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ABSTRACT: A liquid metal ﬁlament supported on a dielectric substrate was
directed to fragment into an ordered, mesoscale particle ensemble. Imposing
an undulated surface perturbation on the ﬁlament forced the development of a
single unstable mode from the otherwise disperse, multimodal Rayleigh−
Plateau instability. The imposed mode paved the way for a hierarchical spatial
fragmentation of the ﬁlament into particles, previously seen only at much
larger scales. Ultimately, nanoparticle radius control is demonstrated using a
micrometer scale switch.
KEYWORDS: Self-assembly, directed assembly, Rayleigh−Plateau, volume-of-Fluid, hierarchical, nanoparticle assembly
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lithographic methods. The nanosecond pulsed laser has proven
especially useful for triggering the self and directed assembly18
of patterned nanostructures.19 Presented here is the directed
liquid phase assembly of hierarchically arrayed nanoparticles on
surfaces using a combination of electron beam lithography and
pulsed laser melting. The term hierarchical is used here as in ref
20 where a series of sequential, self-assembly processes takes
place; one level of self-assembly guides the next.
Liquid phase thin ﬁlm dewetting has recently attracted much
interest as a method to yield a spatially correlated metal particle
network on a surface.21−23 Spontaneously evolving surface
waves on liquid metal ﬁlms are either stable, leading to ﬁlm
smoothening, or unstable, leading to ﬁlm fragmentation and
resulting in the formation of particles. While this process
involves a complex interplay between the laser melting (laser
absorption depth and metal heating/melting) and the resultant
liquid surface energies and viscosity, which dictate the nanocap
wetting angle and perturbation growth rate, respectively, the
process is generally applicable to metal/substrate systems
where the metal has a lower melting point than the underlying
substrate. Conveniently, pulsed laser melting at visible and
ultraviolet frequencies favors the formation of nanosized

hemical synthesis methods provide means to produce
high yields of metal nanoparticles with precise radii.1
Magnetic moment,2 surface tension,3 and melting point4
represent just a few material dependent properties that are
drastically aﬀected by metallic nanoparticle size in the sub-20
nm diameter range. Catalytic,5 electrical,6 and optical7
applications stand to beneﬁt from these size-dependent
properties. However, approaches to pattern chemically
synthesized nanoparticles on surfaces are fewer. As a result,
physical-based methods have emerged as an alternative where
nanoscale features and elements are explicitly patterned
followed by physical vapor deposition to deposit the metal,
often at relatively lower temperatures. Examples include
conventional electron beam lithography,8 soft interference
lithography,9 and nanoimprint.10 Yet, in general physical
patterning methods yield two-dimensional (2D) nanostructures, often intended to emulate, or serve as models for, 3D
features. Thus, chemical synthesis methods provide the best
control over individual nanoparticle shape while physical
methods are best for organizing the model nanoparticles over
large areas. As a result, physical methods have evolved to
include high-temperature processing to better tailor the
morphology of individual nanoscale elements. Pattern
liquefaction,11 laser interference,12 annealing,13 nanomolding,14
surface force driven assembly,15 and pulsed laser-induced
dewetting16,17 have all emerged as integrated processes with
© 2013 American Chemical Society
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Figure 1. (a) A schematic illustration of the time evolution of thin ﬁlm strip (TFS) melting. In the self-assembly case, the initial solid metal TFS has
a straight edge (blue). A large area laser pulse (relative to the TFS size) irradiates and melts the strip at normal incidence. Liquid retraction ensues
forming a ﬂuid ﬁlament (green). A multitude of varicose modes develop on the ﬁlament surface as dictated by their wavelength. Fragmentation at
surface wave troughs leads to the formation of droplets (red). Droplets resolidify as spherical nanocaps. (b) In the directed assembly case, a
prescribed mode, deﬁned by an amplitude and wavelength, is included on the strip edge. In this case, melting leads to the formation of a ﬁlament
with a single mode. (c) Scanning electron microscopy images (52° capture angle) showing the fully developed Ni spherical nanocap ensemble at
increasing magniﬁcation (top-to-bottom). The initial TFS dimensions were thickness (10 ± 1 nm) and average width (1 ± 0.015 μm). The synthetic
edge perturbation had an amplitude of (75 ± 15 nm) and wavelength of 720 nm. Ten KrF (248 nm) pulses facilitated ﬁlament formation, breakup,
and Ni spherical cap formation. (d) The focused ion beam (FIB) facilitated removal of the primary spherical nanocaps leaving behind a periodic
array of rectangular depressions (dark, vertical rectangles). (e) The outcome of the same procedure applied to the droplets derived from initially
smaller synthetic perturbation. (f) An illustration of the substrate before and after FIB processing. (g) A 25 nm semi-inﬁnite Cr thin ﬁlm was used to
protect the Ni caps and substrate from Ni redeposition during FIB milling. Following Cr layer removal by wet etching, energy dispersive
spectroscopy revealed negligible Cr contamination on the surface as well as preserved Ni nanocaps.

droplets for initial ﬁlm geometries compatible with current
nanolithography methods. For example, sub-20 nm initial solid
metal ﬁlm thicknesses absorb nearly all of the incoming light at
these wavelengths thereby concentrating the energy in the ﬁlm.
Nanosecond laser pulses lead to nanosecond liquid metal
lifetimes during ﬁlm fragmentation into droplets. Rapid cooling
rates preserve the droplet geometry while leaving negligible
time for undesired evaporation or droplet migration by surface
diﬀusion.
The Rayleigh−Plateau (RP) type of instability develops in
liquid wires/ﬁlaments24−26 while the spinodal type of instability
is relevant for planar ﬁlms. In both cases, numerous forces
interact to inﬂuence instability development (Supporting
Information). These instabilities are often considered within
the framework of the long wave (LW) (also known as
lubrication) approximation to the Navier−Stokes equations
under conditions of a ﬁlament or droplet exhibiting small
contact angles and negligible inertial eﬀects. LW approach is
known to capture many morphological aspects of instability
development.27 In particular, a useful insight is reached by

considering the linear stability analysis (LSA), which is
appropriate for the initial stages of instability development.
This approach predicts a fastest growing surface mode (λm)
where the growth rate spectrum for all possible modes (referred
to as the dispersion curve) exhibits a broad distribution. In
particular, stability of a long ﬂuid strip with a truncated
cylindrical geometry resting on a horizontal partially wetting
substrate (the ﬁlament geometry) is of interest here. However,
owing to relatively large contact angle (69 ± 8°) for liquid Ni
on solid SiO2, and the potential for non-negligible inertial
eﬀects following ﬁlament fragmentation,28 it is unclear whether
LW predictions are suﬃciently accurate; for this reason we also
carry out the volume-of-ﬂuid (VoF) type of simulations. The
VoF has several advantages relative to the LW theory such as
removing the constraint of a small ﬁlament/droplet contact
angle while making it possible to simulate fully 3D liquid ﬂows.
In the present work, we will combine the LSA based on the LW
approach and VoF to gain better insight into the ﬁlament
breakup.
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Figure 2. Synthetic perturbations make it possible to aﬀect minute changes in nanoparticle size by using a more course, microscale “lever”. (a) SEM
images of ﬁve select Ni thin ﬁlm strips (6 nm thick) showing ×2 perturbation periods. The perturbation wavelength is labeled for each case (nm).
(b) Resolidiﬁed Ni nanocap mass as a function of the perturbation wavelength. Experiments are indicated by data points and solid lines. VoF
simulation results are indicated by the hatched lines. (c) Final nanocap contact radius as a function of the initial perturbation wavelength for the
second and third generation nanocaps. Linear ﬁts reveal the sensitivity of the smallest nanocap sizes to much larger changes in the imposed
perturbation wavelength. (d) The steady-state morphology that results following 10, 220 mJ/cm2 KrF 18 ns laser pulses (compare with the initial
strip dimensions shown in panel a). (e) Linear stability analysis makes it possible to predict the anticipated growth rate and hence breakup time for
each wavelength based on the average ﬁlament dimension. Although the growth rates diﬀer for each case, the cumulative liquid lifetime ensured that
breakup was complete for all cases.

a single mode if imposed on the ﬁlament at the early stages of
development. Figure 1b shows a schematic of this process and
Figure 1c the experimental results.16 Here, it is of interest to
understand the advanced temporal stages of instability
development in the nonlinear regime when ﬁlament breakup
occurs. In this regime, the LSA mentioned above can provide
only a guidance since it does not apply as the perturbation
amplitudes become comparable to the ﬁlament radius, and
therefore to understand this stage of instability we will resort to
numerical simulations. Clearly, this nonlinear stage of instability
development is crucial because an organized process of
nanoparticle formation, which is very attractive for controlled
nanoparticle formation on surfaces, occurs during this stage.
Thus, understanding ﬁlament breakup could potentially lead to
a new lithography paradigm for implementing nanoparticle
based technologies.
Here, we present results indicating that the order originally
imposed during directed assembly transcends beyond the

Figure 1a summarizes the speciﬁc case of the self-assembly of
metallic nanoparticles via the RP instability. Brieﬂy, liquid
collects at the peaks of the fastest growing unstable modes.
Liquid fragmentation occurs in the troughs. Following
resolidiﬁcation, nanoparticles lie at the peaks of the fastest
growing mode. We use the terms nanoparticle and nanocap
interchangeably as the ﬁnal geometry is often a nanoscale,
spherical cap but often referred to in the literature as a
nanoparticle. The spacing between nanoparticles is expected to
be comparable to λm. Yet, nanoparticle spacing is somewhat
variable because a host of modes have comparable growth rates
to λm and therefore develop as well.
The growth of any given mode is exponential in the early
stages of development. As a result, an inﬁnitesimal advantage in
the magnitude of the initial amplitude of a mode may lead to a
signiﬁcant advantage in evolution later. This is the key step for
the directed assembly approach.16,28 For example, we have
demonstrated that ﬁlament fragmentation can be dominated by
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Figure 3. (a) A partially cropped SEM image showing a top down image of a quasi-periodic, self -similar Cu nanoparticle array (the original image is
shown in (Supporting Information, Figures S3−S5). The Cu nanoparticle array was formed from a TFS with a 1.3 μm synthetic edge perturbation, a
thickness of 9 nm, and an average width of 1 μm. (b) The linear image intensity proﬁle following the summation of the SEM image intensity in the
row-direction in the image (blue proﬁle). The red line delineates the speciﬁed intensity threshold used to ﬁnd individual nanocaps. (c) The mean
position of each cap is represented by a vertical spike; the length of the spike is proportional to the cap width derived from (b). The intensity proﬁle
is raised to the 5th root I(x)1/5 which provide a clear indication of the satellite generation based on the spike height. The superimposed arrows
indicate the various cap spacings as well as the generation of caps shown in parentheses. (d) The spatial autocorrelation function (SACF, Supporting
Information) of the data set shown in (c).

perturbation wavelength of ∼1 μm down to much smaller
length scales ∼10 nm. As the liquid lifetime increases, smaller
ﬁlaments develop between evolving droplets and a self-similar
process emerges whereby smaller droplets form at accelerated
rates. Remarkably, the results presented here indicate that the
nanocap radius may be dictated at sub-20 nm length scales with
a precisely predictable spatial location. Control of the size of
substrate supported nanoparticles is critical both for their future
applications, for example, plasmonics,29 as well as amenability
to testing and characterization using emerging scanning probe
methods.30 Thus, the ability to isolate the smallest spherical
nanocaps, following the self-assembly process, is important.
This was demonstrated using conventional focused ion beam
milling (see Figure 1d−g) by selectively removing only the
primary nanocaps from the substrate surface (Supporting
Information).
Results (Morphology). In the discussion that follows, the
spherical caps are studied in terms of their temporal generation.
Initially, prerequisite liquid bulges begin to form at the peak
positions of the original thin ﬁlm strip (TFS), forming a
perturbed ﬁlament. After breakup, we refer to these as the
primary or ﬁrst generation caps. As will be shown below,
evidence suggests that second generation nanocaps, that is,
satellites, form from the liquid contained in the smaller ﬁne
ﬁlament that spans the primary bulges. In time, primary
droplets formed ﬁrst, followed by ﬁne ﬁlament evolution and
then satellites. Third generation and even fourth generation
nanocaps were observed leading to a hierarchical, quasi-periodic
array of nanoparticles. Regarding the metallic materials
explored, experiments were conducted using single component
metals (Ni and Cu) as well as binary materials including Ni−
Cu and Ni−0.2Fe (permalloy). The substrate was always SiO2.
These materials have attracted recent interest with regards to

magnetic−plasmonic interactions,31 core shell nanomagnetic
properties,32 conducting nanowire networks,33 and spin
valves34 where ordered ensembles of nanoparticles or nanowires are relevant.
A systematic study of the inﬂuence of the initial perturbation
wavelength on the ﬁnal nanocap size was carried out in order to
determine how accurately and precisely the ﬁnal nanocap size
and spacing could be controlled. Figure 2 shows the results of a
study carried out over an unstable wavelength range of 630−
1030 nm where fragmentation into droplets is always expected.
Figure 2a shows SEM images of ×2 TFS periods for the select
perturbation wavelengths (superimposed, units of nanometers)
used to carefully analyze (1) the Ni composition, as well as (2)
the average and variation in ﬁnal nanocap size. The Ni TFSs
were 6 ± 1 nm thick. The strips were exposed to ×10, 18 ns
KrF laser pulses leading to the spherical cap geometries shown
in Figure 2d. Nanocap mass versus the initial perturbation
wavelength is shown in Figure 2b for various nanocap
generations. Nanocap size was characterized by the contact
radius of the cap (rc) with the underlying substrate and
represented as the y-axis in Figure 2c. The relationship between
the generation of the cap, the initial perturbation wavelength,
and the ﬁnal nanocap radius is color coded and shown in the
inset in Figure 2b
A linear relationship was revealed between the TFS
perturbation wavelength and ﬁnal nanocap radius for all cap
generations (at least within experimental error of cap contact
width that is reported later). A linear relationship between
these variables is an advantageous result from a practical
standpoint because it enables controlled directed assembly for
creating, for example, accurately sized micro/nanoelectronic
compatible nanoparticle arrays. Moreover, as Figure 1d−f
shows, selected generations can later be removed from the
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linear array in order to select a speciﬁc generation for use.
Lastly, (Supporting Information, Figure S1) demonstrates that
a high density of variable-sized nanocaps may be produced
along a single TFS by modulating the perturbation wavelength
along the length of the TFS.
Figure 2c presents a magniﬁed view of the contact radius
versus perturbation wavelength (shown in Figure 2b) in order
to better reveal the results of the linear ﬁt to the second and
third generation nanocaps. The slope of the linear ﬁts (drc/dλ)
provides a measure of the sensitivity of the perturbation
wavelength (λ) as a switch to control the ﬁnal nanocap contact
radius (rc) of the nanoparticles
drc
dλ

= 0.14,
2nd

drc
dλ

SACFs acquired over a single wavelength made it possible to
quantify the second generation cap spatial registration by the
splitting of the (1,2) SACF λ/2 peak position (Supporting
Information). Speciﬁcally, the SACF peak splitting revealed the
precision in placement of the second generation cap with
respect to the half-wavelength position between ﬁrst generation
caps. (Supporting Information, Figure S6) reveals a standard
deviation of 9 nm for the splitting measured between ﬁve
independent, second generation Ni nanocaps. Because the
initial synthetic perturbation wavelength is 830 nm, this ﬁnding
shows that the placement of second generation caps is accurate
to about 1%.
Results (Composition). X-ray energy dispersive spectroscopy (XEDS) was used to verify the metal content of the
nanocaps. XEDS results conﬁrmed metallic purity for the ﬁrst
and second generation satellites for the case of Ni (Supporting
Information, Figures S7−S9). A smaller oxygen characteristic
peak was also observed suggesting the anticipated NiO sheath
surrounding the cap (Figure 1g). The standard deviation in
second generation spherical cap size was also estimated using
XEDS. For example, the standard deviation in contact width for
the 680 nm perturbation was ±6 nm while the deviation was
±7 nm for the 780 nm perturbation. Monte Carlo simulations
of electron scattering trajectories in model spherical nanocaps
were used to conﬁrm the validity of using XEDS to estimate the
nanocap width (Supporting Information, Figure S10).
Results (Computational). Further insight regarding
ﬁlament breakup and satellite formation can be obtained by
computations. Here we utilize VoF simulations described
brieﬂy in Methods and more extensively in Supporting
Information. Figure 4 shows the ﬂuid thickness before, at,
and after the breakup for 600 and 1000 nm wavelengths of
imposed perturbation. We see formation of a thin ﬁlament
between the primary drops: the point where this ﬁlament

= 0.02
3rd

([1])

The implications of these expressions are most notable for
photolithographic applications where it becomes possible to
create arrays of sub-20 nm, evenly-spaced nanocaps while using
visible wavelengths for pattern exposure of the initial
perturbation wavelength. The high spatial ﬁdelity of the cap
formation process may be seen in Figure 2d.
The LSA prediction of ﬁlament stability and the liquid
lifetime per laser pulse of the metal ﬁlaments is discussed in
more detail in (Supporting Information). Multicomponent
metals are also compatible with the satellite droplet formation
process, and this is important from the standpoint of creating
functional nanomaterials. The (Supporting Information, Figure
S2) also provides a summary of results for the binary pairs of
Ni/Cu and Ni/Fe
Results (Nanocap Spatial Alignment). The physical
process of ﬁlament destabilization and breakup preserves the
spatial ﬁdelity of the initial nanoscale synthetic perturbation;16
ﬁrst generation caps are accurately centered at the peaks of the
initial TFS edge perturbation. However, the precision in second
generation cap position with respect to the half-wavelength (λ/
2) position exhibits variation. In order to evaluate the spatial
registration of the second generation caps with respect to the
ﬁrst generation caps, spatial autocorrelation functions
(SACF)35 were calculated. The procedure for deriving the
SACF is described in (Supporting Information, Figures S3−
S5). Figure 3b shows a secondary electron image intensity
cross-section along 6 periods of a Cu spherical cap array formed
from a TFS with a thickness of ∼9 nm, a width of 1 μm, and a
synthetic perturbation wavelength of 1.3 μm. Nanocap
formation was achieved using a laser ﬂuence of 180 ± 10
mJ/cm2 in a sequence of 10 laser pulses. Brieﬂy, the SACF
operates on a digital array of spikes resembling delta functions
(Figure 3c) where the position of each spike represents the
mean position of a spherical cap. The intensity of a spike is
proportional to the cap generation. The spacings between
selected spherical caps are identiﬁed in Figure 3c for clarity
using parenthesis where the integer speciﬁes the generation.
The generation color matches the color scheme used in Figure
2b−c. The SACF is provided in Figure 3d. The SACF clearly
reveals the spatial ordering of the second generation caps with
respect to the ﬁrst generation, that is, labeled (1, 2), by the
clustering of spikes at λ/2. This self-similarity transcends to the
third cap generation where the nth generation cap is surrounded
by two adjacent (n + 1)th generation caps. The SACF result is
akin to a linear modulated, quasi-crystal array were intensity
modulation reﬂects the period in contact radius superimposed
with the period of spatial array.36

Figure 4. Computational (VoF) results showing evolution of a Ni
ﬁlament perturbed by either 600 nm wavelength perturbation (a−c) or
1000 nm perturbation (d−f). Only one-half of the period is shown so
that there is a vertical line of symmetry at both left and right
boundaries of the computational domain. The parts (b) and (e) show
the times just before the breakup takes place; note that the breakup
happens faster for the shorter perturbation. The color scheme shows
the thickness of the ﬂuid in nanometers. The length of each square box
in the ﬁgure is 100 nm, showing that the breakup happens further
away from the right boundary for the longer perturbation wavelength,
leading eventually to larger satellite drops.
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Discussion. Experimental demonstration of satellite droplet
formation for ﬂuids deposited on surfaces is very limited, and as
far as we are aware, this is the ﬁrst work reporting formation of
these structures on the nanoscale. Similar satellite drop
formation has been reported in recent experiments carried
out with PDMS ﬁlaments on the macroscale.38 These results
were later discussed in,39 where the mechanism for breakup and
formation of generations of satellite drops on the level of LW
theory was proposed.
The prerequisite to satellite droplet formation is a ﬁne
ﬁlament extending between the primary bulges of liquid metal.
The position of these initial bulges is set by the imposed
synthetic perturbation on the original TFS. For example, a
transient morphology between the original TFS and ﬁlament
may be seen in Figure 6a for the case of Ni experiments or in

breaks depends on the distance between the primary drops; the
ﬁlament is longer for larger distances. Consequently, the
breakup points are also shifted to larger distances, and therefore
larger secondary drops result for larger distance between the
primary drops. This trend is consistent with the experiments.
The simulation results for the dependence of the satellite drops
ﬁnal mass on the perturbation wavelength are also shown in
Figure 2b. The simulation results are in agreement with
experimental results for the smaller perturbation wavelengths
studied (λ = 630−830 nm). At larger perturbation wavelengths,
the simulations predicted larger primary drops at the sacriﬁce of
mass derived from the second generation nanocaps. This
discrepancy is most likely due to variations in the experimental
wetting angle observed for larger caps (rc > 200 nm) tend to
have θ > 70. It should be also noted that the simulations are
currently limited to considering θ = 90 and for this reason we
do not show radii of the drops resulting from simulations in
Figure 2c, since the comparison with the experimental values
would be misleading. As further discussed in Supporting
Information, Figure S11, another factor inﬂuencing the size of
satellite drops is the slip length, β. In the present work, we use
β = 60 nm, consistent with ref 37; smaller β yields larger
satellite drops. Considering spacing of satellite drops, we ﬁnd
that, consistent with experiments, the center to center spacing
between ﬁrst and second generation droplets is λ/2.
Figure 5, showing the pressure in the ﬂuid, provides
additional insight regarding the process of breakup itself; the

Figure 6. The temporal development of Ni caps from the thin ﬁlm
strip geometry. The initial TFS geometry for this case was λ = 600 nm,
w = 1 μm and h = 10 nm. The laser ﬂuence was 220 mJ/cm2 and 5
laser pulses were applied to the sample. (a) TFS contraction to
ﬁlament formation is nearly complete. (b) The prescribed perturbation
is growing on the ﬁlament consistent with the unstable growth rate
prediction for this case. (c−d) Further development leads to the
formation of ﬁlaments between the forming, ﬁrst generation drops.
The ﬁne ﬁlaments shown extending between the primary bulges are a
characteristic precursor morphology to satellite droplet formation with
characteristic dimensions of the length (L) and contact width (w).
Rapid resolidiﬁcation makes it possible to freeze transient
morphologies such as these ﬁne ﬁlaments. The total liquid lifetime
eﬀectively increases from left-to-right, (1) approaching ﬁlament
formation, (2) perturbed ﬁlament, and (3−4) partial breakup showing
the emergence of a small, secondary ﬁlament between the primary Ni
droplets.

Figure 5. Pressure inside of the Ni ﬂuid at the moment of breakup for
600 nm (a,b) and 1000 nm (c,d) perturbation wavelengths. The main
drop is shown on the left, and the ﬁlament that breaks oﬀ is on the
right. For longer times, the ﬁlaments collapse to satellite drops. The
pressure is scaled by the reference pressure, which is taken as the
(capillary) pressure in the unperturbed ﬁlament. The length of each
square box in the ﬁgure is 100 nm.

Figure 4 in simulations. Further development ultimately leads
to a perturbed, or undulated, ﬁlament (Figure 6b). Careful
inspection of Figure 6b reveals that the ﬂuid bridges extending
between the primary bulges have varying widths. This
variability results from “macroscopic” noise sources such as
TFS surface roughness, spatial ﬂuctuations in laser intensity,
among others. Subsequently, these experimental results reveal
that the ﬂuid bridges undergo thinning as the ﬁlament attempts
to reduce surface area forming the prerequisite ﬁne ﬁlament
(Figure 6c).
Yang and Homsy39 have provided predictions for the time
and length scales for the ﬁlament geometry prior to breakup.
Speciﬁcally, in ref 39 a relationship between the length of the
primary ﬁlament length (L) and its half width (ac) of L/ac =
8.886 [ref 39 Table I] is found. The Ni ﬁlaments shown in
Figure 6c,d (indicated by yellows asterisks) yield two pairs of
(L,w) estimates of (90 nm, 20 nm) and (105 nm, 24 nm). The

animations are also available as a part of (Supporting
Information). We see (particularly clearly in the animations)
that capillarity driven contraction of the main body of the ﬂuid
leaves behind a ﬁlament and at the point where ﬁlament
connects with the main drop, a large pressure starts to develop
due to the increased curvature there. This large pressure leads
to a breakup and formation of a satellite drop. We note that the
simulations capture only ﬁrst and second generation of
droplets, although in some simulations, such as the one
shown in Figure 5a,b, further breakups may occur. However,
the additional smaller drops that form merge with the larger
ones (the main drop in the example shown in Figure 5a,b), in
contrast to the experiments. We discuss this diﬀerence between
the Simulations and Experiments below.
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resulting L/ac ratios for these two cases are 9 and 8.75, which
are in excellent agreement with the ratios mentioned above.39
Yet, we should note that in ref 39 actual breakup was not
considered, just an approach to it. However, their results
suggested the initial formation of secondary and even tertiary
drops and the existence of a possible cascade (a fact observed in
the experiments38).
Further insight can be reached by considering a problem of
breakup of a free-standing liquid jet. This rupture process that
also leads to formation of satellites droplets has been analyzed
from experimental, computational, and theoretical points of
view, see refs 26 and 40 for extensive reviews. While this
problem is somewhat diﬀerent from the one considered here,
we expect that the breakup mechanism and the satellite drop
formation have some common features in both cases.
The analysis of the jet problem shows that close to breakup
the behavior of the ﬂuid is self-similar and therefore it should be
essentially independent of the initial conditions. Furthermore, it
is found that diﬀerences are expected during the breakup if
inertial eﬀects are important.26,40 To analyze the possible
relevance of inertia for the experiments considered here, we
give in Table 1 the various length and time scales relevant to

simulations (see Figure 4b). Thus, the subsequent formation of
satellite droplets may arise from thermal ﬂuctuations as the ﬁne
ﬁlament width approaches the stochastic capillary length scale,
see Table 1. Thermal ﬂuctuations relaxing on atomically thin
polymeric ﬁlms have been investigated with regards to ﬁlm
stability.43 The relevance of such ﬂuctuations in a jet problem
was conﬁrmed by recent molecular dynamics based simulations.44,45 Speciﬁcally, the self-similarity of primary, secondary
and tertiary ﬁlament production is found to be disrupted at the
nanometer scale as the surface tension and viscosity properties
ﬂuctuate along the ﬁlament.44 A simple interpretation of the
inﬂuence of thermal noise is that thinning ﬂuctuation of
amplitude −Δr in the narrow portion of a ﬁlament has a bigger
net eﬀect than a thickening ﬂuctuation of +Δr in a thick portion
of the ﬁlament.46 Thus, transverse pressure gradients favoring
breakup are accelerated while axial gradients favoring
smoothening are negligibly impacted. The net eﬀect of this
process is a more favored ﬁlament breakup.
The preceding discussion may also help us understand some
diﬀerences between the experimental and computational
results. By comparing Figure 4 and Figure 6, we see that the
primary breakup mechanism is very similar between the
simulations and experiments. Moreover, the second generation
nanocaps in simulations are located at λ/2, as in most of the
experiments. However, the ﬁlament that forms as a result of
breakup in simulations collapses eventually to single, central
(satellite) drop, typically without further breakup. We note that
we have carried out simulations with superimposed perturbations of the ﬁlament shape and also have not seen any
additional breakup, suggesting that a noisy initial condition due
to, for example, perturbed ﬁlament shape, is not enough to
yield tertiary and higher droplets. The problem of millimetric
and submillimetric ﬁlaments on substrates has also been studied
with a diﬀuse boundary approach47 showing, as in our case, the
formation of secondary drops but not yielding tertiary ones.
The fact that our experiments do observe breakup, leading to
tertiary and even higher order drops for small perturbation
wavelengths could be a consequence of a series of eﬀects that
require further study. Tertiary drops could arise from a process
of cascade to smaller scales.39 New models that deal with these
scales might require the study of stochastic eﬀects caused by
thermal ﬂuctuations45 and a more detailed description of the
liquid−solid interaction forces allowing for thickness dependent
liquid ﬁlm energy in the computational framework. Our
research in these directions is ongoing.
Methods. Experiments. Nanosecond Pulsed Laser Irradiation. The thin ﬁlm strips were irradiated at normal incidence.
The total surface array occupied by the strips on the substrate
surface was ∼105 μm2. The KrF (248 nm) pulsed laser beam
covered a surface area of ∼107 μm2. The relatively larger size of
the incident laser pulse ensured that each strip was irradiated
with uniform laser ﬂuence. Ni nanoparticles were performed
using (5−10) sequential laser pulses each with a ﬂuence of 220
mJ/cm2. Cu spherical caps were formed using 180 mJ/cm2 (10
pulses), Ni−Cu caps with 200 mJ/cm2 (5 pulses) and ﬁnally
Ni−0.2Fe caps with 200 mJ/cm2 (5 pulses). The laser pulse
width (∼18 ns) was signiﬁcantly less than the time between
pulses (100 ms). This led to noninteracting laser pulses, that is,
the sample transiently melted, resolidiﬁed, and returned to
room temperature prior to the next laser pulse. Moreover, the
massive rate of heating and cooling (∼108 K/s) makes transient
phenomena, such as solid-state mass transport and oxidation,
negligible. As a result, the total liquid lifetime accumulated

Table 1. The Various Length and Time Scales Relevent to
the Development of the Liquid Ni Rivulet, as Well as the
Fine Filament that Connects the Primary Bulges, during
Initial Instability Development for the Case of a Rivulet
Supported on an Atomically Flat SiO2 Surface

λ
A0

observation length scale (SE1 electron
probe)
Ohnesorge number (primary ﬁlament
width)
liquid ﬁlament/bridge
liquid ﬁlament/bridge
thermal capillary length/stochastic length
scale
synthetic perturbation wavelength(s)
synthetic perturbation amplitude

w
ac

primary ﬁlament width
primary ﬁlament height

lobs
Oh
lη
tη
lT

20 nm
0.3

η/(γρw)1/2

1 nm
2.6 ps
1Å

η2/γρ
η3/γρ2
(kBT/γ)1/2

1 μm
50−100
nm
10 nm
10 nm

γ = surface tension (1.781 N/m), η = viscosity (0.004 Pa.s], kB =
Boltzmann’s constant, T = temperature (1650 K, melting temperature)
and ρ = density (7900 kg/m3, liquid phase).

the geometries presented in Figure 6. Notably, the Ohnesorge
number (Oh) of 0.3 indicates that inertial eﬀects may play a
role at the length and time scales associated with the ﬁne
ﬁlament connecting primary drops,41 while at larger length
scales, such as those characterizing the initial ﬁlament, viscosity
eﬀects dominate both ﬂuid ﬂow and instability development.
Speciﬁcally, for Oh < 1, a rapidly retracting ﬁlament is predicted
to form following breakup.42 Clearly such an event would aﬀect
ﬁnal nanocap size and position of secondary and subsequent
droplets. This suggests that inertial eﬀects are important during
instability development and satellite formation.
The investigations of the jet problem have also suggested the
importance of thermal ﬂuctuations, or “microscopic” noise41 at
the smallest scales. For example, the addition of a weak noise
source to the hydrodynamic equation has reproduced the
experimental observation of iterated ﬁne ﬁlament thinning (ref
41 Figure 1b). Such iterated thinning is also present in our
experiments, see Figure 6d (yellow arrow), and in some
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details of this solver are described in ref 49 and some further
details are given in Supporting Information.

using multiple laser pulses leads to the same morphological
result as one laser pulse yielding the equivalent liquid lifetime.
Simulation results of the time−temperature proﬁle per pulse for
the initially ﬂat Ni ﬁlm, for example, 26 ns for 6 nm Ni ﬁlm, are
on the order of the predicted breakup times provided by LSA
(Figure 2e). These predictions were consistent with the fact
that experimentally observed breakup was complete in both
cases after two laser pulses. The details of the time−
temperature simulation are presented in ref 16.
Nanofabrication (Thin Film Strip Deﬁnition). Thin ﬁlm
strip deﬁnition and deposition was accomplished using electron
beam lithography, DC magnetron sputtering, and a solvent
facilitated lift-oﬀ process, the details of which are provided.28
The Ni thin ﬁlm strip patterns were exposed into an electron
sensitive resist coated on 100 nm SiO2/Si wafers. Speciﬁcally, a
poly(methyl methacrylate) (PMMA), positive tone electron
sensitive resist (495-A4, Shipley) was spin coated using a wafer
rotation speed of 4000 rpm for a total of 60 s. Following resist
application, an elevated temperature bake was performed at 180
°C using a conventional hot plate. Pattern generation in the
resist was performed using a Raith Elphy Quantum software
package that communicated with an FEI Nova 600 dual
electron/ion microscope via a beam blanker. A focused electron
probe with an 18 keV landing energy and 160 pA beam current
was used to expose the TFS resist patterns. The TFS patterns
were exposed using a rectangular scanning grid with a 20 nm
exposure step. An exposure dose of 300 μC/cm2 was required
to yield fully activated TFS patterns for later resist development. Subsequent resist development was carried out by
submerging the resist-coated wafer in a solution of 1:3 methyl
isobutyl ketone (MIBK)/isopropyl alcohol (IPA), respectively,
for 100s. An IPA rinse was conducted after removing the wafer
from the MIBK/IPA bath and blown dry with dry N2 gas. The
ﬁnal step in preparation for metal deposition was an oxygen
plasma treatment performed in order to remove residual resist
from the exposed TFS patterns. Speciﬁcally, an 8 s exposure of
the resist-coated wafer to an oxygen plasma generated in a
reactive ion etcher using a power setting of 100 W to sustain a
capacitively coupled plasma. An oxygen ﬂow rate of 10 cm3/
min was used with a constant chamber pressure setting of 150
mTorr. Regarding metal sputtering, initial thin ﬁlm strip
thicknesses ranged from 6−10 nm for all reported experiments
and are indicated in the appropriate ﬁgure captions. In general,
sputtering rates of ∼5 nm/min were used to deposit the ﬁlms
of Cu, Ni, Ni−0.2Fe, and Cr. The sputtering was conducted
using the DC magnetron method under constant power
deposition mode at 30 W. A constant chamber pressure of 3
mTorr Ar was maintained during sputtering and the target-tosubstrate distance was ∼4−5 cm. The Ar gas ﬂow rate was 25
cm3/min.
Nanofabrication (Chromium Masking and Ion Milling).
These experimental details are provided in Supporting
Information.
Energy Dispersive Spectroscopy. These experimental details
are provided in Supporting Information, Figures S7−S9.
Simulations. Volume-of-Fluid Simulations. We model the
breakup of the nanostructures by treating the dynamics using
the two-phase Navier−Stokes equations (Supporting Information). Brieﬂy, the metal is assumed to be in ﬂuid state for the
entirety of the simulation time, ignoring the eﬀects of
solidiﬁcation. We perform simulations using a VoF-based
solver, implemented in an open source software package.48 The
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