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Abstract: Arrays of nanodots were directly patterned by interferometric
lithography using a bright table-top 46.9 nm laser. Multiple exposures with
a Lloyd's mirror interferometer alowed to print arrays of 60 nm FWHM
features. This laser-based extreme ultraviolet interferometric technique
makes possible to print different nanoscale patterns using a compact table-
top set up.
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1. Introduction

Regular arrays of metallic or semiconductor nano pillars and nanorings with sizes sub 100 nm
have lately attracted great attention due to their unique optical, electrical and magnetic
properties [1-8]. Different strategies have been used for the fabrication of these arrays,
including photo and electro beam lithography, self assembly of nanospheres or replication by
embossing, molding or printing with masters stamps [9]. In the case of self assembly the
arrangement of nanostructures is often random, or organized in reduced areas. The replication
using master stamps have demonstrated features sizes below 100 nm and large area coverage
[10]. However, a different master is necessary for each motive restricting the versatility of the
method.

An approach commonly used to print nano-scale periodic features is interferometric
lithography (IL). This maskless photo-lithographic technique is based on the activation of a
photoresist by the interference pattern generated by two or more spatialy coherent light
beams. IL can efficiently print periodic patterns in a sensitive photoresist coated substrate
with resolution approaching half of the wavelength of the illumination. In this approach,
reducing the wavelength of the illumination provides a direct and simple path to realizing
interference patterns with dimensions of tens of hanometer and below. This has been the main
moativation for using ultraviolet [11-13] and even shorter wavelength extreme ultraviolet
(EUV) light for this application [14-16]. The versatility of EUV IL for patterning different
motifs and realizing record small features has been demonstrated using 13 nm wavelength
light from a synchrotron source [16]. However, the widespread use of this technique in
applications requires its implementation on amore compact and easily accessible set-up.

2. Experimental details

In this paper, we report the demonstration of multiple exposure IL using a table-top set up
based on a compact A= 46.9 nm capillary discharge laser. This simple and compact set up
enabled printing of arrays of cone-shaped nano-dots with 60 nm FWHM diameter with a
periodicity of 150 nm using exposure times of less than 1 minute. As discussed below, the
high degree of spatial and temporal coherence of capillary discharge EUV lasers makes them
well suited for IL experiments. These results highlight the potential of table-top EUV lasers
for the realization of a compact wide-area nanopatterning system.

The illumination source used in this work is a compact A= 46.9 nm Ne-like Ar capillary
discharge laser configured to produce pulses with energy of approximately 0.2 mJ and about
1.2 ns FWHM duration. When operated at repetition rates of several Hz this table-top laser
can produce EUV beams with average powers in excess of 1 mW and a high degree of spatial
and tempora coherence [17]. The 27 cm long capillary discharge plasma columns used in
this experiment generates a laser beam that has a spatial coherence length of approximately
570um measured at the experiment chamber located at 1.7 m from the exit of the laser. The
spatial coherence length can be further increased using a longer plasma [17, 18]. The laser
beam temporal coherenceis greater than 470 um as determined by its line width AWA<1x10™,
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Fig. 2. Computed (a) and fabricated (b) arrays of holes patterned in PMMA by
double exposure with a Lloyd's mirror configuration, a = /2 and low (10 mJcm®)
photon dose.

IL was implemented by illuminating a flat mirror in the Lloyd's configuration with the
EUV laser output. In this configuration, part of the laser beam impinges on the mirror a an
incidence angle 8 and is reflected to interfere with the remaining un-deflected portion of the
beam, asillustrated in Fig. 1. Beam interference gives rise to a sinusoidal intensity pattern of
period d, defined by the wavelength of the light A and the incidence angle 6 according to
d=74/(2 sin #). Figure 1 shows a schematic of the set up utilized in the experiment. A
rectangular 30x50 mm? Cr coated flat mirror was mounted at grazing incidence in front of the
laser beam on a pivoting platform, with its axis coincident with the farther edge of the mirror.
The sample, consisting of a S wafer coated with poly-methyl methacrylate (PMMA), was
mounted at this edge of the mirror in a motorized rotation stage. Controlled rotation by an
angle o around an axis normal to the sample's surface alows for multiple exposures. A
tranglation stage retracts the sample from the mirror edge before each rotation. The entire
system was mounted on a motorized pivoting platform that allows changing the incidence
angle 6. The Lloyd mirror interferometer system was housed in a vacuum chamber
0.45x0.55%0.40 m® that was differentially pumped respect to the laser to maintain a pressure
of approximately 10° Torr. The entire EUV interferometry instrument has a footprint of
0.7x2.6 m°.

3. Results

To pattern an array, a PMMA coated sample was initially exposed to produce an interference
pattern consisting on regular lines parallel to the mirror’'s edge. This was followed by a
second exposure in which the sample was rotated in situ by an angle a=#=/2. This procedure
was carried out without necessity to break vacuum thus assuring similar conditions for both
exposures. Typical exposure times of 30-50 seconds were used to print periodic patterns over
surface areas of 500x500 pm?. Ultra thin photoresist layers, approximately 30 nm thick, were
deposited on the sample to match the thickness of the photoresist layer to the penetration
depth of the 46.9 nmin PMMA, allowing the photolithographic pattern to reach the substrate.
This was accomplished by spin coating the substrate with diluted 1% PMMA in Anisole at
5000 RPM in a standard spin coater. After the exposure the PMMA was developed with the
standard procedure consisting of an immersion in a 1:3 solution of MIBK-methyl isobutyl
ketone (4-Methyl-2-Pentanone) with |PA-isopropyl acohol for 35 seconds, followed by
rinsing with IPA. The sample was subsequently dried using compressed nitrogen.

The photon dose applied in each exposure, calculated as the energy per unit area, alows
an extra degree of control over the shape of the features imprinted. The thickness of
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photoresist Ieft in the exposed areas after the development process (residual thickness) is a
linear function of the applied dose. For PMMA the residual thickness was measured by
Junarsa et al. [19]. Using these data we calculated the patterned profile obtained for a double
exposure as a function of the applied dose. Figure 2(a) shows the calculated profile obtained
in a PMMA layer for a low dose exposure of 10 mJ cm? The pattern was calculated by
superposing of two identical interference patterns rotated by an angle o = #/2. For a dose of
10 mJ cm™, which can be obtained with about 20 laser shots, the simulation shows that the
photoresist is only activated along lines coincident with the interference maxima, leaving in
the crossing points small regions where small holes are developed. A similar pattern is
obtained experimentally, as shown in Fig. 2(b) where a small 1.4 x1.4 um? section of the total
printed surface was scanned with an atomic force microscope (AFM) used in tapping mode
with a 10 nm tip size cantilever.

If the applied dose is increased to 32 mJ cm? (high dose), the loci in the sample surface
with sufficient exposure to activate the photoresist are broader. In this case the activated
volume generates after development a regular array of trenches in two perpendicular
directions that leave small non activated spots at the intersections. Figure 3(a) is the calculated
pattern corresponding to the high dose exposure. The experimental pattern is shown in Fig.
3(b) and corresponds to a very regular array of cone-shaped dots that closely resembles the
simulation. The period, 150 nm in this example, can be continuously changed by varying the
incidence angle 8. The FWHM of the features is approximately 60 nm. Figure 4 shows a
detail of the measured profile where the period and the FAVHM of the cone-shaped dots are
indicated. The height of the cones corresponds to the penetration depth of the 46.9 nm light in
the PMMA, approximately 30 nm.

Fig. 3. Computed (a) and fabricated (b) arrays of cone-shaped nano-dots patterned in
PMMA by double exposure with a Lloyd's mirror configuration, with o = /2 and
high (30 mJ cm™) photon dose.
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Fig. 4. Magnified view of a smaller area of the array in Fig. 3 showing the cone-shaped nano-
dots. The FWHM of the nano-dot is approxi mately 60 nm and the period is nominally 150 nm.

4. Summary

In summary, we have realized nanometer-scale patterning using a table-top system by
interferometric lithography. Using a multiple exposure Lloyd’s mirror configuration dense
arrays of holes and nanodots with feature size as small as 60 nm were imprinted in PMMA
over areas in excess of 500x500 um? using a46.9 nm wavelength laser. The periodicity of the
structures can be controlled by changing the incidence angle of light beam at the mirror while
the minimum size of the feature can be varied by changing the applied dose.

These results show that table-top EUV lasers combined with interferometric lithography
schemes are a useful compact alternative for printing nanometer size features. The table top
EUV-IL approach, used in concert with compact table top lasers, brings into the laboratory
environment all of the advantages of this technique which implementation was previously
restricted to large synchrotron facilities.
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