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The growth and modification of nanocluster-assembled thin films were studied using molecular-dynamics
simulations. Porous thin films of copper were grown through sequential deposition of 50 Cu711 nanoclusters on
a Cu �100� substrate. Irradiation of these films with Xe and Au ions, at energies ranging 5–30 keV, was then
carried out with the aim of increasing their density. Results show that heavy-ion irradiation can successfully be
used in the densification of initially underdense thin films. With ion ranges tuned to the thickness of the thin
films, densities approaching that of bulk copper were achieved at fluences as low as 50�1012 ions /cm2.
Densification was caused by local melting in individual clusters and the resulting viscous flow of atoms into
voids within the films. Nanocrystallinity was preserved as recrystallization occurred according to crystal
orientations of the pre-existing clusters.
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I. INTRODUCTION

Nanoclusters have recently been suggested for use in the
growth of nanostructured thin films.1–3 Due to their inherent
nanocrystalline structure, deposition with size-selected nano-
clusters should result in the growth of thin films with grains
in the same size range as the clusters. Thin-film growth by
cluster deposition is also a very gentle technique, suitable for
virtually any substrate, as deposition can occur at room tem-
perature or lower, with very low deposition energies.

Thin films grown by low-energy cluster deposition are,
however, in general extremely porous, and therefore exhibit
very poor adhesion and mechanical properties.2 An increase
in deposition energy will result in the growth of denser films
with better qualities. This may, however, sometimes be
harmful toward the substrate, and will almost inevitably de-
stroy any likelihood of the formation of grain boundaries
within the films.4–6 In some rare cases, if cluster sizes are
small enough, epitaxial alignment of clusters can occur even
at low deposition energies.7–9 Deposition in this manner may
lead to the growth of dense thin films, although these films
will undoubtedly lack any nanostructure whatsoever.

One option for increasing the density of cluster-assembled
thin films is high-temperature annealing.10 Global melting of
the cluster films is however a very destructive technique if
nanocrystallinity is to be preserved. At higher temperatures,
clusters will sinter, causing a rapid increase in grain size.
Thermal annealing can also be harmful for many substrates,
as samples are held at elevated temperatures for a consider-
able duration of time. High pressure compaction is an alter-
native method, which possesses almost all of the same
disadvantages.11

A more gentle method may be irradiation with heavy ions.
The effects of heavy-ion irradiation in matter have been a
topic of vigorous research during the past century. The de-
liberate modification of materials through bombardment with
ions, be it for the purpose of impurity implantation, defect
creation, or structural rearrangement, has become so com-
monplace that a huge faction of our modern-day industry
relies heavily upon it.12

Amorphization and viscous flow, induced by irradiation,
in crystalline semiconductors and ceramics have lately been

studied in detail, for purposes as exotic as the activation of
human bone replacement materials.13–15 Although similar ir-
radiation of close-packed structures, such as face-centered-
cubic �fcc� or hexagonal close-packed �hcp� metallic crystals,
commonly does more harm than good,12 through the creation
of numerous defects16,17 and therein brittleness, we propose
its use in the densification of cluster-assembled thin films
and hence in the improvement of mechanical properties.

If initially underdense structures are irradiated with heavy
ions, local melting and a viscous flow of atoms can result in
the filling of voids and hence, a densification of the structure.
If recrystallization of molten regions occurs according to lo-
cal structure of individual clusters, nanocrystallinity can be
preserved within the films.

The aim of this work has been to study the feasibility of
such a densification of cluster-assembled thin films by
heavy-ion irradiation. Molecular-dynamics �MD� simulations
were used to evaluate film growth by cluster deposition and
the subsequent modification of the porous films by irradia-
tion.

II. METHOD AND SIMULATIONS

Classical molecular-dynamics simulations18 were used to
model the growth of thin films by cluster deposition, and
using those films, the interaction between heavy-ion irradia-
tion and porous cluster-assembled structures. Cluster-
assembled films were grown through sequential deposition of
50 Cu711 clusters on an initially smooth Cu �100� surface.
Irradiation of the films was then carried out using Xe and Au
projectiles at energies ranging 5–30 keV.

The embedded-atom method �EAM� potential19 by Foiles
et al.20 was used to describe the interactions between copper
atoms during growth of the cluster films and their irradiation,
while EAM cross potentials were used to model the interac-
tions between copper atoms and the gold ions during irradia-
tion. At short distances, the potentials were smoothly joined
with the universal repulsive Ziegler-Biersack-Littmark
�ZBL� potential.21 The ZBL potential was also used to model
Cu-Xe interactions during irradiation. Inelastic energy losses
due to electronic stopping were included in the calculations
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for all atoms with kinetic energy higher than 5 eV.21

All simulations were conducted at a temperature of 300
K. The Berendsen temperature control algorithm22 with a
time constant of 100 fs was used to stabilize the temperature
at the borders and the bottom of the simulation cell in all
simulations. Periodic boundaries were used in the two direc-
tions of the surface plane, while the bottom three layers of
the substrate were fixed. Temperature was scaled smoothly
over six atom layers between the fixed bottom and the re-
mainder of the cell, in order to realistically mimic a thicker
substrate.

The Cu clusters used for film growth, each containing 711
atoms and having a diameter of approximately 2.5 nm, were
given the shape of Wulff polyhedra,23 with their dimensions
optimized to a configuration of minimum surface energy.
Other potentials and configurations have been tested in a
previous study, for which no significant differences were
observed.7

The size of the Cu �100� substrate, 26�26�13 unit cells,
was chosen to be such that its length in both lateral directions
would be roughly three times the diameter of the deposited
clusters. The thickness of the substrate was chosen such that
the substrate would be large enough to allow for energetic
irradiation without too much immediate energy loss through
the cell borders.

The simulation process for film growth was as follows.
The clusters and substrate were created separately and al-
lowed to relax at a constant temperature of 300 K for 50 ps
before being combined. Deposition was done by giving each
atom of the cluster a velocity, corresponding to a kinetic
energy of 5 meV, toward the substrate. After impact of the
cluster on the surface of the substrate, the film structure was
allowed to relax for 100 ps before the following cluster was
deposited. Between each impact, the substrate and any pre-
viously deposited cluster structure was translated randomly
through the periodic boundaries of the simulation cell in or-
der to allow for random impact points. Each cluster was
rotated to a random orientation before being deposited at the
center of the newly translated substrate. This process was
repeated until 50 clusters had been deposited. A total of eight
films were grown this way in order to collect statistics on the
density of as-deposited films, as well as to allow for a large
number of initial film configurations to be used in the irra-
diation simulations.

Irradiation was performed in a similar manner. The sub-
strate was translated a random distance through its periodic
boundaries before each ion impact, whereupon an ion of the
correct species was created above the center of the substrate
and given a velocity corresponding to the correct kinetic en-
ergy in a direction directly toward the substrate. Irradiation
was performed in this manner to ensure that impacts would
occur in random positions but sufficiently far away from the
borders of the simulation cell. After each impact, the cell was
relaxed for 100 ps, after which the temperature was
quenched down to 300 K over the final 2 ps. The decrease in
temperature during quenching was seldom more than a few
tens of degrees, as most cooling had already occurred during
the initial relaxation. Irradiation was continued until the den-
sities of the films had saturated to their final levels, after
approximately 100 ion impacts. Due to the size of the sub-

strate, each ion impact represented an approximate fluence of
1.11�1012 ions /cm2. Irradiation was performed on all eight
initial as-deposited films in order to collect statistically rel-
evant results.

Density of the thin films was estimated by numerically
calculating the amount of atoms in planar segments, starting
from the bottom of the simulation cell, and comparing the
mass of these atoms with the volume of the segment. The
thickness of each segment was approximately one half of the
lattice constant for copper. The result of these calculations
was density profiles, showing the average density of each
segment as a function of the vertical position of the segment
from the bottom of the substrate. The zero point of these
profiles was then set to coincide with the original surface of
the substrate in order to ease in the distinction between sub-
strate and deposited film. Average densities for the entire
films were then calculated from the profiles as the average
density for all the segments of the films. These were then
compared to the average density of bulk copper, calculated to
be 8.69 g /cm3, according to the specific EAM potential in
use.

The nanocrystallinity of the films was estimated through
the ratio of atoms in the films that were contained within
grain boundaries or planar defects, such as stacking faults
and twinning faults. Common neighbor analysis �CNA� was
used to calculate the local crystal structure for each atom.24

CNA identifies if the atoms are in local fcc or hcp crystal
structure. Stacking faults are seen as two �111� planes of hcp
atoms, and twin boundaries as a single such plane. In dislo-
cation cores, the atoms are neither in hcp nor fcc crystal
structure.25

As a reference, grain analysis was performed on Cu586
cluster-assembled thin films that had been produced during a
previous study,5 regarding the effect of deposition energy on
the density of thin films grown by cluster deposition. As can
be seen in Fig. 1, the grain-boundary content of these cluster-
assembled thin films decreased rapidly once a threshold en-
ergy of 300 meV/atom in the clusters was passed. Alternative
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FIG. 1. Density and grain content of as-deposited cluster films,
as a function of the deposition energy per atom in each cluster.
Density increases toward values close to the bulk density of copper,
whereas the amount of grain boundaries in the resulting films rap-
idly decreases to zero.
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methods of producing dense thin films are therefore needed
if nanocrystallinity is to be preserved.

III. RESULTS

The average density of the as-deposited films was
2.67�0.09 g /cm3, which is roughly 30% of the bulk den-
sity of copper according to the lattice constant given by the
specific EAM potential used ��Cu=8.69 g /cm3�. A film con-
taining 50 Cu711 clusters with this density corresponded to
an average thin-film thickness of 161.4�4.3 Å. The films
themselves exhibited a large amount of voids between the
clusters, which had retained their original crystallinity. As
can be seen in Fig. 2, film growth appeared to be columnar,
in accordance with experimental results,26 as impacting clus-
ters easily stuck to any clusters previously deposited.

Grain boundaries existed between most neighboring clus-
ters, as their individual crystal orientation was unaltered at

impact. Figure 2 shows a snapshot of an as-deposited film,
where atoms within grain boundaries are shaded slightly
darker than atoms in the fcc phase in order to enlighten this.

In Secs. III A–III E the results of heavy-ion irradiation on
such porous cluster-assembled thin films will be discussed.
Apart from the overall effect of irradiation on the density of
the films, focus will be given to factors affecting the rate of
change in density as well as to structural changes within the
films. Finally, the effect of sputtering due to ion impacts will
be discussed.

A. Densification

Ion irradiation resulted in a huge change within the as-
deposited films, as can be seen in Fig. 3, where a single Xe
ion impact, at the fairly low energy of 10 keV, has a rather
remarkable effect on the structure of the porous cluster-
assembled thin film. A region of higher density in the upper
portions of an as-deposited film is struck by the ion, during
which local melting and a transfer of a downward momen-
tum result in a flow of viscous atoms to lower parts of the
film. In effect, the entire denser region of the upper part of
the film is shifted downward by almost 50 Å.

Recrystallization of the molten region is a rapid process,
where most of the shift in density profile occurs during the
initial 50 ps after impact. This confirms that melting and
recrystallization occurs locally during irradiation, as excess
kinetic energy will dissipate from the cluster-assembled film
before the following ion impact.

The ion impact is also felt throughout the entire film,
causing the creation of interstitial states near the surface lay-
ers of the original substrate, an effect which gives the illu-
sion of a density higher than that of bulk copper. Diffusion of
interstitials in copper at higher temperatures is however a
fast process,27 and the perfect structure of the substrate will
return rapidly.

FIG. 2. A snapshot of a typical as-deposited film. Growth ap-
pears to be columnar, as clusters easily stick to previously deposited
cluster. In some cases, depending on the orientation during impact,
clusters can adopt the same crystal directions as the underlying
surface, while in most cases the cluster will retain a crystal orien-
tation separate from its surrounding. Atoms in boundaries between
different crystal orientations appear slightly darker than atoms in a
local fcc configuration.
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FIG. 3. A single impact of a Xe ion at 10 keV results in a huge
downward transfer of mass in the initially underdense film. The
solid black line shows the density profile of the as-deposited film,
whereas the others indicate how the film density evolves during one
Xe ion impact.
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With the effect of a single ion as pronounced as can be
seen in Fig. 3, it is clear that the accumulated effect of sev-
eral ions will have a large impact. Figure 4 shows the aver-
age density of the irradiated films as a function of fluence,
for irradiation with both Xe and Au ions at various impact
energies. The average film density increases rapidly during
initial irradiation for all ion energies. For the higher energies,
a doubling of density is achieved at fluences as low as 15
�1012 ions /cm2. Once higher densities are achieved, how-
ever, the rate of densification subsides and density saturates
to a level slightly below that of bulk copper.

Characteristic for all of the densification curves is an ini-
tial rapid, almost linear, increase in density, for fluences be-
low 20�1012 ions /cm2. The reasons for this are discussed
in detail in Secs. III B–III E. Crucial differences for irradia-
tion with the different species, Xe and Au, cannot be noticed
within the margins of error, which are approximately
0.25 g /cm3 for all values of density. For the low irradiation
energies, 5 and 10 keV, densities remain fairly low through-
out irradiation, whereas significant changes in the densifica-
tion rates cannot be seen once irradiation energies surpass 15
keV. The final densities for all films irradiated with energies
above 15 keV are equal, within the margins of error, irre-
spective of the ion species.

B. Ion ranges and energy deposition

The differences in rate of densification between Xe and
Au are only slight and even seem to coincide within the
margins of error. From Fig. 4, it can be seen that the rate of
densification is slightly higher for Xe at the lower energies,
but slightly lower once the energy increases above 15 keV.

This can be explained by considering the range and energy
deposition of the respective ions in copper.

Figure 5 shows the energy deposition for Xe and Au at
different energies in under-dense copper ��=2.5 g /cm3�,
calculated with binary collision approximation using the
computer program SRIM.28,29 The range of Xe in copper is
higher than that of Au, which results in a slightly larger
deposition of energy at the lower layers of a film with a
thickness of 150 Å. At higher energies, the ranges of both
Xe and Au ions are such that energy is deposited throughout
the entire films. At these energies, 15 keV and above, the
amount of deposited energy per ion is higher for Au, result-
ing in a faster densification process.

The difference in the densification process between low-
and high-energy ions can easily be seen from Figs. 6 and 7,
showing snapshots and density profiles from two films after
irradiation by different amounts of ions. Figure 6 shows the
state of thin films before irradiation and after having been
irradiated with 10, 20, 40, and 60 Xe ions at an energy of 25
keV/ion. The upper portions of the film are rapidly com-
pressed, forming a denser layer approximately 70 Å above
the surface.

When irradiation is continued, the lower portions of the
film are also pressed downward as the flow of atoms is able
to cause a filling of voids. Once the amount of impacts has
approached 40 Xe ions, the density of the thin film is almost
equal to that of bulk copper. The effect of further irradiation
can only be seen as a smoothening of the film surface.

In Fig. 7, the state of thin films before and after irradiation
by 10, 20, 40, and 60 Xe ions at an energy of 5 keV/ion can
be seen. The energy deposition per ion is naturally much
lower for Xe at 5 keV than the same ion at five times the
energy. This can be seen in the slower change in the upper
portions of the film. Only after approximately 20 impacts
have the clusters in the higher portions of the film sintered

3

4

5

6

7

8

9

D
en

si
ty

[g
/c

m
3 ]

0 20 40 60 80 100

Fluence [1012 ions/cm2]

Au @ 5 keV
Au @ 10 keV
Au @ 15 keV
Au @ 20 keV
Xe @ 5 keV
Xe @ 10 keV
Xe @ 15 keV
Xe @ 20 keV

Cubulk

FIG. 4. The average density of irradiated films as a function of
fluence. Due to the substrate size every ion impact represents an
approximate fluence of 1.11�1012 ions /cm2, hence a fluence of
100�1012 ions /cm2 is approximately achieved with 90 ion im-
pacts. The increase in density is initially a very rapid event, but
subsides as the density of the films grows. The black lines represent
irradiation with Au, while the gray lines show the effect of Xe ions.
Results for the higher energies, 25–30 keV, which were approxi-
mately equal to those for 20 keV, have been left out in order to
clarify the figure.

0

20

40

60

80

100

120

140

E
ne

rg
y

ab
so

rb
ed

[e
V

/Å
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into a compressed structure. This structure slowly continues
to flow downward, although the lower portions of the film
continue to remain at a lower density than its surrounding.
This is due to the shallow range of Xe ions at this low en-
ergy, hindering the deposition of energy to these lower lay-
ers.

If densification of the complete film is required, ion ener-
gies should be chosen such that their range at the least is of
the same order as the thickness of the film. A higher deposi-

tion of energy will result in a faster densification, which
therefore favors the use of heavy projectiles.

C. Surface roughness

As can be seen from Fig. 8, where the density profile of a
thin film is plotted during irradiation with Xe at 15 keV, the
film density in the lower layers of the film equals that of bulk
copper even after a fairly low amount of ion impacts. A
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substantial reason for low calculated average film densities is
a shallow slope in the topmost layers of the density profile.
This slope corresponds to surface roughness, which remains
even after irradiation.

The true density of the thin film is in fact not affected by
the surface roughness, which should therefore not be ac-
counted for in the calculations on average film density. Fig-

ure 9 shows the average density of the thin films as a func-
tion of fluence, when irradiated by both Au and Xe ion
species, for the case where the topmost 15% of the thickness
of the thin film is considered to be a surface layer, and there-
fore left out of the calculations. From Fig. 8, it is evident that
15% is a rather conservative estimate for the thickness of the
surface layer, as the density profile after 50 ion impacts ex-
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hibits a smooth decreasing slope between a height of
35–70 Å, which is approximately half of the height of the
thin film. A surface layer of only 15% of the film thickness
was however chosen in order to allow for a larger part of the
atoms of the film to be included in the density calculations.

A surface layer with a thickness of half the total film
height, if its density smoothly decreases as a function of
height, contains approximately 30% of the atoms of the film.
In the case of a surface layer with a thickness only 15% of
that of the film, if its density similarly decreases smoothly
with height, as little as 8% of the atoms of the film would be
discarded from the density calculations.

From Fig. 9, it can easily be seen that the true density of
the irradiated films in fact approaches the bulk density of
copper at fairly low fluences. For the higher irradiation en-
ergies, bulk density would be achieved even earlier if a
thicker surface layer was discarded from the average density
calculations. This is most evident for irradiation with Xe
ions, as compared to Au ions, because a more even distribu-
tion of energy deposition throughout the underdense films
allows for a rapid densification before smoothing of the sur-
face is initiated.

For Xe ions at energies above 20 keV, a sharp kink in the
densification curves can be seen at a fluence of approxi-
mately 20�1012 ions /cm2. Initially, there is a rapid increase
in density at fluences below 20�1012 ions /cm2, which cor-
responds to a densification of the whole film. After this the
rate of densification decreases at higher fluences, as voids
within the film have been filled and only surface smoothing
takes place. The surface layer is however initially rather
thick, and only at a fluence of 80�1012 ions /cm2 does the
under-dense surface layer shrink to below 15% of the film
thickness.

D. Grains

The amount of atoms within grain boundaries inside the
films was calculated with CNA throughout the irradiation

process in order to monitor if nanocrystallinity of the thin
films was heavily affected by the heavy-ion irradiation.

As the decisive mechanism causing densification is the
melting and recrystallization of local regions within the thin
films, it is only natural to presume that grain growth will also
occur. Grain growth has likewise been reported in several
theoretical and experimental papers focused on changes in
morphology during the irradiation of nanocrystalline
samples.30–33

Figure 10 shows the results of the CNA analysis, plotted
as the percentage of film atoms contained within grain
boundaries as a function of the irradiation fluence. For all
energies and ion species, the amount of atoms in grain
boundaries does indeed decrease as fluence is increased.
However, if compared to the relationship between density
and grain amount in as-deposited films �as was indicated in
Fig. 1�, grains remain present in the films throughout irradia-
tion, and even at a fairly large amount.

As the thin films are compressed during the densification
process, single clusters will sinter with others, and therein
adopt a different orientation. Because melting occurs locally,
and recrystallization is such a fast process, several crystal
orientations will however remain within the film, as grains
with different orientations will simultaneously grow in sev-
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eral locations. If a global melting had occurred, recrystalli-
zation would proceed according to some predominant orien-
tation, thereby resulting in the growth of very much larger
grains.

For the case of irradiation at 5 keV, the initial effect is an
increase in the amount of atoms within grain boundaries, and
only after this does the amount of atoms within grain bound-
aries slowly decrease. This appears contradictory, as all other
irradiation energies resulted in the rapid decrease in the
amount of atoms in grain boundaries during initial irradia-
tion. After the initial rapid decrease, the grain-boundary con-
tent appears to remain fairly constant throughout further ir-
radiation with the higher energy ions. The reason for this
discrepancy between 5 keV irradiation and irradiation at
higher energies is the much smaller region of local melting
within the films caused by low-energy ion impacts.

Because only small parts of clusters melted during irra-
diation with 5 keV ions, a viscous downward flow and re-
crystallization of these atoms did not really affect the amount
of grains within the films, but rather only their individual
positions. In the initial stages of irradiation, when individual
clusters only have small contact areas with their neighbors,

the amount of atoms in boundaries between these clusters
will naturally be smaller than it will be once the clusters are
closer to each other in a slightly densified film. This effect
will cause the increase in grain content seen for irradiation of
the films at 5 keV, with both Au and Xe ions. Once clusters
in the densified films had slightly larger contact areas with
their neighbors than originally, local melting was more likely
to occur at grain boundaries, therein improving the opportu-
nity for complete annihilation of some of the individual
grains. For this reason, however, films densified with low-
energy irradiation retained a larger part of their grain bound-
aries than their high-energy irradiated counterparts.

This difference is illustrated in Fig. 11, which shows
snapshots of two densified thin films, irradiated with Au ions
at 30 and 5 keV, respectively. Grain boundaries between re-
gions with different crystal directions are visualized as some-
what larger atoms. From the snapshots, differences in struc-
ture between films irradiated with high-energy and low-
energy ions can clearly be seen. In the case of high-energy
irradiation, several parts of the thin film have recrystallized
at orientations different from the underlying substrate, al-
though grain sizes are clearly much larger than the size of the
original clusters. After low-energy irradiation, grain sizes
have grown beyond the original size of the cluster, but re-
main much smaller than for high-energy irradiation.

The existence of several different crystal orientations, as
seen in the snapshots, confirms the fact that the cluster-
assembled films retain nanocrystallinity throughout the den-
sification process. Although the grain size has undoubtedly
grown, these are still rather small. It is, however, clear that
their final size will be very much dependent on the original
size of the deposited clusters and the energy at which the
films are irradiated.

E. Sputtering

At ion energies and fluences as low as the ones used for
irradiation in these simulations, sputtering of copper is not of
crucial importance. For reassurance in this matter, sputtering
yields during irradiation were nonetheless monitored. The
results can be seen in Fig. 12, where the sputtering yield as a
function of ion energy is plotted for both ion species. Differ-
ent data sets are used for the cases where average film den-
sities are below and above a threshold density of 6.0 g /cm3.
At densities below this value, larger aggregates could some-
times be sputtered from the films, as large parts of still as-
certainable individual clusters were detached from the films.
At higher densities, the likelihood for such events was mini-
mal. This effect also seemed to be energy dependent, as sput-
tering yields for the underdense films increased as ion energy
increased, but only up to a specific point. Once ion energies,
and therefore ion ranges, were too high, sputtering yields
decreased. This can be explained by the fact that atoms sput-
tered from lower parts of underdense films were captured by
the upper parts of those films.

Sputtering yields were also higher for the heavier ion Au
as compared to those of Xe. For both ion species, the yields
were however low enough to allow for less than 3% of the
films to be sputtered away during irradiation. Sputtering
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FIG. 10. The amount of atoms within grain boundaries for thin
films irradiated at different energies with Au and Xe ions, as a
function of fluence. Even though the amount of atoms in grain
boundaries decreases during irradiation, no irradiation energy re-
sults in a complete deletion of grain boundaries. All samples re-
mained nanocrystalline although grain growth was promoted.
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yields from thin films with density above 6.0 g /cm3 were
well within the range of experimental values.34

IV. DISCUSSION

A rapid increase in density of the as-deposited cluster
films was achieved with a fairly low irradiation fluence.

Even though irradiation was continued for a considerably
higher fluence, nanocrystallinity was preserved within the
films. This allowed for the creation of dense films with a
greater degree of nanostructure than those grown by varia-
tion in cluster deposition energies.

Thin-film growth and densification were performed for
only one cluster size in this work. Variations in the size of
the deposited clusters would naturally affect the results to
some extent. The density of as-deposited films is at least in
some way dependent on cluster size, as the behavior of
single clusters deposited on a smooth surface varies greatly
with the size of the clusters.7 Smaller clusters may very
likely form a denser as-deposited film, as they tend to rear-
range upon impact due to the release of binding energy,
which originates from a decrease in the surface energy.8,9 If
larger clusters are used, densities of the as-deposited films
may remain somewhat similar, although their use would af-
fect the results in another way.

For larger clusters, irradiation with ions at a higher energy
is required in order to cause similar viscous flow of material
toward lower parts of the film. Smaller molten regions
caused by impacts at lower irradiation energies would only
recrystallize within the original clusters, and densification
would only be a minor effect. In order to achieve molten
regions large enough to cause the flow of a considerable part
of an individual cluster, energy deposition per ion would
have to be much higher. Further study is needed in order to
examine the optimal ion energy if cluster sizes and film
thicknesses are varied.

Long-time-scale thermally activated events may also af-
fect the results of this study, as properties of the as-deposited
cluster films may vary if clusters have more time to evolve
on the surface.10,35 Deposition of clusters on a substrate area
of about 90 nm2 at a rate of one every 100 ps corresponds to
a flux of roughly 1022 clusters / �cm2 s�, which is about 3

(b)

(a)

FIG. 11. �Color online� A snapshot showing dislocations and
grain boundaries present in a film after �a� irradiation with Au ions
at an energy of 30 keV and a fluence of approximately 60
�1012 ions /cm2, and �b� after irradiation with Au ions at an energy
of 5 keV and a fluence of 100�1012 ions /cm2. Atoms within
stacking faults and twin boundaries are shown as slightly larger
than atoms within a fcc configuration.
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FIG. 12. The sputtering yield as a function of ion energy for Xe
and Au projectiles impacting on Cu films with densities either be-
low or above 6.0 g /cm3. Overall sputtering yields are fairly low,
which would indicate that the loss of film material is not too great
throughout the densification process. The sputtering yield is some-
what higher for underdense films �dotted lines�, as the likelihood for
larger parts of film to be sputtered in clusters is greater.
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orders of magnitude higher than the highest fluxes achieved
with any contemporary method �plasma machines can
achieve fluxes of the order of 1019 ions / �cm2 s� �Ref. 36�
and several orders of magnitude higher than that of any ex-
isting cluster deposition equipment.

The rates of thermally activated events are, however, in-
versely related to the size of the clusters. Small clusters will
therefore be flattened out much more rapidly than larger
ones. From previous work in our group, we know the time
scale by which Cu nanoclusters flatten out on Cu surfaces,37

which allows us to estimate that, given typical cluster depo-
sition fluxes of the order of 1012–1015 clusters / �cm2 s�, the
present results are valid for deposition with smaller clusters
�containing less than 200 atoms� up to temperatures of about
300–500 K, and for larger clusters at much higher tempera-
tures.

A calculation similar to that of the cluster deposition flux
might also be used for calculating the flux during heavy-ion
irradiation, as substrate size and ion impact frequency is the
same. The calculation is, however, complicated by that fact
that the temperature of the thin films was quenched down to
300 K between each ion impact. This makes it difficult to
properly estimate a corresponding experimental flux, al-
though it is evident that it would be much lower than that of
cluster deposition.

As the simulations were performed under ideal circum-
stances, some neglected aspects of experimental procedures
may also affect the outcome. If deposition and irradiation is
performed with rapid succession in ultrahigh-vacuum �UHV�
conditions, oxidation will not be a severe problem. If a
poorer vacuum is used, or if samples are transported through
atmospheric conditions between deposition and irradiation, a
layer of metal oxide will, however, undoubtedly form around
each individual cluster. This could have consequences for the
recrystallization of molten regions during irradiation, and in-
termixing of oxide and pure metal will very likely occur.
Densification rates will probably be affected by the presence
of oxides, as will nanocrystallinity, although the latter might
indeed increase if borders between individual clusters are
more differentiated. The mechanical properties of the final
films will also most probably be affected by the presence of
metal oxides.

Despite the few doubts that still remain, this work brings
forth a method for the production of nanostructured thin
films. Densification of cluster-assembled thin films is a
gentle method of film growth that can be used for almost any
substrate, as low-energy cluster deposition is a gentle process

that can be carried out at room temperature, and irradiation,
at energies and fluences as low as the ones used in this work,
hardly does any damage at all. This method offers better
mechanical properties and adhesion than what can be
achieved through film growth by low-energy deposition of
nanoclusters, but still allows for the utilization of the nano-
scale size of the clusters themselves. The combination of
low-energy cluster deposition and heavy-ion irradiation of
the as-deposited films is a promising method for the growth
of nanocrystalline thin films on almost any surface.

Due to the nature of nanocluster formation in many clus-
ter sources, through condensation of vaporized material, this
method also opens up another opportunity for the growth of
exotic nanocrystalline thin films.38 An interesting effect of
the far-from-equilibrium condensation which occurs in clus-
ter sources is the growth of bimetallic cluster of almost any
stoichiometric composition.39,40 Segregation of the elements
in any alloyed thin films is of great concern if deposition or
modification is carried out at higher temperatures. At low
temperatures, such as room temperature and below, diffusion
is limited and elements may remain in a mixed phase. Depo-
sition of bimetallic clusters at low energies and the subse-
quent irradiation of these structures may allow for the growth
of dense alloyed thin films, and if segregation during irradia-
tion is not too severe, perhaps even alloyed films of immis-
cible metals.

V. CONCLUSIONS

Using molecular-dynamics simulations we have grown
porous thin films by low-energy cluster deposition and sub-
sequently densified them through heavy-ion irradiation. Irra-
diation of cluster-assembled thin films was proved a feasible
method of densification if nanocrystallinity and gentleness
toward the substrate are of importance.

Densities approaching those of bulk copper, in originally
underdense thin films, were achieved by irradiation with Xe
and Au ions at energies between 5 and 30 keV and fluences
in the order of 1013 ions /cm2. Nanocrystallinity was pre-
served in the thin films throughout irradiation.
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