ABSTRACT

An integrated lithography method is presented to prepare rounded nano-objects with
variable shape, in arrays with arbitrary symmetry and wavelength-scaled periodicity.
Finite element method was applied to determine the near-field confinement under silver
and gold colloid spheres' monolayers illuminated by circularly polarized beams
possessing periodic intensity distribution, and to predict the shape of nano-objects, which
can be fabricated on thin noble metal layers on glass substrates. It was shown that
illumination by perpendicularly incident homogeneous beam results in hexagonal array of
uniform nano-rings, while uniform nano-crescents appear due to single obliquely incident
beam. lllumination of colloid sphere monolayers by interfering beams causes
development of co-existent nano-rings and nano-crescents. It was demonstrated that the
periodicity of complex patterns is determined by the wavelength and angle of incidence;
the inter-object distance is controlled by the relative orientation of interference patterns
with respect to colloid sphere monolayers; the nano-object size is determined by the
wavelength, sphere diameter and material; while the near-field distribution sensitively
depends on the direction of illumination by circularly polarized light. We present complex
patterns of various rounded nano-objects that can be uniquely fabricated via Circular
Integrated Interference and Colloid sphere Lithography (CIICL), and applied as
plasmonic and meta-materials.
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Figure 2.
Intensity distribution and Rh
map under 250 nm Ag colloid
spheres illuminated by 266 nm
0 circularly polarized light: single
X (a) perpendicularly, (b)
l obliquely incident beams, and
(c) two beams interfering in
CIICL-I geometry. Size
parameters are summarized in
I Table-2.

R N

0
250 nm Au spheres illuminated by 400 nm light in CIICL-:

]
TETCTEITN

0.431
-
'e o e‘*o eje]

S0 (00 CHCLT [ geISST ] CHCLAT | GRS | Gl
Nk 55 | omed | 15,59 tied Flgure 5. Intensity distribution
T T R S B 0 R N A
S e e e e
o o

r |50 [ 120
S 120 | s |60 | 150 |30 ]
I oa| o7 | 0ses | o0&l 0368

100 nm Au spheres illuminated by 532 nm light in CIICL-IT
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1. INTRODUCTION

Micro- and nano-scaled objects with arbitrary shape in variable patters:
demand in recent and in practical
for technologies, which make possible high resolution patter fabrication at low cost
classical scanning beam lithography methods [1]
laser-based interference methods: parallel techniques, diffraction limited [2]
Iaset induoed slf-organized processes: nano-scsled fstures generaton (3]

ination of If-organized processes [4]
laser-based colloid-sphere lithography lLCSL) only hexagonal arrays of nano-objecs [5, 6]
control the near-field distribution applying obliquely incident beams [6, 7
metal colloid spheres: nano-scaled resolution, inter-particle coupling [8, 9]
various pattems with non-hexagonal symmetry via colloid sphere lithography:

> assembly process control by realizing chemical pre-treatment of colloid spheres [10]
> application of templates to predefine the spheres' position [10, 1]
« integrated lithography method to produce
wavelength-scaled periodic arrays with arbitrary symmetry,
versatile nano-objects, control of coupling between metal spheres [12]
Cirular ntegrated Interference and Collid sphre Litography (CIICL):
integration of classical interference lithography with colloid-sphere lithography
high degree of freedom in complex pattern generation
7 Ch e

Integrated lithography to prepare arrays
of rounded nano-objects
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2. THEORETICAL METHODS
IIIummanan of colloid sphere monolayers by two circularly polarized beams
lateral intensity
Method the field

under the colloid spheres

of

Figure 1.
CIICL-l geometry, where the angle of incidence (6) and the tilt of the incidence plane (t) is also indicated, and in (b)
CIICL-Il geometries. (c) The relative orientation of the plane of incidence (), and the interference pattern (§), with
respect to the (1, 0, 0) crystallographic direction in CIICL-I (blue) and in CIICL-II (red) geometries. The relative

colloid sphere by two i circularly polarized beams in (a)

fabrication of rounded objects

3. RESULT AND DISCUSSION
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Figure 3.

Intensity distribution and Rh
map under 250 nm Ag colloid
spheres illuminated by 266 nm
circularly polarized light: single
3.3x10° (a) perpendicularly, (b)
3‘ l obliquely incident beams, and
' (c) two beams interfering in

(C) ) " ClICL-Il geometry. Size
¢ - " parameters are summarized in
. " Table-3.
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Figure 4.

Intensity distribution and Rh
map under 250 nm Ag colloid
spheres illuminated by 400 nm
0 circularly polarized light: single
1.3x10’ (a) perpendicularly, (b) obliquely
incident beams, and (c) two
beams interfering in CIICL-Il
geometry. Size parameters are
summarized in Table-4.
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250 nm Au spheres illuminated by 532 nm light in CIICL-I and CIICL-II
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Figure 6. Intensity distribution and Rh map under 250 nm Au colloid spheres illuminated
by 532 nm circularly po\arlzed light: single (a) perpendicularly, (b) obliquely incident beams,
two beams interfering in (c) CIICL-l and (d) CIICL-Il geometry. Size parameters are
inTable-6.
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and Rh map under 250 nm Au colloid spheres

by 400 nm circularly polarized light: single (a) perpendicularly, (b)
obliquely |nc\den( beams, two beams interfering in (c) CIICL-I and (d) CIICL-Il
geometry. The plane of light incidence is (e) rotated by o« = 45° for obliquely
incident single beam, and (f) tilted by t = 45° for both two beams interfering in
CIICL-Il geometry. Size parameters are summarized in Table-5.

100 nm Au spheres illuminated by 400 nm light in CIICL-IT

4. CONCLUSION

We introduce a circularly polarized integrated interference and
colloid sphere lithography. This integrated lithography combines the
advantages of two techniques, as the symmetry and periodicity of
the wavelength-scaled interference modulation determines a
periodic pattern, while the intensity concentration in the near-field of
colloid-spheres occurs only within an area much smaller than the
wavelength. The analysis of the resulted near-field distributions has
shown that the a thickness and d, diameter of the nano-rings and
nano-crescents as well as the gap-angle of the latter are determined
by the wavelength and by the colloid spheres material and diameter
together. The local intensity distribution is fundamentally influenced

by the sphere material in specific spectral interval, illumination close
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spheres illuminated by
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ciicL it W0 | 007 [ 0= e
(625 il i L8 to Frohlich-condition results in extremely tight field confinement. The
3 s 2 20 5| 2 orientation of the non-rotationally symmetric objects with respect to

60" . - e W the (1, 0, 0) direction and to the interference pattern is determined by

o o - = 15 the illumination direction of specific hexagonal colloid sphere
69 I 0683 | 17 e monolayers. This orientation might be tuned by varying the

azimuthal angle, incidence plane tilt, wavelength, and sphere
diameter, while maintaining analogous period-to-diameter ratio in
CIICL-Il geometry.

The patterns of nano-rings and C-shaped objects are promising in
several applications, as they strongly modify the spectral properties
of thin metal films, and result in very strong near-field confinement.
The size and the orientation of e.g. C-shaped objects can be varied
along arrays with this technique, which is important in meta-material
design.
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