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Abstract

We report a low-cost and high-throughput process for the realization of
two-dimensional arrays of deep sub-wavelength features using silica and
polystyrene spheres. The pattern size in this method is a weak function of
sphere size, and hence excellent size uniformity is achievable. Also, the
period and diameter of the holes and pillars formed with this technique can
be controlled precisely and independently. Moreover, the patterns can be
formed in conventional negative and positive photoresists, and hence this
approach is compatible with a wide range of existing processing methods.
Although we achieved hole sizes of ~250 nm with a broadband UV source
centered at 400 nm, our simulation results show that patterns as small as

180 nm should be achievable at a wavelength of 365 nm.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

There is an increasing demand for high-throughput and parallel
nanofabrication techniques. In particular, there is a high
demand for a low-cost process capable of producing highly
uniform arrays of nanopillars and nanoholes, since these
patterns have found a wide range of applications in many
devices such as solar cells [1], photodetectors [2], surface
plasmonics [3], photonic crystals [4], memory devices [5],
nanofiltration [6], fuel cells [7] and artificial kidneys [8].
Conventional photolithography techniques cannot satisfy the
small dimension requirements in many of these applications,
due to the light source’s wavelength limit [9]. Novel techniques
such as x-ray [10], electron-beam [11], focused ion beam [12]
and nanoimprint [13] lithography can achieve the desired
resolution, but are either too slow or expensive for fabrication
over large areas. Nanosphere lithography (NSL) [14-17]
is a promising approach that uses planar ordered arrays of
micro/nanospheres as a lithography mask to generate ordered
nanoscale arrays on the substrate. However, there are several
limitations associated with this method. First is that the
monolayer of spheres can always contain dislocations resulting
in agglomerations of particles after metal evaporation and
prevent successful lift-off [5]. Second, the size and spacing

0957-4484/07/485302+04$30.00

of the holes are coupled, and hence these properties cannot be
independently controlled [18]. Finally, NSL requires spheres
to be formed directly on the substrate surface [14], which is
not possible for many materials.

Here we present a novel photolithography technique,
utilizing the self-assembled planar array of spheres as optical
lenses to generate deep sub-wavelength regular patterns over
large areas on a photoresist. Previous studies showed that
spheres with correct optical index values can focus light
into deep sub-wavelength dimensions [19]. We noticed that
both silica and polystyrene (PS) have optical indices [20]
that are close to the optimum value at the wavelengths
used by conventional UV lithography. Interestingly, our full
three-dimensional finite difference time domain (3D-FDTD)
calculations show that the beam waist is a very weak function
of the sphere diameters and hence an extremely uniform
pattern size can be achieved even for relatively poor sphere
size uniformity. Figure 1 shows our simulation results for
conventional UV lithography i-line (wavelength = 365 nm)
and silica spheres of sizes from 0.5 to 5 um. Using a linear fit,
the relation between the sphere diameter d and FWHM (full
width at half-maximum) w of the focused light is found to be
w = 0.0056d + 160 (nm). This means that the variation of
the FWHM of the focused light is about 0.6% of the change in

© 2007 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) 3D-FDTD simulations of the electrical field profile for silica micro/nanospheres with diameters of D = 0.5, 1,2 and 5 pum at
A = 365 nm. (b) The normalized light intensity cross section shows a very small change of the beam FWHM despite a 10-time change in the

sphere diameter.
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Figure 2. A schematic illustration of the process for the fabrication of periodic nano-arrays: (a) spin-on deposition of photoresist on a
substrate, (b) a monolayer of silica or PS spheres formed on top of the photoresist, (c) UV light exposure of the photoresist covered by the
monolayer of HCP microspheres. The two-dimensional intensity of the UV light in the photoresist plane, calculated by our three-dimensional
FDTD, is shown on the right, (d) sub-wavelength patterns obtained after removing the spheres’ photoresist development. An AFM image of a

developed photoresist is shown on the right.

the sphere’s diameter. Similar simulation results could also be
obtained for polystyrene spheres. FWHM is a good measure of
the photoresist exposure, since the etching rate usually changes
by almost an order of magnitude for a 50% optical intensity
change around the photoresist threshold dose [21].

2. Experimental details

We prepared GaAs substrates with two kinds of commonly
used photoresists (PR), AZ 5214-E and Shipley 1805. All

process steps were performed in a class 100 clean-room. Two
types of spheres, silica and PS, were used to form hexagonal
close packing (HCP) arrays on top of the photoresists. We used
10 wt% aqueous suspension of transparent silica or polystyrene
spheres of 0.97 um diameter. Before usage, the aqueous sus-
pension was diluted by DI water down to 0.1 wt% for both
types of spheres. A higher concentration of the spheres forms
multilayers of spheres and a low concentration would not be
enough to form a complete layer. The fabrication process is
schematically illustrated in figure 2. Both photoresists were
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Figure 3. SEM images of (a) a single layer of microspheres

(0.97 um diameter) deposited on top of the photoresist; (b) AZ5214
nanoholes (inset is a more enlarged image), after sphere removal and
photoresist developing; (c) a cross section of nanopatterns formed by
silica spheres and AZ5214 photoresist, (d) a cross section of
nanopatterns formed by silica spheres and AZ5214 photoresist,

(e) AZ5214 photoresist used as negative photoresist and formed
nanopillars; (f) Shipley 1805 photoresist used as negative photoresist.

spun onto GaAs substrates at 5000 rpm for 1 min, and soft
baked for 90 s at 90°C. After soft bake, the photoresist-
covered samples were dipped into AZ-300 MIF developer

solution for a few seconds. This step made the photoresist sur-
face hydrophilic enough to promote formation of a monolayer
of HCP silica or PS spheres directly on top of the photoresist.
To form a good monolayer, we carefully studied the effects
of different concentrations of the spheres, the amount of the
sphere suspensions added, the evaporation rates of water and
different tilt angles. Next, the samples were UV exposed us-
ing a conventional photolithography tool (Quintel Q-4000) at a
lamp power of about 11.4 mW cm™2 and center wavelength of
400 nm for about 0.8 s. The short time was not enough to ex-
pose the photoresist except at the focused areas. Silica spheres
were removed by dipping the sample into hydrofluoric acid for
30 s, while sonication was used to remove PS spheres. Pho-
toresists were developed in AZ-300 MIF developer for about
30 s, rinsed by DI water and dried by nitrogen.

3. Results and discussion

Figure 3(a) shows the SEM image of a typical monolayer
of silica spheres with d ~ 0.97 um formed on top of the
photoresist. Figure 3(b) shows the top view of SEM images
of the developed samples. The minimum diameter of the hole
is about 250 nm. The ratio of the feature size to the wavelength
used is about 0.625. The hole lattice has a periodicity of
0.97 pm, almost identical to the diameter of the spheres.
Figures 3(c) is the cross-sectional image of a hole in the
AZ5214 photoresist. It shows a high aspect ratio, which can be
utilized for demanding lift-off and deep dry etching processes.
The process could be modified to produce holes with negative
sidewall slopes for a more aggressive lift-off process (see
figure 3(d)). We could also form pillars of photoresist using
negative resist processing. To use AZ5214 photoresist as a
negative photoresist, we post-baked the photoresist at 120 °C
for 180 s, followed by 2 min of post-exposure. Also, we
converted Shipley 1805 to negative photoresist by inserting
the samples into an ammonia environment at 90 °C for 1 h,
followed by a post-exposure step for about 2 min. Figure 3(e)
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Figure 4. SEM images of uniform two-dimensional HCP lattices of nanoholes with different hole diameter and lattice period.



Nanotechnology 18 (2007) 485302

W Wu et al

Nanopillar size
Distribution

Standard
Deviation 13.06 nm

440 460
Diameter (nm)

Figure 5. (a) SEM top image of HCP arrays of gold nanopillars. The inset shows the 2D Fourier transform, demonstrating the excellent
coherence of the pillars’ position and size. (b) High-resolution side view SEM image of the gold nanopillars. The inset shows the nanopillar

size distribution, which is currently limited by our image resolution.

shows the top view of the AZ5214 photoresist pillars, while
figure 3(f) shows the top view of the Shipley 1805 photoresist
pillars.

We could change the sizes of the holes, as well as the
hole-to-hole distance in the arrays precisely and independently.
Figure 4 shows an example of such flexibility with uniform
HCP arrays of holes with hole diameters of about 300, 500
and 700 nm with lattice periods of about 500, 1000, 2000 and
4000 nm. The hole diameter could be controlled with varying
exposure time, and the hole-to-hole distance (lattice period)
was controlled by different spherical diameters. Obviously,
an array of holes with a lattice period smaller than the hole
diameter is not feasible (e.g. 700 nm holes with a 500 nm
period).

Figure 5(a) shows an example of HCP arrays of gold
nanopillars resulting from the lift-off process. The inset shows
a 2D Fourier transform of the SEM image of the nanopillars.
The Fourier image shows narrow hexagonal patterns up to
high satellite orders, due to a highly coherent structure. Such
coherence is particularly important for the photonic crystal
applications. Figure 5(b) shows the magnified side view of the
gold pillars. The inset shows the histogram size distribution,
showing a standard deviation of about 13 nm in diameter.
Unfortunately, this value is limited by our image digitization
resolution with ~15 nm per pixel. Higher magnification
images show much smaller standard deviation values, while
the number of pillars in those images is not statistically large
enough.

4. Summary

In conclusion, we have demonstrated a novel maskless sub-
wavelength photolithography technique with a potentially high
throughput for the formation of HCP arrays of deep sub-
wavelength holes and pillars. This method provides accurate
and independent control of the hole’s diameter and the lattice
period. Using a broadband UV source, we demonstrated
highly uniform features that are about 0.6 times the exposure
wavelength, while theoretical calculation predicts feature sizes
that are about half, for a narrow line UV source down to a
wavelength = 193 nm.
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