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Low energy deposition of metal alloy nanoclusters is studied by molecular dynamics simulations. In
a previous study, two mechanisms were introduced for epitaxial alignment of elemental clusters:
The heating induced by the surface energy released upon impact and the thermally activated
dislocation motion. In this study, these mechanisms are shown to dominate for Cu;Ag, CusAu, and
Cu;Ni clusters as well. The question whether the alloyed nature of the system or the initial chemical
ordering of the particles influences epitaxial alignment with a substrate is discussed. Chemical
ordering is shown to have a negligible effect due to disordering occurring at the initial stages of
deposition. © 2009 American Institute of Physics. [doi:10.1063/1.3225910]

I. INTRODUCTION

Manufacturing thin films is usually done by single-atom
deposition methods.' An obvious additional degree of free-
dom to thin film deposition, the cluster size, is provided by
cluster deposition.2 Especially in cases where little damage
to the substrate is desired, low energy cluster deposition may
be a viable alternative to conventional methods since it al-
lows high growth rates at low deposition rates.” Furthermore,
nanocluster deposition provides a natural way to grow nano-
crystalline films with well controlled grain sizes, as well as a
method of assembling devices using deposition controlled by
the adhesion properties of the substrate.” In the case of al-
loyed clusters, there is the additional degree of freedom of
chemical composition that, for instance, provides an interest-
ing possibility to manufacture thin films out of immiscible
elements.” An extensive review of the physics of nanoalloys
is provided in Ref. 6.

In a previous study,7 we examined the epitaxial align-
ment of elemental metal clusters upon low energy deposition
on a (100) surface of the same element. The maximum size
of deposited clusters that align completely epitaxially on
nanosecond time scales was determined, and two main
mechanisms influencing epitaxiality were distinguished.
First, the heating induced by the surface energy released on
impact explained the cluster-size limit at low temperature.
The temperature limit of superheating, or the mechanical
melting point,gf10 was found to be a critical quantity. That is,
clusters that were sufficiently small to heat up to this tem-
perature were able to recrystallize epitaxially. At high tem-
perature, instead, the transient heating was overpowered by
another mechanism, thermally activated dislocation motion.
The nonepitaxial parts of deposited clusters are separated
from the epitaxial ones by {111} twin boundaries,”""'* the
migration of which is caused by the motion of dislocations,
finally leading to epitaxial clusters.

In this study, the above mechanisms are assessed for
alloyed clusters. We will use three alloys, Cuz;Ag, CusAu,
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and CusNi, as model systems. It is not obvious whether, or
how, the alloyed nature of the clusters affects epitaxial align-
ment. We discuss the role of the miscibility of the alloyed
elements and the initial chemical ordering. An important
question is whether the initial chemical ordering of a cluster
influences epitaxial alignment, either changing the mechani-
cal melting or the dislocation mechanism. Also, ordered clus-
ters can be expected to lose at least some of their internal
order upon deposition,13 but to our knowledge, a systematic
cluster-size dependence has not been established. Further-
more, the change in short-range order provides a fingerprint
of the processes occurring during deposition.

The effects operational on longer time scales, such as
diffusion'* and surface roughening,ls’16 can be expected to
influence the final film structure; this is the first step in
understanding the growth of alloyed films by cluster
deposition. 17

Il. METHOD AND SIMULATIONS

Our simulation methods are explained in detail in our
study of elemental clusters” and we give here only a brief
summary.

We determined the limiting size of alloy clusters that
align completely epitaxially upon thermal deposition on a
(100) surface. The cluster and substrate were taken to consist
of the same elements and to be at equal temperature, ranging
from 0 to 750 K. For each case, namely, Cu;Ag, CusAu, and
Cu;Ni, the substrate was taken to be an L1,-ordered lattice
while the cluster atoms were distributed randomly. Note that
even though two of the alloys used here are immiscible, the
ordered phase was chosen as the substrate to eliminate the
extra parameter of lattice mismatch.

The embedded-atom-method potentials18 of Foiles et
al."”® were used to describe interatomic interactions. It must
be emphasized that our goal is to clarify the atomic-scale
mechanisms affecting epitaxial alignment. It should be noted
that the potentials applied here do not exactly correspond to
the respective elements in nature, as especially the stacking
fault energies are significantly underestimated.

© 2009 American Institute of Physics
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The clusters were created as truncated octahedra and re-
laxed using the temperature control algorithm by Berendsen
et al.” At all temperatures, most of the clusters remained as
truncated octahedra upon relaxation, while the ones with
icosahedral magic numbers relaxed to icosahedra. At high
temperatures in the immiscible Cu;Ag clusters, Ag, the com-
ponent with larger atomic radius, showed a tendency to oc-
cupy surface sites.

After relaxation, the clusters were deposited with a
translational energy of 25 meV/atom, chosen small enough
not to play a role in epitaxial alignment. Clusters in the size
range of 6-2000 atoms were deposited and their evolution
was simulated for 2 ns. For each cluster size, roughly 20
simulations were performed to collect statistics. An indi-
vidual cluster was judged epitaxial if there were no stable
grains throughout the simulation. Thus if grains appeared
and disappeared, the cluster was taken to be epitaxial.

To illustrate structural and short-range chemical order
(SRO), two order parameters were used. To measure epitaxi-
ality, the square of the structure factor’

N

I (1)

1

S - —
Nz
of the cluster atoms was divided by that of the substrate
atoms. Above, N is the number of atoms, with coordinate r;,
and k is the wave vector k=2(n;,n,,n3)/a with the Miller
index n; and lattice constant a.

For SRO, we used the parameter

A
sro=1- B 2)
n(B)c(A)

where n(B) is the average number of A neighbors of atoms
of type B, and n(B) is their average total number of neigh-
bors. c(A) is the concentration of atoms of type A. For the
present alloys, choosing, for example, for Cu;Ag, both A and
B as Ag, the order parameter is 1 for the L1,-ordered phase
and O for a random alloy.

lll. RESULTS

The maximum size of clusters to reach complete epitaxy
upon deposition is shown in Fig. 1. The upper error limit
shows the next largest, nonepitaxial, cluster size. The left
vertical axis shows the cube root of the number of atoms
which serves as an effective radius for the clusters.

The main feature in Fig. 1 is the increase in the limit of
epitaxy with temperature for all alloys. Moreover, at low
temperatures, the limit is roughly the same for all the con-
sidered alloys, while at 750 K, there is a difference of a
factor of roughly 3 in the limit of epitaxy between the lowest
limit for CusNi and the highest for CuzAu. This behavior is
in agreement with the one observed previously for elemental
clusters.”*!*2

In the following, we will first address the effect of
chemical order on epitaxial alignment and then discuss the
results in two parts: first, considering the low-temperature
behavior and, second, the high-temperature behavior of the
limit. Finally, we combine the models to explain our simula-
tion results.

J. Appl. Phys. 106, 063516 (2009)
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FIG. 1. Maximum size, N (i.e., number of atoms), of alloy clusters that
align completely epitaxially upon deposition. The curves show the predic-
tions of the combined model discussed in Sec. III D.

A. Effect of chemical order on epitaxial alignment

An important question is whether the initial chemical
ordering of a cluster influences epitaxial alignment. This
mainly concerns the larger clusters as clusters with sizes rel-
evant to low-temperature epitaxy are too small to have sig-
nificant differences in chemical ordering.

Ordered clusters can be expected to lose at least some of
their internal orders upon deposition.13 Figure 2 shows the
time evolution of the short-range order parameter for 976
atom CuzAg clusters, both relaxed starting from a random
alloy, as explained above, and L1,-ordered ones. The curves
have been averaged over several simulation runs. As ex-
pected, there is little change in the order parameter of the
random alloy particles during deposition. The L1,-ordered
clusters, however, experience significant disordering, reach-
ing a value of the order parameter comparable to that of the
randomly alloyed clusters.

Figure 2 also shows the normalized structure factors of
the clusters. Contrary to the short-range order, the epitaxial-
ity keeps increasing after the initial impact, indicating that
while the decrease in chemical order happens in the begin-
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FIG. 2. (Color online) Short-range order parameter and normalized structure
factor for 976 atom CuzAg and CusNi clusters during deposition at 750 K.
The curves are averages over several simulation runs. A value of SRO=1
corresponds to an Ll,-ordered system, while a random alloy gives
SRO=0.
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FIG. 3. (Color online) Temperature of a 13 atom CusNi cluster during
deposition. The snapshots show the cluster at various times, with yellow
atoms being Cu.

ning of the deposition process, epitaxial alignment also oc-
curs later on. The chemical order thus seems to decrease by
the exchange of atoms between lattice sites as the cluster
lands on the surface, as observed previously.13

This behavior was found to be common to CusAg and
CuzAu. For CusNi instead, also the short-range order kept
decreasing slowly but steadily throughout the simulations, as
shown in Fig. 2. Furthermore, the decline was steady in in-
dividual simulations as well, as opposed to epitaxiality that
tends to increase in sudden jumps. This suggests that the
evolution of the order parameters is governed by different
processes. As discussed in detail later on, epitaxiality in-
creases (at large time scales) by dislocation processes while
short-range order can, in the present system, be assumed to
evolve mainly through surface diffusion. The reason why
Cu;Ni is the only alloy where chemical disordering contin-
ues at long time scales is that for it, a random alloy is ener-
getically more favorable by roughly 4 meV/atom, while for
the other alloys, the energetics favors the ordered phase by
~10-20 meV/atom. Finally, for all the alloys considered,
the epitaxiality shows no significant dependence on the clus-
ters’ initial chemical ordering.

We will return to the mechanism by which chemical dis-
ordering occurs but we will first discuss the way in which
epitaxial alignment is achieved at the lower temperatures.

B. Epitaxial alignment at low temperature

As a cluster is deposited on the surface, the released
surface energy heats it. This happens on a picosecond time
scale, as shown for a 13 atom CusNi cluster in Fig. 3. The
cluster cools down to the ambient temperature very rapidly.
After this, in the case of high temperature, thermal evolution
takes place.

In Ref. 7, we calculated the maximum size of a cluster
that melts by this initial heating. Assuming that the cluster is
spherical in shape, and that the surface energy heating the
cluster is released from an area of twice the area of a seg-
ment of a sphere, we calculated the maximum size of a clus-

J. Appl. Phys. 106, 063516 (2009)

TABLE 1. Barriers yyrg— yrg for twin boundary migration and the main
properties of the alloys of Foiles e al. (Ref. 19) used in the present study.
The properties are the superheating melting point, T‘?n':h, for a random alloy

and the (100) surface energy ooy for the L1y-ordered surface with only
copper atoms in the top monolayer.

Cu;Ni Cuz;Ag CuzAu
78 (K) 1655 1310 1278
Y00y (J/m?) 1.34 1.07 1.12
Yurg— Yrg (mJ/m?) 152 117 99

ter to reach a certain temperature, 7, The height of the
segment, /i, was taken equal to one lattice constant, a.
The critical cluster radius is then given by

| yha® 1 3)
’ﬁCIi = 9
t 4k33 Al Tmelt - Ti

where 7y is the surface energy and B is a factor that corre-
sponds to the fraction of released surface energy transferred
to the cluster. We take (3 equal to 2, corresponding to half the
energy to the cluster and half to the substrate. Finally, 7 is
the initial cluster (and substrate) temperature. Note that the
above formula is derived without any fitted parameters.

It is well known that the melting of nanoparticles differs
significantly from bulk melting.23 In the case of cluster depo-
sition, the heating induced by the released surface energy
dissipates very fast, in only a few picoseconds. Hence, ther-
modynamic melting, which is a nucleation-and-growth pro-
cess, can be questioned as the relevant mechanism. Instead,
the temperature limit of superheating, or the mechanical
melting point,gflo’%25 can be used as a measure of the sta-
bility of the fcc lattice of the cluster. This temperature is
about 15%-20% above the bulk thermodynamic melting
point,s’10 the values for the potentials of the present study
being given in Table I. They have been determined simply by
simulating a bulk system with periodic boundary conditions
and by examining at which temperature homogeneous melt-
ing occurs.

The critical cluster sizes at 0 K predicted by Eq. (3) are
about 15, 18, and 20 for Cu;Ni, CuzAg, and CuzAu, respec-
tively. These are only slightly larger than the values obtained
from the simulations. Taking into account the simplified na-
ture of the model, and the fact that it has no fitted param-
eters, the correspondence is very good. The model also ex-
plains why the differences in the low-temperature limit of
epitaxy between the elements are small. Note also that in the
case of energetic deposition of nanoparticles of thousands of
atoms, the above model has been shown to predict the energy
needed for epitaxial deposition quite accurately.26

C. Chemical disordering during deposition

We shall now return to the chemical disordering occur-
ring in the initial stages of deposition. The size dependence
of the extent to which the particles are disordered turns out to
be interesting. Figure 4 shows the fraction of atoms that are
disordered when L1,-ordered CujAg particles of different
sizes are deposited at 300 K. (The number of disordered
atoms was defined as the number of Ag atoms that had Ag
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FIG. 4. The fraction of atoms that are disordered when L1,-ordered CuzAg
particles are deposited at 300 K, as a function of cluster radius. The line is
a fit to the model described in Sec. III C.

neighbors, scaled with the Ag concentration.) From a plot of
the number of disordered atoms versus cluster size (not
shown), it is clear that there is a linear relationship between
the number of disordered atoms and the cluster radius.

We tried to explain the disordered fraction based on the
mechanical melting model but unfortunately the model
turned out to be too simplistic for that. Ignoring thermal
conduction effects, for example, is clearly not a good ap-
proximation for the larger particles.

The results can be rationalized with a simple assump-
tion, though. If one assumes that the clusters are spherical in
shape and that the atoms that are disordered are in a segment
of height & from the bottom of the sphere in contact with the
substrate, one gets the relationship

Ndisordered _ 3_]12(’__ h)

= > (4)
Nlotal 41‘3

3

where r is the radius of the cluster. This expression only has
one parameter to be fitted, namely, the segment height A.
Fitting the value to the simulation data gives h=15 A, the
resulting line being shown in Fig. 4. Note that for r<h/2,
that is, for the two smallest cluster sizes, the expression is an
extrapolation as the geometric model loses its meaning.
What is also interesting is that, for the cluster sizes relevant
to determining the size limit of complete epitaxy, the disor-
dering is extensive, and thus choosing random initial chemi-
cal ordering for the clusters used to determine the limits in
Fig. 1 is justified.

The geometry is best displayed in the larger particles.
Figures 5(a)-5(c) show the deposition of a cluster of 22 A
radius (3355 atoms) with the atoms colored according to an
algorithm based on bond correlation using spherical
harmonics,’ enabling the separation of disordered (liquid-
like, yellow/light) and crystalline (blue/dark) atoms. Figure
5(d) shows the final configuration with the atoms colored
according to their degree of epitaxy, which was determined
using the method described in Ref. 21. It is apparent that
chemical disordering is linked to the configurational disorder
occurring during deposition and is driven by the formation of
a contact epitaxial layer, which is clearly visible in Fig. 5(d).

J. Appl. Phys. 106, 063516 (2009)

b) 6 ps

c) 50 ps

FIG. 5. (Color online) Deposition of a Cu;Ag particle of 22 A radius at 300
K. In (a)—(c), disordered (liquidlike) atoms are colored yellow/light and
crystalline ones blue/dark. (d) is in a different orientation from (a)—(c) and
the coloring is based on the degree of epitaxy, the darker atoms being more
epitaxial.

For the smaller particles, approaching the completely epitax-
ial cluster sizes, the thickness of the epitaxial layer ap-
proaches the cluster diameter, thus leading to completely dis-
ordered clusters.

D. Epitaxial alignment at high temperature

We now turn to discuss the high-temperature behavior of
the limit of epitaxy, which cannot be explained by the melt-
ing model. At 750 K there is a difference of a factor of
roughly 3 in the limit between Cu3Ni and CusAu. This be-
havior can be explained by the mechanism of twin boundary
migration, introduced in Ref. 7.

Figure 6 shows snapshots of the evolution of a 405 atom
Cu;Ni particle after deposition at 600 K. Initially, 50 ps after
deposition, the particle has two twinned regions, both two
{111} layers in thickness. This property, that the nonepitaxial
parts of the clusters are almost exclusively accommodated to
the epitaxial part by {111} twin boundaries, is typical for fcc
metals.” 1212 During the simulation, dislocations glide
through the twin boundaries, causing the boundaries to mi-
grate. In this particular case, the particle was judged epitaxial
as there were no stable twinned regions present.

The above process of twin boundary migration is ther-
mally activated and can be shown to determine the maximum
size of epitaxial clusters.” Since a moving partial dislocation
introduces a local stacking fault, the barrier associated with
its motion is determined by the difference between the stable
(yrp) and the unstable (yyrg) twinning fault position. The
barrier was determined as described in our earlier work,7
averaging the results over several runs with independently
generated random alloy configurations. It must be empha-
sized that because of the initial chemical disordering of or-
dered alloy clusters upon deposition, described in Sec. IIT A,
this is a very reasonable approximation.

The barrier yy1p— yrg determines the activation energy,
E,iy» which a Shockley partial of length / has to surmount to
move a distance of b=a/ \/g to the next local minimum:

E iy = (Yurs — Yr8)bl. (5)
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1430 ps

FIG. 6. (Color online) Snapshots of the evolution of a 405 atom Cu;Ni
particle after deposition at 600 K. Twinned regions appear and disappear
with time. Lines have been drawn at the twin boundaries. The yellow atoms
are Cu.

The length of the dislocation line depends on the cluster size
and can, as a first approximation, be taken as the diameter of
the cluster. It must be emphasized that this definition makes
the activation energy dependent on the cluster size.

In our earlier study,7 we showed that for the critical clus-
ter sizes, one has the relation

n= L o tVDle_Eactiv(Ncrit)/kBT, (6)
dpy

where n=r/dy ) is the number of {111} layers that have to
be turned epitaxial by the dislocation motion. ¢ is the simu-
lation time (2 ns) and vy, is the Debye frequency. (The Debye
frequencies were calculated from Debye temperatures that
were approximated with a weighted average of the elements’
values.)

As the simulation time is constant and /=2r, one gets

~EactivNerid kBT o =~ const (7)
d{1 11}Yp

e

for the critical cluster sizes Ngy. The factor 1/dgvp is
constant within ~20% between the alloys.

Based on Eq. (7), the activation energy has to be the
same for the alloys at the critical cluster size. Indeed, using
Eq. (5), and the critical cluster sizes, to estimate the activa-
tion energy for the different alloys at 750 K, gives the values
shown in Fig. 7. These are all close to 0.3 eV. Figure 7 also
shows the values for elemental metal clusters, determined in
Ref. 7. The inset shows the correlation between the barrier
yute— Yr and the critical cluster size.

J. Appl. Phys. 106, 063516 (2009)
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FIG. 7. Activation energy for thermal motion of twinning dislocations in
clusters of critical size N, at 750 K. The inset shows the linear correlation
between the barrier yyg— ¥rg and the critical cluster size. The filled circles
correspond to the present alloy results while the hollow ones give the el-
emental metal data (for Cu, Ag, Au, Ni, and Pt) according to Ref. 7.

This is a strong indication that the thermally activated
dislocation motion mechanism is the correct explanation for
the differences in epitaxial alignment between different al-
loys and elements at high temperature.

Combining the two models into a single expression for
the limit of epitaxy is not straightforward. In the intermediate
temperature range, the combined expression should always
give limits larger or equal to the individual models, while
reducing to them at the extremes. To accomplish this, we
modify the left-hand side of Eq. (6) to read (r—ry,m)/dj11)s
where r,,,, is the critical cluster radius given by the melting
model in Eq. (3). Thus, at the limit where the critical cluster
size r is much larger than r,, the melting model is insig-
nificant, whereas for small clusters it sets a lower limit for .
Absorbing the (material dependent) constants in a single fac-
tor C gives

e_Eactiv(rcrit)/kBT = C( 1- rm_m) s (8)
Ferit
where E,.;,(rqi) 1s defined by Eq. (5) with [=2r.

The factor C, for each alloy, can be determined from the
simulation results at a given temperature, say, 750 K. Solving
Eq. (8) for r.; numerically gives the curves shown in Fig. 1
with the simulation results. All the high-temperature data fall
on the curves nicely. Only for CuzAu is the match for some
reason less perfect.

The high-temperature dependence of the limit of epitaxy
obtained from simulation is linear. Indeed, it can be obtained
by noting that from Eq. (7) it follows that the fraction
E,i/T is constant. From Eq. (5), it then follows that
NBoT

crit

IV. DISCUSSION

Our present results give further support to the mecha-
nisms of thermally activated dislocation motion and initial
mechanical melting in epitaxial alignment. While other
mechanisms cannot be completely ruled out, it seems that
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these two are the most important ones. Evidence to support
this has also been found for heteroepitaxial deposition of Co
on Cu(100) in Ref. 28.

We also show that the alloyed nature of the deposited
particles does not influence the mechanisms of epitaxial
alignment significantly. Furthermore, the effect of the clus-
ters’ initial chemical ordering is negligible due to disordering
occurring at the initial stages of deposition.

Finally, the capability of molecular dynamics simula-
tions limits the accessible time scales, and the simulation
time of the present study is 2 ns. On deposition of cluster
assembled films, also surface roughness affects the final
state'>'® and adatom migration14 is expected to work toward
turning the cluster into a single monolayer. Also mixing with
the substrate may occur on longer time scales.”

Knowing the mechanisms of initial epitaxial reorganiza-
tion is the key to understand the subsequent evolution of
deposited nanoparticles. However, further studies on long
time-scale effects and the formation of cluster assembled
films are required.

V. CONCLUSIONS

The mechanisms of epitaxial alignment are the same in
the case of alloys as with elemental clusters. In the case of
alloys, disordering occurs in the initial stage of deposition.
We show that the extent of disordering can be rationalized in
a simple geometrical model. The results indicate that cluster-
deposited films will be disordered at least at small grain
sizes. We further unite the models describing low- and high-
temperature epitaxial alignments into a single expression,
thus clarifying the relationship between the two.
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