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Integrated lithography to prepare periodic arrays of nano-objects
Aron Sipos, Aniké Szalai, Méaria Csete
Department of Optics and Quantum Electronics, University of Szeged

H-6720 Szeged, Dom tér 9, Hungary

ABSTRACT

We present an integrated lithography method to prepare versatile nano-objects with
variable shape and nano-scaled substructure, in wavelength-scaled periodic arrays with
arbitrary symmetry. The idea is to illuminate colloid sphere monolayers by polarized
beams possessing different lateral intensity distributions. Finite element method was
applied to determine the effects of the wavelength, polarization and angle of incidence
of the incoming beam, and to predict the shape of nano-objects, which can be fabricated
on thin metal layer covered substrates due to the near-field enhancement under silica
colloid spheres. The control of the inter-object distance is realized by varying the
relative orientation of the periodic intensity distribution with respect to the silica colloid
sphere monolayer. It is shown that illuminating silica colloid sphere monolayers by two
interfering beams, linear patterns made of elliptical holes appear in case of linear
polarization, while circularly polarized beams result in co-existent rounded objects, as
circular nano-holes and nano-crescents. The size of the nano-objects and their sub-
structure is determined by the spheres diameter and by the wavelength. We present
various complex plasmonic patterns made of versatile nano-objects that can be uniquely
fabricated applying the inherent symmetry breaking possibilities in the integrated

lithography method.
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1. INTRODUCTION

Patterned surfaces consisting of objects having optional shape in the micro- and
nanometric size range can be fabricated by classical methods of scanning beam
lithography, like e-beam and ion-beam lithography [1]. These methods necessitate
specific infrastructure, which is not widely available in science and industry. The
rapidly developing nano-science and the closely related applications create a demand

for relatively cheap fabrication methods, which are capable of reaching high resolution.

Interference lithography methods, which are generally based on the use of lasers, are
comparatively cheap and effective methods to generate large-scale patterned surface
areas, but require various complex techniques to overcome the diffraction limit [2].
Colloid particles have potential to change fundamentally the near-field distribution in
their vicinity, and to overcome the diffraction limit [3]. The size of the colloid particle
placed onto the surface and used to concentrate the light for machining has a dominant
effect on the characteristics of the generated nano-features [4]. In addition to this, in
colloid sphere lithography, one can tune the nano-feature parameters by using non-
perpendicular incidence [5]. Although features with high versatility can be produced
combining different approaches of colloid sphere lithography, these patterns all inherit
the hexagonal symmetry of Hexagonally Close Packed (HPC) sphere monolayers
[6]. Two main approaches are introduced in the literature to break the limits of the HCP
symmetry: one is to control the assemblies construction by performing chemical
modification of colloid spheres [7], while the second is to use pre-designed templates to

determine the spheres’ location [8]. Periodic illumination of sphere monolayers was



performed by applying different masks, but this method can result in only large-scale
periodic changes in the surface structure [9].

In our present study we aim to present a special Integrated Interference and Colloid
sphere Lithography (IICL) method, capable of resulting arrays having a period
commensurate with the illuminating wavelength, where integration of the advantages of
interference lithography and colloid-sphere lithography ensure a high degree of freedom
in pattern generation of arbitrary rounded objects. Based on the potential to vary four
structure parameters independently, this novel lithography method might revolutionize

the fabrication of plasmonic [10] and meta-materials [11].

2. THEORETICAL METHODS

2.1 Integrated Interference and Colloid sphere Lithography realized by linearly

and circularly polarized beams

In the proposed integrated lithography method hexagonal colloid sphere monolayers are
illuminated by polarized beams possessing periodic lateral intensity modulation (Fig. 1).
Theoretically, countable infinite number of sphere arrays might be selected by
appropriate relative orientation and positioning of interference patterns with respect to
hexagonal colloid sphere monolayers. The perfect synchronization of the intensity
distribution and the sphere monolayer enables to confine the EM-field into nano-scaled
areas under the colloid spheres shined at the intensity maxima, and to realize permanent

substrate surface modification.

In our present study the periodic intensity distribution is defined by two interfering
beams, as a result linear nano-object arrays might appear. Figure 1a shows the relative
orientation of the plane of incidence (a=60°) and the periodic pattern (£#=30°) with

respect to the (1, 0, 0) crystallographic direction selected for our present study, which is



denominated as 1ICL-Il geometry in our previous works [12]. The ¢, =~/3-d inter-

particle distance is predefined by the relative orientations specified by («, ) angles.
The period of the interference pattern can be tuned to p; =n-d/2 values by varying
the A wavelength and @angle of incidence, based on the p=A4/2-sin@ relationships
between the periodicity and angle of incidence in case of two beam interference. The
incidence angles corresponding to different nnumbers might be computed as
0 =arcsin(A/n-d). In general case, the “a” and ”b” axes of the holes are the
characteristic nano-object size parameters, which might be tuned by the d diameter of
the silica colloid spheres and by the A wavelength, as in colloid sphere lithography. The

near-field distribution might be influenced by illuminating analogous monolayers by

linearly and circularly polarized beams with the same wavelength (Fig. 1).

2.2 Finite Element Method to determine the near-field distribution under silica

colloid spheres

Finite Element Method was used to demonstrate the capabilities of 1ICL, by applying
the COMSOL software package. The investigated model substrates are hexagonal
monolayers of silica spheres with diameters of 100 nm, 250 nm and 500 nm, which are
arrayed on 45 nm thin gold films covered NBK7 substrates. For all colloid sphere
diameters beams with two different wavelengths (400 nm and 532 nm) were applied for

illumination.

The applied numerical model is capable of studying off-axes illumination in conical
mounting, in which the relative orientation of the plane of incidence with respect to
(1, 0, 0) crystallographic direction is specified by the o azimuthal angle (Fig. 1a), while
the angle of incidence of the illuminating light beams is specified by the &polar angle

(Fig. 1b). Hlumination of colloid sphere monolayers by perpendicularly incident



(6= 0°) homogeneous beams, which is refereed as Homogeneous Illumination (HI), and
by two interfering beams incident under analogous &+ 0° angles were studied for both
linearly and circularly polarized light (Fig. 2-4). The near-field enhancement under the
colloid spheres is determined by dividing the maximal E-field amplitudes at the colloid
sphere — substrate interface by the amplitude of the incoming plane wave (Fig. 5a). The
shape and size parameters of nano-objects, which might be fabricated by IICL, are
determined based on the type and FWHM of the normalized E-field distribution. The
nano-holes are qualified by size parameters as the a and b axes of elliptical, and by the
a diameter of circular holes. The b-a/b flattening characterizing the degree of elongation
of the nano-objects for cases of different illumination conditions are summarized in Fig.
5b. The flattening is 0 for a circular object, takes a positive value for horizontally and a

negative for vertically elongated ellipses.

3. RESULTS AND DISCUSSION

When homogeneous beam is incident perpendicularly to the hexagonal monolayer of
colloid spheres, hexagonal array of uniform holes might appear (Fig. 2-4/a, c, e, g). In
case of linearly polarized light the holes are slightly elongated perpendicularly to the
direction of E-field oscillation, the degree of this elongation is larger under smaller
spheres, and more pronounced, when 532 nm light illuminates the monolayer (Fig. 2-
4/a-to-e). However the E-field distribution observable under silica spheres significantly
differs from the E-field observed under metal spheres in our previous studies [12].
Perpendicularly incident circularly polarized homogeneous beam results in uniform
intensity distribution under each colloid spheres, which is entirely rotationally

symmetrical, i.e. arrays of uniform spherical holes may develop (Fig. 2-4/c, g).



Interestingly, in case of illumination by perpendicularly incident homogeneous 400 nm
wavelength beam, the ratio of the nanoholes’ predicted size to the diameter increases,
when the sphere diameter decreases (Fig, 2-4/a, c). Similar tendency is not observable,
when 532 nm wavelength, homogeneous beam illuminates the colloid sphere monolayer
perpendicularly, on the contrary the predicted nanoholes’ sizes decreases

simultaneously with the diameter (Fig, 2-4/e, g).

Shining colloid sphere monolayers by two interfering polarized laser beams, i.e. with
periodic intensity modulation corresponding to n=6 in CIICL-Il geometry, linear
patterns with analogous 3*d periodicity appears (Fig. 2-4/ b, d, f, h). These patterns are
composed of elliptical nanoholes in case of linear polarization (Fig. 2-4/b, f), while co-
existent almost circular nano-holes and nano-crescents can be prepared in case of
circular polarization (Fig. 2-4/d, h). The nano-objects are less separated, when the
sphere diameter decreases, independently from the polarization (Fig. 2->4/b, d, f, h).
More separated nano-objects appear under the spheres with same diameter, when
532 nm wavelength beams are applied instead of 400 nm wavelength beams for all

investigated colloid sphere monolayers (Fig. 2-4/ b-to-f, d-to-h).
3.1 Hlumination of 500 nm diameter silica spheres in 11CL-11 geometry

The illumination of 500 nm diameter silica colloid spheres by perpendicularly incident
homogeneous 400 nm and 532 nm wavelength beam results in hexagonal array of
uniform nano-holes, with parameters slightly dependent on either of wavelength, or on
polarization. Almost circular nano-holes appear with a= 209 nm and b = 228 nm axes in
case of 400 nm wavelength beam (Fig. 2a), while elliptical holes are observable with
a=209 nm and b =316 nm axes, when 532 nm linearly polarized light is applied for

illumination (Fig. 2e). In case of circularly polarized light, circular holes can be



fabricated with diameters a =217 nm at 400 nm, and a =239 nm at 532 nm, i.e. only

slightly dependent on the illumination wavelength (Fig. 2c, g).

When 500 nm diameter silica colloid sphere monolayers are illuminated in [CL-II

geometry applying 8; =7.7° incidence angle in case of 400 nm wavelength beam (Fig.
2b, d), and #° =10.21° in case of 532 nm wavelength beam (Fig. 2f, h), the interference

maxima are aligned along colloid spheres at ¢, =866nmdistance, with p% =1500nm
periodicity according to the n = 6 case.

The complex pattern consists of central linear array of nano-holes, which are elongated
horizontally with larger extent in case of 400 nm wavelength beams for both
polarization, and with smaller extent in case of 532 nm wavelength linearly polarized
beams, then the holes appearing as a result of HI at analogous wavelengths. Circularly
polarized 532 nm wavelength beams result in circular holes, similarly to HI (Fig. 5a).
The central hole array is surrounded by two neighboring linear array of similar
spherical, and further two linear array of non-spherical, nano-crescent-like objects. Each
of surrounding nano-objects is positioned at the spheres-substrate contact points, and
surrounds the central nano-objects in a centrally symmetric hexagonal pattern. The
central nano-objects are more circular, while the satellite nano-objects are more nano-
petal-like, when circularly polarized light is applied instead of linearly polarized beams
(Fig. 2/b,f-to-d,h) and when the illumination wavelength is modified from 400 nm to
532 nm (Fig. 2/b,d-to-f,h). As a result, the most versatile nano-objects might be

prepared in case of illumination by 532 nm wavelength circularly polarized light.
3.2. lllumination of 250 nm diameter silica spheres in IICL-11 geometry

When 250 nm diameter silica colloid spheres are illuminated by perpendicularly

incident homogeneous beams, the size of the hexagonally arrayed uniform nano-holes



significantly decreases by changing the wavelength from 400 nm to 532 nm. In case of
illumination by linearly polarized light not only the size, but the shape is also different
at the two investigated wavelengths, similarly to 500 nm spheres. Namely, 400 nm
wavelength beam results in circular nano-holes with a= 134 nm diameter (Fig. 3a),
while application of 532 nm wavelength beam enables to fabricate elliptical holes with
a=96 nm nm and b = 121 nm axes (Fig. 3e). When circularly polarized light is applied
for illumination, circular holes appear at both investigated wavelengths, having a
diameter of a =134 nm at 400 nm (Fig. 3c), and a =112 nm at 532 nm (Fig. 39), i.e.
possessing more significantly wavelength dependent size parameters, than the holes

appearing under 500 nm diameter silica spheres (Fig. 2-to-3/c, g).

In order to ensure the matching of p° =750 nm periodic pattern with arrays composed

by 250 nm diameter silica colloid spheres positioned at z, =433 nm distance

corresponding to n =6 case in IICL-II geometry, the hexagonal monolayer has to be

illuminated by two interfering beams incident under 8, =15.5° angle in case of 400 nm
wavelength (Fig. 3b,d), and under &, =20.8° in case of 532 nm wavelength

(Fig. 3f, h).

The complex pattern consists of a central linear array with two neighboring linear array
of similar spherical nano-objects, and tiny satellite nano-objects appear under further
two linear sphere arrays too. The surrounding nano-objects compose a centrally
symmetric hexagonal pattern similarly to the pattern observed in case of 500 nm
diameter spheres, but the satellites are shifted laterally from the spheres-substrate
contact points towards the central nano-objects. In case of 400 nm wavelength, the
nano-objects seem to be elongated along the E-field oscillation direction under 250 nm

diameter silica spheres, more likely to the observation in case of metal spheres [12]. The



vertical elongation becomes less pronounced, when circularly polarized light is applied
instead of linearly polarized beams (Fig. 3/b-to-d). Interestingly, the nano-object mini-
arrays, that can be prepared in case of illumination by 532 nm wavelength linearly
polarized light in 1ICL-11 geometry, exhibits horizontal rather than vertical elongation,
similarly to the nano-objects appearing in case of HI (Fig. 3f-to-e). In contrast, the
arrays appearing due to circularly polarized 532 nm wavelength light illumination in
IICL-Il1 geometry exhibit vertical elongation similarly to the observation at 400 nm

wavelength (Fig. 3d-to-h,Fig. 5a).

3.2 Hlumination of 100 nm diameter silica spheres in 1ICL-I1 geometry

The intensity distribution as well as the shape and size of the hexagonally arrayed
uniform nano-objects, that might be prepared by illuminating 100 nm diameter silica
colloid spheres by perpendicularly incident homogeneous beams, significantly depends
both on wavelength and polarization. Illumination by linearly polarized light results in
nano-objects elongated perpendicularly to the E-field oscillation direction at both
investigated wavelengths. The ratio of the axes (a=53 nm, b=65 nm) is smaller in case
of 400 nm wavelength revealing slight elongation, while the largest ratio of axes lengths
(a=35 nm, b=66 nm) indicates the highest degree of elongation at 532 nm wavelength
(Fig. 4/a-to-e). Circularly polarized light illumination results circular holes’ appearance
at both investigated wavelengths, similarly to the 250 nm and 500 nm spheres, but the
modification of the illumination wavelength results in the most pronounced decrease in
diameters from a =57 nm at 400 nm wavelength (Fig. 4c) to a=42nm at 532 nm

wavelength (Fig. 4g).



Illumination of hexagonal monolayer in 1ICL-1l geometry by two interfering beams

incident under 9, =41.8° angle in case of 400 nm wavelength (Fig. 4b, d), and under
0 =62.5° in case of 532 nm wavelength (Fig. 4f, h) results in p; =300 nm periodic

pattern matching linear arrays of 100 nm silica spheres positioned at ¢, =173 nm
distance.

Less noticeable complex sub-structure appears as result that not only the central linear
array, but also the neighboring linear sphere arrays are illuminated by interference
maxima with finite extension. The resulted patterns consist of almost linear stripes with
weak substructure in case of 400 nm wavelength revealing to vertically strongly
elongated composing nano-objects (Fig. 4b, d). Centrally symmetric hexagonal pattern
is recognizable only in complex structures appearing as a result of 532 nm light
illumination (Fig. 4f, h). The nano-objects along the central array seem to be strongly
elongated perpendicularly to the E-field oscillation direction in case of linear
polarization due to the overlapping enhanced near-fields in the neighboring sphere
arrays (Fig. 4f). In case of circular polarization slight vertical elongation is observable
along the central array, and co-existent satellite nano-objects also appear, similarly to
250 nm spheres, only when 532 nm wavelength light is applied for illumination (Fig.
3,4/h). Mini-arrays of separated nano-objects can be prepared in 1ICL-11 geometry only
in case of illumination by 532 nm wavelength circularly polarized light of 100 nm

diameter silica colloid spheres (Fig. 4h, Table 1I).
3.4. Quantitative near-field study

The E-field enhancement in HICL-Il geometry is larger than in case of HI for both
polarizations and for both wavelengths (Fig. 5a). This difference indicates that the

intensity is more concentrated in IICL in comparison to HI. For 400 nm wavelength



light the enhancement decreases with the decrease of the diameter (Fig. 5a, blue bars),
providing evidence about that the larger spheres are capable of better light concentration
regardless of the polarization. For 532 nm wavelength light the enhancement is a non-
monotonous function of the diameter (Fig. 5a, green bars). When the diameter changes
from 500 nm to 250 nm, the enhancement decreases, while slightly higher concentration
is observable, when e.g. 100 nm spheres are illuminated by homogeneous linearly
polarized light, in accordance with the significant shape deformation observed on the

near-field pictures (Fig. 49).

The flattening characterizing the degree of nano-object elongation fundamentally
depends on the illumination conditions (Fig. 5b). The homogeneous illumination with
circularly polarized beams results in circular objects, i.e. the corresponding flattening is
~ 0 in all cases, i.e. bars with rectangular filling are missing from Fig. 5b. The
illumination by homogeneous linearly polarized light shows similar tendencies for both
wavelengths: the nano-objects are most circular under 250 nm diameter spheres, i.e. the
flattening indicates minima at this diameter (Fig. 5b, bars with vertical lines). The
flattening is larger for 532 nm wavelength beams in case of all investigated sphere

diameters.

In IICL-Il geometry, when 400 nm wavelength light is applied for illumination, the
flattening switches from positive to negative values for both polarizations by decreasing
the sphere diameter, indicating that vertically elongated nano-objects appear instead of
horizontally elongated nano-holes (Fig. 5b, blue bars with tilted lines). For 532 nm, the
tendency of flattening depends on the polarization, namely in case of linear polarization
the nano-objects gradually gather horizontal elongation (Fig. 5b, green bars with tilted
lines), while in case of circular polarization, the nano-objects become slightly vertically

elongated, when the diameter decreases (Fig. 5b, green bars with crossed-tilted lines).



4. CONCLUSIONS

In our present work the capabilities of integrated interference and colloid sphere
lithography are demonstrated for the case of illumination of silica colloid spheres by
two interfering beams. By inspecting the near-field distribution under colloid spheres it
is shown that four geometric parameters of nano-object arrays might be tuned in IICL.
The relative orientation of the interference pattern and the monolayer determines the
inter-object distance, the periodicity is defined by the angle of incidence, the nano-
object shape and size is determined by the wavelength and sphere diameter, and is
strongly influenced by the polarization of the light. The sensitivity of the nano-object
orientation inside array to the experimental parameters will make possible to fabricate

unique plasmonic and meta-materials with this novel integrated lithography.
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Figure 1. (a) The relative orientation of the plane of incidence (&), and the
interference pattern (f), with respect to the (1,0,0) crystallographic
direction in CIICL-I1 geometry. Inset indicates the a horizontal and b vertical
axes of the elliptical nano-objects. (b) Illumination of hexagonal colloid
sphere monolayers by two interfering linearly (straight arrow) and circularly
(circular arrow) polarized beams is realized in CIICL-1I geometry, where the
@, angle of incidence, the p’ periodicity and the ¢, inter-object distance

are also indicated.

Figure 2. Intensity distribution under 500 nm silica colloid spheres illuminated
by 400 nm (upper row) and 532 nm (bottom row) linearly (first and second
column) and circularly (third and fourth column) polarized light: (a, c, €, g)
single perpendicularly incident beam, and (b, d, f, h) two beams interfering

in 1ICL-11 geometry.

Figure 3. Intensity distribution under 250 nm silica colloid spheres illuminated
by 400 nm (upper row) and 532 nm (bottom row) linearly (first and second
column) and circularly (third and fourth column) polarized light: (a, c, €, g)
single perpendicularly, incident beam, and (b, d, f, h) two beams interfering

in ICL-11 geometry.

Figure 4. Intensity distribution under 100 nm silica colloid spheres illuminated
by 400 nm (upper row) and 532 nm (bottom row) linearly (first and second
column) and circularly (third and fourth column) polarized light: (a, c, e, Q)
single perpendicularly, incident beam, and (b, d, f, h) two beams interfering

in IICL-Il geometry.



Figure 5. (a) Near-field enhancement under silica colloid spheres determined by
dividing the maximal E-field amplitudes at the colloid sphere — substrate
interface by the amplitude of the incoming plane wave; (b) the b-a/b
flattening characterizing the degree of elongation determined for different

conditions of HI and 1ICL-11 geometry.
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