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Sub-40 nm size ordered nanodroplet arrays of polystyrene are
fabricated by a low dose selective electron beam exposure of an
ultrathin polymer film followed by its intensified self organized
dewetting under a mixture of water and polar organic solvents.
The self organization speeds up patterning and reduces the
feature size, both by more than 10 times.

Fabrication of nanopatterned and functionalized polymeric surfaces
is an active area owing to its many important applications in the
areas of nanophotonics, nanoelectronics, and templated synthesis of
nanostructured materials.' There are several mature technologies for
the nano-fabrication of soft surfaces, mainly dominated by extreme
UV and X-ray photolithography, nano-imprint lithography (NIL)
and electron beam lithography (EBL).? However, photolithography
suffers from diffraction limit and to create structures of size less than
50 nm requires complicated multistep process, interferometry and the
whole system to be immersed in high refractive index liquid.*> NIL,
on the other hand, is a single step process and can replicate patterns
of a size as small as 20 nm but it requires a master to be fabricated
first by some other technique.* EBL is a serial writing process which
is considered slow for large area nanopatterning. Scanning probe
techniques such as dip pen nanolithography, although are capable of
manipulating individual atoms and can achieve molecular resolution
in patterning, but are not particularly scalable.”> The quest for
miniaturization with affordability continuously motivates the need
for better and faster tools of nanofabrication.’ Here we combine low
dose EBL with directed instability of ultrathin polymer films to
fabricate arrays of polymer nanodots by self-organization, the latter
speeds up the fabrication by more than 10 times compared to
conventional EBL.

The bottom up approach such as physical or chemical self-
assembly can significantly reduce the fabrication cost and time by
replacing high-end fabrication tools either completely or partially.”
Simultaneously, these methods also provide one step solution for the
fabrication of smooth or complex 3D structures. Self-organized
dewetting of ultrathin (<100 nm) polymer films when coated on a
non-wetting substrate, is one of the possible bottom up approach to
combine with a top down method to enhance its usability and
performance. Thin film dewetting has been an active research field
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during the last two decades leading to several interesting solutions for
the micropatterning of soft surfaces.®> However, it has been limited to
the patterns of micrometre size or more because of the limitations
imposed by high surface tension, which opposes the creation of a
new surface, and the weak destabilizing van der Waals potential.
Recent developments’ in the self organized dewetting of polystyrene
films have enabled the fabrication of submicrometer size (~200 nm)
droplets by overcoming the limitations of strong interfacial tension
and weak destabilizing van der Waals potential. The dewetting under
a mixture of water and polar organic solvents reduces the interfacial
tension by more than one order and also introduces a stronger
destabilizing electrostatic potential.” Another limitation of dewetting
on a homogeneous and flat substrate is that it produces droplets
with wide size distribution and they are randomly distributed on the
substrate. To overcome these limitations, various strategies such as
dewetting on physico-chemically patterned surfaces™'® and e-beam
modified films'' have been proposed. The initial patterning of
substrates, however, requires a top down fabrication method such as
optical lithography and the removal of pre-pattern after dewetting is
to be done by selective lift-off or etching, both of which limit the
usefulness and flexibility of the template method.”!° Modification of
polymer films by EBL followed by dewetting does not leave behind
any signature of the pre-pattern and hence suitable for direct
applications. The basic idea behind this is to create a differential of
polymer viscosity by low dose EBL so as to localize the nucleation of
dewetting by changing the growth rate of instability. It was thus
possible to fabricate ~100 nm polystyrene nano-droplets with the
periodicity of 220 nm using this strategy.'!

We show here that an optimized low dose EBL/dewetting process
can push down the limits of patterning to true nano-domain. We
demonstrated the method by fabrication of nano-arrays of less than
40 nm domain size and 100 nm periodicity. It was achieved on a
5.2 nm thick polystyrene (PS, M,, = 280 kg mol ) film coated on a
thoroughly cleaned silicon wafer with a native oxide layer. The PS
thin film was exposed to an extremely low dose of e-beam by using a
field emission scanning electron microscope (FESEM, Zeiss Supra
40 V) coupled to a pattern generator (XENOS XeDraw 2) to
produce a square grid of single pixel lines with 100 nm period
(Fig. la). Points along a line at separation of 10 nm were exposed
with 0.05 fC of e-beam dose (250 pA beam current, 200 ns dwell
time). Therefore, the e-beam dose used in this experiment was
50 pC cm ™ '. When perfectly focused, the spot size of e-beam was
4 nm in the exposure area of 200 x 200 um? The e-beam dose
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Fig. 1 Schematic diagram of e-beam exposure pattern and dewetting. (a)
Polymer film is exposed to e-beam in a square grid pattern. (b) Dewetting
starts with the formation of holes in the unexposed area. (c) Holes grow in
size and allow polymer to get accumulated along the high viscosity (exposed)
regions. (d) The square grid of polymer eventually breaks up to form droplets
at the intersection points.

was optimized on two conflicting factors: large doses increased the
patterning time and the feature size by lateral dispersion, whereas too
low doses do not produce enough viscosity contrast for a clearly
defined differential dewetting. Dewetting of e-beam exposed film was
carried out by immersing it in a mixture of water and polar organic
solvents (water, methyl ethyl ketone and acetone in the ratio
15 : 7 : 3). The solvent molecules diffuse into the polymer film and
bring down its glass transition temperature below room temperature
thus allowing dewetting at room temperature, while water being
majority phase prevents the solubilization of polymer in the
dewetting mixture. The dewetting mixture greatly intensifies dewet-
ting by reducing interfacial tension and switching to electrostatic
destabilizing potential, which allows dewetting to happen extremely
quickly (<1 s for PS films thinner than 10 nm). In case of 5.2 nm
thick PS film the dewetting is completed almost instantaneously.
Therefore nucleation or growth rate for instability could not be
accurately measured in these experiments. PS exhibits higher
viscosity in the e-beam exposed regions, ie., it acts as a negative
tone e-beam resist.!! This results in the faster growth of instabilities
in the unexposed regions (Fig. 1b) leading to the formation of a grid
like pattern corresponding to the e-beam exposed high viscosity areas
(Fig. 1c). The square grid eventually breaks up to form droplets at
the intersection points (Fig. 1d). Once the dewetting is complete the
samples can be removed from the dewetting mixture and dried in the
stream of hot air, which solidifies the nanostructures and make them
permanent.

The initial thickness of the polymer film governs the spinodal
length scale of dewetting, ie. the average spacing between the
droplets in case of dewetting of homogeneous (unexposed) film.”!!
The alignment of dewetted patterns in e-beam exposed film is best
when the e-beam pattern periodicity is close to the spinodal length
scale for that particular film thickness. A 5 nm thick PS film without
e-beam exposure dewets under the mixture to produce droplets of
size 48 + 18 nm at a mean separation of 156 + 37 nm (Fig. 2a).
Fig. 2b shows the FESEM image of an ordered array of 35 + 7 nm
droplets of polystyrene with 100 nm periodicity fabricated by this
method. The e-beam exposure of 1 mm? area took about 200 s, and
produced ordered array of 10 000 x 10 000 nano-droplets upon
dewetting (0.5 million nanodroplets per second). This is significantly
faster than the conventional EBL and thus takes a leap forward in
using e-beam for large area nano-patterning.
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Fig. 2 PS nano-droplets produced by the self-organized dewetting of
5.2 nm thick polymer film. (a) Randomly distributed PS nano-droplets
produced by dewetting of unexposed film have mean diameter of 48 +
18 nm and mean separation of 156 + 37 nm. (b) Ordered PS nano-droplets
by dewetting of e-beam exposed film have mean diameter of 35 + 7 nm
arranged in a 100 nm array over a large area (200 pm x 200 pm). Inset
shows the magnified view of nano-droplets. Scale bar: 100 nm (inset).

Based on the molecular weight, size of one PS molecule is about
14 nm."? Thus, there are about 10 molecules of PS in a 35 nm droplet.
This, together with the propensity for the contact line pinning in
small dimensions, are the possible reasons for somewhat irregular
shapes of these very small droplets. Such droplets become nearly
spherical owing to the surface tension in larger diameters >100 nm.
The droplet sizes obtained here represent the limit of the self-
organized dewetting because initially smooth, uniform films of PS
thinner than 5 nm could not be spin coated. This thickness is likely
the limit of the highly constrained monolayer coverage. On the other
hand, low molecular weight polymers (PS and PMMA) do not show
sufficient viscosity contrast after short e-beam exposures. Moreover,
the dewetting kinetics is also much faster for low molecular weight
polymer thin-films. This eventually leads to the more disorder in the
dewetted patterns and thus, low molecular weight polymers are not
found to be suitable candidates for e-beam assisted patterning.

Considering this limitation, we believe that this is close to the
minimum possible feature size that can be fabricated by the self-
organized dewetting of thin viscous polymer films. It may also be
noted that the directed dewetting of liquid polymer films under the
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solvent-nonsolvent mix demonstrated here is entirely different from
the very slow instability of solid polymer films in a non-solvent like
water."

The hybrid method proposed is particularly useful for the
fabrication of nanolens arrays,® photonic crystals'* and engineered
surfaces with selective wettability and structural colors."”” In
particular, smooth profiles such as in lenses, cannot be fabricated
easily and inexpensively by the top-down methods like EBL and
FIB. The method also has the advantage for the positioning of
functional materials such as catalyst nanoparticles (e.g., gold, silver,
iron) in regular arrays by embedding them in the polymer film and
subsequent selective removal of the polymer by thermal decomposi-
tion or other means.'® Such array of catalyzing nanoparticles can be
used for the synthesis and growth of aligned and regularly spaced
nanowires and nanotubes that find applications in sensors, light
emitting diodes and photovoltaic devices.

This report describes a novel method of nano-patterning by a
combination of bottom up and top down techniques, which
facilitates much faster fabrication of sub-100 nm polymer domains
compared to EBL, positioning it as an efficient tool for large area
nano-patterning. This is the first demonstration of the fabrication of
sub-100 nm polymeric structures by self organized dewetting of
polymer thin films. The key to the success of this technique lies in the
intensification of dewetting under the water-solvent media. Further,
the use of extremely low doses of e-beam induces ordering of nano-
droplets, which is more than 10 times faster than the conventional
EBL. In conventional EBL, relatively high e-beam exposures
(~10 times) are required to modify the resist completely so that
the developer can selectively dissolve one of the regions. However, in
the proposed method, only a small e-beam exposure produces
enough viscosity contrast that results in the ordered pattern after
dewetting. The droplets are arranged along any arbitrary pattern
drawn by the e-beam. Finally, the polymer used in the process does
not have to be a good e-beam resist material as the process works by
creating small differentials of effective viscosity and the kinetics of
dewetting in highly confined domains.
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