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Patterning techniques

Surface-Tension-Driven Patterning: Combining Tailored
Physical Self-Organization with Microfabrication

Methods**
Kahp Y. Suh*

Thin liquid or polymer films offer fertile ground for many
micro/nanofabrication and controlled physical self-organiza-
tion processes."?) For example, conventional optical lithog-
raphy utilizes modification of the chemical structure of a
thin photoresist by radiation. Also, imprinting-related li-
thographies generate resist relief patterns in a thermoplastic
or ultraviolet (UV)-curable resin by using a high mechanical
pressure or a physical contact followed by UV irradiation
(“top-down” approaches).”* In parallel, many physical
forces such as capillarity,” dispersion forces,”” or mechanical
stress”! drive the surface of a thin film into a regularly or-
dered structure (“bottom-up” approaches). It is widely ac-
cepted that a combination of these two approaches could
solve many unraveled challenges to produce complex devi-
ces with a minimum feature size below 50 nm.®**! Recently,
the semiconductor industry has made incredible advances in
achieving features close to ~50 nm in size. For traditional
optical systems, however, a further reduction in the feature
size may not be economically viable. Moreover, it is very
difficult to develop a fast, reliable, and cheap patterning
method using a top-down or bottom-up approach alone for
this regime because of low cost effectiveness and high tech-
nological barriers. Thus, precise control over physical forces
that govern self-organization at small-scale dimensions is of
great importance to meet future demands, covering the
regime from 10 to 50 nm.

In contrast to the chemical self-assembly that exploits
chemical interactions between a self-assembled monolayer
and a substrate, physical self-organization takes advantage
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of the physical forces that are mentioned above.!'”? Of these,
dewetting (or surface tension) is one of the useful concepts
that can be used in the self-construction of thin liquid films.
However, the versatile use of surface tension as a litho-
graphic tool has been restricted due to the lack of controlla-
bility."!! In a recent paper, Scherer and co-workers demon-
strated an interesting experimental study for creating regu-
larly spaced line patterns in an evaporating thin film
through guided evaporation and dewetting."” The line
width was typically on the order of a few micrometers but
even reduced to below 100 nm by incorporating self-assem-
bled colloidal quantum dots into the solution. Three condi-
tions were suggested to form narrow lines instead of con-
ventionally observed rings or drops: 1) Evaporating solu-
tions between two partially wettable surfaces, 2) the pres-
ence of pinning points, and 3) the presence of foaming sur-
factants to lower surface tension. Briefly, they used an
aqueous solution containing a foaming surfactant such as
bovine serum albumin (BSA), sodium dodecyl sulfate
(SDS), or others between two cover glasses or two silicon
wafers. Subsequently, the solution was left to evaporate for
a few hours, rendering long strip patterns growing perpen-
dicular to the three-phase contact line with an apparent pe-
riodicity. It was reported that the line width depended upon
the gap distance between two covering plates, not by other
geometrical or material parameters. In addition, bubbles in
the solution led to a structure shaped like “lollipops”. These
findings are truly intriguing since evaporating liquid films
typically generate semi-ordered drops or rings after evapo-
ration due to Rayleigh instability.!'’)

As can be seen from water drops in a splash, a long,
freestanding liquid jet or thread favors perturbations and is
broken into drops as it lowers the surface area. For a quasi-
static motion, it would be desirable to merge all the fluid
into one sphere, corresponding to the smallest surface area.
However, this is usually not the case; the fluid is broken
into many similar-sized drops often with satellite drops.
Rayleigh found that surface tension has to be counterbal-
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anced with inertia, which opposes fluid motion over long
distances. By equating these two forces on a fluid cylinder
of radius r, Rayleigh suggested an optimal wavelength, 1=
9r (fastest growing mode), which is in good agreement with
experiments. Accordingly, the timescale #, on which pertur-
bations grow and eventually break the jet is given by a bal-
ance of surface tension and inertia, yielding'

where p is the density and y is the surface-tension coeffi-
cient of the fluid. For pure water with r=1 um, one finds
that 7,=0.1 us, which means that the liquid jet would be
broken into drops extremely quickly.

Returning to the experiment by Scherer et al., the im-
portance of using a sandwiched geometry was mentioned in
the paper; a drop of BSA solution on a surface left conven-
tional ring-shaped patterns, which are ubiquitous and en-
countered in daily life, science, and engineering. A few com-
ments as to why a sandwiched, evaporating film led to regu-
larly spaced lines rather than broken drops are necessary at
this point. First, the relation indicates that the timescale is
increased with decreasing surface tension, which can justify
the use of a surfactant in their experiment. More important-
ly, the liquid film was sandwiched between two partially
wetting surfaces, for example, hydrophilic glasses or silicon
wafers. Such a confined geometry gives rise to evaporation
only in one direction (as compared to the three-dimensional
evaporation in [Eq. (1)]) so that the perturbations would be
greatly hindered. A rough approximation might lead to an
exponent close to one, not three, thus significantly increas-
ing the timescale by more than six orders of magnitude with
an appropriate density.

The most crucial factor, al-
though implicitly shown in the
paper, is probably the interactions
between surfactant molecules with
the hydrophilic glass or silicon sub-
strate. It is well known that these
surfaces create a negative charge at
neutral pH, resulting in nonspecific
adsorption of protein molecules
from the surrounding fluid (so
called “biofouling”).'" In this
sense, the surfaces were interacting
with the protein molecules such
that the region in contact with the
solution would be covered with
them at the final stage. Apart from
protein molecules, other inert or
fluorescein-labeled particles used in
their experiment could interact
with the substrate and suppress
liquid breakup since dewetting is
highly affected by the presence of
particles in the film.' The fact
that no pinning points were neces-
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sary for BSA lines whereas pinning points had to be artifi-
cially created to obtain lines for other surfactants strongly
supports this explanation. This author believes that the
above simple relation, along with a qualitative description
presented in the paper, gives a deeper insight on the stabili-
ty and structure formation of thin liquid films sandwiched
between two parallel plates. Further information on the pe-
riodicity and shape of thin confined viscous or elastic films
can be found elsewhere.['*!”

It is noted that the presence of pinning points was essen-
tial to observe regular lines. Usually, surface-tension-driven
self-organization or dewetting is very difficult to control be-
cause it is highly sensitive to surface defects, heterogeneity,
and roughness. One example of controlling surface-tension-
driven flow can be found in a technique called micromold-
ing in capillaries (MIMIC),["® where a precursor solution is
allowed to flow inside a microfabricated channel network
by spontaneous capillary flow and subsequently cured by
heat or UV. When a colloidal solution flows inside the chan-
nel, a well-defined colloidal self-assembly can be obtained
since the surface-tension flow is restricted two dimensional-
ly. Another way to achieve surface-tension-driven self-as-
sembly is to apply capillary forces on a predefined polymer-
ic pattern.'””) These approaches attempted to combine a
simple microfabrication method with a surface-tension-
driven self-assembly process.

To allow for precise control over the location of pinning
points and guidance to subsequent evaporation, Scherer
et al. used standard photolithography. This is meaningful
since it represents a practical way for a reliable self-organi-
zation process in a controlled fashion. They found that arti-
ficial pinning points, regardless of shape and size, steered
evaporation in the desirable direction. Typical examples are
shown in Figure 1. As shown in the figure, they tested for

100 pm
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Figure 1. Results showing the effects of various pinning points and surfactants, and included self-assem-
bled particles. a) A circular pinning point in a BSA solution. b) Triangular pinning points in a Triton X-100
solution. c) A quantum-dot line forming between two square pinning points. d) SEM image of self-assem-
bled 2-pm-bead arrays. Reprinted with permission.!'?
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various types of pinning points and surfactants: circular, tri-
angular, or square pinning points (Figure 1 a—c) showed no
appreciable changes. Interestingly, a quantum-dot line
formed between two pinning points using a solution contain-
ing quantum dots if the distance between two points was
sufficiently small (Figure 1c¢). Although it is not clear
whether single or multiple arrays of quantum dots were
formed, this could provide a new route to fabricating inter-
connect wires. Using the same approach with 2-um silica
beads, they were able to fabricate a self-assembled bead
array with minimal defects (Figure 1d), which can be
viewed as combining a top-down approach with bottom-up
self-assembly. Finally, they found that small-sized beads
could sometimes act as bridge between lines of BSA
(<100 nm). Usually, an ultrathin line is intrinsically very un-
stable against breakup but might have been stabilized due
to strong interactions between BSA and the glass substrate,
as discussed earlier. As can be seen from a recent report on
nanowire fragmentation mediated by dewetting,”” a con-
trolled dewetting process at this length scale would further
allow for regular arrays of quantum objects.

In conclusion, the article highlighted here is of great
benefit to unconventional patterning fields since it has made
a major advance in controlling surface-tension-driven self-
organization in combination with a traditional microfabrica-
tion method. If further tailored and controlled, dewetting or
capillary flow could be a powerful, innovative self-assembly
process for next-generation nanodevices.
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