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Polystyrene Nanosphere Lithography Improved by the Insertion of
a Sacrificial Polyimide Film
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A 2-dimensional hexagonal array of uniformly sized nano-holes, whose average size can be potentially changed
from 50 nm to 240 nm, was fabricated using the etched nanosphere lithography (NSL) method. The conventional
NSL method utilizing polystyrene beads (PS) coated on a Si substrate often suffers from a loss of uniformity
during the etching of the PS beads. It was demonstrated that the uniformity of the hole size and position
can be greatly improved by inserting a polyimide (PI) film between the Si substrate and the PS beads. A
sufficiently thick (~40 nm) PI film can act as a sacrificial layer, minimizing the rebound of the plasma during
the reactive ion etching of the PS beads. Hence, the etching of the PS beads stabilized by the PI film can
be used to determine the final desired size of the hole. The periodicity of the pattern can also be selected

by changing the initial PS bead diameter.
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1. INTRODUCTION

The recent impetus for research in nanotechnology partly
stems from the fact that this new technology will provide
opportunities for scientists and engineers to produce material
systems with new physical and chemical properties, widely
different from their non-nano-sized counterparts, by reducing
their size to the nanometer scale. Possible applications for the
nanostructured materials range over many areas: high density
magnetic storage media"”, wave guides"’, biosensors', low
dimensional electronic systems"' and templates for nanotube
growth®”,

The most typical fabrication process for the patterned
array of a nanostructure is photolithography'®, which is an
integral part of conventional semiconductor technology. It is
suitable for mass production, but currently has a resolution
limit of 0.1 um. For a very high resolution, electron beam
lithography (EBL) can improve the resolution to 5 nm""%;
however, an EBL-patterned area is unlikely to exceed 1 mm’
due to low throughput. Moreover, EBL also demands a great
expense which makes it unsuitable for general applications.
Another fabrication process is the self-assembled system!" ™.
Although this system is relatively simple and inexpensive, it
also has drawbacks. Inherent in self-assembled systems is a
difficulty in the precise control of the self-assembled struc-
ture, and a lack of robustness for industrial applications.
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With this in mind, however, the nanosphere lithography
(NSL) method"*"®, which uses a self-assembled template
of polystyrene (PS) or silica beads, offers a new opportunity
to improve the controllability of a self-assembled system,
with a low cost. It can be a valuable tool for producing pro-
totype nano-patterned samples.

A regularly arranged nanostructure can be fabricated from
an etched NSL in which the PS beads are etched to a desired
size after self-assembling, so that the masked area can be
altered by adjusting the etching time. In this paper, we
present an improvement over previous etched NSL pro-
cesses. Our experimental process consists of inserting a thin
film of polyimide between the substrate and the PS beads to
provide a better anchoring of the PS beads during the etching
process, thus improving the uniformity in size, and the posi-
tion of the patterns.

2. EXPERIMENTAL PROCEDURE

The fabrication procedure is schematically described in
Fig. 1. A polyimide (PI) precursor (polyamic acid (PAA))
solution was spin coated onto a Si wafer. The PAA used in
this experiment was a p-phenylene biphenyltetracarboxim-
ide (BPDA-PDA) type polyamic acid (Dupont, PI2610D)
dissolved in N-Methyl-2Pyrrolidinone. The thickness of the
spin-coated PI precursor was controlled so that the final
cured thickness of the PI layer varied from 1.7 nm to 40 nm
when heat treated at 400 °C in a vacuum (10'3 Pa)[”]. Mono-
disperse PS beads with a diameter of 260 nm (Bangs Labo-
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Fig. 1. Schematic diagram of the fabrication process. (a) Coating of
the PI film on a Si substrate, (b) self-assembly of the PS beads, (c)
reduction of the PS bead diameter using RIE, (d) Ta deposition by
DC magnetron sputtering, (¢) removal of the PS beads and etching of
the patterned PI using RIE, (f) formation of the nano-hole array using
RIE.

Ta deposition

ratories, USA) were dispersed in a solution containing a
surfactant, Triton X-100 (Aldrich), and methanol (diluted to
1:400 by volume) by a factor of 1.0"* in order to wet the
substrate. The PS solution was then spin coated onto the PI
layer (~2 cm’ in area) at 1000-2000 rpm. The PS beads were
then thinned by reactive ion etching (RIE) in an argon-oxy-
gen atmosphere in a chamber pressure at 100 mTorr and a
gas flow rate of 15 sccm for both gases.

After the RIE, a 40-nm-thick layer of Ta was deposited on
the sample as an etching mask layer using a magnetron
sputtering system. Following this, the PS beads were
removed from the PI layer in an ultrasonic bath of toluene,
leaving behind the patterned PI film. The protruding PI
region, not covered by the Ta film, was etched by RIE for 10
min under the abovementioned conditions. The exposed part
of the Si substrate was etched again by RIE with a mixture of
carbon fluoride and oxygen (CF4: O,=10:1) at 150 W and
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Fig. 2. SEM images of the PS beads from Si/PS samples. (a) prior to
RIE, (b) after 5 min of RIE.

Fig. 3. SEM images of the etched PS beads from Si/PI (40 nm)/PS
samples: (a) for 5 min, (b) for 7 min, (¢) for 9 min and (d) for 13 min.

55 mTorr for 120 sec. Since Ta has a higher etching
resistance than does Si, an array of nano-holes was formed.
Scanning electron microscopy (SEM, JSM 6330F) and
transmission electron microscopy (TEM, JEOL 2010) were
used to characterize the self-assembled polystyrene beads
and nano-patterns.

3. RESULTS AND DISCUSSION

Figure 2(a) shows a SEM image of a self-assembled
mono-layer of PS spheres coated on the Si substrate without
the PI layer. When the PS beads were etched for 3 min, the
average diameter of the individual PS beads was reduced
from 260 nm to 220 nm while maintaining the original hex-
agonal lattice. However, as shown in Fig. 2(b), etching for 5
min not only reduced the average bead diameter to 195 nm
but also led to a loss of uniformity in the PS lattice. Hagi-
noya et al. have suggested that such non-uniformity can arise
from the distribution in the size and shape of the initial PS
beads, non-uniform O, RIE rate and defects in the PS bead
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Table 1. Mean particle diameter and standard deviation of the etched PS beads from the samples: Si/PS and Si/PI (40 nm)/PS.

Etching Time (min)

Sample 3 5 7 9 11
. Mean size (nm) 219.3 194.9 87.05
Si/PS
Stand. Dev. (nm) 7.2 9.5 11.9
Si/PI Mean size (nm) 239.2 230.7 200 160.3 96 70.6
(40 nm)/PS Stand. Dev. (nm) 3.3 42 3.8 7.2 15.1 20.0
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Fig. 4. Relationship between: (a) the etching time and PS diameter at
different PI thicknesses, (b) k value in Haginoya’s equation and the
polyimide thickness. (Ill: Si/PS, @ : Si/PI(40 nm)/PS, [1: Si/P1(7.5
nm)/PS, O : Si/PI(1.5 nm)/PS) The inset in (a) shows the PS diameter
at different etching time (solid dot), obeying Haginoya’s empirical
expression with k=0.87 (dotted line).

lattice!”. Compared to the etched PS array on the Si sub-
strate shown in Fig. 2(b), when a 40-nm-thick PI film was
inserted between the Si substrate and the PS beads, the PS
bead lattice was well maintained even at an extended etching
period, as can be seen Fig. 3(a)-(d). Table 1 compares the
mean PS bead diameter after different etching periods. Table
1 clearly shows that the mean PS diameter was much larger
with the PI layer than without, which indicates that the inser-
tion of the PI film decreased the RIE rate, and that the PI film
acted as a sacrificial layer. Although the 7-min etching made
a PS bead size similar to that of the 5-min etching without

(b)

Fig. 5. (a) deviation of the nearest neighbor distance of 260 nm in the
hexagonal lattice and (b) angular deviation from 60° of the nearest
neighbor interparticle angles at different PI film thicknesses.

the PI layer, the standard deviation of the bead diameter
without the PI underlayer was considerably larger than that
of the sample which had a 40-nm-thick PI layer under the PS
beads. It appears that the PI sacrificial layer not only helps to
maintain the lattice structure, but also decelerates the overall
etching rate of the PS beads while reducing the variation in
the etching rate.

To further probe the effect of the PI layer, a PI film with
two other thicknesses (1.5nm and 7.5 nm) was inserted
between the Si substrate and the PS beads. Fig. 4 (a), which
plots the average PS diameter as a function of etching time
for different PI thicknesses indicates that increasing the PI
film thickness tends to lower the RIE rate, but the effect is
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hardly noticeable for the 1.5- and 7.5-nm-thick PI films. In
all cases, however, the etched bead diameter was well
matched with Haginoya’s empirical expression ' which
relates the etching time, # with the sphere diameter, d-

d=d) cos|[arcsin (kt / 2d))] (D

where d) is the initial diameter of PS, and % is a constant
depending on the etching conditions. The inset in Fig. 4(a)
clearly shows the experimental data (solid dot) from the SI/
PI (40 nm)/PS sample obeying Haginoya’s equation with k=
8.7, although the bead diameter began to deviate from eq. (1)
when the etched PS diameter was below 80 nm. Further-
more, estimated £ values exhibited an approximate linear
dependence on the PI thickness, as shown in Fig. 4(b). How-
ever, it is expected that the £ value will eventually plateau
when the PI film became excessively thick.

In Fig. 5, we quantitatively studied the ordering of the PS
beads when the PI film was inserted by estimating the devi-
ation of the nearest-neighbor distance and interparticle angle
from a perfect hexagonal lattice. The PS beads were etched
until the mean diameter reached 240 nm, 180 nm, and 120
nm by varying the etching time. The average deviations
from 260 nm and 60° were estimated from the SEM micro-
graphs and plotted in Fig. 5(a) and (b). Fig 5(a) and (b) show
that the effect of the PI underlayer was minimal when the
average PS bead diameter was 240 nm, but became increas-
ingly noticeable as the bead size was reduced by etching,
Fig. 5 clearly demonstrates that the presence of the PI under-
layer helps to maintain the ordered structure by providing a
better anchoring. From the fact that the thick PI film was
more effective in retaining the lattice structure, it is inferred
that the PI layer acted as a sacrificial layer during the etching
of the PS beads.

Si substrate should be etched only slightly by the oxygen-
argon plasma under the given conditions. It is surmised that
the plasma which goes through the voids among the PS beads
impinges on the Si surface and is subsequently rebounded
toward the bottom area of the PS beads. This rebound causes
a rapid etching of the PS beads, breaking away the PS beads
from the Si substrate. When the PI film is inserted, however,
the plasma etches the PI underlayer instead, minimizing this
rebound effect. SEM and cross-sectional TEM images of the
PI layer after removing the etched PS beads in Fig. 6(a)
revealed that the PI underlayer directly underneath the PS
beads remained intact (arrowed in the TEM image in the
inset), while the area around the PS beads was etched to 20
nm thick after 7 minutes of etching. When the etching time
was extended to 11 min, the PI layer was completely
removed by the plasma except at the original positions where
the PS beads had existed, as can be seen from Fig. 6(b). This
clearly shows that the PI underlayer was preferentially
etched. The PI underlayer slows down the etching rate of the
PS beads, and acts as a sacrificial layer while providing an

(a)
Fig. 6. SEM images of the patterned nano-holes after removal of the
PS beads that were etched for (a) 7 min and (b) 11 min. (Circles in (a)
indicate the original PS positions.) The inset image in (a) is a cross-
sectional TEM image of the region shown by a white line in (a), and

Pt was coated to provide a better contrast between the epoxy and the
polyimide.

Fig. 7. SEM images of nano-patterns after etching the Si substrate for
250 sec: from the Si/PI (40 nm)/PS sample with the PS beads etched
for (a) 7 min, and (b) 9 min, (c) TEM cross-sectional image of the 50-
nm-sized hole pattern from Si/SiO»/PI (40 nm)/PS sample with the
PS beads etched for 13 min. Pt was coated to provide a better con-
trast.

anchoring support for the beads during RIE.

After etching the PS beads to a desired size, the Si sub-
strate was further processed, as described in Fig. 1. The posi-
tions where the PS beads had previously been located were
preferentially etched while the rest of the area was masked
by the Ta film and generated regularly spaced nano-holes.
The nano-holes have the regular sizes and positions retained
from the PS beads, as can be seen from the holes made from
the Si/PI(40nm)/PS sample in Fig. 7(a) and (b). Nanopat-
terns in Fig. 7(a) and (b), whose respective hole diameters
were 180nm and 130 nm, were fabricated from the 200-nm-
and 160-nm-sized PS beads while the periodicity of the
holes was maintained at 260 nm, as determined by the initial
diameter of the PS bead prior to etching. The reason for the
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reduced hole size compared to the bead diameter is likely
due to the fact that the Ta film was not completely shadowed
by the PS beads, but instead was partially deposited under
the PS beads. Figure 7(c) shows a cross-sectional TEM
image of a hole whose diameter is 50 nm. This was made
from the 13 min-etched Si/SiO,/PI (40 nm)/PS sample. The
Pt film was deposited to enhance the contrast. The diameter
of the hole was well maintained throughout the depth of the
hole. Tt should be noted that the material inside the hole in
Fig. 7(c) is from the Pt film, not from the Ta mask.

4. CONCLUSION

We demonstrated that an array of uniformly sized nano-
holes can be fabricated by the etched NSL method when a PI
sacrificial layer is inserted between the substrate and the PS
beads. The hole size can be easily controlled by adjusting the
etching time. Moreover, the periodicity of the hole pattern
can also be changed by use of the initial PS beads with a dif-
ferent size. Such patterned holes can be filled with magnetic
or electroluminescent materials to produce functional nano-
structures. It is expected that the method will have a wide
rage of applications in nano-science and technology.
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