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ABSTRACT: Evaporative lithography using latex particle tem-
plates is a novel approach for the self-assembly of suspension-
dispersed nanoparticles into ordered microwire networks. The
phenomenon that drives the self-assembly process is the
propagation of a network of interconnected liquid bridges
between the template particles and the underlying substrate.
With the aid of video microscopy, we demonstrate that these
liquid bridges are in fact the border zone between the under-
lying substrate and foam films vertical to the substrate, which
are formed during the evaporation of the liquid from the
suspension. The stability of the foam films and thus the liquid bridge network stability are due to the presence of a small amount
of surfactant in the evaporating solution. We show that the same type of foam-film-stabilized liquid bridge network can also
propagate in 3D clusters of spherical particles, which has important implications for the understanding of wet granular matter.

■ INTRODUCTION

Novel patterning techniques based on evaporation-driven self-
assembly of nanoparticles that are initially dispersed in a sus-
pension could offer cost-effective and environmentally friendly
alternatives to the established mass-production patterning
technologies.1−10 A familiar example of such a process is the
formation of the coffee-ring pattern at the edge of a liquid
droplet containing solute microparticles.1 Compared to this
type of free evaporation, methods that use microstructured
templates as evaporation guiding masks have the advantage
of homogeneous pattern deposition over a large substrate
area.3,4,11,12

In the evaporative lithography method initiated by Vakarelski
et al.,4 the evaporative template is a 2D array of latex particles
(50−100 μm diameter) deposited on a flat glass substrate,
which is then covered with a gold nanoparticle suspension.
Following the evaporation of the solvent from the suspension, a
network of microwires comprised of the gold nanoparticles is
left on the substrate. The patterning principle relies upon the
formation of an interconnected liquid bridge network between
the latex particles and the substrate during the suspension
evaporation. The determining factor for the stability of the
liquid bridge network is the presence of a small amount of
surfactant in the nanoparticle suspension.4,11 This method has
the potential to create transparent, conductive coatings of
metallic microwires that could be used as an alternative for the
standard indium tin oxide (ITO)11−14 presently used in
industry. The method has primarily been demonstrated using
gold nanoparticles, but it could be applied for any kind of
nanoparticles or solute macromolecules that can be dispersed in
a suspension containing surfactant. In this paper we aim to

clarify the physical mechanism underlying the stability of the
liquid bridge network. For simplicity, hereafter, when using the
term “evaporative lithography”, we will understand this to be
the liquid bridge network guided evaporative lithography
method.4

Figure 1a−c shows some examples of the gold microwire
networks produced by evaporative lithography with latex particle
crystal templates. Figure 1a shows a disordered network,
typically observed when an hexagonal close-packed array of
monodisperse latex particle crystals is used as the template.4 In
contrast, the use of symmetric non-close-packed latex particle
templates enables the creation of ordered, fully connected
microwire networks, such as the one shown in Figure 1b.15 An
important observation illustrated in Figure 1c is that using 3D
particle crystals as evaporative templates results in the
formation of 3D microwire networks that propagate throughout
the latex particle crystal. In the example shown, a two layered
latex particle crystal is used as the evaporative template.
Following the evaporation of the suspension, the top layer of
particles has been removed to reveal the 3D microwire
structures formed on the underlying particle layer.4

The use of latex particle templates is a flexible and easy
approach in laboratory-scale research, but it might prove
difficult on a manufacturing scale. As such, the method was
extended to use templates produced by photolithography
photoresist (SU-8) instead of latex particle crystals.11 The
photoresist templates are able to produce wafer-scale patterning
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of defect-free microwire networks, such as the one shown in
Figure 1d. The photoresist templates have also allowed the
patterning of networks of various topologies.11 In the
photoresist template, the basic template unit of contacting
spherical particles is substituted with symmetrically patterned
pillars interconnected with a “roof” or “arch” shape structure
that guides the self-assembly of the nanoparticles into
microwire patterns. Higashitani et al.12 have developed an
alternative approach in which the patterning template is a mesh
of stainless-steel microwires. This approach has enabled the
production of large-scale transparent, conductive gold micro-
wire grids that can be transferred onto a flexible substrate. The
method has serious potential for the development of an
economically viable alternative to standard ITO coatings.12,14

In spite of the advance in the optimization of the operational
conditions of the lithography process, the underlying physics
that govern the formation of stable liquid bridge networks, and
hence the entire microwire structure, has not yet been clarified.
In this work we re-examine the formation process of the liquid
bridge network by video microscopy using multiple viewing
configurations. We show that the stability of the liquid bridges,
which are precursors for the microwire formation, are due to
vertical foam films formed between the template particles and
substrate. We also demonstrate that the same type of foam
films that enable the liquid bridge networks can propagate in
3D particle clusters, which model wet granular matter.

■ EXPERIMENTAL SECTION

Several types of monodisperse spherical particles were used as evapora-
tive templates: 100 μm diameter monodisperse polystyrene latex
microparticles (Aldrich), 500 μm diameter zirconium oxide grinding
spheres (Fritsch, GmbH), and 500 μm diameter uniform soda lime
glass microspheres (Duke Scientific Co.). The substrate was always a
float glass microscopic slide.
Surfactants used to stabilize the liquid bridge network were cetyl-

trimethylammonium bromide (CTAB) (Sigma Aldrich) or Zonyl FSN

(DuPont). CTAB is a standard cationic surfactant used in foam,
emulsion, and suspension stabilization16−18 with a critical micelle
concentration (cmc) of about 1 mM. Zonyl FSN is a water-soluble
ethoxylated nonionic fluorosurfactant that modifies surface energies at
very low concentrations. As given by the producer, the surface tension
of water is lowered to 29 mN/m at 0.0025 wt % and to 24 mN/m at
0.025 wt % of Zonyl FSN concentration. The cmc of Zonyl FSN is
reported to be about 0.21 mM (cmc and molecular weight of 0.02 g/dL
and 950 g/mol respectively).19 We also perform fluorescence imaging,
in which we use Rhodomine B (∼95%, Sigma-Aldrich) fluorescent dye
for visualization of the foam film.

The microscopes used were Axio Scope.A1 (upright microscope) or
Axio Observer (inverted fluorescent microscope) from Carl Zeiss
equipped with an AxioCam ERc microscope camera. The basic
experimental setup and different viewing configurations used are
shown schematically in Figure 2.

In the first type of observation the evaporative template is a
monolayer of close-packed 2D latex particle (100 μm) crystal
deposited on top of a flat glass slide. The latex particle crystal is
initially produced by allowing a droplet of aqueous suspension of latex
particles to spread and then dry on a clean glass slide. During the
drying process, capillary forces guide the self-organization of the latex
particles into a 2D crystal structure with domains of hexagonally
centered closely packed particles.20,21 Using a micropipet, a droplet of
the solution is then deposited over the template to completely cover
the template particles (Figure 2a). The following evaporation process
and formation of the liquid bridge network is observed through the
glass slide substrate using the inverted optical microscope (Figure 2b).
The focal plane for this observation is at the contact point between the
glass slide and the particles.

For the second type of observation two contacting zirconium oxide
particles (500 μm) are positioned on the top of a glass slide (Figure 2c).
To fix the particles on the substrate we use a very small amount of
epoxy glue. The glass slide with the attached particle pair was then
cleaned by a short exposure to air plasma using a Harrick PDC-002
plasma cleaner device. Following this treatment the glass substrate and
the zirconium particles are clean from organic contaminations and
hydrophilic.22 The glass slide is then mounted on the microscope stage
of the inverted microscope and aligned with the microscope objective

Figure 1. Examples of gold microwire networks formed by evaporative lithography. (a) Random connectivity or (b) ordered network pattern
segments deposited on a glass substrate using a latex particle crystal template. (c) Microwire pattern on a monolayer of 100 μm latex particle crystal
after removal of the top layer. (d) Honeycomb topology pattern deposited on a glass substrate using a photoresist template. Parts a and c are
reproduced from ref 4. Copyright 2009 APS. Part d is reproduced from ref 11. Copyright 2010 Wiley.
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as schematized in Figure 2c. The focal plane for this observation is at
the particle centerline (by focusing at the apex) and perpendicular to
the substrate. Alternatively, the film formation in the zone locked
between three contacting spherical particles was performed with a
third zirconium oxide particle glued onto the side of a glass slide and
positioned at the top of the other two particles as schematized in
Figure 2d.
In the third type of observation, glass microspheres (500 μm)

wetted with surfactant solution are spread on top of a clean glass slide
to form a layer several particles thick. The following drying process is
observed by the upright microscope with the focal plane on the top
layer of particles, as schematized in Figure 2e.

■ RESULTS AND DISCUSSION

Observation through the Glass Substrate. The most
convenient way to observe the dynamics of the network
formation is by microscopic observation through the glass
substrate (schematized in Figure 2b), as shown previously for
the case of 2D latex particle crystal templates,4,15 single pairs of
contacting latex particles,4 and photoresist templates.11 In all
cases, the final stage of the evaporative process, i.e., the thinning
of the liquid bridges, leads to the consolidation of the
nanoparticles into microwire structures. Here we illustrate
this process by reproducing experiments with 2D close-packed

latex particle templates. The decisive factor for the stability of
the liquid bridge network is the presence of a small amount of
surfactant in the suspension solution. The same network
forming process is replicated if pure surfactant solution is used
instead of a suspension of nanoparticles containing surfac-
tant.4,15 For simplicity in the following examples, we will com-
pare the case of pure water and water solution of 1 mM CTAB
that do not contain nanoparticles.
Figure 3 presents snapshots from video 1 of the Supporting

Information tracking the drying process between the latex
particle crystal and the glass substrate for the case of pure water.
Figure 4 shows the equivalent snapshots from video 2
(Supporting Information) tracking the same process for the
case of water with 1 mM CTAB. In the early stages of the
evaporation process (images a−d) both systems behave in a
similar way. As the film of water thins, the meniscus between
particles eventually contacts and dewets the substrate, as seen
by the lighter patches in Figures 3b and 4b. As the evapora-
tion continues, these contact lines recede and lead to the formation
of the network of liquid bridges that join the pendular rings of
water around the particle bases, observed as the dark-blue
portion in the images (Figure 3c,d and Figure 4c,d).
As discussed in prior works4,15 the percolation propagation

of the liquid bridge network in the earlier stage of the drying
process is due to defects in the latex particle crystals. Such
defects are naturally occurring throughout the crystal when the
template is prepared using the simple deposition procedure
given in the Experimental Section. The air pocket openings first
appear at the places with the largest interparticle separations
and then toward the close-packed areas of the crystal. If equally
spaced defect-free latex particle crystals are used, the water
meniscus will contact the substrate at the same time throughout
the template area, resulting in the formation of fully inter-
connected networks, e.g. hexagonal, square, or honeycomb
patterns depending on the positioning of the latex particles.15

The production of large areas of well-ordered latex particle
crystal is technically difficult, but it can be accomplished with
the use of photolithography produced photoresist templates.11

However, the focus of the present work is the mechanism of the
liquid bridge stabilization during the later stage of the drying
process, and this mechanism is identical for well-ordered and
randomly interconnected networks.4,11,15

Although CTAB could adsorb on the glass surface, this does
not noticeably affect the propagation of the receding water
meniscus during the initial phase of the drying process. The
role of the surfactant as a stabilizer of the capillary network is
pronounced at the later stage of the drying process. In the case
of pure water, the liquid bridges between contacting particles
break, leaving disconnected pendular rings of water around the
base of the latex particles (Figure 3e,f). In contrast, the liquid
bridges formed in the surfactant solution remain stable and
decay gradually until the complete evaporation of the solution
(Figure 4e,f). The liquid network system in this case remains
interconnected, resulting in a coordinated drying process. If the
surfactant solution contains nanoparticles, the thinning of the
liquid bridges will result in the consolidation of the nano-
particles into microwire structures.
The observations of Figures 3 and 4 confirm earlier observa-

tions of the drying process, leading to the formation of microwire
networks.4,15 These observations, all performed through the
glass substrate, give the general impression that in the latter
stages of the drying the pendular rings of neighboring particle
are connected with a thin liquid thread, i.e., a liquid bridge.

Figure 2. Schematics of the microscopic observation setups used in
this study. (a) 2D latex particle template deposited on the top of a
glass slide and doped with an aqueous solution. (b) The solution
evaporation is observed through the glass substrate. (c) A pair of
spherical particles attached on a glass substrate and the microscope
objective alignment for the side-view imaging experiments. (d) A pair
of spherical particle attached on a glass substrate with a third particle
positioned on the top of the other two particles. (e) Top-view
observation of a cluster of spherical particles deposited on the glass
substrate and doped with the wetting solution.
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According to the static capillary analysis such a thin liquid
thread should be unstable and break due to Rayleigh-type
capillary instabilities.23,24 This is indeed the case for pure water.
Our prior hypothesis for the mechanism of the stabilization

of the liquid threads due to surfactant additives was based on
the assumption that the initially low surfactant concentra-
tion will increase rapidly with the advance of the evaporation
process.4,15 An increase of the surfactant concentration could
lead to changes in the solution rheology, manifested by a rapid
increase in viscosity and transition to viscoelastic behavior.25

However, side observations of the evaporation process
discussed in the next sections show that this is not the case
and reveal that the “liquid bridge” is in fact the base of a thin
foam film between two adjacent particles and the substrate. In
the light of this new observation, the apparent stability of the
“liquid bridge” is easily explained by the presence of a
surfactant-stabilized thin liquid film.
Side Observations on Two Contacting Spheres. Next

we perform experiments using side imaging (Figure 2c) of a
single pair of contacting spherical particles, which is the basic
unit in the latex particle templates. Previously, such experiments
for latex particle pairs have only been observed though the glass
substrate (Figure 2b). The results are complementary to those
demonstrated in the previous section using latex particle
crystals. When a small droplet of pure water is deposited on top
of the particle pair, the liquid bridge formed between the

particles at the late stage of the drying breaks at a critical
thickness to form two separate pendular rings. Adding of a
small amount of surfactant [0.2 mM of sodium dodecyl sulfate
(SDS) in that case] resulted in stabilization of the liquid bridge
thinning.4,11,15 Previous side-on observations of the process
were of insufficient quality to draw conclusions.15

In the present measurements, to enhance the liquid film
visualization we use relevantly larger (500 μm) zirconium oxide
spherical particles. We also added a small amount of fluorescent
dye (Rhodamine B) to the solutions and used matching
fluorescent microscopy illumination and a green light filter for
the incident light. In the single pair of particle experiments we
compare three solution conditions: pure water and 0.02 wt %
or 0.1 wt % of Zonyl FSN. Rhodomine B dye (0.01 wt %) is
added to all of the solutions. Using a micropipet a small droplet
of the solution is deposited on top of the spheres pair attached
to the glass substrate. If needed, excess liquid is removed by
touching the droplet with lint-free tissue (Kimwipes). The final
stage of the evaporation of the droplet around the particle pair
is observed and recorded with the digital camera attached to the
microscope.
Figure 5 shows two full-scale images of the two spherical

particles on the glass substrate at an early stage of drying, with a
full meniscus around the contact points of the spheres and
substrate (Figure 5a), and after complete evaporation (Figure 5b)
for the case of 0.1 wt % Zonyl FSN solution. As seen in

Figure 3. Consecutive microscopy snapshots taken from the bottom of the glass substrate that track the progression of the drying process for the
case of pure water. Images were taken using the microscopic setup schematized in Figure 2b. (a) The latex particle monolayer is fully submerged in
water. (b−f) Progression on the air−substrate areas seen as the bright part of the images and the liquid bridge network seen as dark-blue part of the
images. The entire process can be seen in video 1 of the Supporting Information.
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Figure 5b, there is a stable foam film formed between the two
particles and the substrate, bordered by the microwire
precursor liquid threads. The entire drying process can be
seen in the Supporting Information in video 3 for pure water,
video 4 for the 0.02 wt % Zonyl FSN, and video 5 for 0.1 wt %
Zonyl FSN. Snapshots from these videos tracking the major
steps of the dynamics are given in Figure 6. As seen in the
videos and snapshots, the meniscus approach from either side
of the spheres becomes sufficiently thin to initiate the forma-
tion of a thin film seen as a green spot forming in the central
area between the spheres and the substrate (e.g., Figure 6a).
In the case of pure water, this film ruptures almost
instantaneously due to intermolecular forces. The film rupture
results in three pendular rings, one around each solid−solid
contact point (Figure 6b and Supporting Information, video 3).
For the surfactant solutions, the thin liquid film between the

spheres and the substrate is stable during the thinning process
and gradually expands to occupy the entire space between the
particles and the substrate (Figure 6e,h). The film itself becomes
transparent and is visualized by the yellow glow at the contact
lines during the film expansion. This glow is not present in
Figure 6f, however, as the film has ruptured during the final
stages of evaporation for the low surfactant concentration. In
contrast, for the higher surfactant concentration, the glow is
observed after evaporation has finished (Figure 6i), indicating
that the film remains. The film is, in fact, still stable up to 24 h
after the initial formation. Note that in the latter stages of

evaporation, the film is also visualized by a small perturbation in
the corner of the film, seen as a green glow (Figure 6h) or by
small specks floating in the film (Supporting Information,
toward the end of video 5).
In general, the side-view observations of the process agree

well with the bottom-view observations conducted through the
substrate. For pure water the meniscus ruptures to form
separate pendular rings, whereas addition of surfactant results
in stabilization of the liquid threads connecting the pendular
rings during the late stage of the drying. However, the side-view
observations add a new key perspective that helps in
understanding the stabilization mechanism of the liquid bridges.
What appeared in the observation through the substrate images
as a semicylindrical liquid thread thinning on top of the glass
substrate is now shown to be the border zone between a foam
film and the glass substrate. As such, the problem of how a thin
liquid thread is stabilized by the addition of surfactant is
reduced to the familiar phenomenon of surfactant-stabilized
foam films.
The stabilization of thin liquid films by surfactant additives is

relevant to many practical applications and is relatively well
understood.26−30 The stabilization mechanisms involve a
complex interplay between hydrodynamics, surface rheology,
surfaces deformation, and surface forces in the thinning film.
The stabilization of the microscopic film investigated here
is in good agreement with prior foam stability observations.
In particular, diluted solutions of nonionic fluorinated surfactants

Figure 4. The same observation as in Figure 3 conducted for the case of an aqueous solution of 1 mM CTAB. Images were taken using the
microscopic setup schematized in Figure 2b. The entire process can be seen in video 2 of the Supporting Information.
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are known to stabilize macroscopic foams, whereby foam
stability increases from several hours to several days, depending
on the surfactant concentration.31

Experiments for a single pair of particles done with 1 mM
CTAB followed roughly the same process as that for the case of
0.2 mM (0.02 wt %) Zonyl FSN. Increasing the CTAB concen-
tration to 10 mM did not result in long-term stability. It should
be noted, however, that for the process of microwire patterning
(when nanoparticles are present in the dispersion), regardless
of whether the films finally rupture or not, they are stable
long enough to secure the microwires’ formation. The data
presented here using cationic surfactant (CTAB) and nonionic
fluorinated surfactant (Zonyl FSN) complement prior results
demonstrating that the liquid bridges could be stabilized using
anionic surfactant (SDS)4,11,15 or copolymer additives.4 The
use of nonionic fluorinated surfactants is particularly attractive
as in this case a very low concentration of the surfactant
stabilizes the microwire formation. The choice of the surfactant
additives should be adjusted to provide liquid bridge network
stabilization at the lowest possible concentration without
compromising the nanoparticle suspension stability. Apart
from lowering the pattering process cost, minimizing the
amount of the surfactant used is desirable because the residual
surfactant can affect microwire network properties, such as
the conductivity of metallic nanoparticles formed microwire
networks.11−14

Observations in 3D Clusters. The patterning of micro-
wires on a layer of latex particles when a multilayered latex
particle template is used (Figure 1c example) indicates that
liquid bridge networks similar to the one that propagates
between a monolayer of latex particles and the substrate could
also form throughout a 3D cluster of spherical particles. One
could conclude that the liquid bridges that connect the
sphere contact points are stabilized by the foam films in the

Figure 6. Snapshots tracking the formation of the vertical foam film locked between a pair of spheres and the glass substrate. Images were taken
using the microscopic setup schematized in Figure 2c. The film imaging is enhanced by the use of fluorescent dye. Pure water (video 3, Supporting
Information): (a) the film just before and (b) just after rupture and (c) after drying completely. 0.02 wt % Zonyl FSN (video 4, Supporting
Information): (d) film opening, (e) film thinning, and (f) just after film rupture. 0.1 wt % Zonyl FSN (video 5, Supporting Information): (g) film
opening stage, (h) late-stage thinning with an arrow pointing at a film perturbation, and (i) stable film.

Figure 5. Microscope image of a pair of 500 μm spherical particles on
a glass substrate. Images were taken using the microscopic setup
schematized in Figure 2c. The film imaging is enhanced by the use of
fluorescent dye. (a) The liquid meniscus between the spheres and the
substrate at an earlier stage of the drying. (b) Following completion of
the evaporation in the case of 0.1 wt % Zonly FSN solution. A stable
foam film vertical to the underlying substrate and bordered with liquid
threads connecting the pendular rings is observed.
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same manner as between the spheres and the substrate. The
following observations confirm this assumption.
Images in Figure 7 are taken by top-view observation on a

three-layered cluster of glass beads (500 μm diameter)
deposited on a glass substrate (see Figure 2e setup). The cluster
has been initially wetted with an aqueous solution of 1 mM
CTAB. Figure 7a is a general view of the cluster, while
Figure 7b is a magnified image of a section of the top particle
layer with a clearly visible liquid film between each of the three
contacting particles. The film formation between contacting

particles in the cluster in Figure 7b is a manifestation of the
same phenomenon as the formation of foam films between two
contacting particles and the substrate. We assume here that the
film-supported bridge network connecting the contacting
particles as in the top layer of particles in Figure 7 also prop-
agates between different layers of the crystal cluster. This is
confirmed with reference to Figure 1c, where the microwire
network seen lies on one layer of the 3D crystal visible after the
upper layers have been removed. To further confirm this, future
investigations could include the observation of the network
formation in the bulk of the cluster by the use of confocal
microscopy.
Figure 8 shows snapshots from experiments on the film-

forming process between three contacting spheres, which are
the basic foam film unit cell in the 3D particle crystal. The
experiments are done following the same protocol as in the
experiments with two spheres fixed on the substrate (Figure 6).
The third zirconium oxide sphere is positioned on the top of
the two spheres attached on the substrate and the observation
focal plane is in the plane of the spheres centers. Figure 8a−c
shows the case of pure water with the film rupturing instantaneously
to form three discrete pendular rings at the particle−particle
contact zones. Figure 8d−f shows the equivalent image for a
surfactant solution (0.1 wt % Zonyl FSN) resulting in the
formation of a stable foam film bordered with the liquid threads
connecting the pendular rings at the final stage of the drying.
In wet granular matter, at low saturation, the particles are

usually considered to be connected by the pendular ring
between contacting particle or by capillary bridges between
noncontacting particles.32−34 In all cases, in the late stage of the
drying the cohesive capillary force is considered to be due to
discrete liquid bridges between the particles throughout the
agglomerate. The phenomenon highlighted in this paper
demonstrates that when surfactant is present in the wetting
solution, the pendular rings in the agglomerate could stay
interconnected in a network by the liquid threads bordering the
foam films formed between the agglomerate particles. This
phenomenon could have an important effect on the drying
dynamics, shear strength, and rheological behavior of the wet
granular matter. The films formed at the top layer could hinder

Figure 7. Top view macroscopic image of a cluster of 500 μm particles
deposited on a glass substrate wetted with 1 mM CTAB solution.
Images were taken using the microscopic setup schematized in Figure
2e. The focal plane is on the top layer of the cluster particles. (a)
General view of the cluster. (b) Magnified view of the top layer of
particles with thin liquid films formed between contacting particles.

Figure 8. Snapshots tracking the formation of the foam film between three contacting particles. Images were taken using the microscopic setup
schematized in Figure 2d. The film imaging is enhanced by the use of fluorescent dye. Pure water: (a) the film just before and (b) just after break and
(c) after the final drying. (d−f) 0.1 wt % Zonyl FNS giving a stable film in part f.
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the evaporation from the bulk of the agglomerate by screening
the vapor flows. Further investigations should be directed to
determine the specific effects that the film-stabilized liquid
bridge networks can have on the properties of wet granular
matter.

■ CONCLUSIONS

The formation of stable liquid bridge networks during the
evaporation of a liquid suspension through a template of latex
particles is an exciting development in evaporative lithography,
which has great potential for creating patterned microwire
networks out of nanoparticles. Here we have investigated the
mechanism responsible for stabilizing the liquid bridge
network. Through a combination of microscopic observations
we have revealed that what appeared as a thin liquid thread or a
liquid bridge connecting the pendular rings between neighbor-
ing template particles is in fact the border zone of a foam film
locked between the particles and the substrate. The stability of
the “liquid bridge” is thus explained by the surfactant-enhanced
stability of this liquid film. The same type of liquid-film-
stabilized networks can also propagate throughout a 3D cluster
of spherical particles. The phenomena of film-stabilized liquid
bridge networking is expected to affect the late stage of the
drying process in wet granular matter and should be subjected
to further investigations.
The clarification of the mechanism of stabilization of the

liquid bridges network done in this study is expected to
stimulate the future development of the evaporative lithography
method. This could include extending the method for various
other kinds of nanoparticles, such as semiconducting, magnetic,
or biological particulates; patterning of 3D structure using 3D
crystal templates; and down-scaling of the method using
smaller pitch-size templates.
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