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ABSTRACT

Fluid-mediated patterning techniques offer a promising avenue for the cost-effective and scalable fabrication of structured surfaces
across multiple length scales. Widespread adoption of fluid-based approaches, however, requires an in-depth understanding of
the governing mechanisms to ensure precise control over pattern formation and dynamics toward reliable and affordable design
modulation. Here, we present control strategies for creating diverse surface architectures by employing condensate water droplets
as dynamic microscale templates. The temporally arrested breath figure patterning technique used here provides the opportunity
for macroscale pattern organization with an elevated level of structural modification. We demonstrate systematic variation over
isotropic and directional anisotropic breath figure micropatterns, leveraging control over the governing thermodynamic and
photochemical phase change processes. Finely-tuned pattern formation is achieved in an order of minutes, creating breath
figures of droplets ranging in size from hundreds of nanometers to tens of microns. Potential modulated surface architectures
include organized macroscale spatial arrangements of breath figure pores, through-pore perforated membranes of discrete sizes,
and elastomeric replication to transform the re-entrant cavity designs into protruding spherical caps. This adapted breath
figure patterning technique thus provides a fast, scalable, and low-cost method for fabricating tunable surface morphologies
tailored for future functionality.

1 | Introduction over large areas. Further, common microfabrication techniques

based on lithographic or precision machining are expensive and

Surfaces represent the boundaries for solid materials, largely
defining the interactions between objects and their surrounding
environment through various physical, chemical and biological
exchange [1]. The nano and microstructuring of surfaces with
features of length scales commensurate with natural entities
(e.g. photonic wavelengths, biomolecules, microdroplets) unlocks
new properties beyond those of the bulk materials, enabling
novel emerging technologies. Large-scale surface patterning of
nano and microscale features, however, is inherently challenging
due to the antagonistic scales in manufacturing small features

scale-limited; long lead times with low throughput, multi-step
processes coupled with requirements for clean-room facilities and
specialized materials limit their functionality [2]. Practical use
of such patterned surfaces is hence contingent on the ease of
processing and manufacturing, with particular consideration for
the simplicity, scalability, adaptability and associated costs.

More recently, bottom-up self-assembling approaches have
received interest because of the ability to readily create small
and complex features in a scalable and low-cost manner [3-5].
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Bottom-up approaches involve the creation of a pattern from
the assembly of constituent elements, typically harnessing the
growth of material, aggregation or self-assembling of particles
[6]. Due to the favorable down-scaling in length at the target
feature size, exploiting interfacial effects and instabilities facili-
tates the spontaneous creation or assembly of intricate features
over large areas [7]. In particular, fluid-mediated strategies offer
a host of potential patterning methods with varying degrees
of resolution, accuracy and control [5]. This can range from
molecular scales, at which phase separation methods facilitate
self-assembly due to miscibility and de-mixing [8, 9], to larger-
scale colloidal particle patterning [4, 7]. Techniques can be used
in isolation, creating features with varying degrees of control
and order, or further used to complement existing approaches,
creating low-cost masks for lithographical methods or as sec-
ondary length scales on existing features [10, 11]. The ability
to reliably create controlled nano-microscale surface features at
both low cost and application-rational length scales is critical
to the exploitation and wide-scale adoption of fluid-mediated
manufacturing.

This paper looks more in-depth at the breath figure (BF) pattern-
ing methodology, valued for its inherent simplicity and accessi-
bility [12]. In the BF approach, condensate droplets from a humid
environment act as dynamic templates to pattern a polymer
solution [13, 14]; heterogeneously nucleated droplets stabilize at
the air-polymer interface and grow in size, self-assembling before
complete evaporation of the solvent. Subsequent evaporation of
the droplets reveal the latent imprinted pattern. The scalability
of the method arises from the dynamic template generated by
spontaneously formed water droplets, which is limited only by the
initial polymer solution surface area that can be formed under a
humid atmosphere. Drawbacks, however, typically stem from the
limited ability to systematically vary the pattern characteristics
due to the empirical control handles and the largely passive
nature of the classical technique. The capability of imparting
new material functionality through topographical surface mod-
ification for different applications is not only contingent upon
low-cost and scalable methods, but on the ability to create con-
trollable and variable features. As such, this paper summarizes
the BF technique, along with its advantages and shortcomings,
and briefly introduces various developed adaptations. Within
this context, opportunities for design modulation in the tem-
porally arrested BF methodology [15] are highlighted, building
upon our previously reported mechanistic understandings of the
underlying condensation dynamics.

2 | Breath Figure Patterning

The original BF patterning approach was developed in the 1990s
when highly ordered, hexagonally packed porous surfaces were
created by casting solutions of branched polymers dissolved
in volatile solvents under humid conditions (Figure la) [13].
A low concentration of polymer (often < 10 wt%) is dissolved
in a volatile organic solvent and drop cast onto a substrate
[13, 14]. Under the right humidity conditions (typically 50% <
Relative Humidity (RH) < 90%), evaporative cooling reduces
the surface temperature of the polymeric solution to below that
of the system dew point (Figure 1a,i). With continued cooling
from solvent evaporation, heterogeneous drop-wise condensation

occurs on the upper boundary and imprints into the interface as
a result of the balance of interfacial tensions. Droplets stabilize
and grow at the polymer interface, self-organizing into a quasi-
crystalline hexagonal array, characteristic of the BF honeycomb
pattern (Figure 1a,ii). As the solvent completely evaporates, the
polymer solidifies and the temperature rises back to the ambient
condition; the imprinted droplet morphology is revealed upon
droplet evaporation from the solidified film, with successful
patterning creating a monodisperse, closely packed array of pores
(Figure 1a,iii) [16].

Since the inception of the method, numerous mechanistic the-
ories and adapted techniques have been developed and well
summarized across notable reviews [12, 16, 17]. From herein,
we thus refer to the classical technique as any approach that
uses solvent evaporation from a dissolved polymer solution to
drive the interfacial cooling and subsequent patterning. The
majority of adapted BF strategies have stemmed from particular
application-derived perspectives, involving the use of different
polymer materials and substrates to enhance the versatility of
the method [18-23]. Patterned surfaces have been created with
particular engineering polymers for specific qualities, such as
stimuli-responsive polymers [24, 25], fluorinated low surface
energy polymers [26, 27] and photocurable polymers [28-31].
Similar studies have shown how recycled and sustainable mate-
rials such as cellulose [32] can be used, as well as sinterable
ceramic precursors [33]. Alternative methods have also facilitated
BF patterns on electrospun fibres [34], 3D substrates and con-
fined geometries [35], as well as on liquid substrates producing
completely porous and perforated geometries [36]. In particular,
selective patterning methods have shown useful premise for the
well-controlled spatial development of interfacial morphologies
through the direct application of solvent to solid polymeric
substrates [37, 38].

As a patterning approach, the ability to readily modulate the
feature size is imperative for each specific application; pore size
variation in BF has been used to create selective particle filters
[39, 40], tune the adhesion in wetting scenarios [41], and cre-
ate anti-reflective coatings [42]. Because the BF technique is
governed by phase change phenomena, altering the system ther-
modynamics varies the output pattern [43]. The average pore size
is commonly changed by varying the relative humidity (RH) or
airflow of the system, changing the rate of condensation and thus
growth of the templating droplets prior to complete evaporation
of the solvent [17]. However, for a given polymer/solvent solution,
only a narrow range of working RH results in a homogeneous pat-
tern output, with the corresponding feature size being empirically
derived. Overall, BF formation is the result of a highly non-
equilibrium process with a continual temperature change and
an increase in the polymer concentration over time. Additional
complexity arises from the coupled effects of solvent evaporation
on the formation and growth of the condensate droplets, as well
as the arrest and solidification of the final pattern [44]. Due to
the overall temperature drop being a result of the evaporation
of the finite solvent volume in this classical method, altering
the environmental RH outside of a strict range may result in no
visible pores occurring (too little condensation), or the contrary,
with multilayer or irregular pores in the final pattern (too much
condensation). As the solution temperature needs to drop below
that of the dew point, the type of input polymer/solvent and
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FIGURE 1 | Schematic illustration of (a) classical solvent-evaporation vs. (b) temporally arrested breath figure patterning pathways. In both

methods, (i) drop-wise condensation occurs at the air-polymer interface and (ii) droplets continue to grow and self-assemble. (iii) Complete solidification
of the polymer film and evaporation of the templating droplet array results in the generation of a porous pattern. Upper crops in both (a) and (b) show
SEM images of patterned samples; the scale bar corresponds to 20 wm. Schematic insets in (b) demonstrate the pattern modulation potential via the

temporally arrested technique.

relative concentrations can be somewhat varied to change the
output pattern, however an effective feasible pattern window
limits the ability to systematically vary the pattern characteris-
tics [45]. Altering these parameters strikes a balance between
adequately stabilized droplets and sufficient self-assembly from
convection and thermocapillary forces to order the resultant
pattern [46]. Ultimately, for a suitable polymer/solvent com-
bination, the problem of creating effective and systematically
varied patterns is governed in the temporal domain by the system
thermodynamics.

While the coupled effects in classical BF make the passive
technique uniquely powerful and adaptable for creating ordered
patterned films from minimal intervention, the competing mech-
anisms limit the ability to readily control and systematically
vary the resultant pattern. The deterministic design of the BF
output requires critical control over all stages of the phase
changes involved in the process, including initial condensation
nucleation, kinetics of droplet growth, and final solidification
of the solution. In classical BF, solvent evaporation drives the
nucleation of condensation droplets. This leads to ambiguity
around solvent compatibility - studies often have conflicting
results because of the specific environmental conditions in their
experiments [45]. Depending on the ambient or set humidity,
evaporation of the solvents in question may or may not yield
the required energy removal to produce sufficient cooling for
the nucleation of the droplets. Enhanced or restricted thermal

conduction through the substrate underneath the film introduces
further complications in determining the subcooling level on
the polymer film [45]. Consequently, prediction and control of
condensation nucleation and subsequent pattern growth in the
solvent-driven BF approach are challenging, if not impossible,
due to the complex temperature variation over the duration of the
experimental working time [47].

Variation in BF pattern size is classically attained through envi-
ronmental control of temperature/humidity and the variation of
the input parameters (e.g. polymer/solvent ratio) to modulate
the duration of dynamic condensation [45]. By altering these
input conditions, the feature sizes can be somewhat modulated,
however, this has combined effects on the pore morphology and
sinking depth due to the variation of interfacial tension and
viscosity with time, with no direct control over the evolving
film thickness [48]. Overall, the unpredictable spatio-temporal
variation of thermodynamic conditions is incompatible with the
drive to control and predict the resultant pattern size a priori.
Only after complete solvent evaporation in the classical approach
does one attain knowledge of the pattern feature size. This trans-
lates to an empirically-derived workflow that for every param-
eter/variable combination, a single final pattern is achieved.
Much of the BF literature regards studies of this variation, with
successful (monodisperse) or unsuccessful (semi-coalesced or
incomplete coverage) patterning conclusions for variable input
conditions [46].
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3 | Temporally Arrested Breath Figure

In a recent development, we achieved direct in situ control over
the size and distribution of the microscale BF patterns through
complete decoupling of the cooling-driven condensation and
film solidification processes (Figure 1b). The so-called temporally
arrested breath figure approach [15] employs active cooling of the
polymer using a Peltier device to finely tune the thermodynamic
subcooling level (Figure 1b,i), facilitating novel droplet pattern
morphologies illustrated schematically in the inset in Figure 1b,ii.
In situ visualization of the pattern dynamics reveals well-
described linear condensation growth dynamics for systems with
large initial nucleation densities from early stages of the process.
By using a UV curable polymer and no solvent, the predictable
BF pattern on the liquid film can be instantaneously cross-linked
to arrest the pattern growth Figure 1b,ii [15]. Patterned surfaces
or porous membranes of specific feature sizes are achieved,
depending on the initial film thickness and the time at which UV
curing is completed Figure 1b,iii. As a result, the pattern evolution
is directly and systematically influenced in the temporal domain,
facilitating better control and application of the condensation
physics [49].

In this adapted approach, external cooling facilitated by a Peltier
device situated below the polymer film enables regulation of
the supersaturation level and thus control over condensation
nucleation and growth. The subcooling level of the polymer
film can hence be set by measuring the dew point of the
environment and setting the respective temperature difference.
This is simplified from the classical approach whereby simulta-
neous and non-linear processes of solvent evaporation and water
condensation occur, contrary to the controlled condensation
dynamics in the temporally arrested approach prior to arrest, see
arrows in Figure 1la,b. We have reported effective control over
the size [15] and spacing [49] of the condensate droplet physics
in the liquid state based on solutions for the temporally arrested
breath figure technique, see Figure 1b,ii insets. Actively setting
the level of supersaturation through the substrate temperature
facilitates a direct correlation between the environmental condi-
tions and predictable condensation physics. The ability to arrest
pattern growth at discrete times through UV irradiation further
enables the opportunity to translate the desired liquid pattern
characteristics into a solid sample for varying applications [50].

The combination of control handles provided by the temporally
arrested BF approach not only facilitates prediction and control
over the droplet growth rates, but provides additional opportuni-
ties for the realization of unconventional breath figure patterns
and the translation of these droplet manipulations into porous
structured features. While we have previously reported upon in
situ studies for the control of condensate droplets, the ultimate
capability for the creation of diverse solid patterns has not yet
been fully highlighted. Here, we briefly review the translation
of controlled breath figure droplet pattern dynamics to solid
structured surfaces with pores of different sizes and spacing.
Building upon these capabilities, we demonstrate the fabrication
of novel patterns with directional gradients through exploitation
of a series of thermal and photocuring controls. Both in situ
manipulation of the templating droplets and their respective
patterns, as well as ex situ transformation of the patterned

films, are outlined. We demonstrate a wide range of morpho-
logical architectures, including interfacial and through-porous
membranes, and outward-protruding features.

3.1 | In Situ Modulation
3.1.1 | Isotropic Variation

The temporally arrested breath figure method relies upon the
nucleation and growth of quasi-stable droplets at an air-polymer
interface to template the polymer film prior to solidification.
Quiescent environmental conditions are established by setting
the specific subcooling level using a Peltier cooling device, leading
to observations of well-defined condensation growth laws [43].
NOA®63 photocurable polymer is used as the model material for
the thin film due to its fast and oxygen-tolerant cross-linking,
as well as facilitating a high nucleation density of droplets [15].
As shown in the experimental setup and in situ analysis in
Figure 2a,b, when droplets have reached the desired feature size
after a period of minutes, a short flash of UV irradiation arrests the
growth kinetics of the droplets by cross-linking the polymer film.
Upon returning the Peltier temperature to that of the ambient
laboratory, the water droplets evaporate, revealing the latent pore
imprint as shown in the SEM images of Figure 2c.

At a constant subcooling level, droplets at the air-polymer
interface grow in close contact with neighboring droplets due
to the high nucleation density exhibited on NOA63. Figure 2b
inset images show in situ droplet growth snapshots at discrete
times where growth can be arrested to create patterns ranging
in average feature size, D, from 100’s nm to 10’s um. Due to
the highly packed nature of the pattern, droplets are quasi-stable
and only coalesce after the eventual draining of the viscous
polymer bridge between neighboring droplets, resulting in the
overall increase in feature size [15]. We have previously quantified
the liquid droplet growth physics in this system whereby the
average droplet size increases linearly with time due to macro
coalescence effects. This well-described law is obtained from
the combined effect of growth through diffusion and the direct
accumulation of water molecules on the droplet surface, as well as
the effect of significant coalescence between neighboring droplets
[43, 51]. Due to the 3D growth of droplets measured in terms of
diameter, the area fraction of a coalesced droplet is less than the
sum of the original droplets, resulting in a self-similar growth
regime. A constant area fraction of droplet coverage is observed
throughout the pattern evolution, regardless of droplet size, with
a low polydispersity of 15 + 5% in droplet size [15].

By experimenting with the subcooling temperature in the range
of 5°C-10°C below the dew point, average experimental working
times for droplets to nucleate and grow into micro sized features
prior to curing and pattern arrest are on the order of minutes.
There is a direct translation of the condensate droplet growth
kinetics to the cured pattern. The quasi-instantaneous cross-
linking has a negligible effect on the transition from templating
liquid droplets to the solid templated imprint (BF pore). Using
real-time analysis of growing droplets in the liquid state, the tran-
sient curing process can hence be scheduled to create features of
specific sizes. With a constant subcooling temperature applied, as
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FIGURE 2 | (a) Schematic illustration of the experimental set-up. (b) In situ analysis of droplets in the liquid state prior to cross-linking of the

polymer film and pattern arrest. (c) Average diameter grows linearly in time at constant subcooling, with droplet growth rate proportional to the set
subcool. (d) Heating of an established droplet pattern results in droplet evaporation and a decreased packing density in the final cured pattern. (e) A
final subcooling phase can restart condensation on the free surface area resulting in a bimodal distribution. Inset images in (b) show the droplet pattern

evolution with optical microscopy, compared to SEM images in (c)-(e) demonstrating the cured porous patterns after UV irradiation. All scale bars

correspond to 20 pm.

droplets interact and coalesce, the average droplet size increases
linearly with condensation working time. This regime hence
controls the average feature size for highly packed conditions,
where the area fraction (A ) of surface covered by pores remains
constant at approximately A, = 0.45 + 0.05 (Figure 2c). While
droplets grow linearly in time in this growth regime, the subcool
level dictates the growth rate; Figure 2c shows samples created
by UV curing after 150 s of subcooling at AT = 5°C and AT.=
10°C, respectively. Both temperature and condensation working
time can hence be altered to change the final average feature
size.

Area fraction modulation can be programmed in situ by heating
the established BF patterns of liquid droplets to temperatures
above the dew point. As the size of droplets is controlled by the
thermodynamic state of the system, a pattern of specific droplet
size and area fraction can be subsequently modulated through
Peltier heating, thereby initiating evaporation of the droplets.
(Figure 2d). Due to the high viscosity of the polymer (2 Pa.s)

and subsurface droplet morphology exhibiting minimal menis-
cus, capillary interactions are insignificant. Upon evaporation,
droplets shrink radially in time without observable attraction to
one another, conserving the interdroplet spacing distance and
inducing a decrease in the area fraction coverage. The evaporation
kinetics of droplets follow previously observed laws [49], where
individual droplets initially evaporate at a rate D? « ¢ with the
area fraction decreasing linearly over time (Figure 2b). The
spacing between droplets and features is therefore determined by
the initial cooling regime as droplets grow in the highly packed
state, after which the droplets shrink with heating to the desired
feature size/area fraction at which point the pattern evolution is
arrested through UV exposure. Inset images in Figure 2b (right)
shows the area fraction analysis of the evaporating liquid droplets,
where modulation occurs at a constant interdroplet spacing;
cured pattern examples of modulated area fraction are shown in
Figure 2d. Due to thermal effects resulting in eventual droplet
sinking and non-linear growth [49], low heating above the dew
point (AT;=1-5°C) is done to steadily decrease the surface
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coverage without completely evaporating the droplet array or
creating strong internal flows to ensure strict feature control.

The ability to modulate the pattern characteristics can be further
explored by combining repeated cycles of droplet growth (sub-
cooling) and shrinkage (heating). As an initial example, bimodal
patterns or patterns with hierarchical size domains are fabricated
by restarting the condensation process on spatially modulated
samples in the liquid state. By having a second subcooling
step following an evaporation regime, new families of droplets
nucleate on the free space between the pre-existing droplets
(Figure 2e). Like before, the initial cooling stage of highly packed
droplets determines the interdroplet spacing, which remains
constant during the heating phase. The heating phase determines
the extent of spatial modulation by evaporating the droplets,
resulting in a decrease in droplet area fraction. It is this free
surface area where new droplet families nucleate during the
subcooling - a large temperature difference is required for the
second cooling phase to initiate a high nucleation density of
new droplets. The existing large droplets continue to grow at the
constant interdroplet spacing, acting as humidity sinks within
their immediate vicinity. Constant image analysis feedback is
hence required to trace the point at which the new droplets are
densely packed enough at the required size to arrest the growth
through UV curing. The option to create both spatially modulated
and bimodal patterns is not conventionally accessible via self-
assembling methods alone, which rely upon capillary interactions
to assemble.

While limits to this in situ control exist, we readily demonstrate
cured patterns of highly packed features from 100’s nm to 10’s um,
synonymous with the scale of natural functional surface features.
Due to the method being governed by thermodynamic state,
this temporally arrested technique provides greater control over
the growth rate by setting the level of supersaturation through
external cooling on the Peltier device, rather than relying on
the concentration and type of solvent used. Droplet coalescence
exhibiting a small and consistent polydispersity in feature size
(10-15%) is accepted as a compromise over highly ordered features
that are less controlled in size with the classical BF method.

3.1.2 | Anisotropic Variation

Thermodynamic Control As thermodynamic control over the
set temperature and environmental dew point can alter the BF
pattern isotropically, varying the substrate temperature spatially
can engender variable condensation growth rates to exploit
anisotropic designs over larger scales. The ability to create
macroscale gradients in topography opens up new potential
applications for fabricated patterned films and further demon-
strates the versatility of the fabrication approach, beyond what is
classically attainable through self-assembly techniques. The evi-
denced control over pattern evolution on NOA63 due to substrate
temperature control, combined with the use of photocurable
polymers, thus facilitates new capabilities to create macroscale
variation over the microscale features, as illustrated in Figure 3.

Due to the high droplet nucleation density exhibited on NOA63,
for a set subcooling level, we see that the average feature diameter

grows linearly in time at a rate proportional to the subcool level,
producing patterns with a near-constant packing over the cooled
area [49]. As such, temperature gradients across the substrate can
be implemented to take advantage of the variable droplet growth
rate. Depending on the spatially applied temperature, the growth
of the BF droplets and resultant pattern can be both discontinuous
and continuous (Figure 3a). In an area with a constant subcool,
the pattern results in a constant droplet size. As the level of
subcooling decreases, droplets grow at a slower rate, resulting in
a gradient. The overall droplet pattern can then be translated into
a cured design by cross-linking the full sample as before. We can
hence ascribe a pattern gradient « to the inverse of the change in
average feature diameter AD divided by the characteristic length

-1
L over which the pattern varies, ¢ = < % ) .Smaller and larger

hence correspond to more abrupt or smoother pattern variation,
respectively (Figure 3a).

Figure 3b shows the schematically applied cooling with inset
images indicating the actual infrared temperature measurements
on the cooled cover slips; lower and higher temperatures appear
in blue and pink, respectively, alongside macro images of the fab-
ricated patterned cover slips, and SEM close-ups of the patterned
regions. As before, when a constant subcooling is applied, the BF
pattern is isotropic over the full temperature-controlled region,
resulting in a homogeneous pattern (Figure 3b,i). The strictest
gradient, exhibiting a switch from pattern to no pattern over the
course of a relatively sharp boundary (10’s um) can be created
by only partially exposing the sample to the subcooled Peltier
stage. The section of the film held at temperatures below the
dew point will develop BF patterns while the rest of the film at
the ambient temperature remains unchanged (Figure 3b,ii). This
results in o values on the order of 10’s, where the sharp transition
occurs over a minimal distance comparable to that of the feature
size. A more diffuse gradient of BF pattern size (¢ = O(10° — 10%))
can be generated by placing the polymer film on a thermally
conductive substrate with the two ends held at temperatures
below and above the dew point. This configuration yields a
gradual, continuous boundary between the patterned and non-
patterned section, whose width depends on the imposed lateral
temperature gradient and thermal conductivity of the substrate.
Figure 3b,iii shows an example of the diffuse transition between
BF patterns with an average pore diameter varying by an order
of magnitude between 3 and 0.4 um. Variations of more complex
macroscale patterns can hence be created by spatially altering the
substrate temperature prior to the arrest of the droplet growth.
For example, Figure 3c shows the resulting patterns obtained
by exposing the polymeric film to a flat subcooled metallic grid
with circular (left) and square (right) apertures, which translate
to subcooled and non-subcooled regions. More optimized thermal
masks can be created that allow for good airflow to the non-cooled
regions to ensure there is minimal unintended cooling; if cool air
is trapped, a larger o gradient arises as droplet nucleation and
growth occurs at any region that is below the temperature of the
dew point.

Photomasking In classical BF, photosensitive polymers have
been used to create strong cross-linked films or to function-
alize patterns, often post fabrication [25, 31, 52, 53]. Due to
the evaporation-driven formation mechanism in the classical
technique, photomasks have mostly been used ex situ for creating
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FIGURE 3 | Anisotropic pattern variation capability enabled by substrate temperature control. (a) Schematic representation of discontinuous and
continuous gradient variation. (b) From left to right, panels show a schematic of the applied cooling temperature with inset infrared measurements on

the round cover slip (indicated color range from 4°C, blue - 24°C, red), images of cured patterns on cover slips and SEM crops of respective patterns;

(i) homogeneous cooling produces an isotropic pattern, (ii) binary pattern to no-pattern transition created by cooling half of the polymer film,
(iii) gradient pattern from the diffuse temperature gradient on substrate, creating variation in feature size from micro to nanoscale (left to right). (c)
Variations of subcooling masks imposing circular and square grid designs. SEM scale bar corresponds to 40 um unless otherwise stated.

spatially varied patterns, exposing complete patterned films to
UV irradiation to post-modify the structure [31, 53]. In contrast,
temporally arrested BF uses polymers which can be selectively
irradiated in situ as well as at discrete time points to spatially
arrest pattern areas of different feature sizes.

In a similar manner to the thermal masking applied beneath the
patterning film to implement spatial variation in features, the UV
exposure can be varied from above to control the film solidifica-

tion and subsequent pattern formation by spatially arresting the
pattern growth (Figure 4). As the short UV exposure effectively
arrests the droplet pattern and translates the observable liquid
droplets into cured porous features, spatially controlling the
UV exposure through UV opaque photomasks provides another
control handle to modulate the BF pattern over larger scales. For
the current proof-of-concept analysis, UV opaque photomasks
were used to selectively cure sections of the NOA63 films at
discrete times. Masks were placed on top of the cooled polymeric
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FIGURE 4 | Schematic of photomask set-up and corresponding patterned films. (a) Mask selectively controls the area exposed to UV, where

(b) successive masks can also be used to create variable patterns and (c) circular and rectangular mesh masks to create more complex spatial patterns.

Scale bars correspond to 50 pm.

film using a spacer to avoid direct contact and enable subsequent
pattern modulations. Regions of BF patterned polymer that were
exposed to the UV light through the transparent section imme-
diately solidified, while droplet growth was maintained on the
sections obstructed by the UV mask.

Spatially arrested patterns can be made with a two-step curing
process; a droplet pattern is created before selectively exposing
part of the substrate, arresting the droplet growth. The remaining
liquid region with droplets can be evaporated before curing
in order to obtain a smooth region (Figure 4a). Alternatively,
secondary masking can be applied to introduce regions of newly
developed patterns or solidify the original pattern after a longer
period of time (Figure 4b). The same perforated masks from
before in the thermal process were also applied above the film
to selectively cure pattern areas, achieving the opposite spatial
configurations, compare Figure 3d with Figure 4c.

3.2 | Exsitu Transformation
3.2.1 | Soft Replication

Soft replication of breath figure patterns enables the develop-
ment of further diverse morphologies manifesting as protruding
spherical caps. Replication of classical BF has been completed
previously, where the BF material is commonly dissolved to
enable release of the inverse shape due to the negative curvature
of the BF pore (submerged droplet imprint) [54-57]. As classical
patterns are often created in polystyrene and other brittle poly-
mers, once the replica medium infiltrates and solidifies within

the BF mold, the BF is destroyed, meaning every BF patterned
sample can create a single replica.

The temporally arrested BF approach completed in cross-linked
polymer films makes it possible to transform the porous structure
into protruding caps without causing permanent damage to
the original mold, as illustrated in Figure 5a. A commercial
polydimethylsiloxane (PDMS) and cross-linker (Sylgard 184, Dow
Corning) was used due to its mechanical properties, low surface
energy and availability [58], enabling high fidelity replication of
features and facile removal from the enclosed curvature of the BF
pattern. The base and hardener were mixed at a 10:1 ratio and
degassed for 30 min before the liquid polymer was poured over the
respective BF and further degassed to remove entrapped air from
the cavities. Successive replicas can thus be created for a singular
BF pattern as the PDMS effectively detaches from the BF pattern,
producing high fidelity replication of diverse architectures with
varied pore size and distribution (Figure 5b), as well as designs
with a directional pattern gradients (Figure 5c).

Secondary replication of the protruding pattern can also be
completed to create an analogous BF porous pattern in a new
material. Here, PDMS-PDMS replications are demonstrated to
create both protruding and porous patterned films in the same
materials to enable pattern comparison. Double replication was
performed by plasma cleaning the first replica for 2 min prior to
silanization in a desiccator with 250 pL of chlorotrimethylsilane
(Sigma-Aldrich) for 2 h. The silanized PDMS replica is needed
to ensure effective detachment of the second porous PDMS
replication from the the first protruding replica made up of
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FIGURE 5 | Soft lithography of temporally arrested breath figure and corresponding protruding features. (a) Schematic illustration of replication
process where (i) pre-mixed liquid PDMS is infiltrated into a breath figure pattern (SEM showing cross section of BF). (ii) After curing the PDMS
overnight, the PDMS can be gently peeled from the BF sample. (iii) A secondary replication of the pattern can be created to re-create the porous BF
morphology in PDMS medium. SEM top view and inclined images of (b) protruding replica samples generated from isotropic BF patterns, (c) anisotropic
surfaces and (d) secondary replication in PDMS (analogous BF features). Scale bars in (b), (c) and (d) correspond to 50 pm in the large area images, and
10 um in magnified views.
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FIGURE 6 | Fabrication of breath figure patterns and membrane formation. By spin coating for a longer duration or making a thinner polymer
film, templating droplets can contact the substrate and create through-pore geometry. (a) Standard pattern formation where the thickness of the thin
film is greater than the average droplet size compared to (b) films thinner than the average droplet creating small pore (~5 um, left) and large pore

(~25 um, right) membranes. (c) SEM images showing the material flexibility and scalability of the membrane fabrication method for small pores. Scale

bars correspond to 20 pm.

then completed on the silanized sample in the same manner as
before. SEM images in Figure 5d show angled views of highly
packed and spaced double-replicated samples to differentiate
the morphology.

3.2.2 | Membrane Fabrication

Polymeric membranes and microseives have wide-ranging appli-
cations in areas from cell culturing and analysis, filtration and
separation, to the production of emulsions [59, 60]. The ability to
tune the membrane area and pore size (porosity density range)
is essential for the different technological interests. Conventional
techniques through track-etching and electrospinning make it
difficult to control pore positioning and thus limit the overall
control and accuracy of porosity. While breath figure techniques
have been used to successfully create porous membranes [61-63],
the inability to systematically vary the pore size, area coverage,
and film thickness limits its adaptability.

By combining in situ modulation of the droplet size and ex situ
transformation of film removal from the substrate, through-pore
perforated membranes can be fabricated using the temporally
arrested BF technique. To create the BF, the average liquid droplet
diameter D; has to be less than the initial film thickness h

to ensure no substrate-droplet interactions (Figure 6a). When
the dimensions of the droplet array are significantly smaller
than that of the polymer film, there is little to no difference
in the overall film thickness when accounting for material
displacement. To create membrane porous films, the average
droplet size needs to be commensurate to the film thickness.
To ensure substrate-droplet interactions that create a through-
pore, however, the film thickness has to be created to around 1/4
thickness of the target pore diameter. This constraint facilitates
the increasing effect of polymer displacement as the droplet array
volume becomes significant in relation to the film thickness.
Due to the highly packed droplet array, accounting for an area
coverage of around 75% below the film [15] because of the
submerged droplet morphology (see liquid images in Figure 2b),
an initial thinner film has to be produced to account for the
displacement. For example, to create pores of approximately
10 um, a spin coated film of around 2.5 um is required to
account for the displacement of polymer as the water droplet
array grows to reach the desired dimensions. To further optimize
the process, different supporting substrates with varying wetting
and adhesion characteristics were tested to ensure the patterned
film could be released and peeled from the substrate. Figure 6b
demonstrates the film thickness relationship with SEM examples
of small pores, approximately 5 um (left), and larger pores of
25 um (right).
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As the average droplet diameter grows larger than the film
thickness (D; > h), substrate interactions become significant,
and wetting effects between the polymer-droplet-substrate need
to be taken into consideration. If the interfacial tension between
the droplet and the substrate is too great relative to the polymer,
droplets will wet the substrate, causing the polymer film to de-
wet. Standard glass substrates worked sufficiently; while some
droplets de-wet from the top air-polymer interface and form a
sessile droplet at the substrate-polymer interface, the majority
of pores remain throughout the thickness of the polymer. Note
that particularly at larger pore sizes D; > 10’s um, secondary
nucleation is observed at the top air-polymer surface, however,
due to their smaller size, these superficial pores remain at the
interface and do not affect the membrane functionality.

4 | Conclusions

Fluid-based fabrication methods enable the ability to readily
pattern surfaces over large areas, facilitated by low input material
cost and intrinsic self-assembling forces. In particular, the BF
method is one of the most facile examples of such approaches,
requiring condensating water droplets from humid air to act
as the templating mechanism input, creating defined patterns
within minutes. The temporally arrested technique builds upon
the original BF method, substituting passive developments with
well-defined control handles, increasing the ability to modulate
the pattern characteristics. As a result, in situ control through
external cooling and photocuring permits varying size, spacing,
and configuration characteristics in the patterning. By controlling
the experimental time and substrate temperature, patterns are
created consisting of highly packed features from 100’s nm to 10’s
um. Spatial variations of packing densities ranging from 0.45 to
0.1 area fraction can be implemented, as well as permutations of
these combined effects.

Further in situ control through spatial modulation of the sub-
strate temperature or UV-arrested area allows the addition of
secondary macroscale motifs and directional functionality to
the original microscale BF structure. Ex situ transformation,
including successful soft replication of the original porous BF
structures, produces surfaces with inverse protruding spheri-
cal cap structures of varied shape, size, and distribution with
anisotropic interfacial properties facilitating potential low-cost
fabrication methods for tunable functional materials. Further-
more, knowledge of the final patterned film thickness in the
solvent-free approach allows specific control over coating thick-
ness and formation of through-pores and the fabrication of
thin membranes with specific pore sizes for potential filtration
and masking functionalities. While we have performed these
experiments in the most simplistic setup of an open laboratory
environment, we obtained promising results regarding process
robustness and control. Ultimately, as the patterning is contingent
upon strict control of environmental conditions and substrate
temperature control, with the predictable droplet growth physics
the process could become fully programmable using an enclosed
controlled environment.

Limits to the temporally arrested technique, however, arise from
the material input. The photocurable polymer needs to be rapidly
cross-linkable, ensuring quick solidification to arrest the liquid

growth dynamics into a solid pattern. The cross-linking also
has to be tolerant to oxygen to enable curing in atmospheric
conditions, limiting the number of appropriate polymers. A high
initial droplet nucleation density is essential for achieving mech-
anistic control of patterns across the multiple scales shown here.
Classical BF enables the creation of domains of monodisperse
pores as droplets grow and self-assemble without significant
coalescence prior to the solidification of the polymer solution.
As the condensation droplets grow primarily via coalescence in
the temporally arrested approach, greater control over pattern
characteristics is garnered at the expense of strict monodispersity.
A small polydispersity of features in the highly packed regime of
around 15% is the tradeoff for consistent and predictable control
over the final pattern dimensions. While the classical method is
dependent on the size and wetting of the casting substrate and
input conditions, this method uses a spin coated polymer film
to modulate the film thickness. Overall, when compared to other
self-assembly techniques, this method achieves superior control
with minimal input parameters, facilitating a wide breadth of
pattern configurations without altering the materials.

5 | Materials and Methods
5.1 | Materials

Substrate Photocurable polymers were coated on standard
borosilicate glass cover slips of 22 mm diameter with a thickness
of 0.15 + 0.02 mm. These were cleaned prior to use by washing
with isopropanol (IPA) and deionized (DI) water before being
dried in the oven overnight at 80°C. The cover slips were
chosen due to their low-cost availability and optical transparency,
enabling both transmission and reflected light optical microscopy
analysis. The relative thinness of the cover slips facilitated
effective heat transfer from the external cooling device, whilst
providing a rigid support to maintain a flat, thin polymer film.

Polymer Norland Optical Adhesive NOA63 (Norland Products
Inc.) polymer was used due to its mechanical properties and adhe-
sion to substrates. The photo-induced cross-linking mechanism
exhibits rapid curing in ambient conditions, low material shrink-
age, and high resistance to solvent, oxidative and UV degradation,
making it an excellent candidate for functional thin-film coatings
[64, 65]. NOA63 was chosen over other NOA polymers due to the
high nucleation density of droplets observed at the interface when
subcooled [15], enabling arrest of systematically variable feature
sizes from nano to microscale.

5.2 | Experimental Set-Up

Constant NOA film thickness was achieved through modulation
of the spin coating parameters. For BF patterns of features up
to around 10 pm, a 30 pm of NOA63 was spin coated to ensure
negligible interaction between the droplets and the substrate.
Porous membranes were created by spin coating NOA63 to a
thickness of less than 5 um and growing droplets of larger
diameter than this.

Patterns were created by cooling the polymer-coated cover
slip on a Peltier device (Linkham PE120) held at a constant
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temperature T, during each experiment, accurate to within
+0.5°C. Subcooling temperature was calculated based on the dif-
ference between the measured dew point and the set Peltier tem-
perature, AT = T4, — Tp. Condensation dynamics were mon-
itored using an Olympus BX53M optical microscope (OM) in
reflective mode, equipped with a long working distance objective
(Olympus LMPLFLN 50X) and a digital CMOS camera (Basler
ace acA2040-90uc). The droplet pattern evolution was analyzed
in real-time using a developed MATLAB code to identify droplet
boundaries [49]; this detects and measures all the features in the
frame to compute an average feature diameter D,, and feature

density calculated as the area fraction of pores to overall surface

n 2
area, A, = M. At the desired feature size, the droplet

pattern was arrested with a 5 s burst of UV light using a flood
curing system (Dymax Bluewave AX-550 Redicure) with 365 nm
irradiation wavelength, operated at a max intensity output of
425 mW/cm?. The Peltier device is switched off after pattern
arrest to allow the sample to return to ambient temperature and
subsequent complete evaporation of the templated droplets. A
further 5 s of UV irradiation was applied to ensure the pore
cavities were fully cross-linked. The fabricated samples were then
baked at 130°C for 1 h to remove any residual and unreacted
functional groups at the interface.
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