N
N

N

HAL

open science

High order symmetry interference lithography based
nanoimprint
Alban A. Letailleur, Komla Nomenyo, Stefan Mc Murtry, Etienne Barthel,
Elin Sondergard, Gilles Lerondel

» To cite this version:

Alban A. Letailleur, Komla Nomenyo, Stefan Mc Murtry, Etienne Barthel, Elin Sondergard, et al..
High order symmetry interference lithography based nanoimprint. Journal of Applied Physics, 2011,

109, pp.016104. 10.1063/1.3530729 . hal-00554697

HAL Id: hal-00554697
https://hal.science/hal-00554697

Submitted on 11 Jan 2011

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00554697
https://hal.archives-ouvertes.fr

JOURNAL OF APPLIED PHYSICS 109, 016104 (2011)

High order symmetry interference lithography based nanoimprint

Alban A. LetaiIIeur,1’2'a) Komla Nomengo,e Stefan Mc Murtry,2 Etienne Barthel,1

Elin Sandergérd,‘ and Gilles Lérondel

1Smjface du Verre et Interfaces, UMR 125, CNRS/Saint-Gobain, 39 quai Lucien Lefranc, BP 135, 93303
Aubervilliers Cedex, France

Laboratoire de Nanotechnologie et d’Instrumentation Optique, Institut Charles Delaunay, Université de
Technologie de Troyes, 12 rue Marie Curie, BP 2060, 10010 Troyes Cedex, France

(Received 24 September 2010; accepted 22 November 2010; published online 6 January 2011)

We report on soft nanoimprint lithography using masters obtained by high order symmetry
interference lithography. The use of high order symmetry leads to the formation of
three-dimensional structures with features smaller than 40 nm. Masters were realized in silicon in a
two-step process without transfer layer. Pure silicon masters allow mechanical stability and potential
surface functionalization. We further demonstrate the ability of these masters as mold for
nanoimprint lithography. High fidelity replication in hybrid sol-gel and pure silica with conservation
of both minute features and long distance organization is observed over large areas. © 2011
American Institute of Physics. [doi:10.1063/1.3530729]

Large scale controllable nanopatterning is a major issue
of the nanotechnology era. Over the past decade, nanoim-
print lithography (NIL) appeared as an easy way for surface
patterning and at limited cost." The main advantage of this
technique is the replication of a pattern with submicrometer
resolution over large areas in many different materials: clas-
sically thermoplastics or UV-curable resists are used but re-
cent interests have been developed on metal or metal oxides
because of their functionalities and stability.z’3 Hybrid mate-
rials represent an easy way toward metal oxide thin films,*
and we have recently demonstrated the formation of pure
silica pattern via the sol-gel route.” However, the main prob-
lem in NIL is the fabrication of large scale nanopatterned
masters, and the compatibility of these masters with the im-
print process.

Among large areas patterning method, interference li-
thography (IL) is a method of choice for the fabrication of
masters. It is based on the selective exposure of a photoresist
under an interference pattern, usually obtained with two laser
beams.’ Arrays of dots or gratings with sub-50 nm half pitch
are normally obtained using extreme-UV lasers.” To increase
the aspect ratio, the pattern is first transferred from the resist
to a layer with a low sputtering yield such as Cr (Ref. 7) or
Si3N4.8 This step leads to the formation of two-dimensional
structures.

Along the replication of patterns such as gratings or
square arrays, there is an emergent need of more complex
structures presenting high order symmetry. The use of high
order symmetry enables the relative isotropy of the surface
properties. For example, such surface patterns can enhance
the adhesion or wetting properties,9 increase the light output
in emitting devices,'"? or even induce random lasing.13
They may be preferred to the classically proposed random
structures because of the higher control on the final proper-
ties.
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In this study, silicon masters for NIL with original pat-
terns, high order symmetry and three-dimensional (3D)
structures were fabricated by IL. The goal of this study was
to demonstrate the ability of this technique to obtain few
centimeter large masters with the desired structures and the
transfer of the realized structures into a silica layer by NIL. It
is a promising way to design suitable patterns for various
aimed applications.

Figure 1 describes the fabrication procedure starting
from the silicon wafer to the silica replica. The first steps rely
on holographic patterning. A 360 nm thick positive photore-
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FIG. 1. (Color online) Scheme of the two main processes. 1, IL: (a) first
exposure of the resist to the interference pattern, (b) subsequent exposures to
obtain higher symmetry order, (c) dissolution of the exposed resist, and (d)
transfer of the structures into silicon by RIE. (2) NIL: (a) a PDMS stamp is
obtained from the master mold, (b) imprint into a hybrid silica sol-gel layer,
(c) demolding, and (d) sintering of the hybrid materials into pure silica.
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FIG. 2. (Color online) First row: SEM pictures of different silicon masters.
Depth of the structures: (a) and (b) 150 nm (c) 450 nm. Symmetry order: (a)
3, (b) 6, (c) 5. Second row: corresponding directions of the interference
patterns during the n exposures. Third row: simulated exposure dose on each
point of the surface, obtained by summing up the intensity of the n interfer-
ences patterns. Fourth row: simulated resist height profiles. The results were
obtained using the simulated doses and initial layer thicknesses. Pentagons
and hexagons are guide for the eyes.

sist (Microposits S1813 from Shipley) was deposited on sili-
con wafers and subsequently exposed during 2 min to an
interference pattern. The interference pattern was obtained
with two coherent filtered and expanded laser beams (A
=442 nm) under an incident angle #=7° *1°. Each 2 cm
laser spot has a power of 0.25 mW/cm?. Here, the resist was
exposed n times during 2 min and the substrate was turned
by an angle of 7/n between each exposure, where 2n is the
desired symmetry order for the pattern. In a second step, the
exposed resist was dissolved and the pattern transferred into
the silicon wafer by reactive ion etching (RIE) using SF, and
0, gases (Fig. 1).

Several silicon masters with various symmetries were
fabricated. The obtained masters are presented on Fig. 2.
Figure 2(a), is a scanning electron microscopy (SEM) picture
of a hexagonal pattern with a maximum structure height of
150 nm. Homogenous dots hexagonal patterns are obtained
over several centimeters square. The distance between the
holes is 2.20 um. This value is in agreement with the pitch
p, calculated using the grating formula [Eq. (1)]

N

p= 2n sin 6’

(1)

where \ is the laser wavelength, 6 the incident angle, and n
the index of the surrounding media. Figure 2(b), presents a
silicon master with 12-order symmetry (illustrated with the
two hexagons); the longer exposure time and the higher sym-
metry lead to the formation of structures with reduced lateral
size.

The direct transfer from the pattern photoresist to the
silicon enables the realization of more complex pattern with
3D features. Figure 2(c), presents a silicon master, obtained
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from thicker samples, with ten-order symmetry (evidenced
with the two pentagons). The initial layer thickness was
1.07 pum and each exposure time was increased to 4 min.
These conditions lead to a maximum structure height of 450
nm. The combination of thicker samples and high order sym-
metry allows the formation of smaller features, the almost
circular pattern in the middle of the decagon is 150 nm high.

The strong versatility of the obtained pattern can be ra-
tionalized using simulation. The second row of Fig. 2 shows
the direction of the interference patterns for a number n of
exposures. The pitch is obtained by the grating formulas and
the directions are obtained after rotation of 7r/n. The third
row gives the intensity of the laser illumination on each point
of the surface as the sum of the intensities of each exposure.
Finally, the fourth row represents the simulated profiles of
the resist after multiple exposures and revelation. The resist
profile was subsequently extracted from the data sheet of the
resist, giving the height of the structures as a function of the
intensity. An excellent agreement in the lateral dimensions is
observed between the experimental and the simulated pro-
files. The structures are transferred with high fidelity from
the resist to the silicon with only a modification of the
height. Comparison between the heights indicates that the
etching speed is 2.4 times higher for the resin than for sili-
con. While a simulation program can be used as a predictive
tool for the pattern design (periodicity, symmetry), it also
allows for better understanding of the potentiality of IL. An
aspect that has been so far neglected is the ability of 3D
structuring using planar (two beams) IL. The difference of
color intensity on the simulated profile [Fig. 2(c)] shows that
the structures are not only different in their lateral size but
also different in height. This is due to the intensity profile
resulting of high order symmetry exposure.

The replication and imprint process has been described
plreviously:14 polydimethylsiloxane (PDMS) was spin cast
onto the structured silicon wafer. After thermal treatment, a
replicate stamp can be demolded from the original silicon
master. A hybrid silica layer was deposited from a methyltri-
ethoxysilane sol via the sol-gel route. The imprint was per-
formed with the PDMS stamp at 90 °C for 20 min under a
pressure of 1 bar (Fig. 1). Thanks to its low modulus and its
permeability, PDMS is often used for surface patterning: this
soft-NIL allows for imprinting over large areas. To improve
the stability of the structured coating, the imprinted hybrid
silica layer can be subsequently annealed into pure silica.
Annealing at 600 °C for 8 h of the hybrid silica resulted in a
crack free pure silica coating.

On Fig. 3, we report the results of the replication of the
tenfold symmetry master [Fig. 3(a)]. Figure 3(b) presents a
large view of the silica replica of silicon master after anneal-
ing. The replication process is faithful over large areas and
the features of the initial master are transferred into the hy-
brid silica layer. An atomic force microscopy (AFM) study
of the surface shows that the height of the structures is ho-
mogenously reduced by 40%. This loss is due to the char of
the organic moiety. However, the lateral sizes and the orga-
nization of the pattern were not affected by the thermal an-
nealing.
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FIG. 3. SEM pictures of the silicon master (a), and of the pure silica im-
printed film after sintering (b). The original silicon master presents 450 nm
high structures and tenfold symmetry [Fig. 2(c)]. The correlation factor r,
was calculated in the highlighted areas. On the second column, the corre-
sponding FFT are presented.

In order to validate the fidelity of the replica, we esti-
mated the correlation between the master and the silica rep-
lica. Using the highlighted area, a correlation factor, r,, as
high as 0.73 was obtained. The correlation factor was calcu-
lated using the standard formula

- Eil(xi_i)(yi_y)
PEN (- 0MEN, (v - 9)°

)

Due to the tenfold symmetry of the structure and therefore
the absence of long range order, the correlation could only be
calculated on restricted area unless one is sure to observe the
same area in both images. In order to further confirm the
correlation, we compare the two Fourier transform of the
SEM images. A fast Fourier transform (FFT) is equivalent to
the diffraction pattern and gives the optical response of the
surface. They were obtained numerically from the SEM pic-
tures and are presented on the right of Fig. 3. The similitude
of the two FFT, at both small and large scales, evidences the
ability of the hybrid silica for multilevel patterning by NIL.
This is due to the large difference in viscosity of the materi-
als between the liquid state before the imprint and the vitre-
ous state after thermal treatment.'*

This combination of IL and soft-NIL allows also the cre-
ation and the replication at the wafer scale of patterns with
small features, as evidenced on Fig. 4. Figure 4(a) presents
an AFM view of the pattern over a few periods and Fig. 4(b)
a SEM closer view of a pentagon like structures from Fig.
2(c). The width of the bridge between the two subunits of the
pentagon is less than 40 nm. AFM investigations indicate
that these small features present aspect ratio greater than 1.5.
After replication and sintering [Fig. 4(c)], they are still
present at the surface. They are however not as sharp as the

J. Appl. Phys. 109, 016104 (2011)

FIG. 4. (Color online) (a) AFM images of a tenfold symmetry silicon mater
(the size is 12X 12 um?). (b) SEM zoom in small features on (a) silicon
master, (¢) AFM images of the pure silica replica after sintering.

original silicon master and some are missing. This is due to
the replication process with the PDMS stamp which
smoothes the edges of the pattern.

In summary, high order symmetry NIL has been demon-
strated. We have fabricated by IL silicon masters with three-
fold symmetry and above and 3D structures. The direct trans-
fer into the silicon allows the formation of features with
lateral sizes smaller than 40 nm. We further demonstrate the
ability of the hybrid silica sol-gel layer as resist for soft-NIL
to replicate these multilevel structures. Both long range or-
ganization and minute features are replicated with high fidel-

1ty.
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