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ABSTRACT Pulsed-laser-induced dewetting (PLiD) was used to assemble patterned, nanoscale metallic thin film features into bimetallic
nanoparticles. The liquid-phase flow is related to a conventional droplet impact test and, in appropriate dimensions, have inertial
and viscoinertial flow characteristics. The final size, morphology, composition, and interdiffusion of the nanoparticles is governed by
the interplay of capillary, inertial, and viscous forces and an appropriate dimensional regime defined by competing Rayleigh-Plateau

and spinodal instabilities.
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he synthesis and assembly of functional nanomate-

rials with unique properties is critical for realizing

many of the overarching goals of nanoscience and
nanotechnology. The future of nanomaterials synthesis will
likely require the confluence of both top-down and bottom
up self-assembly techniques. Bottom-up approaches lever-
age both self-assembly and self-organization via structure
formation in thermodynamic systems far from equilibrium
(1). Top-down methods make it possible to prescribe the
initial state of a system. Thus, by predetermining or “encod-
ing” a system far from equilibrium a desired final state may
be achieved by following the assembly process toward a
minimization of free energy. Self-assembly at the nanoscale
typically involves weak interactions leading to the spatial
orientation of building blocks into ordered arrays. Although
chemists have exploited weak interactions extensively (2)
in the design and synthesis of self-assembled molecules (3),
it is important to extend these self-assembly principles to
the nano-, micro-, meso-, and even macroscale systems (4).
One important “weak interaction” that has been ex-
ploited to assemble materials at multiple length scales is the
capillary force (5, 6). Microscale assembly of three-dimen-
sional electrical, optical, and electromechanical elements has
been demonstrated using capillary forces by controllably
folding planar microfabricated elements into three-dimen-
sional objects. Limited mesoscale examples exist; however,
the assembly of three-dimensional, millimeter polyhedral
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elements with electrical interconnectivity has been demon-
strated (7). Thus, although some success has been realized
in the self and directed assembly at micro and meso length
scales, fundamental questions remain regarding the utility
of capillary driven assembly at the nanoscale.

In this article, we describe the use of top down nanoscale
lithography and the subsequent directed assembly to syn-
thesize bimetallic nanoparticles driven by capillary forces in
the liquid phase. We have successfully synthesized bimetallic
Ni—Cu nanoparticles with controllable placement, size,
composition, shape, and interdiffusion. Tailored fluid retrac-
tion was “encoded” by patterning conjoined thin films, each
with a triangular prism shape, to form a Ni—Cu rhombohe-
dron. The triangular faces of the prisms were positioned in
the substrate plane where a desired in-plane curvature could
be prescribed into the films by changing the vertex angles.
The triangular faces were either equilateral or isosceles. The
binary prism couple, or rhombohedron, was adjoined in
such a way as to share a common triangle base edge. The
thin film thickness dimension corresponded with the side
length of the prism. For the case of prisms with isosceles
faces, we will subsequently refer to the smaller angle of the
isosceles face as (o) and the larger angle as (f). In addition,
we will refer to triangular prism thin films as simply “prisms”
hereafter.

Pulsed laser heating above the melt threshold ultimately
initiated the nanoscale assembly. The idea of assembling
binary thin films into nanoparticles evolved from our initial
characterization of pulsed laser induced dewetted features
resulting from patterned nickel shapes (8). The initial thin
film shapes were synthesized using standard electron beam
lithography and DC sputter deposition on silicon wafer
substrates (see the Supporting Information, S1). When the
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patterned metal films were exposed to a laser fluence
exceeding the melt threshold, fluid retraction of the melted
nanostructures revealed that the vertex retraction velocity
exceeded the edge retraction velocity. This observation
suggested that the in-plane curvature affects the fluid
transport.

These observations and the challenge of synthesizing
advanced multicomponent/multifunctional nanoparticles led
us to explore the directed assembly of nanoparticles via the
pulsed laser induced dewetting (PLiD) of nanopatterned thin
films. As will be demonstrated, by controlling (via lithogra-
phy) the in-plane dimensions and consequently the vertex
angles of the two adjoined thin film prisms, the laser induced
melting and subsequent fluid flow could be directed to create
bimetallic nanoparticles with controllable composition, size,
shape, and interdiffusion. It was also recognized that com-
peting Plateau-Rayleigh (9, 10) and spinodal dewetting
(11-13) instabilities (see ref 14 for recent review) could be
operative at certain time and length scales. Additionally,
opposing viscous and inertial forces compete with capillary
forces that govern the directed assembly flow (see ref 15 for
recent review). The focus of this study is to (1) describe how
the in-plane (x—y) and out-of-plane (h, film thickness) length
scales lead to the nanoparticle directed assembly; (2) evalu-
ate the relevant capillary, inertial and viscoinertial forces that
are involved; and (3) a briefly examine appropriate length
and time scales of competing instabilities that ultimately
define the unique regime in which we can direct the as-
sembly of bimetallic nanoparticles.

Nanosecond PLIiD offers a unique method to probe the
dynamics and control the assembly of nanoscale materials
because the patterned solid shapes and rapid heating and
cooling rates enable us to “freeze” the fluid retraction prior
to reaching the equilibrium morphology. The extent that the
patterned thin films are out of equilibrium immediately after
the solid-to-liquid phase transformation is demonstrated by
comparing the energy state of an equivalent spherical liquid
nickel droplet (radius =146 nm) to a liquid nickel prism with
an equilateral triangular face that is 25 nm thick with an edge
length of 1 um. Assuming mass conservation, the energy
difference between the liquid nickel drop and the liquid
prismis 7.3 x 107'7]. Realizing the equivalent kinetic energy
requires a hypothetical droplet impact velocity of 123 m/s.
Accelerated by gravity, this would require an effective drop
height of more than 1.5 km!

Following Bartolo et al. (16), the retraction dynamics of
a liquid film created by a drop impact can be correlated to
the dynamics of the original droplet impact. Depending on
the combination of forces that are operative, dewetting flow
can be classified as inertial, viscoinertial, or viscous (17-20).
Thus, for our hypothetical nanoscale droplet impact test (and
ignoring the obvious subtle differences in the radial sym-
metry of a circular droplet), the governing forces that are
operative in the droplet impact (and subsequent dewetting
process) can be estimated by evaluating various dimension-
less parameters. For instance, the Reynolds number (Re =
pxVIn), the Ohnesorge number (Oh = 5/(pxy)'?), and the
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Weber number (We = pxV?/y) relate the relative ratios of the
inertial/viscous, viscous/(capillary and inertial), and inertial/
capillary forces, respectively, where x, for the drop impact,
is the droplet radius, # is the liquid viscosity (4.7 x 107 Pa/
s), pis the liquid density (7800 kg/m?), y is the liquid—vapor
surface energy (1.78 J/m?), and V is the impact velocity
calculated above. On the basis of these parameters, our
hypothetical droplet impact test results in Re = 30, Oh =
0.1, and We = 9.7. These dimensionless parameters col-
lectively suggest that the operative forces during the subse-
quent retraction of the resultant film (i.e., our patterned and
laser melted nanostructures) are initially governed by a
competition between capillary and inertial forces. As we will
show, by increasing the triangular area of the prism (at
constant film thickness), the increased travel distance re-
quired to form a single particle leads to a dewetting scenario
governed by viscoinertial, and even viscous, forces in con-
cert with the capillary force. In this scenario, the excess
volume accumulates at the retracting vertices and edges as
a rim indicating an evolving viscous resistance.

To understand the nanostructured film retraction dynam-
ics as well as the limits of the various thin film geometries
(i.e., length scales) that form a single droplet, a series of
different copper and nickel nano- and microscale thin film
structures were synthesized, laser irradiated, and imaged by
scanning electron microscopy (SEM). Figure la shows a
collection of plane view SEM images of one series of 25 nm
thick nickel prisms that were synthesized and exposed to a
single 420 mJ/cm? laser pulse. A simulation of the laser-
induced melting process suggests a liquid nickel lifetime of
~26 ns. Each prism has an isosceles triangle face with a
common base width (~530 nm) where each row in the
figure has a variable triangle face length (l). Each column
replicates the pattern array for statistical purposes. Figure
1b shows tilted (60° from vertical) SEM images of a select
column illustrating that each prism dewets during a single
laser pulse and assembles into a single particle. The mea-
sured average contact angle for the images in Figure 1b
(~126 £ 6°) is in good agreement with the calculated
equilibrium contact angle for liquid nickel supported on a
silicon substrate (~110°).

Figure 2a shows several plots derived from experimental
data where a variety of patterned nickel prisms, with
isosceles triangular faces, converged to single drops. First
of all, the ratio of the a vertex-to-nanoparticle center distance
to the base vertex-to-nanoparticle center distance (see inset)
is plotted versus the vertex angle o (where the base angle,
B = (180 — a)/2). Several interesting observations can be
gleaned from Figure 2. As expected, the ratio of the o/
vertex-to-droplet center distances approaches unity for a =
60° (i.e., an equilateral triangle face). The final droplet
position consistently coincided with the geometric centroid
of the initial triangular face. As a result, for a < 60°, the a
vertex must travel farther in order to collapse into a single
droplet relative to the 8 vertex of wider angle. Intuitively we
expected the fluid flow to follow each angle’s bisector, which
all intersect at the triangle in-center position. Figure 2a also
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FIGURE 1. (a) SEM images of an array of nickel thin film prisms (with
triangular faces in the substrate plane) imaged before and after
pulsed-laser-induced dewetting (PLiD). Each prism has a constant
triangular base width (530 nm), an edge thickness (25 nm), and each
row has a different triangular face length. A thin reaction layer
reveals the original triangular face dimension in the dewetted
images. (b) Images of dewetted prisms acquired at 60° with respect
to the substrate surface normal revealed the spherical shape of the
droplet. The falsely colored secondary electron contrast image
emphasizes the droplet (red), reaction layer (green), and the sub-
strate surface (blue).
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shows a plot of the final nanoparticle position (normalized
to the triangle length) versus the angle a; the data consis-
tently lie at the geometric centroid (2/3 of the triangle length
to the o vertex) and do not follow the in-center position. We
interpret the final position of the solidified droplet as an
indication of a larger retraction velocity for fluid located at
o, relative to B, for a < 60°. We attribute the increased
velocity at more acute angles to a modification of the
effective capillary number (Ca = nV/y) to Ca x sin(o/2),
where a/2 is the vertex half angle, which is consistent with
the evolution of a “cornered drop” at the receding contact
line for the condition of a high inclination angle (and
subsequently a higher droplet velocity) (21). The effect of the
modified capillary number is an increase in the retraction
velocity by V/sin(a/2). Figure 2b shows a normalized plot of
sin(@/2)™" and the measured vertex velocity versus o, which
shows very good agreement between the experimental
results and the assumption of a modified capillary number.
To confirm this, we synthesized a second set of identical
prisms and exposed them to a laser fluence slightly larger
than the simulated melt threshold (320 mj/cm?), which
resulted in a liquid lifetime of just 1—2 ns. Figure 2c
compares identical prism thin films that received both brief
(1—2 ns) and longer (26 ns) liquid lifetimes. The resulting
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FIGURE 2. (a) Final droplet position (s,/l) versus vertex angle (o)
following pulsed-laser-induced dewetting (green circles), which
trends to the geometric centroid (orange line) of the initial, trian-
gular dimension rather than the in-center position (red-line). Blue
symbols show the ratio s./sg (see inset for description) versus a,
which suggests that the more acute angle travels faster during PLiD.
(b) Experimentally observed o vertex retraction velocity as a func-
tion of vertex half angle (data points). A modified capillary number
Ca x sin(0/2) predicts well the observed increase in the retraction
velocity with decreasing vertex half angle o/2. (c) SEM images
comparing the equivalent prisms exposed to a low fluence (thus
short liquid lifetime, 1—2 ns) and a high fluence (thus a longer liquid
lifetime, 26 ns). Note the change in the assignment of the o angle
for the left prism because the base angle is the smaller angle.

morphologies demonstrate that the resultant nanoparticle
position is consistent with the V/sin(o/2) dependence of the
retraction velocity; after only 1—2 ns, the vertex retraction
and subsequent Ni rim accumulation for smaller angles is
clearly more significant than the accumulation at the wider
(B) angle locations. This result is consistent with an increase
in the vertex velocity with decreasing in-plane angle.

On the basis of these observations, we surmised that a
rhombohedron-shaped thin film should also converge to the
geometric centroid and, the question arose, would the
convergence be preserved if the rhombohedron shape
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FIGURE 3. Schematic illustration of the pulsed-laser-induced dewetting (PLiD) method. (a) Two iterations of electron beam lithography and
metallization are required to produce the rhombohedron structure shown where binary, triangular prism thin films are adjoined at their
common triangular base edge. Key to the formation of the single droplet is the continuous boundary at the Ni—Cu interface. Out-of-plane
(“n”, normal) and in-plane (“t”, tangential) curvature act in concert to force the shape change toward a droplet morphology during the liquid
phase dewetting process; behavior predicted by a modified capillary number (Ca x sin(c/2)) which is dependent on the vertex angle (o). (b)
Steady-state shape following PLiD where S is the spreading parameter and 6 is the equilibrium wetting angle. The top-down illustration shows
Ni-rich and Cu-rich ends separated by a diffuse region formed by controlled Ni and Cu interdiffusion that occurs during the brief melt time.
(c) Smaller vertex angles produce larger retraction velocities as a consequence of the interplay between surface curvature and tension. This
term is appended to the Navier—Stokes equation. The small “r” in c refers to the radii of curvature of the indicated indices, y the liquid—vapor

surface tension, k the local curvature, and V the subsequent retraction velocity.

consisted of two materials delineated by an axis of mirror
symmetry? If possible, fluid transport could then be driven
to a designed interface in a controlled fashion by directing
the liquid phase assembly with top-down lithography. Ulti-
mately we could in practice control the precise location, the
final composition, degree of alloying and spatial orientation
in the plane dimension for an array of multicomponent/
multifunctional nanoparticles. An illustration of a hypotheti-
cal, rhombohedral nickel—copper binary pair is shown in
Figure 3a. The in-plane (or tangential shown as “t” in Figure
3a) and out-of-plane (or normal shown as “n” in Figure 3a)
curvature components drive liquid phase assembly and
effectively act in concert to accumulate material at the
geometric centroid during PLiD. The initial out-of-plane
curvature component is of course governed by the film
thickness, and the in-plane curvature is governed by the
lithographically defined geometry. The brevity of the laser
pulse (25 ns) allows one to control the evolution of the
dewetted morphology due to the short liquid lifetime and
rapid resolidification; multiple pulses can be used to control
the hydrodynamic transport and interdiffusion and thus a
variety of metastable shapes and compositions. In addition,
Favazza et al. have demonstrated that consecutive “inde-
pendent” laser-induced melting and resolidification itera-
tions do not disturb the anticipated, final morphological state
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for nanostructures evolved for instance via spinodal insta-
bilities (22).

The number of laser pulses required to drive the liquid
into the final, equilibrium shape depends on the laser fluence
and the optical and thermophysical thin film and substrate
properties as well as the thin film thickness and area. For
the typical dimensions demonstrated here, the formation of
particles illustrated in Figure 3b occurred after 1—5 laser
pulses (420 mJ/cm?, 25 ns 248 nm wavelength laser expo-
sure), see the Supporting Information, S2. The top-down
illustration shows the anticipated final particle composition
where both Ni-rich and Cu-rich quarter spheres are delin-
eated by a region of interdiffusion. Figure 3b also shows an
illustration of the cross-section of the micro/nanoparticle
where the wetting angle of the nanoparticle is dictated by
the balance of the liquid—solid—vapor surface tensions as
described by Young’s equation (ys + y.cos 0 = ps,) where
0 is the equilibrium wetting angle.

Figure 3c shows the resulting dewetted pattern of two
Ni—Cu thin film rhombohedrons that had different initial,
in-plane shapes. One laser pulse was applied to each. The
in-plane angle present at each vertex clearly affected the
retraction velocity/distance as indicated by the green vectors
superimposed over the SEM images. Consistent with Figure
2b, smaller vertex angles induced a larger average retraction
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FIGURE 4. (a) Single laser pulse (liquid lifetime, 7, ~ 26 ns) produces a merged droplet with a distinct material boundary demonstrated by
secondary electron contrast; nickel has a relatively larger secondary electron yield than copper. An Auger electron microscopy (AES) map
confirmed the contrast revealed in the SEM image for the merged particle shown (the green channel in the image represents silicon. (b)
Falsely colored, overlapping SEM image collage of the smallest fused particle (yellow) thus far confirmed by experiment. The initial
rhombohedron feature (blue) was overlapped precisely with the resultant dewetted nanoparticle (yellow) using global alignment marks

registered on the sample.

velocity. It is important to note that we define the average
retraction velocity as As/tme where As is the change in edge/
vertex position after the total liquid lifetime Tmer. The
simulated Ty for the 25 nm thick Ni and Cu is 26 ns and
74 ns, respectively. The proportionality between vertex
curvature, i.e., angle, and average retraction velocity made
it possible to control the final binary particle composition
by simply adjusting the ratio of the initial triangular prism
face length (I) for the two materials (length in the substrate
plane measured for each prism from the common base
where the two materials are joined at the axis of symme-
try—not to be confused with the thin film thickness). For
example, Figure 3¢ shows an SEM image of an acute Ni
prism with a large in-plane triangle face length, with respect
to its adjoined Cu prism partner with a smaller triangle face
length (i.e., designed to produce a Ni-rich particle) that
merged into a single particle. Figure 3¢ also shows that the
binary dewetting process evolves toward the geometric
centroid of the rhombohedron formed by the adjoined
prisms. An initial combinatorial array of binary nanoparticles
was synthesized with varying nanoparticle sizes (total vol-
ume of both the 25 nm thick Cu—Ni prisms) and composi-
tions (relative planar areas of the two triangular faces). Figure
4a shows SEM images of a ~60 % Ni/40 % Cu rhombohedron
before and after a single laser pulse. A complementary Auger
electron map of the Cu (blue) and nickel (red) and silicon
substrate (green) is also shown. The smallest binary pair that
successfully merged into a single nanoparticle is shown in
figure 4b) where we have colorized and merged the original
rhombohedron (blue) with the resultant laser treated nano-
particle (yellow). A ~200 nm nanoparticle was observed to
form from a rhombohedron designed to yield a composition
of Ni-0.3Cu (neglecting possible evaporation and/or diffusion
into the substrate) in a single laser pulse. The image also
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shows the position of the nanoparticle in relation to the
original metal pattern prior to dewetting.

The spatial orientation of the composition gradient,
determined by the original prism alignment, is preserved
following the dewetting process. Auger electron spectros-
copy (see the Supporting Information, S3) was used to
generate a qualitative composition map of dewetted particles
following a single laser pulse and the results are displayed
in Figure 5. The figure was arranged to demonstrate the
spatial composition per particle as a function of the intended
composition. In addition, four particles are shown for each
composition to demonstrate reproducibility. It is important
to note that the total, average particle composition is dictated
by the ratio of triangular face area for each prism (for
constant rhombohedron thickness) but that the distribution/
intermixing of each particle is dictated by the time—
temperature profile of the laser pulse(s), which drives the
interdiffusion and hydrodynamics of the binary species.
Figure 4a demonstrates that the particle composition is far
from spatially homogenized; these particles contain com-
position gradients where Ni- and Cu-rich ends were sepa-
rated by a transition region where Ni—Cu interdiffusion
occurred, albeit briefly.

To understand the various instability mechanisms that
can affect the final dewetted morphology, we synthesized
3 specific thin film prism geometries: (1) prisms with highly
isosceles triangle faces (constant film thickness); (2) prisms
with larger triangle faces with constant film thickness; and
(3) decreased prism thickness. Each of these geometries
illustrates a different dimensional constraint for the PLiD
directed assembly process. Figure 6 demonstrates 3 nickel
prisms (h = 25 nm) that were pulsed-laser-treated and that
have a common triangle face base width of 260 nm but with
changing lengths of 600, 1210, and 1860 nm. As can be
seen, at a critical length the prisms ultimately fragment into
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FIGURE 5. Auger electron spectroscopy (AES) composition maps of select particles after a single dewetting pulse. Each row represents a select
composition. The maps are qualitative as shown without regard to atomic sensitivity factors. Composition is defined in the red—green—blue
coordinates as Ni, Si, and Cu, respectively. The maps reveal Ni- and Cu-rich particle quarter spheres reflecting the composition profile. The
unidentified region (black) surrounding each dewetted particle is suspected to be a layer of silicide, perhaps Ni,Si, and/or Cu,Si,, formed by
the reaction of a nanoscale precursor film, material left behind during droplet retraction, with the substrate surface. The nature of this layer

has not been fully quantified.

FIGURE 6. SEM images (60° tilt) of resolidified droplets following a
single laser pulse. A series of prisms are shown that have a common
base width of 260 nm and various lengths of 600, 1210, and 1860
nm. Resolidified prisms with large aspect ratios (I/w) exhibit the
formation of a Plateau-Rayleigh instability leading to the formation
of multiple particles/rivulets.

multiple particles. The dispersion observed in the particle
spacing is characteristic of the propagation of the Plateau-
Rayleigh instability observed in cylindrical liquid jets. We
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attribute the Plateau-Rayleigh characteristic, for the cases of
[=1210and 1860 nm, to the convergence of the narrow o
vertex prism geometry, to a rivulet geometry, as o — 0
(9, 10). Ignoring substrate effects (24, 25), the upper limit
for I can be estimated from the Plateau-Rayleigh instability
criteria where surface perturbations of wavelength 4 > 27r
are stable and propagate in amplitude. The maximum
velocity occurs for a perturbation of 4 = 9.02r, where r is
the rivulet radius. If one assumes a highly isosceles triangular
face, such that the prism geometry approaches that of a
rivulet, then the equivalent rivulet radius is r = (bhlm)'2,
where b is the triangular base width and h is the film
thickness. This ideal picture is complicated by the fact that
the prisms retract as the Plateau-Rayleigh instability evolves.
If one accounts for this contraction, estimated using the
Taylor-Culick (26, 27) inertial flow velocity V = (|S|/ph)'? =
111 m/s and based on the equilibrium spreading parameter
(S = —2.41 N/m), the estimated critical length of the
triangular prism face (with a 260 nm base width) was
calculated to be 1035 nm. This value is in good agreement
with the prism ({ = 1210 nm) that demonstratively showed
a propagating instability following resolidification (Figure 6).

Fluid retraction governed by viscoinertial forces was
explored by increasing the area of the triangular prism
face length and base. Figure 7 shows an example set of
prisms that have the common dimensions of o ~ 42° and
p~69°, h=25nm,b=4.17 um, and [ = 5.42 um (the
bottom figure shows a higher resolution, 60° tilted view of
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FIGURE 7. SEM plane-view (top) and 60° degree tilted (bottom)
images of larger prisms (compared with the prisms shown in Figure
1a) demonstrating rim formation, accumulated during fluid retrac-
tion, which changes the effective flow regime from inertial/capillary
to viscoinertial/capillary.

the leftmost prism imaged in plane-view). Here, the total
distance traveled (and the resulting average velocity) for the
o and B vertices as well as the edge dimension were 370
nm (14.2 m/s), 440 nm (16.9 m/s), and 340 nm (13.1 m/s),
respectively. An estimate of the distance an edge will travel
(As) before transitioning from inertial to viscoinertial flow

is given by As = |S|"?h*?p'?/y (19) and suggests a liquid
nickel edge travel distance of ~145 nm. This is equivalent
to an effective Ohnesorge number of 1.0 for the accumulat-
ing rim. Thus, the traveling rim likely transitioned into the
viscoinertial regime during retraction considering that the
rim translation exceeded the estimate for As. It is interesting
to note that the magnitudes of the average velocities of the
o and f vertices are opposite to the trends of the smaller
prisms (e.g., those shown previously in Figure 1a), which
coalesced into single nanoparticles. The vertex angle signifi-
cantly affects the rim length for the triangular faces of larger
area because the rim evolves from the intersection of the
two edges that constitute the angle. As demonstrated in
Figure 7, the rim that formed at the a vertex position is much
longer (1120 nm) than the rim located at the 8 vertex (620
nm). As a result, the Ohnesorge number of the rim formed
at the acute vertex (Oh(o)) = 9.7) increases faster than Oh at
the vertex of wider angle (Oh(B) = 5.7). The large value of
Oh indicates that viscous dissipation acts to decelerate
material located at the acute vertex. This is analogous to the
inverse experiment of a traveling droplet where the receding
contact line forms a triangular shape, and at higher velocity,
forms a rivulet and eventually daughter droplets (see ref 25
and references therein). Indeed, subsequent laser pulses can
induce rim instabilities (28) leading to fingering and/or
droplet formation around the rim perimeter.

Finally, the last dewetting mechanism that competes with
the nanoparticle directed assembly is the spinodal dewetting
mechanism favored for a geometry consisting of a semi-
infinite, ultrathin (<10 nm) film. Kalyanaraman et al. have

FIGURE 8. Spinodal dewetting evolution in ~6 nm thick copper and nickel thin films. The images were collected at the edge of intersection
between the focused laser pulse and the thin films where a steep gradient in laser fluence produces a complementary gradient in liquid
lifetime. Thus, SEM image acquisition, starting at the edge of the laser irradiated region and proceeding inward (direction indicated by the
superimposed arrow), provides an approximation of the time evolution of the spinodal dewetting process. The superimposed yellow triangles
represent prism dimensions that yielded a single particle, in response to PLiD, when the initial film thickness was 25 nm. Conversely, at the
reduced film thickness of 6 nm, the superimposed triangle suggests multiple discrete particles would be produced at this triangular face
length scale.
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recently published a series of papers investigating spinodal
dewetting phenomenon in pulse laser treated thin films
(22, 29-32). Figure 8 shows a series of SEM images acquired
very near the edge of a laser spot used to irradiate ~6 nm
thick Cu and Ni films. A significant laser fluence gradient
exists at this location which ultimately translates into a
complementary gradient in the liquid lifetime (33). By
acquiring images along the liquid lifetime gradient we
obtained an approximation of the time evolution of the
spinodal dewetting morphology. Thus, although the specific
cumulative liquid lifetimes are not precisely known, the
images demonstrate the temporal evolution of spinodal
dewetting for the thin Cu and Ni films on silicon. Hydrody-
namic theory reveals the resultant time (r,) and length scale
(Amax) associated with the fastest growing surface perturba-
tion is given by: Ana(h) = (167°y)/A)"?h?, and 74h) =
(967°ny)I(A%h°, where A is the Hamaker coefficient. Be-
cause of the magnitude of the Hamaker coefficient is ~1
x 107" to 1 x 107%°], this mechanism is operative only
at nanometer to tens-of-nanometers film thickness. Thus,
to assemble very small triangles with very thin films, the
directed transport must compete with the time and length
scale associated with the spinodal dewetting process.
Considering the various prism geometries previously
shown in Figures la, 6, and 7, the images presented in
Figure 8 clearly indicate that the spinodal dewetting process
will disrupt prescribed single nanoparticle formation for
ultrathin films (<10 nm) unless the lateral dimension of the
prisms are made smaller than the spinodal wavelength (i.e.,
the average hole spacing in the leftmost images shown in
Figure 8) or the effective retraction time must be less than
the spinodal dewetting time scale. For example, the super-
imposed yellow triangles shown in Figure 8 represent prism
dimensions that yielded a single particle, in response to
PLiD, when the initial film thickness was 25 nm. Conversely,
at the reduced film thickness of 6 nm, the figure illustrates
that multiple individual particles would be produced within
the confines of the superimposed prism geometry (ignoring
edge effects).

CONCLUSIONS
The union of top-down synthesis and bottom-up, self-

directed assembly will ultimately play a central role in the
creation of future functional nanostructures and nano-
devices. Here we have demonstrated the confluence of
conventional top-down, lithography processes with the
bottom-up, PLiD assembly process that converts planar,
adjoining binary lithographically defined materials into
three-dimensional bimetallic nanoparticles with spatially
oriented composition gradients. The purpose of this paper
was to demonstrate the feasibility of using PLiD to convert
nonequilibrium, binary material thin film geometries into
single particles with controllable placement, size, com-
position, and intermixing. The assembly process is driven
by competing capillary, inertial, and viscous forces during
the nanoscale liquid lifetimes. A unique geometry (i.e.,
length scale) and time scale exists for this directed as-
sembly process where competing Plateau-Rayleigh and
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spinodal instabilities can compromise nanoparticle for-
mation outside the unique space and time domain. In
addition, for relatively large lateral dimensions the ac-
cumulation of rim material coupled with the cumulative
viscous and inertial forces can ultimately disrupt the
condition of constant velocity retraction, leading to edge/
vertex deceleration or even the termination of liquid
phase retraction. The PLiD method holds promise for the
synthesis of multicomponent/multifunctional nanoparticle
ensembles. In principle, the process should be scalable
to ternary and quaternary materials systems in order to
produce trigonal and tetragonal hosohedrons, which will
be explored in the future.

Supporting Information Available: Experimental meth-
ods and characterization (PDF). This material is available free
of charge via the Internet at http://pubs.acs.org.
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