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uiding a nanoparticle toward a tumor

by using external magnetic fields,

synthesizing a nanorotor from a metal
plate and a multiwalled carbon nanotube,’
or building a nanomachine out of nanosize
moveable parts® are only some of the im-
portant applications that controlling and
guiding the movement of nanoscale objects
can provide. Laser-induced ejection of nano-
particles could offer one more possibility
toward controlling the movement of nano-
particles.

Recently, Habenicht et al> and Huang
et al.* have shown that Au triangles depos-
ited on a substrate can be vertically ejected
when they are heated up with nanosecond
or femtosecond laser pulses, respectively.
The process that leads to ejection is dif-
ferent in these experimental studies. In
Habenicht et al.® the ejection is caused by
dewetting: heating leads to the melting and
then dewetting of the triangles, which con-
tract and form nanodroplets; during the
contraction, the center of mass moves up-
ward and detachment occurs due to inertia.
In Huang et al.,* there is not enough time for
melting to take place, dewetting does not
occur, and the triangles do not deform; the
triangles remain triangles before and after
lift-off. Au ablation, instead of dewetting,
drives the detachment: ablation leads to a
buildup of pressure in the interface between
the Au triangle and the substrate, and when
this pressure is large enough, the triangle is
vertically ejected. This process is referred to
as laser-induced forward transfer or LIFT.

During the past few years, we have inves-
tigated laser-induced dewetting of metallic
nanostructures as a means to self-assemble
functional nanoparticles.®”'? It was during
our efforts in this area that we started to
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ABSTRACT Controlling the movement of nanoscale objects is a significant goal of nanotechnol-
ogy. Dewetting-induced ejection of nanodroplets could provide another means of achieving that
goal. Molecular dynamics simulations were used to investigate the dewetting-induced ejection of
nanoscale liquid copper nanostructures that were deposited on a graphitic substrate. Nanostructures
in the shape of a circle, square, equilateral, and isosceles triangle dewet and form nanodroplets that
are ejected from the substrate with a velocity that depends on the initial shape and temperature.
The dependence of the ejected velocity on shape is ascribed to the temporal asymmetry of the mass
coalescence during the droplet formation; the dependence on temperature is ascribed to changes in
the density and viscosity. The results suggest that dewetting induced by nanosecond laser pulses

could be used to control the velocity of ejected nanodroplets.

KEYWORDS: molecular dynamics simulations - dewetting - copper - graphite -
nanodroplets

consider whether it would be possible to
control, and then guide, the ejection of nano-
particles by changing the nanostructure's
initial shape. What led us to this considera-
tion was the following. On one hand, in
ref 13, we carried out a theoretical study
based on a molecular dynamics (MD) simu-
lations to investigate the dewetting of Cu
liquid disks and lines deposited on graphite.
We described the Cu—C interaction with a
12-6 Lennard-Jones (LJ) potential that was
fitted to ab initio and experimental data.
When this potential was used to model the
dewetting of Cu disks on graphite, we found
that the disks not only dewetted, contract-
ing into nanodroplets, but also were ejected
from the graphitic substrate. The ejection
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velocity was on the order of 100 m/s. Qua-
litatively, our results mimicked very well the
experimental findings of Habenicht et al.’
and encouraged us to use MD simulations
to study metallic thin film dewetting pheno-
mena that lead to the ejection of nanoparti-
cles. MD simulations have been successfully
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Equilateral Triangle

Isosceles Triangle

Figure 1. Snapshots of the different shapes simulated at 1900 K (tilted at 70°). The top row is the original liquid Cu
nanostructures (blue atoms) on the graphitic substrate (pink atoms). All of the areas are equal to ~45239 AZ, and thus the
dimensions of the shapes are as follows: the circle has a radius of 120 A; the length of the square is 212.7 A; each edge of the
equilateral triangle is 323.2 A; the isosceles triangle's small and large edges are 278.4 and 353.6 A, respectively. The snapshots
in rows 2 and 3 represent discontinuities in the displacements, and they are also indicated with symbols in Figure 4. Column 4
shows the snapshots at 201 ps, and they illustrate the position of the droplet above the substrate for all shapes except for the
isosceles triangle, in which case the droplet does not jump but remains in equilibrium with the substrate.

used before to investigate the dewetting of polymer-
like liquids and metallic liquids; see for example the
excellent works of Koplik,'* Bertrand, Blake and De
Coninck,*~"? and Webb et al.?® and Heine et al.,*' but
our work was the first one to show that MD simulations
can also be used to investigate the dewetting-induced
ejection of nanoparticles. On the other hand, during
our experimental investigations of the liquid phase
assembly of different shapes, we showed that the de-
wetting of different shapes produces different structures.
For example, we experimentally compared the dewetted
rim velocities of a disk, triangle, and square” and showed
that there is a dependence on the in-plane radius of
curvature. Furthermore, we have compared the dewet-
ting process of various isosceles triangles and showed
that nanodroplets form that are positioned at the center
of mass and not at the intersection of the perpendicular
bisectors.? It seemed then plausible to propose that the
initial shape could affect the ejection velocity, and that
MD simulations could be used to probe this hypothesis.
This is what we do here by investigating with MD the
dewetting of liquid Cu nanostructures in the shape of a
circle, square, equilateral triangle, and isosceles triangle
that are deposited on a graphitic substrate at different
temperatures, such as 1500, 1700, 1900, and 2200 K.

RESULTS AND DISCUSSION

Figure 1 shows snapshots that capture some of
the dynamics of each shape during dewetting as well
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as nanodroplet formation and ejection from the sub-
strate. The nanodroplet is colored according to its
height. White regions indicate close proximity to the
substrate, while blue regions are relatively farther from
the substrate surface. Dewetting induces mass flow
toward the center of mass.’ As a result, vertices accu-
mulate more mass (inversely proportional to the angle)
than either the straight edges or the circular rim; these
results are encouraging because they are in agreement
with our experimental findings for the same patterned
geometries of larger sizes.” As dewetting proceeds,
the traveling rims meet at the center of the structure
forming a nanodroplet. This convergence of mass cou-
pled with the constraint of a rigid substrate surface
ultimately forces mass upward, that is, away from
the substrate. Consequently, the droplet elongates in
the +z-direction which, depending on the original
shape and temperature, leads to ejection from the
substrate. The snapshots shown in Figure 1 were taken
from the 1900 K simulations, but the same phenomena
are observed at 1500, 1700, and 2200 K.

Figure 2 shows the z-component of the nanodroplet
center of mass, Zcy, versus time for each shape and
temperature. For the circle and the square, after
about 50 ps, and for all simulated temperatures, Zcy
increases linearly with time. This transition to a linear
behavior was determined to indicate the detachment/
ejection of the droplet from the substrate surface
(see ejection times in Table 1). For the equilateral
triangle, a linear increase in Zcy was observed after
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Figure 2. Vertical displacement of the center of mass (Zcy) for each shape at different temperatures.

TABLE 1. Velocities (m/s)/Ejection Times (ps) at Different
Temperatures for All of the Simulated Shapes®

shape 1500 K 1700 K 1900 K 2200 K
circle 56.59/82 86.15/72 112.96/68 117.81/72
square 50.04/83 78.14/71 91.07/73 115.89/74
equilateral 15.53/108 43.59/97
isosceles 34.08/102

“The velocities were computed as described in the text. The ejection times are
estimations, as they were obtained by visually inspecting the times at which the
nanodroplet detaches the substrate.

75 ps at 1900 and 2200 K. Zcy, increased linearly also
after 75 ps but only at 2200 K for the case of the
isosceles triangle. In all other cases, Z¢y, increases and
decreases in a parabolic-like manner, indicating a
recoiling of the droplet, which remained attached to
the substrate. From the slopes of Figure 2, we com-
puted the ejection velocities (see Table 1), and their
dependence on the initial shape and temperature is
shown in Figure 3. Clearly, for all temperatures, the circle
moves the fastest, followed by the square, the equi-
lateral, and the isosceles triangle; for all shapes, the
velocity increases with increasing temperature. Thus,
both the initial shape and temperature affect the mag-
nitude of the ejected velocity.

To understand the effect of temperature and shape
on the ejected velocity, it was instructive to compare
the energy of the initial shape to the energy of the
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Figure 3. z-Component of the velocity of the center-
of-mass (CM) as a function of the initial shape and
temperature.

corresponding final droplet. The initial shapes differ
only on their perimeter length because their areas and
thicknesses are all equal. Thus, the only difference in
energy among the various initial shapes is given by
their differences in the perimeter length (perimeter x
thickness). As for the final droplets, their energy is
independent of the initial shape if one assumes, as
we do here, a final liquid spherical droplet of equal
volume for all of the shapes. Ignoring viscous and
contact line dissipation, one would expect the kinetic
energy (and consequently the velocity of the equal
mass droplets) to scale with the perimeter length. The
perimeter length increases in the order: circle, square,
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Figure 4. Simulated contact line displacement versus time at 1900 K for the (left) circle, square vertices and edges, and
equilateral triangle vertices and edges (inset is an expanded view of early times) and (right) the isosceles triangle vertices and
edges. The symbols correlate to observed discontinuities and correspond to the snapshots in rows 2 and 3 of Figure 1.

equilateral triangle, and isosceles triangle, which means
that according to an energy comparison the velocities
should increase in the same order. In fact, we observed
the opposite trend. As a result, we examined the tran-
sport behavior of the different shapes in greater detail
to discern what was leading to this counterintuitive
trend.

We ascribe the dependence of the ejection velocity
on shape to the temporal asymmetry of the mass
coalescence during the droplet formation. Specifically,
the pressure gradient that leads to a jumping nano-
dropletis a function of the magnitude of the transverse
velocity gradient in the coalesced nanodroplet; this
pressure gradient depends on the velocity gradient in
the traveling rims as well as the timing at which all of
the rims coalescence. Figure 4 shows the displacement
of the contact line versus time at 1900 K for the circle,
the square edges and vertices (90°), the equilateral
triangle edges and vertices (60°), and the isosceles
triangle edges (long and short) and vertices (67° and
46°). The inset of of the left panel of Figure 4 shows the
displacement of the contact line up to a time of ~30 ps.
From the slope of this plot, the transverse velocity was
computed. We call this the initial velocity. The initial
velocity increases in the order: triangle and square
edge, circle, square vertex, and triangle vertex. The in-
plane radius of curvature slightly enhances the initial
velocity, a result that is once again encouraging for it is
consistent with our recent experimental studies.” Ex-
amination of the still images in Figure 1 correlates to
some of the discontinuities noted with symbols in
Figure 4 and illustrates the key observation regarding
the synchronicity of the droplet coalescence and its
influence on the vertical velocity. The rim of the circle,
obviously, coalesces at the same time and thus
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maximizes the velocity component in the z-direction
of the nanodroplet. However, for the isosceles triangle,
even though the vertices travel faster, the short edge
rim reaches the center first, followed by the long edges,
followed by the large angle vertices and finally by the
smaller angle vertex. This asynchronous coalescence
results in a lower z-component of the velocity vector
and not enough momentum for particle detachment.
Figure 5 provides more evidence: it shows a color map
of the average atomic velocity in the z-direction for
atomsin 12 A x 12 A x 12 A voxels at different z-slices
at critical times in the droplet formation. Clearly, the
velocity gradient is much larger in the circle (a) where
the rim coalesces at the same time (24 ps) than for the
equilateral triangle, for which coalescence occurs in
two steps; first the rims meet at 27 ps (b), and then
the vertices meet at 45 ps (). It follows that the nano-
droplet velocity difference among different shapes is
related to the asynchronicity of the coalescence.

It is more difficult to untangle the dependence of
the ejection velocity on temperature, but we have
attempted to find a correlation with the changes in
properties relevant for the transport behavior, that is,
density and viscosity. In Table 2, we have collected the
number of atoms and the calculated density and
viscosity for the Cu circle for each of the temperature
studied here. As the temperature increases, both the
density and the viscosity?® decrease. Between 1500
and 2200 K, the estimated density, and thus the mass
change, decreases by 7.6%, a number that is consistent
with the decrease in the number of simulated atoms,
7%. Between the same temperatures, the calculated
viscosity decreases by 37%. We believe that, as tem-
perature increases, the combination of lower density
and viscosity causes an increase in the nanodroplet
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Figure 5. Color map (left-to-right and top-to-bottom) of
the average atomic velocity as a function of heightin 12 A x
12 A x 12 A voxels at different z-slices at 1900 K: (a) circle at
24 ps; (b,c) equilateral triangle at 27 and 45 ps, respectively.
Comparison of (a—c) reveals the velocity gradient in the
z-dimension at the instant of nanodroplet coalescence,
which for the circle happens coincidentally whereas for the
equilateral triangle it happens in two-stages: initial coales-
cence of the edges at 27 ps (b) and final coalescence of the
vertices at 45 ps (c). The result is a higher velocity gradientin
the nanodroplet that resulted from the circle than in the
nanodroplet that resulted from the equilateral triangle. This
difference is ultimately reflected in the different velocities of
the corresponding nanodroplets (see Figure 3).

ejection velocity. To illustrate the effect that tempera-
ture has on the traveling rim, Figure 6 shows the rim of
the 1500 K (top) and 2200 K (bottom) circle at compar-
able retraction times (17 and 24 ps, left and right,
respectively). The color map and velocity vectors indi-
cate that at 2200 K the rim has larger vertical and radial
velocities than at 1500 K. The average contact line
displacements versus time were also calculated and
interestingly revealed that the contact lines actually
move at the same velocity and only diverge slightly as
the droplet forms. From the pure viscosity change, it is
surprising that the ~37% change in viscosity would
increase the nanodroplet velocity as much as it does,
thus it is likely that subtle changes in the rim profile
(where the viscous dissipation occurs) also contribute

FUENTES-CABRERA ET AL.

TABLE 2. Calculated Temperature-Dependent Cu Properties

temperature surface energy viscosity density # atoms for

(K) (N/m) (mPa-s) (g/em’) simulation
1500 1.273 4.288 7.884 33160
1700 1.231 3.825 1.724 32627
1900 1.190 3.496 7.564 31954
2200 1.127 3.149 7.324 30991

to the viscous losses (see, for instance, refs 23—26).
The exact nature of the viscous and contact line losses
will be studied in more detail in the future.

It is instructive to compare the temperature depen-
dence of the ejection velocity found here to that found
in ref 3. However, only qualitative comparisons are
possible. This is because Habenicht et al. investigated
Au, whereas we have investigated Cu. They only inves-
tigated triangles, whereas we study triangles, squares,
and circles. The size of the triangle they studied is much
larger than the one we have studied: their triangle has
a lateral size of 405 nm and a thickness of 95 nm,
whereas ours has a lateral size of 32.3 nm and a height
of 1 nm. Figure 3b in ref 3 showed the velocity
dependence with the laser fluence but did not corre-
late laser fluence with the liquid temperature. The mass
in ref 3 was constant, whereas in our simulations, the
mass varies ~7% between 1500 and 2200 K (on the
other hand, the velocity should increase inversely with
the square root of the mass, so the 7% mass change
should be negligible). Despite all of these differences, a
qualitative comparison between Habenicht et al.'s®
results and ours immediately reveals a discrepancy: in
Habenicht et al.,? the velocity is constant until a factor
of about twice the critical fluence, Fc (the fluence to
initiate jJumping), at which point the velocity increases
sharply. The increase in velocity at ~2Fc was attributed
to evaporative mass loss. We determined the evapora-
tive mass loss for the 2200 K circle and found it to be
negligible (only a few atoms evaporated during the
droplet formation time). It is logical that our simulated
mass loss would be much smaller as our liquid lifetimes
are much shorter (200 ps) relative to their liquid life-
times (likely tens of nanoseconds). Habenicht et al.?
explained that the velocity remains constant because
velocity is gained due to the conversion of surface
energy into kinetic energy, and the amount converted
is independent of the laser fluence. This explanation,
however, neglects the temperature-dependent surface
energy and viscous dissipation. It is possible that
their fluence change is inducing smaller temperature
changes than what we are simulating, or that the
dimensional differences account for their onset of
evaporation which our much smaller features do not
observe. In any case, it is clear that the dependence
of ejection velocity on temperature requires further
studies.
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Figure 6. Cross-section velocity color maps with velocity vectors for two times of the dewettting, 17 and 24 ps, for the circle
at 1500 and 2200 K, respectively. The increased velocity at 2200 K is attributed to a decreased viscosity in the Cu film and thus

a decrease in the viscous dissipation.

CONCLUSIONS

Molecular dynamics simulations revealed that nano-
scale liquid Cu nanostructures deposited on graphite
dewet and coalesce into nanodroplets that are ejected
with velocities that depend on their initial shape and
temperature. The dependence of the ejected velocity
on shape was ascribed to the temporal asymmetry of
the mass coalescence during the droplet formation;
the dependence on temperature was ascribed to

METHODS

The Cu liquid nanostructures in the shape of a circle, square,
equilateral, and isosceles triangle, all with the same area
(45238.9 A%) and thickness (10 A), were extracted from a bulk
liquid Cu. The liquid bulk was generated using an embedded
atom method (EAM) potential?®2?° and made at different tem-
peratures (i.e., 1500, 1700, 1900, and 2200 K) using an isobaric—
isothermal, NPT, ensemble. Subsequently, liquid Cu nanostruc-
tures in the shapes of circle, square, equilateral, and isosceles
triangles were extracted from the bulk liquid and deposited on a
graphitic substrate (see first row of Figure 1) composed of three
layers. The top layer was fixed at the same temperature as the
Cu nanostructure using a canonical, NVT, ensemble, whereas the
remaining two layers were kept frozen. The graphitic substrate was
described with an adaptive intermolecular reactive empirical bond
order (AIREBO) po'cential,30 and the minimum vertical distance
between the Cu nanostructure and the top layer of the substrate
was 3.225 A. The interaction between Cu and C was described with
a 12-6 Lennard-Jones potential with a well depth £ =0.010 eV and
size parameter ¢ = 3.225 A. This is the same potential we used in
ref 13. This LJ potential was found to reproduce the equilibrium
contact angle of Cu on graphite (134° versus 140° experi-
mentally®') and the binding energy of the Cu(111)/graphite inter-
face (91.89 meV versus 35°2 and 383 meV as given by ab initio
calculations based on the local density approximation, LDA, or the
van der Waals density functional, vdW-DF, respectively) better
than a similar LJ potential used by Huang et al>* Finally, a 200 ps
MD simulation was carried out where the liquid Cu nanostructure
was allowed to evolve freely while the top layer of the graphitic
substrate was kept at constant temperature. The same methodol-
ogy was used in ref 13 and proved to be appropriate. All the
calculations were carried out with the software LAMMPS 3
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changes in the density and viscosity. These results
suggest that nanosecond laser pulses can be used to
control the velocity of ejected nanoparticles. Indeed,
such pulses have been used already to investigate
the ejection of Au triangular shapes deposited on
graphite/silica,®?’” thus it should not be difficult to
investigate other shapes, as well. Such an experiment
will permit probing our findings and the explanations
that we give for the trends we observe.

It is important to consider the following assumptions regard-
ing our model. First, the model of a solid geometry instantly converted
into a liquid of the same shape closely mimics the fact that nano-
second/picosecond pulsed laser melting experiments produce ultra-
fast heating rates (10°—10° K/s). Nonetheless, it is important to note
that in our simulations the temporal nature of the laser pulse is not
considered, as the initial solid shape is treated as instantly molten. This
means that our results can only be directly compared to those of
Habenicht et al® because in Huang et al.* melting does not occur.
Second, the liquid temperature is treated as homogenously distrib-
uted, an assumption that Habenicht et al? also made and which they
based on the fact that the thermal diffusion length was considerably
greater than the thickness of the sample. Third, in Habenicht et al,? the
substrate is at a lower temperature that the nanodroplet. As a result,
nanodroplets not ejected from the substrate exchange heat with the
substrate and resolidification ensues. In our simulations, the fixed
substrate temperature prevents solidification.
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