Clearly, bubbles under these bombardment conditions are
more stable than their isotropic counterparts. Even more
noteworthy is thatvoidsdo not close completely and there-
fore exhibit a degree of stability not seen during isotropic
irradiation.

The enhanced stability is a consequence of an elongated
morphology that evolves under unidirectional bombardment.
The elongated morphology evolves over the first three bom-
bardment events; the lower pressure curves in Fig. 4(void,
0.01, and 0.1 kbar) level off and therefore become stable
after three events. The elongated morphology is evident in
Fig. 5, which depicts the change in shape of a void during
the first two simulated events. The extent to which a bubble
elongated was inversely related to the internal He pressure;
low-pressure bubbles elongated more than high-pressure
bubbles (1 kbar bubbles exhibited slight elongation) and
voids represented the most extreme case. Although the elon-
gated morphology is interesting, it is strictly a consequence
of the repeated introduction of Xe projectiles at the exact
same “head-on” location and direction.

While the repeated head-on irradiation condition could
never be achieved in a real experiment, the mechanism re-
sponsible for this elongation deserves discussion. Evidence

of cascade-induced flow into the void is presented in Fig. 6.
These snapshots, from the second simulated event shown in
Fig. 5(c) demonstrate that localized melting within the dis-
placement cascade causes Si atoms to flow into the void. As
shown in Fig. 6, the flow coats the sides of the void nearest
the point of introduction. This tends to elongate the void
along the direction of Xe incidence, as best seen by the
white-colored outlines in Fig. 6. The elongated morphology
becomes very stable with respect to further introduction of
liquid Si. We believe this is a consequence of the flat, low-

FIG. 4. Void (bubble) volume vs simulation event number duringunidirec-
tional 2 keV Xe bombardment of cells containing He bubbles with the pres-
sures shown. These data represent averages obtained for the number of
replicates listed in Table I.

FIG. 5. Morphological evolution of a void duringunidirectional2 keV Xe
bombardment:(a) before irradiation,(b) after the first event, and(c) after the
second event. The projectiles were repeatedly introduced at the exact same
location in the same direction and traveled from left to right along thez axis.
The simulation cell is outlined in white.
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curvature void surfaces that develop along the direction of
elongation. These surfaces resist further wetting by the liquid
Si, thus stabilizing the elongated shape.

IV. CONCLUSIONS

Three primary conclusions can be made based on the
MD simulations presented here.

(1) Voids in a-Si are unstable with respect to isotropic Xe
bombardment. Although the number of events required
for closure scaled inversely with energy, the closure rate
on a per-dpa basisdoes not depend as strongly on en-
ergy. The void closure rates varied from 55 to
180 Å/dpa as the Xe projectile energy increased from
0.2 keV to 2 keV, respectively. We believe the slowest
rate at 0.2 keV represents a viscous response of the me-
dium, although the radiation-induced fluidity derived
from this model is approximately a factor of 3 higher
than the universal value quoted by Mayret al.The faster
rates at higher projectile energies are a consequence of
convective flow into the void.

(2) He bubbles with gas pressures equal to or greater than
0.1 kbar are stable under isotropic 2 keV Xe bombard-
ment at 10 K, while bubbles with pressures of 0.01 kbar
or lower collapse completely. Presumably, bombardment
with lower energy Xe projectiles would shift the stabil-
ity point to lower He pressures. This was not investi-
gated, however. The internal He pressure is thought to
prevent penetration of liquid Si into the open volume
during the displacement cascade. The temperature spike
associated with the displacement cascade enhances this
effect by temporarily increasing the He pressure within
the bubble.

(3) Unidirectional irradiation induced an elongated void
shape. The same elongated shape was observed during
unidirectional bombardment of 0.01 kbar He bubbles,
and, to a lesser extent, 0.1 kbar bubbles. The 1 kbar
bubbles exhibited very little elongation. The elongated
morphology was very stable with respect to closure un-
der Xe bombardment. This is attributed to the inability
of liquid Si to wet the flat, low-curvature surfaces along
the length of the void or bubble.
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FIG. 6. Cross sectional views of the second 2 keV Xe bombardment event
depicted in Fig. 5. The four frames correspond to(a) 0.025 ps,(b) 0.5 ps,(c)
2 ps, and(d) 60 ps. The views shown are cuts through they=0 plane. The
direction of Xe is shown in(a) as traveling from left to right. The white
arrows point to Si atoms that have flowed into the void. The elongated
morphology is best illustrated by the white outlines in the lower right hand
corner of each slice. These outlines are traces of the open volume that have
been shifted down and over for better illustration. Notice the three smaller
vacancy clusters that develop at 0.5 ps and then disappear.
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