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Void formation in amorphous germanium due to high electronic energy deposition
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The effect of high electronic energy deposition in amorphous germanium has been studied experimentally by
Au irradiation with ion energies of up to 185 MeV and different angles of incidence and by molecular dynamics
computer simulations. In both cases, the energy deposition leads to void formation accompanied by strong
swelling of the amorphous germanium. The simulation results prove that the formation of the voids is mainly
based on a shock wave mechanism and the swelling is determined by the competing processes of the formation
and growth of voids on the one hand and the shrinking and annihilation of voids on the other hand. In full
agreement between experiment and simulation, the amount of the swelling is a linear function of the total energy
deposited into electronic processes and there exists a threshold value of the electronic energy loss per ion and
depth for swelling. A comparison of the threshold values obtained by the experiment and the simulation suggests
that approximately 20% of the energy deposited into electronic processes is converted into atomic motion.
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I. INTRODUCTION

Ion irradiation induced morphological changes in amor-
phous germanium (a-Ge) were first reported during low energy
heavy ion irradiation (several hundred keV).1–8 In this energy
range the ions are stopped mainly by elastic scattering with the
target atoms (nuclear energy loss per ion and depth εn). The
drastic morphological changes are caused by the formation of
voids close to the surface and the resulting transformation of
the amorphous material into a spongelike structure. This effect
consequently leads to a strong swelling of the irradiated part
of the sample.

Swift heavy ion (SHI) irradiation of crystalline germanium
(c-Ge) also exhibited a swelling of the irradiated material.9 In
this energy range the ions mainly deposit energy via inelastic
scattering with the target atoms (electronic energy loss per
ion and depth εe) over the first few micrometers of the ion
trajectory while nuclear energy deposition dominates near the
projected range of the ions. In contrast to the low energy
irradiation mentioned above, the authors showed that in this
case the origin of the volume expansion was the formation
of a buried spongelike porous layer whereas the surface of
the sample was still crystalline. This buried porous layer was
formed at approximately two-thirds of the depth of the nuclear
energy deposition maximum suggesting that the formation
depends on both εe and εn.9,10

Recently, we showed that an initially amorphous germa-
nium surface layer (thickness d = 3.1 μm) also transforms
into a spongelike structure during SHI irradiation.10,11 How-
ever, in this case εn is negligible within the amorphous layer
and the structural modification is solely due to the high
electronic energy loss per ion and per depth.

The aim of this paper is the investigation of the void
formation in a-Ge and the resulting swelling with the help
of molecular dynamics computer simulation. We show that
the simulation provides unique information about the void
formation process and is able to reproduce the experimentally
observed dependence of the swelling on the irradiation
parameters. In Sec. II the experimental results are briefly

reviewed to allow comparison with the results obtained from
simulation. The details of the simulation are summarized in
Sec. III while the results are presented and discussed in Sec. IV,
followed by a summary and conclusion in Sec. V.

II. EXPERIMENTAL RESULTS

Void formation within the amorphous layer was studied for
different electronic energy loss per ion and depth between
εe = 14.0 . . . 38.6 keV nm−1 as estimated by SRIM 2008
calculations12 by varying the energy and the angle of incidence
of the ions [irradiations were performed at the Australian
National University (ANU), Canberra]. For all irradiation
conditions, a strong elevation of the irradiated a-Ge surface
layer with respect to the unirradiated part was observed.10 The
ratio of the corresponding step height �z and the thickness of
the unirradiated amorphous layer d are shown as a function
of the ion fluence NI in Fig. 1. As can be seen, the relative
step height �z

d
increases with increasing ion fluence for all

irradiation parameters used and exhibits a linear dependence
on the ion fluence, where the slope increases with increasing
ion energy and increasing angle of incidence. This slope �z

NI d
is

plotted versus the electronic energy loss per ion and depth εe in
Fig. 2. It can be seen that in spite of the different ion energies
and directions of incidence, the slope is only a function of
εe, which implies that the swelling is determined solely by
the electronic energy loss per ion and per depth. Furthermore,
the dependence on εe is linear and the extrapolation of the
regression line reveals the existence of an electronic energy
deposition threshold of about εe,th = 10.5 ± 1.0 keV nm−1

above which swelling begins in a-Ge under SHI irradiation at
room temperature.10

Cross section scanning electron microscopy (cs-SEM) of
the irradiated samples reveals the reason for the swelling effect
as becomes obvious from the example given in Fig. 3. The
transformation of the initially homogeneous a-Ge surface layer
into a void rich structure is clearly visible. The underlying c-Ge
substrate is free of voids showing that void formation takes
place solely in the 3.1 μm thick amorphous surface layer. The
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FIG. 1. The relative swelling �z

d
of an amorphous Ge layer

(swelling �z divided by the initial thickness of the amorphous Ge
layer d = 3.1 μm) due to the irradiation with Au ions as a function
of the fluence NI . The irradiation is performed at room temperature
with different energies and angles of incidence of the Au ions. The
linear fits are given by the lines.

sharp interface is thus preserved despite the irradiation. The
voids themselves are randomly distributed, irregularly shaped,
and have sizes between 15 and 100 nm. A part of the sample
which was masked during the irradiation can be seen in the
right section of the SEM image. Here, no voids were generated
and the elevation of the irradiated part, �z, is obvious. Based
on these experimental results, one may therefore conclude
that voids are formed in a-Ge if a specific threshold value of
the energy transferred by electronic processes (εe,th = 10.5 ±
1.0 keV nm−1) is exceeded. The resulting swelling depends
linearly on the total energy deposited into the amorphous layer
and is thus a linear function of both electronic energy loss per
ion and depth εe and ion fluence NI .10

FIG. 2. The slopes �z

NI d
of the linear fits in Fig. 1 as a function of

the electronic energy deposition per ion and depth εe.

FIG. 3. cs-SEM image showing the transformation of the initially
homogeneous a-Ge layer into a void rich a-Ge layer with swelling
�z caused by the irradiation with 185 MeV Au ions under an angle
of 45◦ with a fluence of 7.0 × 1012 cm−2 at room temperature.

III. MOLECULAR DYNAMICS SIMULATION

The molecular dynamics (MD) computer simulations were
done with a standard MD code, where the integration of the
equations of motion is performed using the velocity form of
the Verlet algorithm. The time step is given by the velocity
of the fastest atom; however, the maximum value is 0.5 fs.
For the interaction between the Ge atoms a potential of the
Stillinger-Weber type13 splined to a more realistic repulsive
pair potential14 for small interatomic distances was used.
The parameters for Ge were taken from Ref. 15. The initial
MD cell of the a-Ge consists of 9000 atoms with a size of
85.8 Å × 85.8 Å × 26.6 Å (mass density 5.147 g cm−3).
Note that the size of the MD cell and the mass density
change during the simulation. The a-Ge has been prepared
by simulating the ion irradiation of c-Ge using a procedure
similar to that given in Ref. 16. Figure 4 shows the radial
distribution function of the simulated a-Ge in comparison with
the corresponding experimental results17 obtained by X-ray
diffraction. The excellent agreement between simulation and
experiment proves the accuracy of both the potential and the
cell preparation with respect to the description of the a-Ge. To
study the influence of the size of the MD cell, a few simulations
were performed with MD cells consisting of 18 000 atoms
(initial size of 85.8 Å × 85.8 Å × 57.2 Å) and 27 000 atoms
(initial size of 85.8 Å × 85.8 Å × 85.8 Å). However, it must
be emphasized that even for the largest MD cell, the validity
of the simulation is limited to the formation of small voids.
According to the experimental results this corresponds to the
initial stage of the void formation (the growth of voids up to
about 100 nm as found experimentally would require MD cells
more than 10 times larger and computing times more than 105

times larger for reaching the same fluence).
The swift heavy ion irradiation is simulated in the following

simplified way. A given ion penetrates the MD cell in the z

direction at zero angle of incidence and at a position (x0,y0).
All atoms in a cylinder centered at (x0,y0) and with a radius
rdep receive additional kinetic energy. This cylinder is called
the deposition cylinder in the following. The total amount of
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FIG. 4. The radial distribution function of a-Ge at room tempera-
ture calculated by MD computer simulation using the small MD cell
of 9000 atoms (dashed line) and the corresponding experimental data
of Temkin et al. (Ref. 17) obtained by X-ray diffraction (solid line).

kinetic energy given to the atoms in the deposition cylinder is
�Ekin = εd with ε = gεe, where ε is the part of the electronic
energy loss per ion and depth εe which is converted into atomic
motion and d is the z extension of the initial MD cell. The
ratio g (< 1) is unknown and used here as a free parameter
(in the literature values on the order of 0.1 are mentioned18

for AIIIBV compounds). The additional kinetic energy �Ekin

is equally divided among all atoms in the deposition cylinder
over a time interval of tdep = 1 ps where the directions of
the transferred momentums are chosen at random. The time
interval tdep used is a characteristic time for the transition of
the energy from the electronic system to the motion of atoms19

and with respect to these investigations it has been shown not
to be a critical parameter. As the radius rdep of the deposition
cylinder the value rdep = 20 Å was used which is supported
by Waligorsky et al.20 In one case rdep is varied in order to
estimate the influence of the choice of the value of rdep on
the results. In contrast to the deposition time, the radius of
the deposition cylinder does have a certain influence on the
results.

After the energy deposition of a given ion, the evolution
of the system is simulated using periodic boundary conditions
for all three directions. During the simulation the pressure is
kept to zero by allowing the MD cell to expand only in the z

direction (swelling) which corresponds to the situation in the
experiment. The heat introduced by the energy deposition is
extracted by velocity scaling of all atoms outside a cylinder
with a radius rscal coaxial to the deposition cylinder (rscal

about 0.3 times the x-y diagonal of the MD cell has been
shown to be a good choice). After 100 ps the temperature in
the MD cell has again reached the initial temperature (room
temperature in most cases) and the next ion penetrates the MD
cell at a different position (x0,y0) which is chosen randomly.
That is, the full SHI irradiation is simulated by a series of
ions (energy deposition processes) penetrating the MD cell in
time intervals of 100 ps at different positions (x0,y0) which
are equally distributed within the x-y extension of the MD
cell. The quantities of interest are the relative swelling �z

d

(change of the z extension of the MD cell �z divided by the

initial z extension of the MD cell d which is equal to the
initial thickness of the amorphous layer) and the change of the
structure (formation of voids).

IV. RESULTS AND DISCUSSION

Most of the simulations were performed for room tempera-
ture T = 293 K using the small MD cell consisting of 9000 Ge
atoms and the radius of the deposition cylinder rdep = 20 Å.
In this case the energy loss per ion and depth ε has been
widely varied between 1.7 keV nm−1 and 3.4 keV nm−1. The
corresponding results range from approximately zero effect
up to 150% swelling caused by the formation of voids. In
Sec. IV A, the results obtained for ε = 2.6 keV nm−1 are
presented and discussed as a typical example for the formation
of voids. First, the effect resulting from one ion (one energy
deposition) is investigated and second, a sequence of ions (ion
beam) is considered. In Sec. IV B, the swelling as a function
of the fluence is considered for comparison with experimental
data, where the energy loss per ion and depth ε, the radius of
the deposition cylinder rdep, and the temperature T are varied.

A. Void formation

The results for the impact of one ion for fixed parameters
(ε = 2.6 keV nm−1, T = 293 K, rdep = 20 Å; impact position
is the center of the x-y plane of the MD cell) are presented
in Figs. 5–9. The relative swelling �z

d
and the average

temperature and pressure in the MD cell as functions of the
time are depicted in Fig. 5. As can be seen, the relative swelling
increases rapidly up to a maximum value of about 18% at t =
2.9 ps followed by a decrease until it reaches a constant value
of 7% already at about t = 50 ps. The temperature behaves
similarly. It reaches the initial value (293 K) well before
t = 100 ps. The pressure oscillates with a strong decrease of its
amplitude (constant pressure regime) and it reaches zero again
after about 20 ps. All the data in Fig. 5 indicate that the essential

FIG. 5. The relative swelling �z

d
(change of the z extension of the

MD cell divided by the initial z extension of the MD cell d = 26.6 Å)
and the average temperature and pressure in the MD cell as functions
of the time for one ion impinging the center of the x-y plane of the
MD cell at the time t = 0. The energy deposition starts at t = 0 and
is finished at t = 1 ps.
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FIG. 6. The average mass densities of all atoms in the MD cell
and of three different cylinder shells as functions of the time t for one
ion impinging the MD cell at t = 0 (ε = 2.6 keV nm−1, T = 293 K,
rdep = 20 Å). The cylinder shells are coaxial to the deposition cylinder
and r is the radial distance from the axis of the deposition cylinder, the
position of which is given by the impact position of the ion [here the
center of the x-y plane, see also Fig. 7(a)]. For some times labeled by
(a) to (f), the configurations of the atoms in the MD cell are visualized
in Fig. 7.

processes responsible for the swelling take place mainly within
about 30 ps. Therefore, the evolution of the a-Ge system in
this time interval is investigated in more detail. Instead of the
relative swelling, the corresponding average mass density of
all atoms in the MD cell is depicted in Fig. 6 (solid line). In
order to get some information about the distribution of the
atoms, the average mass densities of all atoms within three
different cylinder shells (coaxial to the deposition cylinder)
as functions of the time are added in Fig. 6. The strongest
change takes place in the cylinder (1) with radius 10 Å which
is much smaller than the deposition cylinder (rdep = 20 Å). For
some characteristic times labeled by (a) to (f), the top views
(onto the x-y plane) of the corresponding configurations of the
atoms in the MD cell are presented in Fig. 7. The snapshot
Fig. 7(a) shows the initial MD cell, where the atoms within
the deposition cylinder are highlighted. At about 1.5 ps, the
mass densities in cylinder (1) and in cylinder shell (2) as well
are reduced to about 60% [Fig. 6(b)], but the mass density in
the cylinder shell (3) does not change remarkably. This means
that the reduction of the density is approximately restricted
to the volume of the deposition cylinder which can also be
seen in Fig. 7(b). At about 3 ps, the density in the cylinder
(1) reaches a local minimum and is much lower than that
in cylinder shell (2) (Fig. 6). As can be seen in Fig. 7(c),
this corresponds to a latent void (radius of about 4 Å) and a
reduced density around it. This void disappears about 1.5 ps
later and leaves a region of reduced density [Figs. 6(d) and
7(d)]. At 15 ps a void is formed again, however, still with a
diffuse interface [Fig. 7(e)]. With proceeding time the interface
becomes more and more sharp resulting in a stable void
(proved for times up to 1 ns) with a radius of about 9 Å
[Fig. 7(f)]. As can be seen in Fig. 6, the density in cylinder shell
(2) recovers to 86% of the initial value. The time dependence
of the mass density outside the deposition cylinder [cylinder

FIG. 7. The top views (onto the x-y plane) of the configurations
of the atoms (small full dots) in the MD cell at the different times
labeled by (a) to (f) in Fig. 6 (note that only the z extension of the MD
cell changes with time; the x-y extension 85.8 Å × 85.8 Å remains
constant). In panel (a), the impact position of the ion is marked by the
large full dot and all the atoms within the deposition cylinder (radius
rdep = 20 Å) are highlighted.

shell (3)] is about the same as that of the whole MD cell.
The essential difference is the interesting peak at about 1.3 ps.
This gives rise to a more detailed investigation of the mass
density outside the deposition cylinder in this time interval.
The results are presented in Fig. 8. As can be seen, there is
a rapid change of the mass densities in the three different
cylinder shells outside the deposition cylinder which is typical
for a shock wave. The time at which the increase of the density
for a given cylinder shell is about half of the corresponding
maximum increase (full dots in Fig. 8) is used as the time of

FIG. 8. The average mass density of all atoms in the MD cell and
in three different cylinder shells outside the deposition cylinder as
functions of the time t for one ion impinging the MD cell at t = 0
(same conditions as in Fig. 6). The times tf when the mass density
front reaches the different cylinder shells (with average positions
rf,d = 23 Å, 31 Å, and 40 Å, respectively) are marked by the full
dots. In the inset, the positions rf,d are plotted over the time tf . The
solid line is the corresponding linear fit.
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FIG. 9. The average temperatures of all atoms in 22 different
cylinder shells (21 Å � r < 22 Å, 22 Å � r < 23 Å until 42 Å �
r < 43 Å) outside the deposition cylinder as functions of the time t

for one ion impinging the MD cell at t = 0 (same conditions as in
Fig. 6). The times tf when the temperature front reaches the different
cylinder shells (with average positions rf,T = 21.5 Å up to 42.5 Å,
respectively) are marked by the full dots. In the inset the positions rf,T

are plotted over the time tf . The solid line and the dotted line are the
linear fits in the two time intervals separated by tf = 1.35 ps (marked
by the arrow). The radius r0 = 42.9 Å is half of the x extension of
the MD cell.

arrival of the density wave front tf at the position rf,d which is
the average value of r in this cylinder shell. The inset of Fig. 8
shows the position of the front rf,d as a function of the time
tf . There is an approximately linear dependence providing
a velocity of the density wave front vf = (4600 ± 300) m
s−1. This velocity seems to exceed the sound velocity in a-Ge
which is (4000 ± 50) m s−1 according to the experimental
results of Cox-Smith et al.21 A more precise determination of
the wave front velocity is obtained by studying the evolution
of the temperature wave front. The results are shown in Fig. 9.
Because the statistical fluctuations are lower than those for
the density, the temperature can be determined in cylinder
shells with much smaller thicknesses (here 1 Å instead of
4 Å for the density) which provides a larger number of
values for the position of the front. Furthermore, the time
of arrival of the temperature wave front tf can be determined
more precisely than that of the density wave front because
the relative change of the temperature at the front is much
larger (> 150% up to 1.35 ps and > 35% above) than the
relative change of the density (7% . . . 12%) (compare Figs.
8 and 9). The resulting times of arrival of the temperature
wave front tf and the corresponding positions of the wave
front rf,T (both determined as in Fig. 8) are depicted in the
inset of Fig. 9. As can be seen, the position of the wave front
rf,T is a linear function of the time tf up to about tf = 1.35
ps (marked by the vertical arrow) providing a wave front
velocity vf = (5150 ± 50) m s−1. For tf > 1.35 ps there is
again a linear dependence of rf,T on tf , however, with a
smaller slope corresponding to a wave front velocity vf =
(4000 ± 200) m s−1. At about 1.5 ps the wave front reaches
the edge of the MD cell (rf,T = r0). As already mentioned
above, the experimentally determined sound velocity in a-Ge is
(4000 ± 50) m s−1.21 This means that the wave front definitely

moves with supersonic velocity at first and from about 1.35 ps
it propagates as an ordinary sound wave with exactly the
measured sound velocity which are both characteristic features
of a shock wave (see, e.g., Ref. 22). These results prove that
the void formation in a-Ge is mainly based on a shock wave
mechanism. In addition, they provide another argument for
the applicability of the interaction potential between the Ge
atoms used here (Stillinger-Weber type) and the quality of
the prepared a-Ge because the sound velocity of a-Ge is also
obtained correctly.

Up to now, the formation of a void caused by the impact
of one ion at the center of the x-y plane of the MD cell has
been investigated. In the following a sequence of ions (ion
beam) is considered. The different impact positions of the
ions (x0,y0) are chosen at random according to a uniform
distribution within the x-y extension of the MD cell. Because
all the physical quantities of interest here reach equilibrium
constant values in a time less than 100 ps after the impact of an
ion (see Fig. 5), the succeeding ions are started in time intervals
of 100 ps. The resulting relative swelling �z

d
as a function of the

time is depicted in Fig. 10. The empty dots represent the values
of �z

d
reached as a result of the preceding ion before the next ion

starts. The additional small full dots mark the times for which
the corresponding configurations of the atoms in the MD cell
are shown in Fig. 11. The void formed by the impact of ion 1
and the resulting relative swelling have already been described
above. The increase of the relative swelling �z

d
with increasing

number of ions (Fig. 10) is determined by the formation,
growth, shrinking, and annihilation of voids, where in almost
all cases the formation and growth are the more effective
processes. For some typical examples this is demonstrated
in Fig. 11. The change of the structure caused by the impact of
a given ion is visualized by two snapshots. The left snapshot

FIG. 10. The relative swelling �z

d
as a function of the time t for

irradiation with a sequence of ions started in time intervals of 100
ps (solid line). The empty dots represent the asymptotic values of �z

d

reached as a result of the preceding ion before the next ion starts (that
means before the sharp peak). The changes of the configurations of
the atoms in the MD cell caused by ions 2, 3, 5, 7, 11, and 17 (the
corresponding time intervals are labeled by the numbers of the ions
and the limits of these intervals are marked by the small full dots) are
visualized in Fig. 11. The conditions are given by ε = 2.6 keV nm−1,
T = 293 K, and rdep = 20 Å.
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FIG. 11. The top views (onto the x-y plane) of the configurations
of the atoms (small dots) in the MD cell before starting a given
ion and 100 ps later, that is, before starting the next ion. The time
intervals belonging to the ions considered are also marked in Fig. 10
by the numbers of these ions. As in Fig. 7, the impact positions
of the ions are marked by the large full dots and all atoms within
the deposition cylinders (radius rdep = 20 Å) are highlighted. Note
that the x-y extension of the MD cell (85.8 Å × 85.8 Å) does not
change and periodic boundary conditions in the x and y directions are
used.

shows the situation when this ion starts, where the position of
the ion impact is marked by the full black dot and the atoms
within the deposition cylinder (excited atoms) are highlighted.
The right snapshot shows the resulting structure reached 100 ps
later. This time interval is also marked in Fig. 10 by the number
of the corresponding ion. As can be seen, ion 2 generates a
small void around its impact position and the initially existing
void remains [Fig. 11(a)]. Ion 3 is responsible for the formation
of a new void and the annihilation of the existing void. The
small void caused by ion 2 remains [Fig. 11(b)]. As the result
of the impact of ion 5 [Fig. 11(c)], the existing void grows.
Caused by the impact of ion 7 [Fig. 11(d)], a new void is
generated and the initially existing void shrinks remarkably.
Therefore, the corresponding increase of �z

d
is smaller than in

the previous cases (see Fig. 10). Ion 11 [Fig. 11(e)] generates
a new void; however, the initially existing large void shrinks
so much that in this case the relative swelling even decreases
(see Fig. 10). The final result after irradiation with 17 ions is a
spongelike structure shown in Fig. 11(f) and a total swelling of
about 40% (Fig. 10). Considering all the snapshots in Fig. 11,
a relation between the results of the ion impact and the impact
position relative to already existing voids can be found. If there
are no voids within the deposition cylinder, only a new void
is generated [Fig. 7 and Fig. 11(a)] or a new void is generated
and the previous void shrinks [Figs 11(d) and 11(e)] or even
disappears [Fig. 11(b)]. If a significant part of an existing void
intersects the deposition cylinder, this void grows [Fig. 11(c)]
and mostly nothing else happens. In order to study the stability
of these structures a very strongly swelled a-Ge cell with
�z
d

= 0.665 (not seen in Fig. 10) has been annealed at 293 K

and at 1000 K up to 2 ns (not shown). No visible effect has
been found at 293 K. At the annealing temperature of 1000 K,
�z
d

decreases by 16% up to 1 ns caused by a sharpening of the
internal surfaces but there is no further change up to 2 ns. This
means the structures obtained after irradiation are thermally
stable.

B. Fluence dependence of the swelling

For comparison with the experimental results (Figs. 1 and
2), the relative swelling as a function of the time (as, e.g., shown
in Fig. 10) is converted into a dependence on the fluence NI

by NI = t/(100 ps AMD), where AMD = 7362 Å2 is the x-y
area of the MD cell which remains constant. First, the results
obtained for different energy losses per ion and depth ε are
presented, second the influence of the size of the MD cell
and the choice of the radius of the deposition cylinder rdep

are investigated, and third, a preliminary result for different
irradiation temperatures is given.

Figure 12 shows the relative swelling �z
d

as a function
of the fluence NI for different energy losses per ion and
depth ε where the values of the temperature (T = 293 K)
and the radius of the deposition cylinder (rdep = 20 Å) are
the same as used in Sec. IV A. As can be seen, for all values
ε � 2.6 keV nm−1 the relative swelling increases linearly with
increasing fluence over nearly the whole fluence range. Only
for very small fluences up to about 0.02 . . . 0.05 × 1014 cm−2

the increase is stronger. The linear dependence of the relative
swelling on the fluence, and also the stronger increase for
the very small fluences, is in good qualitative agreement with
the experimental results (see Fig. 1). For ε � 2.3 keV nm−1

there is only a small initial swelling that does not further
increase with increasing fluence. The small constant swelling
is obviously caused by point defects or very small instable
voids in the a-Ge which are of no further interest here. The
results in Fig. 12 indicate the existence of a threshold value
εth for swelling analogously to the threshold value of εe,th

FIG. 12. The relative swelling �z

d
as a function of the fluence NI

for different values of the energy loss per ion and depth ε (T = 293 K,
rdep = 20 Å). The symbols represent the asymptotic values of �z

d
as

defined in Fig. 10 (in order to reduce the number of symbols only the
values of ions with even numbers are depicted). The solid lines are
the corresponding linear fits.
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found experimentally (Fig. 2). The threshold value εth is
determined in the same way as that of εe,th in Fig. 2. For
this purpose, the slopes �z

NI d
of the linear fits in Fig. 12 are

calculated and depicted in Fig. 13 (full dots). As can be
seen, in agreement with the behavior of the experimental data
(Fig. 2) the slopes show a linear dependence on ε or εe (g
is assumed to be constant) providing a threshold value εth =
2.46 keV nm−1.

To study the influence of the size of the MD cell on the
threshold value, a few simulations using two MD cells with
larger z extensions (18 000 atoms, initial size of 85.8 Å ×
85.8 Å × 57.2 Å, and 27 000 atoms, initial size of 85.8 Å ×
85.8 Å × 85.8 Å) were performed. The results are added in
Fig. 13. The dependence of the slopes �z

NI d
on ε is similar to

that obtained using the small MD cell; there is only a shift
to lower ε. For the two larger MD cells the shifts are about
equal indicating a convergence of the threshold value of ε with
respect to the extension of the MD cell in the z direction which
is εth = 2.2 keV nm−1. From this value and the experimentally
determined value εe,th = 10.5 keV nm−1 follows g = 0.21 for
the relative part of the electronic energy loss per ion and depth
εe which is converted into atomic motion. The value thus
obtained for g is of a similar order as the values of around 0.1
mentioned in the literature for AIIIBV compounds.18

To estimate the influence of the choice of the radius of the
deposition cylinder, the simulations using the smaller MD cell
(9000 atoms) have been repeated for rdep = 15 Å and rdep =
25 Å (the upper value of rdep is limited by the size of the MD
cell). They provide the threshold values εth = 2.30 keV nm−1

and εth = 2.62 keV nm−1 for the energy loss per ion and depth,
respectively. This means that the threshold value εth shows a
linear dependence on the radius of the deposition cylinder (for
rdep = 20 Å the threshold value is εth = 2.46 keV nm−1 as
mentioned above) within the range of rdep investigated here.
These results show that the influence of the choice of the radius
of the deposition cylinder must be taken into account but it is
not too strong. A variation of rdep by ± 25% provides only a
variation of εth by ± 6.5%.

FIG. 13. The slopes �z

NI d
of the linear fits in Fig. 12 as a function

of the energy loss per ion and depth ε (full dots). The corresponding
results using the larger MD cells (18 000 atoms and 27 000 atoms)
are added (T = 293 K, rdep = 20 Å).

FIG. 14. The relative swelling �z

d
as a function of the fluence

NI for ε = 2.6 keV nm−1, rdep = 20 Å, and different values of the
irradiation temperature. For comparison, preliminary experimental
results for two temperatures are shown in the inset. They have been
obtained by irradiation of a 3.1 μm thick a-Ge layer with 940 MeV
Au ions at zero angle of incidence at GSI, Germany.

With respect to the dependence of the swelling on the
irradiation temperature, a few simulation results for ε =
2.6 keV nm−1 are presented in Fig. 14. As can be seen,
the relative swelling increases remarkably with increasing
temperature. To check this tendency, preliminary experiments
were performed at low temperature (50 K) and at room
temperature. They have been obtained by irradiating a 3.1 μm
thick a-Ge layer with 940 MeV Au ions at 0◦ at the Gesellschaft
für Schwerionenforschung (GSI), Germany. The a-Ge layer
was prepared like those irradiated at the ANU (Figs 1–3).
The experimental results are added in the inset in Fig. 14. As
can be seen, the tendency of the temperature dependence of
the relative swelling predicted by the simulation is confirmed
by the experimental results and even the strength of this
dependence is comparable to that found experimentally [the
average ratios �z

d
(50 K)/�z

d
(293 K) of the simulated and

experimental results for NI > 0.1 × 1014 cm−2 are about
0.5 and 0.6, respectively]. This means that the temperature
dependence of the relative swelling is obviously reason-
ably described by the simulation. However, for a deeper
insight more experimental and theoretical investigations are
necessary.

V. SUMMARY AND CONCLUSION

The formation of voids in a-Ge due to high electronic
energy deposition by swift heavy ions, resulting in a swelling
of the a-Ge, is investigated experimentally and with the
help of molecular dynamics (MD) computer simulations. The
simulation results are shown to be able to give information
about the processes of the formation and evolution of the voids,
the existence of which has been proven experimentally by
cs-SEM. The investigation of the evolution of local densities
and temperatures definitely show that acoustic shock waves
are generated by the high energy deposition. For a typical case
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of energy deposition, the shock wave propagates for about
0.35 ps after the energy deposition with a supersonic velocity
vf = (5150 ± 50) m s−1 [the measured sound velocity in a-Ge
is (4000 ± 50) m s−1; Ref. 21]. Then it decays and continues as
an ordinary sound wave with a velocity vf = (4000 ± 200) m
s−1, which agrees very well with the measured sound velocity.
The fact that shock waves are generated under the conditions of
high energy deposition agrees fully with the results of Carter,22

Trinkaus,23 and Kluth et al.24 Carter predicted that for high
energy deposition due to swift heavy ions, the core of the spike
(which can be assumed to be cylindrical) is a source of shock
waves.22 This occurs because in this case the free path of an
atom between the collisions is on the order of the mean atomic
spacing leading to collective collisions. The shock wave con-
cept has been successfully applied to explain, e.g., very high
sputtering rates or exfoliation processes (Ref. 22 and refer-
ences therein) and the anisotropic growth of amorphous solids
under swift heavy ion irradiation.23 Kluth et al. investigated the
radial density profiles for tracks in amorphous SiO2 generated
by swift heavy ion irradiation.24 The experimental data show
a core of reduced density surrounded by a shell of higher
density. They argue that a shock wave is emitted caused by a
sudden thermal expansion in the track center. The experimental
results are well described by MD computer simulations.24

Our simulations show that the shock wave mechanism is also
the main process of the formation of voids which can be
understood as an extreme case of the reduction of the density
found by Kluth et al.24 Within the time range of ns the voids
have been proven to be stable even at a temperature of 1000 K.

The swelling of the a-Ge due to the irradiation with swift
heavy ions has been shown to be determined by the competing
processes of the formation and growth of voids on the one

hand and the shrinking and annihilation of voids on the
other hand. Obviously, all these processes are mainly based
on the shock wave mechanism. The fact that the swelling
of the a-Ge obtained by the simulation depends linearly on
the fluence agrees fully with the experimental results. Also
in agreement with the experimental results, the simulations
provide the existence of a threshold of the energy loss per
ion and depth for swelling. The existence of this threshold is
independent of the conditions of the simulation considered
here; only its absolute value εth is influenced by the size
of the MD cell and the value of the deposition radius rdep.
While the value of εth converges with respect to the extension
of the MD cell in the z direction, it depends linearly on the
deposition radius rdep. For the large MD cell and rdep = 20 Å
the value εth = 2.2 keV nm−1 is obtained, where an uncertainty
of rdep of 25% provides an uncertainty of εth of 6.5%. By
a comparison with the experimentally determined threshold
value εe,th = 10.5 keV nm−1 for the electronic energy loss
per ion and depth, the unknown parameter g (εth = gεe,th)
can be determined. It provides g = 0.21 which is of a similar
order as values reported for AIIIBV compounds.18 Preliminary
results show that the temperature dependence of the swelling
may also be well described by the simulation. However, to
fully understand the temperature dependence more detailed
investigations are necessary.
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