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Preface

The term Lithography encompasses a range of contemporary technologies for micro
and nano scale fabrication. Originally driven by evolution of the semiconductor
industry, lithography has grown from its optical origins to demonstrate increasingly
fine resolution and to permeate many diverse research fields. Today, greater flexibility
and affordability is demanded from lithography than ever before. Diverse needs
across many disciplines have produced a multitude of innovative new lithography
techniques. This book provides an overview of some of the varied approaches and
applications of lithography today.

Nano-imprint lithography is regarded a one of the most competitive alternative
fabrication technologies available today. It offers exceptional resolution, high
throughput and simple execution at very low cost. The first section of this book, by
Barbillon, provides an introduction to nano-imprinting by describing the fabrication of
nano-structures for plasmonic biosensing.

Soft lithographies, derived from nano-imprint technologies, operate at largely ambient
environmental conditions. This makes them inherently compatible with delicate
biological materials such as proteins. Section 2 describes the application of soft
lithography in the context of neurobiology. The work by Kan et al. investigates
techniques for directing the growth of neurons, with the intention of creating complex
neural networks of specific geometry. Similarly, Takayama et al. explore techniques
for controlling the differentiation of stem cells.

Self-assembly techniques are often employed for their capacity to pattern large
substrate areas with nanoscale resolution at a very low cost. Colloids are a well
established platform in the self-assembly arena, and have been applied in areas as
diverse as photonic crystals and nanoscale plasmonics. In Section 3, sub-micron
colloidal particles are employed as nonplanar substrates for the controlled deposition
of a second tier of self-assembled nano-structures. Nonckreman et al. pursue this
objective by demonstrating the controlled deposition of nano-sized colloids on top of
sub-micron colloids, while Li et al. investigate the self-assembled nano-structuring of
thin films as they are deposited on top of close-packed colloids.

Diffractive optical elements typically require fabrication of periodic sub-wavelength
elements. For the visible spectrum, this typically translates to sub-micron and
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nanoscale dimensions. In Section 4, Wen et al. investigate the design and fabrication of
circular Dammann diffractive gratings, while Motogaito et al. demonstrate binary
diffractive lenses via electron beam lithography. Finally, Fragouli et al. bring this
section to a close by demonstrating very interesting work with photochromic
polymers. These are imprinted with grating structures, and then shown to be capable
of reversible dimensional changes when illuminated with specific wavelengths. Their
application to tuneable wetting and tuneable diffraction is also demonstrated.

Section 5 concludes this book by describing some of the challenges faced by the next
generation optical lithography technique. Here, shorter wavelengths, in the extreme
ultraviolet regime, are harnessed to enable enhanced nanoscale fabrication.

This book represents the collective efforts and creative talents of many researchers
worldwide. On behalf of these authors, and the staff at InTech publishing, I hope that
you find these collected works informative, and a pleasure to read.

Gorgi Kostovski
RMIT University
Australia
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Soft UV Nanoimprint Lithography: A Tool to
Design Plasmonic Nanobiosensors

Grégory Barbillon

Laboratoire Charles Fabry de I'Institut d’Optique - CNRS UMR 8501,
Institut d’Optique Graduate School,

France

1. Introduction

The capability for realizing high density nanostructures over large areas is important for the
sensing of chemical and biological molecules based on localized surface plasmon resonance
(LSPR) of metallic nanoparticles (Jensen et al., 1999; Barbillon et al., 2008; Faure et al., 2008). To
characterize these plasmonic nanosensors on an area of ~ 100 x 100 ymz (Barbillon et al., 2009;
Anker et al., 2008; Barbillon et al., 2008), extinction spectroscopy measurements are mainly
used. In order to study multiple biomolecular interactions on the same surface, very large
areas need to be fabricated. Various techniques such as focused ion beam lithography and
electron beam lithography are available to design these large surfaces. However, these two
techniques are slow to obtain these surfaces. Moreover, charge effect on insulating surface
can alter the regularity of the pattern shape. Thus, these techniques will not be suitable for
a large scale production. Other lithographic techniques such as extreme UV lithography are
also used, but these techniques (fabrication of masks) are expensive and allow with difficulty
to realize samples in small quantity. In addition, alternative methods emerged, and among
these methods we find soft UV nanoimprint lithography (UV-NIL). The UV-NIL process is
fast to realize high density nanostructures, not very expensive and compatible with biological
and biochemical applications (Krauss & Chou, 1997). With UV-NIL, samples can be fabricated
at room temperature and low pressure. A limiting factor of UV-NIL exists and this factor is the
resolution of the fabricated molds (Jung et al., 2006; Austin et al., 2005). Flexible molds of the
soft UV-NIL technique were fabricated by cast molding processes, in which an appropriate
liquid mold material is deposited on a patterned master mold, followed by optical curing
of the material. Moreover, a great homogeneity of patterns is obtained with soft UV-NIL on
a large zone. Thus, the purpose of this chapter is to present in details the principle of soft
UV-NIL and the results of plasmonic structure fabrication on glass substrates obtained by this
technique in order to realize LSPR nanosensors for biological molecules. To finish, a plasmonic
sensing of biomolecules is investigated in order to validate the use of soft UV-NIL.

2. Soft UV nanimprint lithography: Principle & steps of fabrication

2.1 Principle of UV-NIL

The principle of soft UV-NIL is illustrated in figure 1 and consists of a UV transparent mold
that is used to imprint the desired pattern in the UV sensitive resist. This UV sensitive resist,
which is liquid at room temperature, is spin coated on the substrate. The UV transparent
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stamp is deposited on the substrate with a low pressure between 0 and 1 bar (Hamouda et
al., 2009), at room temperature. Cross-linking of the UV sensitive resist is then performed
by exposing the sample, for example, to a UV lamp source (Hamamatsu LC8 at 365 nm)
ensuring a dose of around 10° J/m? (Hamouda et al., 2010). Next, the soft stamp is released,
leaving the UV sensitive resist patterned. The removal of residual layer of UV sensitive resist
is realized by etching using Reactive Ion Etching (RIE) in order to obtain the desired patterns.
The technique of soft UV-NIL has several advantages like 3D structure generation, and the
fabrication of patterns on non-planar surfaces. Indeed, the main advantages of this technique
are the transparent flexible stamp and a low viscosity UV-curable resist. These flexible stamps
are typically replicated by molding and curing a polymer from a 3D template. The most
used materials for UV transparent flexible stamp fabrication is poly(dimethylsiloxane) PDMS
(Barbillon et al., 2010), which exhibits interesting properties like good chemical stability and
high optical transparency. The fabrication process of soft UV-NIL is divided (figure 1) in 6
steps: (1) the master mold fabrication, which allows flexible stamp realization, (2) the flexible
stamp fabrication, (3) the substrate is coated with a UV-curable resist layer, (4) the soft PDMS
stamp deposition on the substrate with a low pressure, (5) curing of the photoresist with UV
illumination through the transparent stamp, (6) demolding of the soft stamp. Moreover, the
use of low viscosity UV-curable resists allows 3D patterning at low pressure without any
heating cycles, and thus, the deformation risk of the soft stamp is minimized.

| Soft stamp

[IRIRIpipinipipipigip

UV sensitive Resist

I substrate

UV exposure

v L 4 v

Curing of UV photoresist

|

cuuooguoddy

RIE process of residual layer

Fig. 1. Principal steps of UV nanoimprint lithography.

2.2 First step of fabrication: Master mold

The method, which is mainly used to fabricate high resolution of nanostructures, is the
electron beam lithography (EBL). The advantages of EBL are great accuracy, a very high
resolution, and an ability to pattern a large variety of geometries. In the example presented
here for Si master mold fabrication, an EBL system (Raith 150) is used to expose the
PolyMethylMethAcrylate A6 resist (PMMA A6), employing an accelerating voltage of 20 kV,
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aperture 7.5 ym and working distance of 7 mm. Next, the patterns designed in PMMA
are transferred into the silicon master via a suitable RIE process. The conditions of RIE
process are: 10 sccm for Oy, 45 sccm for SFg with P = 30 W, a pressure of 50 mTorr and
an autopolarization voltage of 85 V (Hamouda et al., 2009; Barbillon et al., 2010). Then, the
PMMA mask is removed with acetone. After these steps, the Si master mold surface is treated
with HF and HyO, to get a SiO; thin surface layer, then modified with an anti-sticking layer
(TMCS: TriMethylChloroSilane) to lower the surface energy (Si+TMCS = 28.9 mN/m) which
eases the removal of the PDMS molds. In figure 2, SEM images of obtained nanostructures
are shown. The chosen geometry for biochemical sensing is nanodisk and consequently,
the pattern geometry for the Si master mold designed by EBL is nanohole with following
dimensions: diameter of 80 nm and a periodicity of 250 nm.

AccV SpotMagn Det WD b———— 1 500 km

Fig. 2. SEM images of Si master mold designed by EBL: nanoholes of diameter 80 nm and 250
nm of periodicity on a zone of 1 mm?. (a) the zone of 1 mm? and (b) zoom of one square zone
where are the nanoholes.

In addition, we developed an alternative method with EBL in order to realize the master mold.
This technique is that of nanoporous anodic aluminum oxide (AAO). Nanoporous alumina
substrates exhibit an arrangement of nanometric pores, organized in a hexagonal lattice on
very large surfaces (Ex: some cm?). The dimensions of vertical pores can be easily tuned
as the diameter, the aspect ratio. The magnitude order of diameter is of 10 to 200 nm, and
the aspect ratio can be higher than 500. The synthesis of AAO is realized electrochemically
from aluminum wafers. After a step of polishing, anodic potential is applied to an aluminum
wafer, at a given and controlled temperature, immersed in an acid bath. The key parameter
is the anodization voltage for the growth of these highly ordered nanoporous membranes.
In the example that we present here, experimental conditions are chosen in order to obtain
membranes with thicknesses of around 10 ym and holes diameter of 180 nm (see figure 3)
(Sengupta et al., 2009; Masuda & Fukuda, 1995). Thus, metallic nanodisks will be obtained
for plasmonic biosensors application (not shown for this case in this chapter) by using this
technique of AAO templates for the UV-sensitive flexible stamp fabrication (Hamouda et al.,
2011).
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Fig. 3. SEM images of AAO templates: (a) Large view of nanopores, (b) Zoom of these
nanopores and (c) Height profile of these vertical nanopores.

2.3 Second step of fabrication: Flexible UV-transparent stamp

For the fabrication of the soft UV-transparent stamp, an elastomer is used on which are
realized the desired patterns. The material most used in UV-NIL is poly(dimethylsiloxane)
and this material has attractive properties like its low Young’s modulus (Bender et al.,
2004), its low surface energy, which allows conformal contact with surface without applied
pressure and nondestructive release from designed structures (Hsia et al., 2005) and its good
transparency to a UV light source (Schmid et al.,, 1998). Mainly, the used material was
undiluted PDMS (RTV 615) and mixed with its curing agent. This mixture was deposited by
using a prototype tool and degassed and cured at 75 °C for 12 h (see figure 4). This standard
PDMS has some advantages, however a number of properties inherent to PDMS limits its
capabilities in the soft UV-NIL. First, the Young’s modulus of standard PDMS is low and
can limit the fabrication of high density patterns at a sub-100 nm scale due to collapse of
structures. Second, the surface energy (~ 20 mN/m) of PDMS is not low enough to duplicate
profiles with high fidelity. To finish, the high elasticity and thermal expansion can lead to
deformations and distortions during the fabrication process.

—

Master mold PDMS casting PDMS curing PDMS Stamp Release
Fig. 4. Scheme of the standard process for the fabrication of the soft stamp.

To improve the resolution and fidelity of structures in the soft UV-NIL, the mechanical
properties of the soft stamp need to be improved. Thus, a thin layer of hard PDMS
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(50 um) is used and supported by a standard PDMS layer (1.5 mm) (see figure 5). This
second layer allows to keep a good flexibility and adaptation on the spin coated wafer
during imprint transfer (Plachetka et al., 2005). Then, the bilayer stamp is fixed on a glass
carrier. The hard PDMS is a specific thermocured siloxane polymer based on copolymers
Vinylmethylsiloxane-Dimethylsiloxane (VDT301) and Methyl-hydrosilane-Dimethylsiloxane
(HMS-301) from ABCR, respectively, 34 g and 11 g (Choi et al., 2004). In addition, before
degassing the mixture with a mixing machine we add 50 uL of platinum catalyst, and
0.5% w/w modulator tetramethyl-tetravinyl cyclotetrasiloxane from FLUKA to the mixture
(Schmid & Michel, 2000). The hard PDMS is spin coated on the silicon master mold which
has been treated with the TriMethylChloroSilane (TMCS) anti-sticking layer. The standard
PDMS (RTV 615) with its curing agent are mixed before coating on the thin hard layer PDMS
(H-PDMS). Then the sample is cured at 75 °C overnight.

Master mold

Hard PDMS

PDMS casting

Stamp composed of
Hard-PDMS/PDMS bilayer

11l

Fig. 5. Principle scheme of the fabrication process of the Hard-PDMS/PDMS stamp.

For the chosen example of nanostructures, this type of soft stamp is very suitable. Indeed, the
nanodots dimensions are 80 nm of diameter and the periodicity of 250 nm. The figure 6(a)
represents an AFM image of the obtained H-PDMS stamp.

In addition, the SEM image of Fig.6(b) shows nanopatterned hexane diluted PDMS (at 5%,
current agent 1/10) surface of around 100 yum? by using AAO templates for the fabrication of
this soft stamp. The topography of the AAO molds has been well transferred in the PDMS
stamp over centimetres of surface area. The stamp is composed of micro-domains of regularly
organized nanobumps. Each bump is around 180 nm height and 250 nm diameter. For this
fabrication, the PDMS has been simply spread on the AAO membranes without any external
pressure but its own weight. Before this spreading, the standard PDMS with the curing agent
and the hexane solvent are mixed and cured at 60 °C for 12h. The obtained PDMS layer
thickness is around 3 mm. After the curing step, the PDMS layer is peeled off manually. An
advantage of using AAO templates is their low surface reactivity compared to silicon dioxide
surfaces. Thus, an anti-adhesive layer is not necessary and possible interactions with the used
solvent can be avoided, when molding and de-molding PDMS from AAO templates.
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500 nm/div

(a)

(b

500 nm/div

Fig. 6. (a) AFM image of the dots in H-PDMS stamp (periodicity: ~ 250 nm, diameter
(FWHM): ~ 80 nm and height: 80 nm), (b) SEM image of stamp of PDMS hexane diluted at
5%, tilted at 55 °, and the insert shows a top view.

2.4 Third step of fabrication: Soft UV-NIL in AMONIL & gold nanodisks fabrication

2.4.1 Soft UV-NIL in AMONIL

Several UV-sensitive resists exist as the NXR 2010 and the AMONIL. Both AMONIL resist
and NXR 2010 resist exhibit good performance for resolution and etching resistance. The
AMONIL resist was chosen for its low cost compared to the NXR 2010 resist, its excellent
time of conservation and AMONIL resist is a mixture of organic and inorganic compounds
having a surface energy of 39.5 mN/m. AMONIL MMS4 from AMO GmbH is used and
spin coated on the top of a PMMA A2 underlayer (100 nm thick, surface energy = 40.2
mN/m), which is the etching mask for final RIE step and which allows the AMONIL lift-off
after curing. For our experiments, an AMONIL thickness of 120 nm is chosen. Then, the
imprint process is performed in AMONIL with UV exposure at 365 nm wavelength with 10
mW /cm? power during exposure time of 20 min. The pressure used to imprint is 200 mbar.
All these parameters were optimized for the fabrication of nanostructures, which use the soft
stamp obtained from Si master mold. The figure 7(a) represents the imprint in AMONIL. The
dimensions obtained for nanoholes imprinted in AMONIL are ~ 80 nm of diameter and ~ 250
nm of periodicity and these values are in good agreement with the dimensions of nanoholes
of Si master mold.

Concerning the soft stamp obtained with the AAO templates, the thicknesses of the PMMA
A2 underlayer and AMONIL are 130 nm and 150 nm, respectively. The imprint pressure is
achieved by the simple deposit of the PDMS stamp on the top AMONIL layer without any
additional (or external) pressure. Only its own weight (~ 1 g) ensures the imprint. For a
PDMS stamp of one square centimeter, this would correspond to a pressure of around 70 Pa
(Hamouda et al., 2010). In the figure 7(b), the topography of the AMONIL layer after molding
is presented. This surface topography is very similar to the AAO master mold. During the
imprint, the stamp penetrates completely in the AMONIL layer. The thickness of this layer



Soft UV Nanoimprint Lithography: A Tool to Design Plasmonic Nanobiosensors 9

Fig. 7. SEM images of imprint in AMONIL: (a) with soft stamp obtained from Si master
mold, and (b) from AAO master mold, the insert is a zoom of imprint of image (b) (scale bar
=500 nm).

is weaker than the as-prepared bump heights. Thus, these results demonstrate the imprint
feasibility in AMONIL using the stamps realized with the AAO templates on large zones
(cm?). However, the diameters of nanoholes obtained for the imprint in AMONIL are larger
(diameter = ~ 250 nm) than those designed with the AAO master molds. This difference is
due to the bad penetration of PDMS in nanoholes. We demonstrated that the penetration
is better when the PDMS is well-diluted with hexane (Hamouda et al., 2011). We must still
improve the fabrication process of soft stamps.

2.4.2 Gold nanodisks fabrication

Before the fabrication of gold nanodisks, the residual AMONIL thickness in the ground of
the nanoholes needs a suitable RIE process before the etch of the PMMA resist. Indeed, this
residual thickness is around 30 nm. For the removal of this residual layer, the etch conditions
(RIE) are: a flow rate of 2 sccm of Oy, 20 sccm of CHF3, with a power of P = 25 W, a pressure
of 7 mTorr and an autopolarization voltage of 430 V. This gives an etch rate of 18 nm/min
in AMONIL. For the removal of the PMMA A2, the conditions of RIE are: 10 sccm of O, a
power of 10 W, a pressure of 4.7 mTorr and an autopolarization voltage of 280 V. This gives an
etch rate of 80 nm/min for PMMA and 18 nm/min for AMONIL. We have a good selectivity
between the etch of PMMA and AMONIL. The next step is to evaporate a gold thin layer (50
nm) in order to realize the metallic nanodisks. Previously, an adhesion layer (Cr) for gold
is evaporated (3-5 nm). Then, a lift-off in acetone is used to remove the PMMA underlayer
(+AMONIL) in order to obtain the gold nanodisks. All these etch, deposition and lift-off
conditions are valid for the 2 types of samples. Moreover, an annealing at 250 °C during
30 min for smoothing and compacting the nanodisks. Only the sample of gold nanodisks
obtained from Si master mold underwent this annealing. The figure 8 presents the results
obtained with the 2 methods of fabrication. We observe that the dimensions of gold nanodisks
are in good agreement with the dimensions obtained with the imprint in AMONIL for the 2
methods of fabrication. Indeed, the diameters of gold nanodisks are ~ 80 nm and ~ 250
nm, respectively. On the SEM image 8(a), we note that the annealing has well-smoothed and
compacted the gold nanodisks compared to the SEM image 8(b), where the gold nanodisks
are not annealed.

Now, gold nanodisks will be used for the plasmonic detection of biomolecules. Only the
gold nanodisks of 80 nm diameter will be applied to biodetection. The annealing has slightly
changed the shape of gold nanodisks, but no notable change of size was observed. A weak
shift is observed (1-3 nm) in the localized surface plasmon resonance (LSPR) wavelength of
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Fig. 8. SEM images of gold nanodisks with the following dimensions: (a) diameter = ~ 80
nm, height = 50 nm and periodicity = ~ 250 nm, and the image tilted at 60 °, (b) diameter = ~
250 nm, height = 50 nm and the image tilted at 45 °(scale bar = 200 nm).

the gold nanodisks arrays. However, the biomolecule detection will be not affected, because
the reference will be taken on the gold nanodisks after annealing.

3. Plasmonic detection of biomolecules

3.1 Adsorbate deposition

To prepare the gold nanodisks for the detection of streptavidin (SA), which is the biomolecule
that we chose for its high binding affinity (K, ~ 10!3 M~1) with the biotin molecule, the
sample was biotinylated by immersion for 2 h in a solution (1 mg.mL™!) of tri-thiolated
polypeptides modified with a biotin molecule at their N-term end and washed to remove
all unbound molecules. Afterwards, we dried them with N, gas. Next, gold nanodisks were
incubated in a given concentration of SA for 3 hours. Nanodisks were rinsed thoroughly with
10 mM and 20 mM PBS after biotinylation and after detection of SA to remove non-specifically
bound materials. Then, we dried them with N gas.

3.2 Optical characterization of gold plasmonic nanodisks

Visible extinction spectra of gold nanodisks were measured using a Jobin Yvon micro-Raman
Spectrometer in standard transmission geometry with unpolarized white light (instrument
noise level = = 0.5 nm). The sample is located between the white light source and the
optical system of detection. The light illuminates the sample under normal incidence and
the transmitted light is collected by an objective (x10; N.A = 0.25) on a real area of 30 x 30
um?. The extinction spectra were used to determine the position of the localized surface
plasmon resonance of Au nanodisks and the LSPR shift of gold nanodisks after adsorption
of molecules (Barbillon et al., 2007; 2008). All measurements were collected in air and to
prevent atmospheric contamination, they have been performed on freshly prepared samples.
The LSPR wavelength of these gold nanodisk arrays is 615 nm (Figure 9).

3.3 Plasmonic sensing of streptavidin

To validate the fabrication (UV-NIL) of these gold nanodisks and illustrate the properties
of these last ones as nanosensors, we have chosen the biotin/streptavidin system. Thus, to
evaluate the sensitivity of these gold nanosensors to the detection of this system, a simple
model described by Campbell group is used (Jung et al., 1998):

AA = mAn {1—exp (_I—Zdﬂ 1)
d
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where AA is the wavelength shift, m is the refractive index sensitivity, An is the change in
refractive index induced by an adsorbate (An = 1,450,pate - Mair), d is the effective adsorbate
layer thickness and I; is the characteristic evanescent electric field decay length. The
sensitivity m does not depend on the adsorbate and according to our measurements (Barbillon
et al., 2008; 2009) and those of the Van Duyne group (Jensen et al., 1999), is equal to 2 X 102
nm per refractive index unit (RIU) for our gold nanodisks arrays. To evaluate I;, the electric
field intensity is first calculated by the Finite Difference Time Domain (FDTD) method for
different heights from the disk’s top and then fitted according to the Prony’s method using a
single exponential (Barchiesi et al., 2006; Barbillon, 2010). I; is found equal to 14 nm for gold
nanodisks arrays. The index difference between air and Streptavidin is An = 0.56. The size of
streptavidin is around 6 nm (Faure et al., 2008).

After the biotinylation, the nanodisks arrays are characterized by an LSPR wavelength at
Arspr = 621 nm (Figure 9). Figure 9 shows also that a slight redshift of 6 nm is observed
after depositing of this biotin layer on gold nanodisks. The sample was then immersed in a
PBS (Phosphate Buffered Saline) solution containing the streptavidin at a concentration equal
to 1 nM for a duration of 3h and then carefully rinsed. In the figure 9, the extinction spectrum
of SA adsorption is represented and the LSPR wavelength was measured at a value of A;gpr
= 644 nm. The real shift due to the presence of SA is then 23 nm.

1.2+ KLSPR(AwBioﬂn) =621 nm
1 <7XLSPR(AU+BioTin+SA) = 644 nm
o 1,040 (A)=615m 7
~N
(o]

L)

> 0,8
o

"
S 0,6

dJ
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<
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+—
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Fig. 9. Extinction spectra at each step of functionalization: in blue, Au before molecule
adsorption, in cyan, Au after adsorption of biotin molecules, and in green, Au+Biotin after
SA adsorption.

Knowing the following parameters: AA, m, An and I;, we could evaluated the value of d
and we found d = 1.61 nm. From this value of d, the paving density can be calculated and
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a value of 0.27 was found. Compared to the maximal density obtained in the case of a
hexagonal covering (0.90), the paving density of SA molecules is 30% of the maximal one
for the incubation concentration used here (Cs4 = 1 nM).

4. Conclusion

In this chapter, we demonstrated that the soft UV-NIL technique could fabricated gold
nanodisks on large area (Ex: 1 mm?, and some cm?). The obtained dimensions of nanodisks
are 80 nm of diameter, 250 nm of periodicity and 50 nm of height with the soft stamp designed
with Si master mold. In addition, the system AAO and hexane-diluted PDMS demonstrated
that it is a good candidate for UV-NIL stamp fabrication, because the advantages of using
AAQO are to realize inexpensive and efficient hexane-diluted PDMS stamps on large zones
(some cm?). However, the quality of soft stamps realized with AAO must be improved in
order to fabricate highly identical and well-defined nanostructures, which could be used for
biological applications like bioplasmonics. A small change of the shape of Au nanodisks
arrays was also observed after an annealing at 250 °C during 30 min which eliminates the
process structural defects. A plasmonic streptavidin sensing with these gold nanodisks was
studied. Finally, the gold nanodisks obtained by UV-NIL technique are very sensitive to
biomolecules detection. Moreover, we could estimate the paving density of SA adsorbed
on gold nanodisks. To finish, the soft UV nanoimprint lithography is very promising and
relatively simple to employ for the design of plasmonic nanobiosensors.
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1. Introduction

Soft lithography should be regarded as a complement to common lithography, providing a
low-expertise route toward micro/nanofabrication and playing an important role in
microfluidics (YN Xia & Whitesides, 1998). The resolution ranges from 5 to 100 nanometer
(Pilnam Kim, et al. 2008). Patterns generated by the soft lithography are transfered
repeatedly to the soft flexible materials, and then are printed on the medium substrates. In
this field, micro contact printing (pCP) is the most widely used technique, especially in
bioscience research. Combined with microfluidic patterns technology, several kinds of the
extracellular matrix proteins like polymers can be printed to make cells grow according to
the designed patterns (Tai Hyun Park, et al. 2003). The cell growth, differentiation in vitro
can be regulated in the respect of spatial structure of extracellular matrix(Y. Nam, et al.
2004). So the morphology of neural cells and the influence of spatial structure can be
investigated on the micron or even nano-scale level substrates. The closed loop of neural
cells can be constructed in order to simulate the complex neural network in vivo. Finally,
communication with the specific environment in vitro will be achieved by multi-electrode
arrays (MEA). Our previous work used pCP technique can build more solid patterns. By
comparing three different extracellular matrixes, PEI can obtain much better results, which
adhering more neural cells to form reliable design. However, it is not perfect for the specific
neural network construction and the patterned neural cell culture on MEA. In subsequent
research, we improved the parameters of the template and achieved a big progress on
microfluidic patterning technique to microfabricate patterns. Patterns of biomaterials were
constructed with the help of the advanced soft lithography to do the primary cell culture,
such as dopaminergic neurons in the substantial nigra and GABAergic neurons in the
striatum. Finally, the biocompatibility of MEA was validated initially by primary striatal
neuronal culture. Meanwhile, new strategy of structural microfabrication on MEA surface
was further explored.

2. Soft lithography materials

Why soft lithography is called "soft”? One of the reasons is the use of soft organic materials
such as polydimethyl siloxane(PDMS), polymethyl methacrylate (PMMA), and
polycarbonate (PC). PDMS is most widely used in bioscience research, because it has good
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biocompatibility, chemical stability, optical transparency, air permeability, elasticity.
Moreover, the polymer precursors can be aggregated into a mold by UV radiation. PDMS
polymerization is shown in Figure 1.

(Hy CH,
n HO-Si-OH HO—S8i0—9H + (n-1)H,0
CH, CH;,

Fig. 1. PDMS polymerization

To cure the PDMS prepolymer in general, a mixture of silicon elastomer and a curing agent
(10:1, Sylgard 184 silicone elastomer kit, Dow Corning Corp.) is poured onto the master and
placed at 70-80°C for 1 h. The character of the PDMS is closely related to the mixture ratio,
curing temperature, and vacuum. Silicon, quartz or glass, and some photoresist are the most
common materials to fabricate the masters by standard lithography, transferring the
patterns to the PDMS stamp.

3. Soft lithography fabrication methods and it’s application in patterning

Various soft lithographic technologies have been applied to fabricate high-quality
microstructures and nanostructures including micro contact printing (pCP), replica molding
(REM), microtransfer molding (uTM), micromolding in capillaries (MIMIC), and solvent-
assisted micromolding (SAMIM). Here, three soft lithographic methods are introduced to
fabricate micropatterns onto a surface or MEA: nCP, microfluidic patterning technique and
microstencil. The former two can be achieved using the same PDMS stamps and molds. A
novel technology was applied to get the high depth-to-width ratio silicon-based mold to
fabricate the topographic PDMS microstencil with microfluidic channel (Y.Nam, et al, 2006).
Finally, microchannels on MEA with polyimide (PI) guiding the cell growing were also
introduced.

3.1 Microcontact printing (MCP)

pCP is a direct method for pattern transfer, generating a non-structured, chemically
modified surface. The process of pCP is shown in figure 2. Photolithography was used for
the fabrication of silicon-based masters in preparing PDMS stamps. Multi-layer molds were
made of thick photoresist like SU-8 on silicon or glass wafers by standard lithography
techniques. It was subsequently placed at least 30min in an oven at 160°C to make the
photoresist adhere to the substrate closely. Release agent DC20 or OTS were always spin-
coated and drying on the master before pouring PDMS. Liquid PDMS (Sylgard-184 from
Dow Corning) was poured onto the mold and clamped by the foil, so that the shape of the
mold microstructure was transferred to PDMS membrane. It was subsequently placed at
least 2 h in an oven at 80°C. The molded PDMS slab was then peeled off and placed onto a
glass slide for handling. After curing, PDMS stamps are soaked in a protein “ink”, such as
PEL PLL, or LN. 20 minutes later, the “ink” was blew off by using nitrogen gas. Then the
raised regions were brought into conformal contact with a substrate in order to print the ink
onto the substrate surface. The material of interest was transferred from the PDMS stamp
onto the substrate surface. The microscopy of the PDMS stamps were shown in figure 3.
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Fig. 3. Microscopy of the PDMS stamps

The bare areas of substrate surface that the PDMS stamp has not touched can be exposed to
another coating material. pCP provides the patterning of self-assembled monolayers(SAM:s)
of alkanethiols on gold, and the resulting control over the adsorption of adhesive proteins
facilitates the patterning of cells on substrates.

pPCP enables easy stamp replication, fast printing using parallelization, and low-cost batch
production. A conformal contact between the stamp and the surface of the substrate is the
key to its success. The polymer stamps also minimize the problems of sample carry-over
and cross contamination. Printing has the advantage of simplicity and convenience: Once
the stamp is available, multiple copies of the pattern can be produced using straightforward
experimental techniques. Printing is an additive process; the waste of material is minimized.
Printing also has the potential to be used for patterning large areas.

However, pCP has some limitations that are mainly caused by the use of a soft polymer
stamp. The swelling of a stamp during inking often results in an increase in the pattern size
by diffusion of the excessive printed molecules on the substrate.

3.2 Microfluidic patterning using microchannels

The difference between nCP and microfluidic patterning is that PDMS stamps are soaked in
the “ink” in the former usage, but the stamps contact the substrate forming microchannels
delivering the materials for cell adhesion or cell suspension to the desired area in the latter
usage because of the elastic nature and hydrophobicity of PDMS. The substrate tilted 45
degree, drop of liquids were injected to the PDMS microchannels by the pipette. Then the
substrate was put on the test tube rack vertically for 25 to 30 min. Patterns were formed of
after the liquid dried.

While this method has been used primarily for surface attachment of cells, it may be
possible to adapt this method to three-dimensional tissue constructs. In many cases three
dimensional tissue constructs promote cellular differentiation and more authentic cellular
morphology and metabolism.

3.3 Microstencil on MEA

The former two methods enable patterning adhesion molecules and guiding cultured
cells grow physically. But the cells’ communication and interactions in co-cultures are
difficult to be detected, which is important to research the function of the cells network.
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MEA was a cell-based biosensor for extracellular electrophysiological investigations of
neuronal networks. PDMS microstencil was designed to pattern adhesion molecules at
the surface of MEA guiding cultured cells grow along the patterns. PDMS microstencil
mold was fabricated by a complex photomask aligning method, shown in figure 4.
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Fig. 4. Schematics of the fabrication of microstencil mold

525pm silicon was thermal oxidated with 4000 A sio2 (see Fig. 4a). The substrate was first
coated with a thin photoresist (AZ AZ9912) for 30 s at 3000 rpm (see Fig. 4b). 8 x 8 SiO2
arrays were fabricated by wet etching as the RIE mask which was the same as the MEA
structure (see Fig. 4c). Photoresist was spin-coated to the silicon with SiO2 mask again (see
Fig. 4d) and selectively exposed to UV under a chromium photomask. The silicon was
etched 30pm by deep reactive ion etching (DRIE) with photoresist in order to construct the
microchannel , (see Fig. 5a). Then photoresist was removed by ultrasonication in acetone.
The silicon was selectively etched 70pm by DRIE with SiO2 resist, forming the topographic
PDMS microstencil mold (see Fig. 5b). The high depth-to-width ratio silicon-based mold
was designed to penetrate through the PDMS membrane on the MEA to exposure the
electrodes and form the microchannel between the electrodes so that the MEA could also
work.
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Fig. 5. SEM images of PDMS microstencil mold

The mixture of PDMS prepolymer and curing agent was spin-coated on the mold for 40 s at
4000 rpm. The coated mold was cured for 2 hours at 110-C in a convection oven. The fully-
cured PDMS-coated mold was soaked in an acetone ultra-sonication bath until the PDMS
layer released from the mold. The detached microstencil was rinsed with IPA and DI water.
The upside and downside of PDMS microstencil with microholes and microchannels SEM
images was shown in figure 6.
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Fig. 6. SEM images of PDMS microstencil
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However, PDMS microstencil is difficult to practise because it is hard to align with MEA
and the silicon mold is easy to fracture when lifting off.

3.4 MEA with microchannels for patterning

Planar MEA are developed to study electrogenic tissues such as dissociated neuronal
cultures (Hiroaki Oka, et al. 1999). They have been widely used with dissociated cultures
for a variety of neuroscience investigation including learning and memory and cell-based
biosensors for the detection of neurotoxins (Conrad D. James, et al. 2004). But the neurons
grow disorderly and cannot form a network so that the function is not the same as the cells
in vitro. Combining the patterning technology and MEA forming neuronal networks is the
efficient method to research the neurobiology.

pPCP, microfluidic patterning technique and microstencil are difficult to operate because the
space is too small and the PDMS stamp or stencil can hardly align with MEA. The best and
easiest way to forming neuronal networks is to fabricate the microchannels on MEA with
polyimide (PI) guiding the cell growing.

MEA were fabricated using a conventional semiconductor process (Guangxin Xiang, et al.
2007). After cleaning the polished quartz glass wafer, the conductive layer of Au/Ti film
(Au 3000 A and Ti 700 A) was sputtered. 8 x 8 electrode arrays were left with the photomask
protection by standard photolithography. Then, a combination of Si02/Si3N4/SiO2 (3000 A
/4000 A /3000 A) passivation layers was deposited onto the substrate using plasma
enhanced chemical vapor deposition (PECVD), and the insulating layers on the electrodes
and the bonding-pads were removed by inductively coupled plasma (ICP) (see Fig. 7a).
Finally, Negative photosensitive polyimide (AP2210B, Fuyjifilm Electronic Materials Inc) was
spin-coated to form microchannels having a thickness of 3~4 ¢ m and photo-etched by the
standard procedure to expose the microelectrodes and the terminals (see Fig. 7b).
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Fig. 7. Microscopy of the MEA with PI microchannels

GABAergic neurons in the striatum and PC12 cells were cultured on MEA with PI
microchannels which were coated with poly-I-lysine (PLL) to promote cell adhesion, (see
Fig. 8a, 8b). PI microchannels could be seen between the electrodes and the neural cell can
grow along the microchannels. However the nerve cell synapse could not formed along the
microchannels. Because the depth of microchannels could not match the neurons and the
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PLL could not be guarantee to coat the microchannels effectively after days. There is still a
lot of work to do to construct the neuronal networks on MEA to study the cells function as
in vitro.

Fig. 8. Microscopy of the cells cultured on MEA with PI microchannels (a) GABAergic
neurons in the striatum cultured at 3 days (b) PC 12 cells cultured at 6 days

4. Construction of neural network by applying soft lithography

A man-made neural network on electrode can be applied to do basic research of
neuroscience, be a kind of biosensor for drug discovery [9] and even be implanted into brain
to establish artificial connections that could form the basis of a neural prosthesis[10]. These
fields have caused much attention in the world [11]. In the past, there are three strategies to
realize a simplified neural network in vitro, such as mechanical fixation-applying spatial
restrictions[12,13], physical modification of surface roughness and surface
topography[14,15], chemical polymer microfabrication on surface — using soft lithography.
Soft lithography is created by Whitesides in 1993[16]. It is used to create chemical structures
on surfaces, including nCP, pFN and other downstream techniques. These microfabrication
techniques that control both the size and shape of the cell anchored to a particular surface
are extremely useful for understanding the influence of the cell-material interface on the
behavior of cells [17, 18].The adhesion and survival of neural cells should be considered
firstly for the patterned neural cell culture in vitro. So the selection of appropriate cell-
attracting substances is an important step for pattern design in micro-contact printing. Ideal
substances encourage good cell-substrate interactions, constantly stimulate the cells by
substrate-bound chemical, biological, electrical or mechanical signals [19, 20] and even
regulate neuritis growth on designed patterns. The most commonly used coating reagents to
promote cell adhesion are extracellular matrix (ECM) proteins like laminin (LN), positively
charged polymers such as poly-l-lysine (PLL) and synthetic amide-linkage-free compounds
such as polyethylenimine (PEI). Therefore, the characteristics of three different substrates,
PEL PLL, LN were compared by the primary neuron culture in our previous work. The PEI
characterized with strong positive surface charges was validated to fabricate more
continuous and integrated micro-contact printing neural patterns under serum-free culture
conditions than PLL, LNJ[21].
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For the functional neural network construction on MEA, an inevitable question that should
be addressed finally is how to realize accurate opposite between neurons and the electrode
under neurons. We assume firstly microfluidic technique may have more advantages than
pCP. In subsequent research, we achieved satisfied patterns by microfluidic technique for
further research with the help of the progress on parameters of template. Specific neural
network were constructed by applying advanced soft lithography above to do the primary
cell culture, such as dopaminergic neurons in the substantial nigra and GABAergic neurons
in the striatum. The conditions of neuronal adhesion on different patterns (grids and lines)
were also observed using several techniques, including atomic force microscopy,
immunohistochemistry, transmission electron microscope and scanning electron
microscope.

4.1 Neural network with rat fetal hippocampal cells by yCP patterns

In previous study, we examined the ability of another positively charged polymer,
polyethyleneimine (PEI), to promote neuronal adhesion, growth and the formation of a
functional neuronal network in vitro. PEI, PLL and LN were used to produce grid-shape
patterns on glass coverslips by pCP. Post-mitotic neurons from the rat fetal hippocampus
were cultured on the different polymers and the viability and morphology of these neurons
under serum-free culture conditions were observed

4.1.1 Cells adhesion

The number of cells that adhere to the different substrates after 24 h in culture is shown in
Fig. 9. The adhesive effects were evaluated by calculating the ratio of cell numbers that
adhere to the grid-like patterns divided by the total area of printed polymer. We found that
the positively charged polymers (PLL and PEI) had a significantly higher level of cell
attachment than LN (p < 0.05)[13].
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Fig. 9. The adhesive effects were test by analysis of the number of neurons on the area
(mm?2) of LN, PEI and PLL grid patterns after 24 h in culture. The asterisks indicated
neurons on PEI and PLL patterns had significantly higher lever than on LN patterns, n =12,
p< 0.05.
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4.1.2 Cells viability

In Fig.10, We show that neurons cultured on the PEI- and PLL-coated surfaces adhered to
and extended neurites along the grid-shape patterns, whereas neurons cultured on the LN-
coated coverslips clustered into clumps of cells. In addition, we found that the neurons on
the PEI and PLL-coated grids survived for more than 2 weeks in serum-free conditions,
whereas most neurons cultured on the LN-coated grids died after 1 week[13].

Fig. 10. Images obtained using the phase contrast microscope, showing cells cultured on PEI,
PLL and LN polymeric films at different time points. (a, d, and g) Representative images of
neurons cultured on PEI grid patterns at 24 h, 7 days, and 14 days, respectively, show that
neurons adhere and grow accurately along the PEI grids at differently time points. (b, e, and
h) Representative images of neurons cultured on PLL grid patterns at 24 h, 7 days, and 14
days, respectively. (c, f, and i) Representative images of neurons cultured on LN grid
patterns at 24 h, 7 days, and 14 days, respectively. The images (c and f) show that the
neurons on the LNgrid patterns often accumulate at the cross points of the grids. The image
(i) shows that most neurons disappear after 14 days in culture and only small areas of the
neural cells exist. (a-c) Bar = 100 pm; (d-i) bar = 50 pm.

4.2 Specific neural network with two relative neurons, such as dopaminergic neurons
and GABAergic neurons

There is a closely relationship in the respect of function and structure between dopaminergic
neurons in the substantial nigra and GABAergic neurons in the striatum. As well-known,
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Parkinson's disease is due to the loss and injuries of dopaminergic neuron in substantia
nigra which cause a decrease in nerve fibers projected to the new striatum. Finally,
reasonable synaptic connections and neural network can not be established. Therefore, it is
expected to establish cell models to investigate the relationship between these two kinds of
coherent neurons and construct an artificial neural network in vitro by the application of
soft lithography. In present work, specific neural network with dopaminergic neurons and
GABAergic neurons co-culture was established by pCP PEI grid patterns. Meanwhile, PEI
was validated again to fabricate more continuous and integrated neural patterns by using
RCP and microfluidic technique both.

4.2.1 Neural network by uCP

Different kinds of neural network by pCP were established with neuron from the
striatum, dopaminergic neurons from the substantial nigra and both of them co-culture.
The conditions of neuronal adhesion on different pattern figures were observed using
several techniques, including immunocytochemical staining, transmission electron
microscope and scanning electron microscope. Using immunocytochemical staining,
transmission electron microscope, we identified the types of neural cells and observed
some neurosynapse-like structures near the neuronal soma on PEl-coated coverslips.
These findings indicate that PEI is a suitable surface for establishing a functional neuronal
network in vitro.

4.2.1.1 Investigation of neural cell types and neurite elongation along the grid-like
patterns by immunocytochemical staining and SEM

PEI, PLL and LN were used to produce grid-shape patterns on glass coverslips by micro-
contact printing. GABAergic neurons and medium spiny neuron from the rat striatum,
dopaminergic neurons from the rat substantial nigra and both of them co-culture were
researched separately on the different polymers coated surface. The viability and
morphology of these neurons under serum-free culture conditions were observed using
fluorescent microscopy in Fig. 11, Fig. 13, Fig. 14. After 7 days in culture, we found that
the neural cell bodies on the PEI patterns were located mostly at the cross-points of the
grid, whereas neurites extended along the line of the grid-like patterns. More continuous
and integrated neural network was achieved finally. On the PLL-coated coverslips, the
neural patterns appeared to be integrated. But several cells clustered at the cross-points of
the grid disappeared gradually after the media was replaced. In contrast, cells cultured on
the LN-coated grids were generally clustered into clumps and cannot form satisfied
patterns. Different sizes of PEI pattern were produced by microcontact printing. In Fig. 12,
compared with 50 um, 100 £ m, 200 z m pattern sizes, we found few difference early.
After 7 days or 14 days culture, most neural cells on 200 z m size grew well and were
seldom found to overlap each other, unlike those on 50 1 m size clustered into clumps at
the cross-points of grid and disappeared gradually. Identified with immunocytochemical
staining, we found that neural cells from the rat substantial nigra were TH positive,
synaptic vesicle protein were synaptophysin positive in Fig. 13 and cells from the rat
striatum were GABA positive or DARPP-32 positive in Fig. 11, Fig. 12, Fig. 14. SEM show
neurons outgrowth on PEl-coated patterns and validate the findings by
immunocytochemical staining in Fig. 15, Fig. 16.
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(a) on LN grid patterns (b) on PEI 100 ¢ m grid patterns (c) on PLL 100 ¢ m grid patterns bar=50 z m

Fig. 11. Immunofluorescent image of anti-GABA (green fluorescence) +anti-MAP2 (red
fluorescence) labelled striatal neurons cultured for 7 days on different substrates, the nuclei
of neurons were stained with Hochest x400

(a)on 50 ¢ m patterns (b) on 100 1 m patterns (c) on 200 y m patterns bar=50 x m

Fig. 12. Immunofluorescent image of anti-GABA(green fluorescence)+anti-MAP2(red
fluorescence) labeled striatal neurons cultured for 7 days on different sizes of PEI patterns,
the nuclei of neurons were stained with Hochest x400

+Syn

(a) on LN grid patterns (b) on PEI 100 ¢ m grid patterns (c) on LN+PEI bar=20 ;m

Fig. 13. Immunofluorescent image of anti-TH(red fluorescence) labeled dopaminergic
neurons from the substantial nigra and anti-synaptophysin(green fluorescence) labeled
synaptic vesicle protein cultured for 7 days on different substrates. x200
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(a-c) co-culture neurons growing on LN grid patterns. (a) Immunostaining with anti-TH (red
fluorescence) labelled dopaminergic neurons. (b) Immunostaining with anti-DARPP-32 (green
fluorescence) labeled medium spiny neuron from the striatum(arrow). (c) Merged image of (a) and (b),
showing TH positive neurons on the LN-coated patterns actually adhere to the cluster formed by
medium spiny neuron. (d-f) co-culture neurons growing on PEI grid patterns. (d) Immunostaining with
anti-TH (red fluorescence) labelled dopaminergic neurons(arrows). (¢) Immunostaining with anti-
DARPP-32 (green fluorescence) labeled medium spiny neuron from the striatum(arrow). (f) Merged
image of (d) and (e) showing that DARPP32 positive neurons cultured on the PEI-coated patterns form
a continuous and integrated neural network, and two TH positive neurons adhere to the cross-points of
grid. (g-i) co-culture neurons growing on PLL grid patterns. (g) Immunostaining with anti-TH (red
fluorescence) labeled dopaminergic neurons(arrow). (h) Immunostaining with anti-DARPP-32 (green
fluorescence) labeled medium spiny neuron from the striatum(arrows). (i) Merged image of (g) and
(h)showing only two DARPP32 positive neurons adhere to the cross-points of grid. TH positive neurons
were not restricted by the grid pattern. bar=100 ¢z m

Fig. 14. Immunofluorescent image of anti-TH labelled dopaminergic neurons from the
substantial nigra and anti-DARPP32 labeled medium spiny neuron from the striatum co-
culture for 7days on different substrates, the nuclei of neurons were stained with Hochest
x200
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o L. % .

Fig. 15. SEM show neurons outgrowth on PEI-coated patterns. Somata of neuons located on
the cross point and neurites extend along the lines

Fig. 16. SEM show that Line of grid were occupied by abound neurites.
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4.2.1.2 Examination of synaptic formations by immunocytochemical staining and TEM

To further understand functional activities of neurons on the grid pattern, we observed the
microstructure of the neuronal cell body, neuritis extension and processes of the synapse
formation by using laser confocal microscope after 7 days in culture. It is found that several
neural cell bodies aggregated on the cross point of the grid pattern (Fig.17.b), which neurites
extended along the lines clearly by cytoskeletal proteins MAP2 and Synaptophysin double
immunocytochemical staining of patterned neurons on PEI(Fig.17.a). Some processes can
even gather into a bundle, span the distance between two cross-points and make connection
with another neuron. Synaptophysin was a kind of granular protein scattered around the
cell bodies and neurites, The neurites from neuron at the cross-point seemed to
communicate with those at the lines which express a large number of synaptic vesicle
protein(Fig.17.c).

(a) neurites extended along the lines and synaptic vesicle protein around
(b) neural cell bodies at the cross-point and synaptic vesicle protein scattering around them
(c) synapse connection between two neurons at the grid pattern bar=25 1 m

Fig. 17. Immunofluorescent image of anti-MAP2(red fluorescence) labeled neurons and anti-
synaptophysin(green fluorescence) labeled synaptic vesicle protein cultured for 7 days on
PEI patterns x400

We chose PEI group which can construct more clearly neural network and continued to
observe intercellular ultrastructure under transmission electron microscope (Figure18). Two
periphery of neurites thicken show high electron density to form a synaptic contact (Red
border). Width of synaptic cleft was measured to 30 ~ 50nm. Figurel8(a) shows clear
synaptic vesicles. Figurel8(b) shows the synaptic cleft is relatively narrow and suspected to
be electrical synapse structure due to double-membrane structure adjacent closely.

4.2.2 Neural network by microfluidic technique

In this experiment,, we made a big progress on microfluidic technique by re-designing the
parameters and enhancing the photoresist coating thickness of the Cr template. After 7 days
in culture, poly-l-lysine and laminin+polyethyleneimine were found to be formed more
complete and clearer flow patterns by the application of microfluidic technique. On LN
group, neurons were easy to cluster into clumps when channel width was 150pm,almost
overshadowed flow pattern itself; On PEI group, even though the flow patterns are more
complete, the neurites extend short and cannot constitute a connection between some cells
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(a)chemical synapse structure x40000 bar=0.5 ¢z m (b)electrical synapse structure x60000 bar=0.2 1 m

Fig. 18. Under TEM, synapse like structure between neurons from the striatum and the
substantial nigra on PEI patterns

(a) LN group, width of lines 150 1 m, (b) PLL group, width of lines 150 ¢ m (c) PEI group, width of lines
200 ¢ m , (d) LN+PEI group, width of lines 300 £ m bar=200 z m

Fig. 19. Immunofluorescent image of anti-GABA (green fluorescence) +anti-MAP?2 (red
fluorescence) labelled striatal neurons cultured for 7 days on different substrates by
microfluidic technique x100
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sufficiently. When the channel spacing of 300pm, LN + PEI group of cells in the liquid
injection port at the distribution, flow pattern clear, but the group off between individual
cells, so that flow interruption. Identified with immunocytochemical staining, we found that
most of the MAP-2 positive neural cells from the striatum cultured on the flow pattern were
also labeled with GABA, as shown in Figure 19.

Observing the fine structure of the intercellular on PLL group under scanning electron
microscopic in Fig. 20, most of the neural cell bodies were found adhere to the flow pattern
and majority of neurites are constrained within the width of the channel to grow following
the orientation of flow channels. It is still visible that a few neuronal cell bodies deviate from
the flow patterns slightly or adhere on the blank between two lines by local amplification.
By observing the cross-linked region off low channel, we can see two endings of neurites
seem to have varicose, swelling structure liking synapse.

(a)x250 bar=100 ¢ m (b)x1000 bar=10 z m (c)x10000 bar=1 ;. m

Fig. 20. Neurons from the striatum and the substantial nigra on PLL microfluidic patterns
under SEM.

5. Conclusion

In summary, this study based on previous work improve the microfluidic technique,
evaluate the influence of two different soft lithography, the micro-contact printing and
microfluidic technique on various interface materials for the construction of neural network.
Our future work can be divided into two levels. On the one hand continue to look for the
intersection of microelectrode array and the micro-fabrication technology, trying to make
cell grow in accordance with patterns of MEA electrode nodes. On the other hand, need to
further improve the characteristics of electrode materials, enhance biocompatibility under
the premise of improving signal-to-noise ratio and without adding resistance, do good to
the survival of neurons and neurite extension.

The application of the micro-fabrication on microelectrode array may open up a broader
platform of the technique for neurochip research and provide new ideas for the treatment of
various injuries in the central nervous system. Ultimately, the combination both can achieve
position fixing between neurons and electrodes precisely, to make the system as a real
sensor, be able to accept electrical stimulation or chemical stimulation and record their
signals, to analysis the transfer process of neural network information, and apply to drug
screening of related diseases.
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1. Introduction

Regeneration of the central nervous system (CNS), where proliferative potency is limited, is
one of the most important research themes in neuroscience and neuroengineering.
Pluripotent stem cell lines have attracted broad attentions as an important model system for
regenerating damaged brain. The important key for realizing regenerative medicine using
pluripotent stem cells is to induce undifferentiated cell into objective cells with high
efficiency and reproducibility. Although the methods to induce embryonic stem (ES) cells
into specific neuronal subtype with pharmacological treatment have been proposed,
however, the handling is difficult and thus the efficiency rate of objective cells is low
(Barberi et al., 2003). The main reason for low differentiation rate of pluripotent stem cells is
difficulty in precise control of interaction between pharmacological treatment and cell
signalling. To overcome these problems, development of alternative methods for precise
control of cell differentiation processes is required.

During cell differentiation, both endogenous factors, such as cell-cell signal transmission,
and exogenous factors, such as pharmacological application, play important roles. Micro
and soft lithography-based surface modification of culture substrate enabled to control
stem-cell-aggregation (EB; Embryoid body) sizes and therefore to increase cell
differentiation efficiency through promotion of cell-cell signal interactions (Karp et al., 2007;
Wang et al., 2009). Particularly, Park et al. reported that small-size EBs of mouse ES cells
(100 ~ 200 pm of diameter) tended to differentiate into ectoderm and large-size EB (500 pm
of diameter) into mesoderm (Park et al., 2007). These reports suggested that manipulation of
EB size and shape could affect endogenous factors of stem cell EBs and thus was an
important approach for precise control of differentiation processes. Another important
technique for regulating cell differentiation is applying physical stimulation. It was reported
that electrical or magnetic stimulation could induce cellular and molecular responses and
affected the gene expressions during differentiation (Kimura et al., 1998; Piacentini et al.,
2008). Particularly, Yamada et al. reported that applying electrical stimulation induced
mouse ES cells efficiently into ectoderm cells (Yamada et al., 2007). These reports suggested
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that applying physical stimulation could affect exogenous factors and also differentiation
processes of stem cells. Although the experimental methods to regulate the endogenous or
exogenous signalling have been proposed as above, increase in differentiation efficiency is
inadequate for regeneration therapy, and combination of the two approaches is not
reported.

Based on these problems, we have tried to propose a precise control method for cell
differentiation by combining EB size treatment and electrical stimulation technique. To do
this, we developed microcavity-array device with embedded electrodes (Takayama et al.,
2009). Uniform-sized EBs of P19 cells were prepared and aligned in the electrode substrate,
and were stimulated uniformly and simultaneously. However, difficulty in handling EBs
and limited number of stimulating EBs hindered further analysis. In this chapter, we
describe an alternative method to stimulate more number of EBs based on soft-lithography
technique and recent attempt to analyse the effects of EB size treatment and electrical
stimulation on the gene expression of P19 cells.

2. Electrical stimulation of EBs with cell-nonadhesive electrode substrates

In this section, we summarize the methods and the results of ensemble electrical stimulation
of P19 EBs with the microfabricated electrode substrates, as we reported before (Takayama
et al. 2009).

The experimental procedures for fabricating microcavity-array electrode substrate are
described as follows. A glass substrate with a transparent conductive layer (ITO; Indium-
tin-oxide, Sanyo Vacuum) was cleaned with acetone (Wako) and isopropyl alcohol (IPA,
Wako). Then, SU-8 3050 negative photoresist (Microchem) was spin-coated onto an ITO
substrate for 60 s at 1000 rpm with a thickness of 100 um. The coated substrates were baked
on a hotplate for 50 min at 95 °C. The substrates were exposed to UV through a custom-
made photomask. A reduced projection exposure system (MM-505, Nanometric
Technology) was used for fabricating the photomasks. The photomask featured sixteen
microcavities with a diameter of 200 or 500 um aligned in 4 x 4 matrix patterns. After baking
on a hotplate for 10 min at 95 °C, the substrates were developed in SU-8 developer
(Microchem) and rinsed with IPA. Because SU-8 resist have good insulating properties, the
bottom of each microcavity, where the ITO layer was exposed, acted as the stimulation
electrode. After fabrication of the microcavity-array pattern, a glass ring of 1 cm height was
mounted onto a substrate with a silicone elastomer (KE-103, Shin-etsu Silicones). A stranded
wire of cupper was also mounted onto a substrate with an electroconductive paste (Dotite
FC-415, Fujikura Kasei). The ITO regions inside a glass ring, except the bottom surfaces of
the microcavity, were insulated by coating with a silicone elastomer. The protocols for
fabricating the microcavity-array electrode substrate were shown in Fig. 1.

In this research, we used P19 cells as a model system for a stem cell. P19 is a mouse
embryonal carcinoma cell line and can differentiate into three germ layers (Bain et al.
1994). For its easy handling and high neuronal differentiation rate, we have used P19 cells
as a stem cell model. P19 cells were rountinely cultured and passaged every two days in
alpha minimum essential medium (a-MEM, Invitrogen) containing 10 % fetal bovine
serum (FBS, HyClone) and 5 - 40 U/ml penicillin-streptomycin (Sigma-Aldrich). To
produce uniform size EBs, P19 cells were collected and replated in a 96-well low cell-
attachment plate (Sumilon, Sumitomo Bakelite). Due to its spheroid bottom structure, a
single EB was formed in each well. The obtained EBs were collected and transferred into



Toward the Precise Control of Cell Differentiation Processes by Using Micro and Soft Lithography 37

each microcavity of the electrode substrates. To our experience, initial plating of 500 cells
resulted in a EB of 200 pm diameter and 4000 cells in a EB of 500 pm diameter at next day
of plating. The microcavity-array electrode substrates were previously coated with MPC
(2-methacryloyloxyethyl phosphorylcholine) polymer (Lipidure CM5206E, NOF corp.) to
prevent nonspecific cell adhesion (Ishihara et al., 1999) and to localize EBs into each
microcavity.

Glass
T— . sUbstrate
With ITO layer
. u5U-83050
S coating
IREEREREREEREE
— S E— — —
——————— Exposure
e
—_— sl n n 1 Development
e —
Mountinga
— - n n = glass ring

L m_= = J aé Mountinga

Cu wire and
insulation

Fig. 1. Schematic of procedures for fabricating the microcavity-array electrode substrate
using SU-8 negative photoresist.

L51°1515)

Size-controllied

Embryoid bodies . Pt

Microcavity-array

Electrical Stimulator

ITO substrate
Excitation  py orescence
Light Source CCD Camera

Fig. 2. Schematic diagram of the experimental system. Size-controlled EBs were
simultaneously stimulated through the microfabricated ITO substrates.
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After insertion of P19 EBs, constant voltage stimulation was applied to the trapped EBs via
the bottom surfaces of microcavities with an electrical stimulator (SEN-8203, Nihon Kohden)
and an isolator (55203], Nihon Kohden). A platinum (Pt) electrode (¢ 1 mm) was used as the
counter electrode during electrical stimulation. A single negative-first biphasic pulse with
intensity of 5 V and duration of 1 ms was used for stimulation. Stimulation-induced
responses of EBs were visualized by calcium imaging technique. The EBs were labelled with
a calcium indicator Fluo-4AM (Molecular Probes) and fluorescence signals were detected
with a cooled CCD camera (C8800-21C, Hamamatsu Photonics) mounted on an inverted
microscope (IX-71, Olympus). The frame rate of 0.5 frame/s was used. The recording
solution contained 148 mM NaCl, 2.8 mM KCI, 2 mM CaCly, 1 mM MgCl, 10 mM HEPES
and 10 mM glucose. The overview of the experimental system was shown in Fig. 2.

Figure 3 showed photographs of the fabricated substrate and magnified phase-contrast
images of the microcavity-array region and the trapped EBs. These microcavity-array
patterns were fabricated with fine reproducibility. The EBs of P19 cells prepared by using
spheroid-bottom plates also showed high uniformity in size and morphology. Figure 3-c
showed the EBs inserted in the microcavities of 500 um diameter. The EBs were successfully
trapped within each microcavity with 100 pm depth. We confirmed that pre-coating with
the MPC polymer inhibited EB adhesion to the device surface over several hours. Thus,
suspension culture condition was maintained during electrical stimulation experiments. We
also confirmed that pre-coating with the MPC polymer did not affect the electrical
properties (impedance, phase) of the device by observing with an LCR meter.

Fig. 3. A microcavity-array dish for ensemble stimulation. (Takayama et al., 2009)

We then applied electrical pulses to the trapped EBs and recorded evoked response by calcium
imaging. Figure 4 showed phase-contrast images of EBs in the microcavities and
corresponding fluorescence images after applying a single biphasic pulse. The fluorescence
images represent the normalized difference ratios in fluorescent intensity between pre- and
post-stimulus. Spontaneous calcium transients in cells of P19 EBs were rarely observed before
stimulation. By applying electrical stimulation, in contrast, significant elevations of
intracellular calcium concentration were observed. For both of microcavity-array patterns,
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most EBs in the same observing field showed similar responses. In 200 pm diameter EBs, most
of cells in an EB showed calcium transients responded to electrical pulse. In 500 pm diameter
EBs, cells in outer region of EB primarily showed calcium transients. In all stimulation
experiments, we confirmed that similar results were obtained (n=5 for 200 pm diameter
patterns and n=3 for 500 pm diameter patterns). The results indicated that the microcavity-
array electrode device could stimulate size-controlled EBs simulataneously and uniformally.

phase-contrast image fluorescence image

Fig. 4. EBs of P19 cells inserted in the microcavity-array structures (phase-contrast image)
and stimulus-evoked intracellular calcium transients (fluorescence image). (Takayama et al.,
2009)

In this experiment, by using SU-8 negative thick photoresist, we could fabricate microcavity-
array structures onto electrode substrate with enough depth (100 pm) to trap and localize
P19 EBs. By using the electrode substrate, we could stimulate P19 EBs simultaneously.
Although several studies have carried out electrical stimulation to EBs, such as a field
pacing (Sauer et al, 1999 and 2005; Yamada et al., 2007), there have been no studies that
observed cell activity in a large number of EBs simultaneously. This may be due to difficulty
in observing randomly floating EBs under suspension culture condition. Thus, localizing
EBs in specific regions and detecting cell activity of EBs simultaneously by using
microcavity-array structures are important bases for further electrical stimulation
experiments and analysis.
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It is widely recognized that intracellular calcium dynamics play important roles in
regulation of cell differentiation processes (Dolmetsch et al., 1998; Yamada et al., 2007).
Particularly, Spitzer et al. reported that spatio-temporal patterns of intracellular calcium
transients regulated neuronal differentiation processes, such as extension of neurite and
selection of neurotransmitter (Spitzer et al, 2004). Thus, inducing and controlling
intracellular calcium transients in undifferentiated stem cells by applying electrical
stimulation, which parameters are flexibly determined, is promising method to affect cell
differentiation processes artificially. Optimizing parameters of electrical stimulation to
induce desirable spatio-temporal patterns of intracellular calcium transients will be next
step for controlling cell differentiation processes.

There are several problems, however, with the cell-nonadhesive electrode substrate using
SU-8 thick photoresist. In the experiments, we manually transferred EBs one by one from 96
well culture plates into each microcavity using micropipettes. Furthermore, due to the cell-
nonadhesiveness of the electrode substrate by the MPC polymer coating, mild mechanical
perturbations by moving the electrode substrate easily remove EBs from the microcavities.
These problems make it difficult to stimulate more than 20 EBs simultaneously with the SU-
8-based cell non-adhesive electrode substrates and to perform subsequent gene expression
analysis and culture test after stimulation. On the basis of these disadvantages, we attempt
to fabricate PDMS (poly(dimethylsiloxane))-based cell-adhesive electrode substrate to
stimulate more number of EBs. The experimental procedures and present results for the cell-
adhesive electrode substrate are summarized in a next section.

3. Electrical stimulation and gene expression analysis with cell-adhesive
microcavity-array electrode substrate

As described in section 2, it was difficult to stimulate a large number of EBs, over a hundred
numbers, when using the cell-nonadhesive electrode substrate with SU-8 negative thick
photoresist. This was because that the SU-8 structures were strictly integrated with ITO
substrate and thus all surface of the electrode substrate became cell-nonadhesive after the
MPC polymer coating of microcavity-array region (Fig. 5-a). Although the cell-nonadhesive
surface was advantageous to handle EBs, maintain suspension culture conditions and trap
EBs into the microcavities temporally, it was disadvantageous to fix EBs to the bottom
surfaces of the microcavities not to remove away by mechanical perturbations. Based on
these problems, we attempted to propose an alternative method to stimulate a large number
of EBs simultaneously. We fabricated cell-adhesive electrode substrate by attaching a PDMS
sheet, featuring microcavity-array patterns, onto an ITO substrate (Fig. 5-b). PDMS is well
used elastomeric material in cell engineering research because of its capability of easy
processing, biocompatibility and cell-nonadhesiveness (Mata et al, 2005). PDMS is also an
insulative material (Nam et al., 2006) and thus useful for insulator as the SU-8 structures
used in section 2. By using the cell-adhesive electrode substrate with the PDMS sheet and
plating P19 cells onto it, we attempted to obtain a large number of EBs and stimulate them.
We also attempted to analyse gene expression changes after ensemble electrical stimulation
of EBs by polymerase chain reaction (PCR) and electrophoresis Techniques.

The experimental procedures were described as follows. The microcavity-array pattern was
fabricated in PDMS using soft lithography technique. First, column-array structures were
fabricated as a master mold onto a standard glass substrate using SU-8 photoresist. SU-8
3050 was spin-coated onto a glass substrate (76 x 52 mm, Matsunami Glass) for 60 s at 1000
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Nam et al., 2006). Then, the mixture of

(OFPR-800,
with a thickness of 4 pm was formed onto the substrate by spin-coating for 40 s at 2000 rpm
(
10:1 ratio, Silpot 184,

(17 x 17 matrix pattern) and 64 columns (8 x 8 matrix
and then baking for 30 min at 80 °C. The thin photoresist layer worked as a sacrifice layer to

rpm with a thickness of 100 pm. After exposure and development with the photomasks
which had inverted patterns as used in section 2, column-array structures were formed on a

glass substrate. In this experiment, 289
pattern) were fabricated for 200 and 500 pm diameter microcavities, respectively. Before

(a) Cell-nonadhesive electrode substrate using SU-8 photoresist.

(b) Cell-adhesive electrode substrate using PDMS elastomer.

Fig. 5. Structures of the electrode sustrates for stimulating EBs
release a cured PDMS sheet from the substrate

pouring PDMS, a thin layer of photoresist
PDMS pre-polymer and catalyst

Dow Corning) was spin-coated on

the substrate for 80 s at 2500 rpm and 40 s at 2000 rpm, for 200 and 500 pm diameter

microcavites, respectively. The PDMS coated substrate was put on a hotplate and then a pre-

(

20 mm square and 3 mm thickness) which had a 15 mm

diameter hole was immediately attached on the substrate. The PDMS layer and annulus

manufactured thick PDMS annulus (
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were baked for an hour at 80 °C. After curing, the PDMS sheet was cut along the thick
annulus using forceps and then the substrate was soaked in an acetone to solve the
photoresist layer. The released PDMS sheet was rinsed with IPA and distilled water. The
microcavity-array pattern electrode substrate was formed by attaching the PDMS sheet onto
an ITO substrate (50 x 50 mm). The protocols for fabricating the microcavity-array electrode
substrate using PDMS were shown in Fig. 6.
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Fig. 6. Schematic of procedures for fabricating the microcavity-array electrode substrate
using PDMS elastomer.

Methods for subculture of P19 cells were same as described in section 2. Proliferated P19
cells were collected and then replated onto the microcavity-array electrode substrates. Due
to its cell-nonadhesive property of PDMS, P19 cells adhered only to the bottom surfaces of
the microcavities. After several hours of plating, non-adhered cells were removed by
washing the substrates with culture medium or PBS. P19 cells were proliferated within the
microcavities and EBs were self-organizingly formed after 1 day in culture. For electrical
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stimulation, a stranded cupper wire was attached to the substrate as described in section 2.
Electrical pulses were chronically applied to the EBs with culturing them in an incubator
after 1 day of cell plating (EB forming). In this experiment, a single biphasic pulse, same
conditions as in section 2, was applied at intervals of 30 min for 2 days.

To analyse the effects of chronic electrical stimulation on cell differentiation processes,
reverse transcriptase-PCR (RT-PCR) analysis was carried out after electrical stimulation.
First, extraction and purification of RNA were carried out by using a commercial RNA
extraction kit (NucleoSpin RNA II kit, Nippon Genetics) from the EBs after applying
electrical stimulation for 2 days. RNA of the EBs after induction of neuronal differentiation
with retinoic acid was also extracted as the control sample. A 250 ng of total RNA was used
for synthesis of first strand complementary DNA (cDNA) by reverse transcription for 80
min at 42 oC using a commercial kit (iScript Select cDNA Synthesis kit, Bio-Rad). Then,
amplification of cDNA was carried out with 0.5 pl of synthesized cDNA for 30 s at 94 °C and
1 min at 74 °C, for denaturation and primer extension, respectively. The primer information
used in this experiment and primer annealing conditions were summarized in Table 1. The
PCR products were analysed using an Experion automated electrophoresis system (Bio-
Rad). Temperature controls for reverse transcription and PCR reactions were carried out
using a C1000 thermal cycler (Bio-Rad).

Annealing

Gene Name  Forward Primer Reverse Primer Efg)prature Cycles (Sli;zn‘;abase pair) Reference

Oct 3/4 cagaagaggatcaccttggg  gtgagtgatctgctgtaggg 60 27 324 Tang et al., 2002
BMP-4 tgccgeagctictctgagee gcictgccgaggagatcace 64 26 573 Tang et al., 2002
Mash-1 caagttggtcaacctgggtt gctctigttcetetgggceta 56 30 293 Tang et al., 2002
Wwhnt-1 acgttgctactggcactgac ccatttgcactctcgcacag 57 30 244 Gao et al, 2001
GAPDH accacagtccatgccatcac  tccaccacccigttgcigta 63 25 452 Georgiev et al., 2008

Table 1. Primer sequences and reaction parameters for RT-PCR

The Oct 3/4 gene is thought to play important roles in maintaining undifferentiated
conditions and thus is widely used as a marker for undifferentiated stem cells (Ronser et al.,
1990). The BMP-4 gene is mainly expressed in ectoderm, meanwhile it inhibit the neuronal
differentiation. Thus, an expression level of the BMP-4 is transiently increased and then
gradually decreased during neuronal differentiation (Wilson and Hemmti-Brivanlou, 1995).
The Mash-1 gene is mainly expressed in neuronal progenitor cells and thus is used as a
neuronal marker (Lo et al, 1991). The Wnt-1 gene is also used as a neuronal marker,
particularly it inhibit glial differentiation and promote neuronal differentiation (Tang et al.,
2002). The GAPDH (glyceraldehyde-3-phosphatedehydrogenase) gene is a widely-used
housekeeping gene. These genes are also expressed and regulated in neuronal
differentiation processes of P19 cells (Bain et al., 1994).

Figure 7 showed a photograph of the cell-adhesive electrode substrate using a PDMS sheet
and a phase-contrast image of the microcavity-array region (diameters of 200 um in this
figure). SEM (scanning electron microscope) images of the SU-8 column-array mold and the
corresponding PDMS microcavity-array structures were also shown in Fig. 8. The round-
shape microcavity-array patterns as in section 2 were fabricated with fine reproducibility.
The depth of the microcavities depended on the height of the column mold (100 um in this
experiment) and could be regulated by changing the experimental parameters.
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Fig. 7. The cell-adhesive electrode substrate using PDMS (a) the outview of the subsrate. (b)
the phase-contrast image of the microcavity-array region.

B4 2250455 5

£3 €3 €3 o)

£33 £33 £33 £
€3 £33 £33 £
£33 £33 £33 £
£ £33 £3 £33 ¥\

50x 2007 WOz 18- Tmm 1.7kV. 2009/08/17 18:56:17 S

Fig. 8. SEM images of the microcavity-array structures. The diameter of each SU-8 column
and microcavity is 200 pm. (a) The SU-8 column-array mold for the microcavites. (b) The
corresponding microcavity-array of PDMS.

Then, we plated P19 cells onto the electrode substrate and culture them. The results were
shown in Fig. 9. The figure showed the microcavity-array regions of the 200 pm diameter
sample (Fig. 9-a) and the 500 pm diameter sample (Fig. 9-b) after 2 days in culture. There
were no adhesion and proliferation of P19 cells on the PDMS region. The P19 cells adhered
to the bottom surfaces of the microcavities proliferated, aggregated within the microcavities
and formed EBs. The characteristic feature of these EBs, different from the EBs in the
experiments of section 2, was that they were tightly adhered to the bottom surfaces of the
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microcavities. Thus, the EBs were not easily remove away by mechanical perturbations. We
confirmed that applying electrical pulses evoked intracellular calcium transients in the EBs
as those in the experiments of section 2. We concluded that we could obtain a large number
of size-controlled P19 EBs and stimulate them simultaneously by using the cell-adhesive
microcavity-array electrode substrate.

Fig. 9. Self-formed EBs within the microcavity-array substrate using PDMS. (a) the 200 pm
diamter pattern sample. (b) the 500 pm diamter pattern sample.

After ensemble electrical stimulation of P19 EBs for 2 days using the cell-adhesive
electrode substrate, we attempted to analyse the effects of electrical stimulation on cell
differentiation processes of P19 cells by gene expression analysis using a RT-PCR method.
Chronic electrical stimulation to P19 EBs was started to be applied after 1 day of cell
plating and continued for 2 days with an interval of 30 min. The experimental setup for
chronic electrical stimulation of EBs was shown in Fig. 10. A platinum wire was used as a
counter electrode as in section 2.
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Fig. 10. Chronic electrical stimulation of P19 EBs with the microcavity-array electrode
substrate using a PDMS sheet. Electrical pulses were applied for 2 days with an interval of
30 min.

First, we analysed the gene expression of P19 cells induced with retinoic acid under
suspension culture conditions for setting a criteria of the gene expression level of neuronal
differentiation pathways in P19 cells. To initiate neuronal differentiation, P19 cells were
plated into bacteria culture dishes (¢ 100 mm; Fisherbrand) and were allowed to aggregate
with 2 x 1096 cells/ dish. During the induction period, a-MEM containing 5 % FBS and 1 x 10-6
M all-trans-retinoic acid (Sigma-Aldrich) was used as the culture medium.The expression
levels of 5 genes described above were shown in Fig. 11. The figure showed the gene
expression patterns under five conditions of P19 cells; undifferentiated cells, EBs under
suspension culture conditions with retinoic acid (each of 1 ~ 4 days in culture). The presence
of white band indicated the expression of the relevant genes.

The expression of the GAPDH gene was confirmed in all conditions, indicating that PCR
reactions in the experiment worked well. In undifferentiated P19 cells, distinct expression of
the Oct 3/4 was confirmed, while there were no expression of the BMP-4, Mash-1 and Wnt-1
genes. Following the application of retinoic acid under suspension cultures, the expression
of the Oct 3/4 rapidly decreased and disappeared. Alternatively, the BMP-4, Mash-1 and
Wnt-1 genes showed elevated expression levels in the EBs. We confirmed the inhibition of
undifferentiated associated gene and the expression of neuronal differentiation associated
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genes during the differentiation processes of P19 cells following the application of retinoic
acid.

Then, the results for gene expression analysis of P19 EBs after application of chronic
electrical stimulation using the microcavity-array electrode substrate were shown in Fig. 12.
The figure showed the results of two samples for each 200 and 500 pm diameter pattern.
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Fig. 11. The gene expression patterns in P19 cells induced by retinoic acid under suspension
cultures. U; undifferentiated cells. Agg; EBs in suspension culture. Numbers indicate culture
days.

In the four samples used in this experiment, the expression of the Oct 3/4 gene was
maintained and there was no distinct expression of the BMP-4, Mash-1 and Wnt-1 genes
after electrical stimulation. Thus, in the present situation, we could not induce distinct
differentiation processes of P19 cells from its undifferentiated state by electrical stimulation
and EBs size treatment.

In this section, we proposed an alternative microcavity-array electrode substrate with PDMS
elastomer using micro and soft lithography technique. We could obtain hundreds of size-
controlled EBs. The EBs were tightly adhered to the bottom surfaces of the microcavities,
thus subsequent electrical stimulation and gene expression analysis could be stably carried
out. However, applying electrical stimulation of EBs for 2 days could not induce changes in
the gene expression patterns of P19 cells. One of the possible reasons was that an excessive
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elevation of intracellular calcium concentration activated protease and thus induced cell
death (Berridge et al, 1998). Furthermore, while the cell-adhesive surface was advantageous
to fix EBs within the microcavities, adhered culture was not suitable condition for induction
of cell differentiation (Bain et al., 1994). Optimization of parameters for electrical stimulation
and testing other genes will be required.

GAPDH ===,
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Fig. 12. The gene expression patterns in P19 cells after electrical stimulation for 2 days. #200
indicate the results in 200 pm diamter samples and #500 in 500 pm diamter samples.

4. Conclusion

In this chapter, we proposed the microcavity-array pattern substrate for electrical
stimulation of stem cell EBs fabricated by micro and soft lithography technique, aiming at
precise control of cell differentiation processes. We could obtain intracellular calcium signals
responded to electrical stimulation in EBs simultaneously, indicating that the electrode
device would be a promising experimental tool to regulate the cell differentiation processes.
We believed that we represented a step on the way to precisely control of cell differentiation
processes. Optimization of experimental parameters and improvement of the electrode
device structures are current questions.
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1. Introduction

From bioengineering to optics and electronics, a great deal of work has been conducted on
the development of new materials with structured surfaces. A large range of methods has
been used, such as plasma etching, electron beam and colloidal lithography (Denis et al.,
2002), electrical deposition (Yang et al., 2009), phase separation (Dekeyser et al., 2004) and
polyelectrolyte assembly in order to produce structured surfaces (Agheli et al., 2006). The
combination of different methods is also more and more explored. Schaak et al. (2004)
described a simple approach to achieve colloidal assembly on a patterned template obtained
by lithography.

Densely packed layers of colloidal particles can be produced by lifting a substrate vertically
from a suspension (Fustin et al., 2004; Li J. et al., 2007) or by spin coating (Yang et al., 2009).
Colloidal lithography utilizes the ability of particles to adhere on oppositely charged
surfaces (Johnson & Lenhoff, 1996, Hanarp et al., 2001, 2003)), possibly using surface
modification by inorganic or organic polyelectrolytes. The surface coverage is influenced by
several factors: ionic strength, particle size and time. The adhesion of microbial cells on
various substrates was also achieved by surface treatments with inorganic or organic
polycations (Changui et al., 1987, Van haecht et al., 1985) or with positively charged
colloidal particles (Boonaert et al., 2002). A review on colloidal lithography and biological
applications was published recently (Wood, 2007).

Adsorption of polyelectrolytes is influenced by ionic strength, pH and the polyelectrolyte
characteristics (molecular mass, charge density) (Lindquist & Stratton, 1976; Davies et al.,
1989; Choi & Rubner, 2005). At low ionic strength, highly charged polyelectrolytes adopt
extended conformations and are fairly rigid due to the strong repulsion between charged
units. The maximum adsorbed amount and the adsorbed layer thickness do not vary
markedly according to molecular weight. As the salt concentration is increased and the
electrostatic intrachain repulsion is decreased, the polyelectrolyte becomes more coiled. In
this case, the maximum amount adsorbed (expressed in mass) increases as a function of
molecular weight (Roberts, 1996; Lafuma, 1996; Claesson et al., 2005; Boonaert et al., 1999).
Build up of polyelectrolyte films may be achieved using layer-by-layer assembly through
alternating adsorption of oppositely charged polyelectrolytes (Decher & Hong, 1991).
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Polyethyleneimine  (PEI),  polyallylamine  (PAH), poly-l-lysine (PLL) and
polydiallyldimethylammonium chloride (PDDA) are common polycations used for multiple
layer formation with polyanions such as polystyrene sulfonate (PSS) (Bertrand et al., 2000).
Layer-by-layer assembly of polyelectrolytes has been combined with the use of colloidal
particles. For instance, a film was made on silicon wafers precoated with thermally
evaporated titanium, by adsorption of PDDA, followed by adsorption of PSS, followed by
treatment with an aluminium chloride hydroxide solution (Hanarp et al., 2001, 2003). In
another study, chemically patterned surfaces made by self-assembled monolayers (SAMs)
were covered with a polyelectrolyte multilayer film, before adhesion of SiO; silica particles
or functionalized polystyrene latex particles (Chen et al., 2000). While a polyelectrolyte layer
may provide a strong bond to colloidal particles, the drying process applied after particle
adhesion may be crucial to obtain a regular and homogeneous monolayer (Hanarp et al.,
2003).

Structured hydrophobic surfaces have gained increasing interest because the roughness
amplifies the hydrophobicity (Wenzel, 1936). This is exemplified by the Lotus effect, in
which a dual size roughness seems to be important (Barthlott & Neinhuis, 1997; Patankar,
2004). Raspberry-like surface morphologies were created in different ways : styrene
polymerization (Perro et al., 2006; Reculusa et al., 2002) or gold sputtering (Xiu et al., 2006)
on silica particles , controlled aggregation of different surface-functionalized silica particles
(Ming et al., 2005) or direct electrochemical synthesis of gold microaggregates (Li Z. et al.,
2007) and immobilization on a specific substrate.

In this paper, we prepare surfaces covered with a homogeneous monolayer of colloidal
particles, using adhesion of negatively charged polystyrene latex beads on a polycation-
precoated glass substrate. The method is then extended to prepare surfaces presenting a
bimodal roughness, by using latex particles of different sizes. The influence of substrate
surface roughness on the behavior of mammalian cells has been of great concern in the last
years (Nonckreman et al., 2010). Therefore, the stability of fabricated samples is tested in
phosphate buffer saline (PBS), which simulates the pH and ionic strength of biological
fluids. Note that here, the term “colloid” is used with the restrictive sense of lyophobic
colloidal particle, and thus distinguished from polyelectrolytes.

2. Materials and methods

2.1 Materials

Glass substrates were microscope coverslips (12 mm diameter, Menzel-Gldzer, Germany).
Polyethyleneimine solution (PEI, M,, = 750 000), polyallylamine hydrochloride (PAH,
M,~70 000), poly-l-lysine hydrobromide (PLL, M, = 70 000 to 150 000),
poly(diallyldimethylammonium chloride) solution (IPDDA, M,, < 100 000; hPPDA, M,, =
400 000 to 500 000) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Negatively
charged polystyrene particles with two different sizes (sulfate latex, 65+6nm, 470+12nm)
were purchased from Interfacial Dynamic Corporation (IDC, Tualatin, OR, USA). The
composition of the phosphate buffer saline solution (PBS) was as follows: 137 mM NaCl, 6.4
mM KHoPOy, 2.68 mM KCl, 8 mM NaHPOy; adjusted to pH 7.4 with 1M NaOH.

2.2 Sample preparation
Figure 1 presents the different steps of sample preparation, from the glass substrate to
surfaces with bimodal roughness.
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2.2.1 Glass substrate conditioning

The glass coverslips were cleaned by overnight immersion in sulfochromic solution and
rinsed with water, prior to polycation adsorption (Figure 1a). The pH and ionic strength (I)
of the polycation solution were adjusted with NaOH and HCI, and NaCl, respectively. The
polycation solution (1 ml) was poured into the wells of a tissue culture plate (Falcon, Becton
Dickinson, Belgium, Ref. 353226), where the glass coverslips had been placed earlier, and
was left in contact with the substrate for at least 2 h. Unless stated otherwise, the polycation
solution was 105M at pH 11 and 1 102 M. The samples were rinsed by 6 successive dilutions
to avoid exposure to air. Each rinsing step was performed by adding 2 ml of deionized
water (produced by a Milli-Q plus system from Millipore, Molsheim, France), stirring
gently, and removing 2 ml of liquid. They were then dried under a gentle nitrogen flow
(Figure 1b).
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Fig. 1. Schematic representation of the steps used for sample fabrication. Glass substrate (a),
polycation-conditioned glass substrate (b), substrate with a layer of adhering particles (c),
surface with bimodal I roughness (d), substrate with a layer of adhering particles
conditioned with the polycation (e), surface with bimodal II roughness (f).

(d)

2.2.2 Adhesion of a single colloid layer

Polycation-conditioned substrates were placed horizontally into wells of another culture
plate. 1 ml of a suspension of the desired concentration, pH and ionic strength was poured
into the wells and left in contact with the substrate for at least 3 h (Figure 1c). Unless stated
otherwise, the procedure used for rinsing and drying the samples was performed as follows:
rinsing 3 times with water and 3 times with isopropanol and drying overnight in air. The
samples were rinsed by successive dilutions as detailed in the preceding paragraph. After
the last rinsing, as much as possible of the solution was removed with a pipette.

2.2.3 Surfaces with bimodal | roughness
1 ml of a 0.1 % suspension of 470 nm particles was poured into the wells containing glass
substrates conditioned with PAH (105M, pH=11, 1=102M) (Figure 1b), placed in horizontal
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position, and left in contact with the substrate for at least 3 h (Figure 1c). A suspension of 65
nm particles was then added to obtain a final concentration of 0.1 %, and the system was
gently stirred and left resting for 1 more hour (Figure 1d). The samples were rinsed and
dried using the same procedure as described for adhesion of a single colloid layer.

2.2.4 Surfaces with bimodal Il roughness

Substrates with adhering 470 nm particles (Figure 1c), rinsed and dried, were again
conditioned with PAH (10° M, pH=7, I=103 M) (Figure le), rinsed with water then with
isopropanol and dried, as described for the adhesion of a single colloid layer. These samples
were then placed horizontally in wells of another culture plate. Iml of a 0.1% suspension of
65 nm particles was poured into wells and left in contact with the substrate for at least 2 h
(Figure 1f). The samples were rinsed and dried using the same procedure as described for
adhesion of a single colloid layer.

2.3 Surface characterization

The samples were examined by scanning electron microscopy (SEM) using a high resolution
Digital Scanning microscope 982 Gemini (Leo Electron Microscopy, UK) operating at 1 or 2
kV, without any metal coating. SEM images of substrates covered with a monolayer of
adhering particles were analyzed after image processing with Adobe Photoshop (version 8).
In this way, the white rings defining latex particles were extracted and intensified in order
to draw circles for digital processing. The images were binarized and the circles were filled
before measurements (Visilog, version 6). A minimum of 500 particles was counted on more
than 4 images with 10 000x magnification. The degree of particle coverage was measured as
the area of particles divided by the total area. Manual counting was also performed on at
least 3 images with 10 000x or 20 000x magnification of each sample. Regarding surfaces
with bimodal roughness, no image processing was found suitable for extracting colloidal
particles from the background. Manual counting of the 470 nm particles only was performed
on at least 4 images.

The surface chemical analysis by X-ray photoelectron spectroscopy (XPS) was performed
using a Kratos Axis Ultra Spectrometer (Kratos Analytical, UK) equipped with a
monochromatized aluminium X-ray source (powered at 10 mA and 15 kV) and eight
channeltrons detector. Charge stabilization was achieved using an electron source (filament
current set at 1.9 A, bias -1.1 eV) mounted coaxial to the lens column and a charge balance
plate (voltage set at -2.3 V). The rectangular analyzed area was about 0.7 mm x 0.3 mm. For
recording individual peaks, the pass energy was set at 40 eV. In these conditions, the full
width at half maximum (FWHM) of the Ag 3ds,> peak was about 0.9 eV. The pressure in the
analysis chamber was around 10 Pa. The following sequence of spectra was recorded:
survey spectrum, C 1s, O 1s, N 1s, Si 2p, Cl 2p, B 1s, Na 1s, Zn 2p, Ti 2p, Al 2p, S2p and C 1s
again to check the stability of charge compensation and the absence of sample degradation
as a function of time. The binding energy scale was set by fixing the C 1s component due to
carbon only bound to carbon and hydrogen at 284.8 eV. The data analysis was performed
with the CasaXPS program (Casa Software, UK). Molar concentration ratios were calculated
using peak areas normalized on the basis of the acquisition parameters, sensitivity factors,
and transmission function provided by the manufacturer. Angle-resolved XPS analyses
were performed by using angles between the normal to the sample surface and the direction
of photoelectron collection, ¢, equal to 0°, 45° and 60°.
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The streaming potential was determined at 20°C with an instrument purchased from the
Department of Physical and Colloid Chemistry (Agricultural University, Wageningen, The
Netherlands) (Elgersma et al., 1992) using glass microscope slides from Marienfeld (7.6 x 2.6
cm? Lauda-Konigshofen, Germany). Two plates of the samples to characterize (clean glass,
PAH-conditioned glass) were assembled to make a 100 um-thick chamber. A solution of
0.01M KNO; was forced through these two plates. The difference of potential measured at
the entrance and the exit of the chamber was used to compute to the zeta potential of the
substrate (Rouxhet et al., 1993).

3. Results and discussion

3.1 Surface conditioning with PAH

The choice of pH = 11 for PAH adsorption was inspired by the following considerations.
The pK, of ethyl ammonium is 10.6. The apparent pK, of the PAH used here is 8.7 in water
and 9.3 in 0.5 M NaCl (Petrov et al., 2003; Choi and Rubner, 2005); however it is expected to
be appreciably higher after adsorption by a negatively charged surface (Tagliazucchi et al.,
2008). Conditions of low degree of protonation were chosen in order to allow adsorption of
a thick layer. The adsorbed amount was indeed reported to be higher for polymers with low
and intermediate cationicities, such as PAH or PLL compared to PEI and to increase with
the molecular mass (Roberts, 1996; Lafuma, 1996), owing to a more coiled conformation.
Highly charged polycations, such as PEI, form flat adsorbed layers at low ionic strength
(Claesson et al., 2005) and the adsorbed amount increases with pH (Meszaros, 2004).

The surface chemical composition of glass and glass conditioned with PAH (3 independent
sets of results) is presented in Table 1. Non-conditioned glass showed the expected organic
contamination and a low concentration of nitrogen. In addition, low concentrations of
potassium (1-2 %), boron (2-3 %), sodium (1-1.5 %), and traces (<1 %) of zinc, titanium and
aluminium were found. As the analyzed depth decreased (increase of ¢), the C/Si
concentration ratio increased as expected, but N/Si did not vary significantly and N/C
decreased. This indicates that nitrogen is associated with the glass matrix or the glass
surface and not with the organic contaminants.

After PAH conditioning, polycation adsorption was evidenced by the increase of carbon and
nitrogen concentrations and the decrease of silicon and oxygen concentrations. The Ny peak
showed components at 401.5 eV and 399.3 eV due to protonated and non protonated
nitrogen, respectively. As the analyzed depth decreased (higher ¢), the apparent
concentration of carbon and nitrogen increased as expected, the N/C ratio remained
constant, but the proportion of protonated nitrogen decreased appreciably.

The N/C ratio of about 0.14 must be compared with the value of 0.33 expected for pure
PAH. This difference may not be due to an orientation of the polymer segments at the
surface, given the structure of the repeat unit [-CH>-CH(-NH-CHj3)-] and the analyzed
depth. It is attributed to the simultaneous presence at the surface of PAH and organic
contaminants (Caillou et al., 2008). As the N/C ratio does not vary with ¢, the adsorbed
organic layer appears to be a mere mixture, with no preferential accumulation of a
component at the outermost surface. In an alternative way, the elemental composition of the
adsorbed layer may be estimated by the difference of nitrogen concentration before and
after PAH conditioning ratioed to the total carbon concentration, which provides a N/C
ratio of 0.11. The adventitious contaminants observed on silica, which showed the same Cls
peak shape as that observed here on glass, were modeled by the generic formula Ci5H23O4
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(Gerin et al., 1995). According to a N/C ratio of 0.11, the adsorbed layer obtained after PAH
conditioning would be 33 wt% PAH (density 1.04 g/m3) and 67 wt% CisH2sO4 (density of
0.9 g/cm3).

Concentration (Mole fraction, in %) Concentration ratios
Substrate 0] C ®) Si N S C/Si  N/C  N*/Nt
Glass coverslips
samplel 0° 12.6 57.2 22.8 0.6 -a 055  0.05 0.47
45° 156 58.4 19.7 0.4 -a 079  0.03 0.37
60°  20.5 56.5 18.0 0.4 -a 114  0.02 0.33
sample2 0° 10.1 59.4 24.9 0.9 -a 041  0.09 -b
60°  16.5 59.6 20.1 0.8 -a 0.82 0.05 -b
sample3  0° 11.9 57.7 23.6 0.9 -a 050  0.07 0.46

PAH pre-coated glass

sample4 0° 24.1 46.6 18.6 3.5 -a 130 015 0.31
45° 319 433 14.3 4.8 -a 223 015 0.18
60° 425 36.9 11.3 5.6 -a 376 013 0.12
sample5 0° 22.8 48.5 19.5 3.4 -a 117 015 -b
60°  37.6 40.9 12.5 5.2 -a 3.01 014 -b
sample6  0° 30.4 42.5 18.6 4.5 -a 1.63 015 0.49

PAH pre-coated glass with adherent colloidal particles

sample7 0° 64.1 21.8 8.1 1.6 0.3 791  0.02 0.38
(470 nm)

sample8 0° 41.1 38.0 13.9 2.7 0.2 296  0.06 -b
(470 nm)

sample9 0° 52.2 30.4 11.3 2.7 0.4 462  0.05 -b
(65 nm)

Table 1. Surface chemical composition determined by XPS (mole fraction with respect to all
elements excluding hydrogen) at different photoelectron collection angles ¢.

In order to evaluate the thickness of the organic adlayer, the experimental C/Si ratios were
compared with ratios computed by considering a layer of constant thickness (t) on top of
glass and using equation 1:

(< iﬁﬁﬂé‘i CacOl [1 —exp(—t/ﬂcad cos (pﬂ o

SUivos [ A cy exp(-t/ A8 cos o) |

where is; and in are the relative sensitivity factors provided by the manufacturer for Si
(0.328) and C (0.278); osi and on are the photoionization cross sections for Si (0.817) and C
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(1.000). The superscripts ad and su designate the adsorbed overlayer and the substrate,
respectively. The concentrations C are: C2 = 49.6 mmol/cm3 for contamination layer
deposited on glass; C& = 46.9 mmol/cm3 for the layer made by a mixture of 67 %
contaminents and 33 % PAH (N/C = 0.11); Cg =39 mmol/cm3 for Si in glass (considering
that Si concentration in glass is about 90 % of that in pure SiO»; density of 2.6 g/cm?). The
electron inelastic mean free paths were calculated according to Tanuma et al. (1997) with an
energy gap of 7 eV: A2 =39 nm, A3 =3.6 nm, 43! = 4.4 nm. Figure 2 presents plots of
C/Si molar ratios computed using different values of t, as a function of ¢. The curves are
only slightly different if a N/C ratio of 0.14 is considered. Comparison with the
experimental data indicates that the organic layer adsorbed after conditioning is about 3 nm,
which is about 3 times thicker than the contamination layer. This does not fit closely the
apparent proportions of contaminants and PAH in a homogeneous adlayer. Such approach
cannot be exploited further owing to the simplicity of the model (homogeneous, flat and
compact adlayer) and limited data accuracy. However it indicates that the organic adlayer
obtained after conditioning has a thickness of about 3 nm and that PAH coexists with
contaminants. The latter may adsorb from the surrounding atmosphere between
sulfochromic cleaning and PAH conditioning or after conditioning.

The degree of protonation of PAH in a solution at pH 11 is less than 10 %. The XPS spectra
recorded after PAH conditioning (Table 1) gave values of 31 and 49 % for the degree of
nitrogen protonation at a photoelectron collection angle ¢ = 0°. This is in agreement with
expectations regarding the effect of local potential on protonation and with data indicating
that the apparent pK, of PAH may be appreciably increased on a negatively charged surface
(Tagliazucchi et al., 2008).
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Fig. 2. Plot of computed C/Si molar concentration ratios vs the angle ¢ of photoelectron
collection, for non-conditioned glass with a 0.8, 1.0, 1.2 nm thick (tcont) contamination layer,
and for PAH-conditioned glass with a 2.5, 3.0 and 3.5 nm thick (tpar+cont) adlayer made of
PAH and contamination. Experimental data for glass (open symbols) and for PAH-
conditioned glass (dark symbols). Circles: samples 1 and 4, triangles: samples 2 and 5,
squares: samples 3 and 6 (see Table 1).
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Figure 3 presents the variation of the zeta potential of glass and of PAH-conditioned glass as
a function of pH (in 0.01 M KNOs). As expected, the glass substrate was found to be
negatively charged above pH 2. After polycation adsorption, the zeta potential became less
negative, but did not reach positive values. It appears (Figure 3) that adsorbed PAH is
shielding the negative charge of glass surface but is not reversing the surface charge. This is
in contrast with data reported for substrates such as mica and titanium oxide (Adamczyk et
al., 2006, 2007) and is attributed to the fact that here the samples were dried between
adsorption and streaming potential measurement, which provoked irreversible shrinkage of
the adsorbed layer. It may be related to the decrease of the degree of nitrogen protonation as
¢ increased (Table 1), revealing that it is much higher for segments in close contact with the
glass surface. Note that drying after adsorption was a choice made in the context of a
fabrication process.
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Fig. 3. Zeta potential (mV) of glass (open symbols) and PAH-conditioned glass (dark
symbols) as a function of pH in 0.01 M KNOs. Three experiments were performed on
samples prepared independently.

3.2 Nanostructured surfaces with monomodal roughness

Figure 4a shows representative micrographs of samples prepared with substrates
conditioned as described above (PAH 105 M, pH 11, I 102 M), incubated with 470 nm
particles (0.1%, pH 7, 1 102 M), rinsed 6 times with water and dried with a nitrogen flow.
The adhering particles were under the form of aggregates, usually bidimensional along the
surface plane, sometimes tridimensional (i.e. forming multilayers). Attempts were made to
improve the homogeneity of the colloidal particle distribution, keeping the colloidal particle
treatment unchanged but using polycations which differ according to functional groups,
hydrophobicity and size, and changing polycation treatment conditions : (i) PAH, PLL, PEL
IPDDA and hPDDA; 107 M at pH 3 and 105 M at pH 11; I 103and 101 M; (ii) PAH and
IPDDA; 107 and 105 M; pH 3, 7 and 11; I 103, 102 and 10! M. In summary, polycation
adsorption at pH 7 or 11 and low ionic strength (103, 102 M) provided a higher degree of
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coverage by colloidal particles; PAH was as efficient as, or better than other polymers tested;
a polycation concentration of 105 M was more efficient than 107 M. However in all cases,
the adhering particles were under the form of aggregates as described above.

Fig. 4. SEM images obtained on PAH-conditioned (10°M, pH=11, I=102M) glass samples,
submitted to latex particle adhesion (470 nm in diameter, 0.1%, pH=7, [=10°M), rinsed with
water and dried under a gentle nitrogen flow (a) or rinsed with water, then with
isopropanol and air-dried (b). Scale bars: 2 pm.

A more homogeneous particle distribution was obtained when the sample was rinsed first
with water then with isopropanol and left to dry in air overnight, as shown in Figure 4b.
Both images of Figure 4 present the same degree of particle coverage (~ 40 %), but in image
b, no aggregation is present and the particle distribution is more random. The influence of
rinsing and drying procedures on the layer of latex particles may be due to their gathering
together by the movement of the liquid film or by the nitrogen flow. In order to avoid
particle aggregation at high coverage, Hanarp et al. (2001) attempted to retain particles in
place during drying by adsorbing smaller silica particles between the latex particles or by
heating the samples with adhering particles in boiling water in order to deform the particles
and increase the contact area with the substrate. In the present work, rinsing with
isopropanol was found to be efficient (Figure 4b) ; this is attributed to the reduction of
capillary forces owing to the 3 times lower surface tension of isopropanol compared to
water ((21.7 mN/m compared to 73.0 mN/m (Weast, 1972).

Particle adhesion was further studied using substrates conditioned with PAH as described
above, rinsing 3 times with water and 3 times with isopropanol, followed by air drying.
Figure 5 presents representative results obtained by incubating the conditioned substrate
during 2 hours with the colloids at 0.1 % concentration, using 3 pH values and 2 ionic
strengths. At pH 7 with a low ionic strength and at pH 11, substrates were covered by a
homogeneous layer of particles. In contrast, a high degree of aggregation was observed at
pH 3 whatever the ionic strength, and at pH 7 with a high ionic strength.

Figure 6 (a, b) presents micrographs obtained after adhesion of the two kinds of latex
particles separately (470 nm or 65 nm; 0.1%, pH 7, 1 103 M), with isopropanol rinsing and air
drying. Two counting methods were used in order to assess the degree of substrate
coverage. Binarization and automatic processing of SEM images allow counting to be made
more rapidly and on a large number of images in comparison with manual counting.
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However, it involves operations which could possibly create systematic variations.
Binarization of SEM images gave degrees of coverage of 50.2 £ 5 % and 14.6 = 4 % on
surfaces layered with 470 and 65 nm particles, respectively. A consistent degree of substrate
coverage was obtained using manual counting (470 nm : 45.2 +2 %; 65 nm : 10.7 £1 %). The
differences between the two modes of counting were thus in the range of the standard
deviation. Samples with adherent particles were also analyzed by XPS (Table 1). For
samples 7 and 8 , 470 nm particles were used and the degree of coverage was 53 and 27 %,
respectively; for sample 9, 65 nm particles were used and the degree of coverage was 15 %,
as assessed by SEM image analysis. As compared with PAH conditioned substrates with no
adhering latex, these three samples gave a higher concentration of carbon, a lower
concentration of silicon, oxygen and nitrogen and indicated the presence of sulfur,
characterized by a S 2p peak (showing the 2p3/2 and 2p1/2 components with S 2p3/2 observed
at 169 eV), characteristic of sulfate and due to the latex surface.

pH=3 pH=7 pH =11

| =10"M

Fig. 5. SEM images obtained on PAH-conditioned (10°M, pH=11, I=102M) glass samples,
submitted to latex particle adhesion in different conditions of pH and ionic strength (470 nm
in diameter particles, 0.1%), rinsed with water, then with isopropanol and air dried. Scale
bars: 2 pm.

A variation of the duration of incubation of the PAH-conditioned substrate with the 470 nm
latex (1 to 6 hours, 1 to 6 days) showed that an incubation time of at least 2 hours was
required in order to obtain these degrees of coverage. However no increase of coverage was
obtained when incubating for longer periods of times. Using a 1 % latex concentration
instead of 0.1 % did not provide any rise of the degree of coverage (data not shown).
Obtaining a layer of adhering particles deserves discussion, considering not only interfacial
interactions but also the amount of colloidal particles involved and mass transfer. Table 2
presents data computed for the experimental conditions of the treatments with 0.1 %
colloidal suspensions. Similar data for PAH 105 M solution are given for comparison,
considering the polycation as a non hydrated sphere of 3.0 nm radius; note that the
hydrodynamic radius at pH 7.4 is about 5 times larger (Adamczyk et al., 2006).
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Fig. 6. SEM images obtained on PAH-conditioned (10-°M, pH=11, I=10-2M) glass samples,
submitted to adhesion of latex particles (0.1%, pH=7, I=103M, rinsing with water then with
isopropanol) with 470 nm (a) and 65 nm diameter (b), and submitted to sequential adhesion
of 470 nm and 65 nm particles without (c, bimodal I roughness) and with (d, e, f, bimodal I
roughness) PAH adsorption after adhesion of the 470 nm particles. Image f was obtained on
a sample prepared in the same experimental set as d, then submitted to immersion in PBS at
37°C for 24h. Images d and e were obtained on samples fabricated independently. The inset
shows an enlargement of structures present on surfaces with bimodal II roughness. Scale
bars: 1 um. Scale bar inset: 500 nm.
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e Area A occupied per particle in hexagonal close packing (3.46 a2, a being the particle
radius).

e Amount Q of particles required to cover the surface with a monolayer in hexagonal
close packing.

e  Concentration C of particles in the liquid phase, which, if expressed in ml-, is also the
amount of particles involved in the preparation.

e Thickness e of the liquid layer containing the amount of particles required to make a
monolayer.

o Diffusion coefficient D of the particles (D = kT / 6mna), where k, T and n are the
Boltzmann constant, the temperature and the viscosity, respectively.

e Time tq required to produce a monolayer if the rate of adsorption is entirely controlled
by diffusion through a concentration gradient created by adsorption itself (Crank, 1957):
ta=nQ2/ 4 C2D.

It appears that the particles are in large excess of what is needed to make a monolayer.
Mass transport by diffusion is fast for polycations and 65 nm latex particles. In contrast, a
period of one day is expected to be needed for insuring the formation of a monolayer of
470 nm particles if diffusion is the rate controlling process. Thus sedimentation or
convection should contribute to bringing the 470 nm particles to the surface. Considering
a density of 1.05 g/cm?, the rate of sedimentation v, of 470 nm particles is about 6.0 nm/s
according to Stokes law. Accordingly the time t; required to produce a monolayer if the
rate is entirely controlled by sedimentation is ts= e / vs = 13 hours. Actually the amount
of adhering 470 nm particles does not increase significantly if the incubation time is
extended from 1 hour to 6 days, suggesting that convection due to manipulation insures
mass transport. The data of Table 2 also help to figure out in what limits it would be
possible to control the adsorption of polycations and small latex particles by playing with
incubation time and concentration.

PAH Latex 65 Latex 470

105 M 0.1 % 0.1 %
A (nm2 part?) 32 3.710% 1.91 105
Q (part. cm?2) 3.11012 2.7 1010 5.2 108
C (part. cm?3) 6.0 1015 7.0 1012 1.8 1010
e (um) 5.2 39 284
D (cm2s1) 72107 6.7 108 9.3 109
tq 0.29s 2.9 min 19 hours

Table 2. Particle characteristics relevant to experimental conditions. See text for details.

While mass transport is not a limiting factor for adhesion of 65 nm particles, the density of
the monolayer remains fairly low (10 to 15 % degree of coverage). For this latex at the ionic
strength of 102 M, the product xa, where x is the inverse of the Debye length, is about 10.
For this xa value, maximum coverages of about 35 % were reported for positively charged
latex particles on mica (Johnson and Lenhoff, 1996) and for negatively charged latex
particles on titanium oxide modified by successive adsorption of PDDA, polystyrene
sulfonate and aluminium chloride hydroxide (Hanarp et al., 2001), in agreement with
predictions based on repulsion between the particles considered as hard spheres. It is thus
reasonable to consider that the coverage by the 65 nm latex is controlled by double layer
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repulsion between particles. For this latex, a surface coverage of 10 to 15 % corresponds to
an apparent area of 37 10° to 24 103 nm?2/ particle, corresponding to an occupational
diameter of 207 to 166 nm. The difference (142 to 101 nm) with the real particle size is larger
that the latter, which demonstrates that the degree of coverage is limited by particle-particle
repulsion.

If the particles were in hexagonal close packing, the area occupied per particle would be as
presented in Table 2. A surface coverage of 45 % for the 470 nm latex thus corresponds to an
apparent area per particle of 4.2 105> nm? and an occupational diameter of 700 nm. The
difference of 230 nm between the occupational diameter and particle size is lower than the
real particle diameter. Accordingly the degree of coverage is limited by the space available,
considering a random distribution of particles. Consequently, the degree of coverage would
be limited by the space available for 470 nm particles and by electrostatic repulsion for the
65 nm latex. Hanarp (2003) used the ionic strength (10> to 102 M), to control the density of
110 nm polystyrene particles adhering on titanium oxide conditioned with a solution of
aluminium chloride hydroxide. Our data indicate that this method would not work for
particles above 200 nm diameter.

Figure 5 shows aggregation of 470 nm particles when using a 10-1 M ionic strength at pH 3 or
7, or when using a 10 M ionic strength at pH 3. The surface charge of colloids used here is
not affected by pH as confirmed by Schulz et al. (1994a, 1994b), who used latex particles of
131 nm from the same provider and with the same surface specifications as the particles
used here. If the aggregates were formed in the suspension, the adhering amount would be
expected to increase with time in the range of a few hours or when increasing the
concentration from 0.1 to 1 %, in contrast with observations. This suggests that aggregation
may take place at the sol - substrate interface owing to low particle - particle repulsion, in
addition to the tendency to gather together induced by subsequent solvent evaporation. The
aggregation may also be favored by partial desorption of the polycation, as it is enhanced at
a pH 3 and 7, at which the polycation is more highly charged (Choi and Rubner, 2005).

3.3 Nanostructured surfaces with bimodal roughness

Surfaces with bimodal I roughness (Figure 6c) were created by adding 65 nm particles
subsequently to the 470 nm particles (cf Figure 1c,d). The degree of substrate coverage with
470 nm particles was of 46.9 + 1 % on this sample. This approach is similar to that of
Takeshita et al. (2004) using poly(ethylene terephthalate) conditioned with PAH and
adhesion of 350 nm carboxylated polystyrene latex particles followed by 100 nm particles.
However, the layer obtained in that case was not regular, despite sonication of the solution
to prevent latex aggregation. We attribute this to the fact that the samples were rinsed with
water before drying.

Surfaces with bimodal II roughness (Figure 6d) were prepared by adsorbing PAH after the
formation of the first adhering layer (cf Figure 1b,c,e,f). In this way, 65 nm particles were
adhering not only to the glass substrate but also to the 470 nm particles, providing
raspberry-like structures. This procedure was repeated five times independently and 3 to 15
samples were prepared in each experiment, demonstrating the repeatability as well as the
reproducibility of the method. Figure 6 (d, e) presents the extreme results obtained,
corresponding to degrees of coverage by 470 nm particles of 50 + 3 % and 22 £ 1 %,
respectively.
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Owing to the possible interest of nanostructured surfaces in the field of biointerfaces,
samples with adhering particles were incubated in phosphate buffer saline (the main
constituent of culture media) for 24 h at 37°C, followed by rinsing with water, rinsing with
isopropanol and drying. The result obtained with a bimodal II roughness is presented in
Figure 6f. The observed morphology is similar to that of the sample not exposed to buffer
(Figure 6d), demonstrating the robustness of the protocol and of the nanostructured surface
obtained.

Recently published works aimed at creating this kind of roughness using different
approaches. Suspensions of raspberry-like particles were prepared by styrene
polymerization on silica particles (Perro et al., 2006; Reculusa et al., 2002). In another study,
silica particles having different sizes and bearing functional groups were firstly synthesized
independently and then mixed to react together. The obtained aggregates were then grafted
on a specific substrate to obtain a dual-size roughness surface (Xiu et al., 2006). In another
approach, a layer of silica particles in hexagonal close packing was created on a substrate,
and gold nanoparticles were formed on the top of the silica spheres by sputtering (Ming et
al., 2005). The method used in the present work has several advantages, such as the use of
components which are commercially available (polycation, latex particles), and a simple
procedure (sequential steps of polycation adsorption and colloid adhesion) which does not
require sophisticated devices or complex reactions. The protocol could be extended to other
particle sizes for obtaining a broader panel of roughness, the density of the two types of
particles could be tuned, and architectures could be elaborated with more than two particle
sizes. The bimodal surfaces of type II roughness mimic the particular topography observed
on Lotus leaf. A superhydrophobic surface is thus expected to be obtained after treatment
with compounds conferring a low surface energy (Bravo et al., 2007).

4. Conclusion

Nanostructured surfaces were fabricated through assembly of PAH and polystyrene latex
particles. Thereby, different types of roughness were created, with a single layer of particles
(65 or 470 nm), a layer of two types of particles (65 and 470 nm) - bimodal roughness of type
I - or a layer of raspberry-like relief features (65 nm on 470 nm) - bimodal roughness of type
II. The best conditions for glass conditioning by PAH were a high pH (11) and a low ionic
strength (102M). A neutral or alkaline pH with a low ionic strength was satisfactory for the
adhesion of the colloidal particles on PAH-conditioned glass. Terminating the rinsing
procedure with isopropanol before air drying was needed to avoid particle aggregation due
to capillary forces. Incubation in PBS, a buffer solution mimicking the electrolyte
composition of biological fluids, did not alter the structures obtained.

After PAH conditioning, the thickness of the adsorbed layer detected on glass was in the
range of 2.5 to 3.5 nm ; this layer contained an appreciable amount of adventitious organic
contaminants. The degree of ionization of PAH at the outermost part of the adsorbed layer
was low and did not provoke a surface charge reversal. This indicates that the colloid
particles were not attracted by long distance forces but rather suggests a change of PAH
protonation with a redistribution of counterions when colloidal particles approached the
PAH-modified glass.

The control of the degree of coverage by adhering particles for performing colloidal
lithography may be pursued by playing with interfacial interactions, and thus with pH and
ionic strength. On the other hand it may be pursued by playing with mass transfer:
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substrate orientation (upward, downward, vertical), convection, particle concentration and
contact time. The selection of the best approach depends primarily on the particle size,
which is critical in the range of 100 nm, and secondarily on particle density and on the
desired degree of coverage.
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1. Introduction

Ordered micro/nanostructured arrays have attracted much interest due to their important
applications in microfluidic devices, optoelectronic devices, nanophotonics, field emitters,
nanogenerators, sensors, nano-biotechnology, surface science, photocatalytic properties etc.1-
11 The traditional routes to create periodic micro/nanostructured arrays are generally
divided into two step. Microsized structure arrays are first fabricated by traditional
lithographic techniques (e.g. photo-lithography, electron-beam lithography, ion beam
lithography, x-ray lithography)1215. as well as soft lithography (e.g. the techniques of replica
molding, microcontact printing, micromolding in capillaries)!6-19, the nanostructures are
then modified on the microsized units in array,2 thus hierarchical micro/nanostructured
arrays are finally achieved. However, they cannot be afforded due to the high costs and
time-consuming in the most laboratories. Recently, the monolayered colloidal crystals (or
called colloidal monolayers), ordered monolayer colloidal sphere arrays with hexagonal
close-packed lattice structures on a certain substrate by self-assembly,2!-35 can be used to
prepare ordered structure arrays. 341 It has proved that it is a flexible approach to fabricate
the periodic micro or nanostructure arrays (e.g. nanoparticle arrays,#49- nanopore arrays,>0-5
hollow sphere arrays®0-65) based on colloidal monolayer templates by the different routes,
solution/sol-dipping route, electrochemical deposition etc. Their properties are morphology
and arrangement parameter dependent. Besides these periodic structure arrays, the colloidal
monolayer template also can be used to prepare hierarchical micro/nanostructured arrays.
For example, the hierarchical micro/nanostructured polystyrene (PS) sphere/CNTs
composite arrays were obtained by wet chemical self assembling;66-68 hierarchical microsized
PS sphere/silver nanoparticle composite arrays or microsized pore/silver nanoparticle
arrays were made by thermal deposition of silver precursor;%70 gold hierarchical
micro/nanostructured particle arrays were created by electrochemical deposition based two
step replication of colloidal monolayer template.”? However, these routes have been
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developed by basically chemical reaction. They have some disadvantages of impurities on
surface of arrays due to incompletely decomposition of precursors, residua of surfactants
in self-assembling or electrochemical deposition. Additionally, it is quite difficult to achieve
very uniform morphology of hierarchical micro/nanostructure arrays on a large-scale.
Another route of colloidal monolayer template combining with physical deposition is
expected to resolve these problems. In this chapter, we focus on introducing the recent work
to create micro/nanostructured arrays based on colloidal templates with physical
deposition (pulsed laser deposition (PLD) and sputtering). The parameters of microstructure
or nanostructure can be tuned by periodicities of colloidal templates or experimental
conditions of physical deposition. The applications of nanorod arrays with controllable
morphology and arrangement parameters in self-cleaning surfaces, enhanced catalytic
properties, field emitters etc. are also presented in following section.

2. Pulsed laser deposition assisted colloidal Iithography73’74

2.1 Method

A polystyrene (PS) colloidal monolayer was first fabricated on a substrate. The desired
material was then deposited on this colloidal monolayer substrate by PLD at room
temperature and oxygen was introduced into PLD chamber as the background gas. This
periodic array has a special hierarchical micro/nanostructure array with a hexagonal-close-
packed (hcp) arrangement, which originate from the pattern of colloidal monolayer. In this
micro/nanostructure unit in array, the nanorod stands vertically on the microsized PS
sphere tops, and nanobranches in each nanorod grow in a radiationlike manner,
perpendicular to the PS sphere surface. The detailed experiments are described as following.

Substrate with &
colloidal o 7

monolayer

o: 40 rpm

Substrate
holder
7 - Target: rutile typed TiO2

Plume

\Target holder

\ O o
®: 30 rpm

Fig. 1. Schematic illustration of PLD process.
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Commercial monodispersed PS spheres dispersed in water with a certain size were
purchased from companies. The PS colloidal monolayers were first fabricated on cleaned Si
substrates by self-assembly using spin coating. The colloidal monolayer with its supporting
substrate was placed in a deposition chamber of PLD, close to the target and at an off-axial
position with respect to the target, as shown in Figure 1.A laser beam with a 355 nm
wavelength from a Q-switched Nd:YAG laser (Continuum, Precision 8000), operated at 10
Hz with 100 m]/pulse and a pulse width of 7 ns was applied and focused on the target
surface with a diameter of about 2 mm. The desired target, for example, rutile typed
titanium dioxide was used for deposition. The substrate and target were rotated at 40 and 30
rpm, respectively. PLD was carried out at a base pressure of 2.66 x 104 Pa and a background
O; pressure of 6.7 Pa.

w o
A00nm

Fig. 2. Morphology of a sample obtained by PLD using a Si substrate with a PS colloidal
monolayer coating (PS sphere size: 350 nm; deposition time: 70 min). (a) FESEM image from
top view and (b) FE-SEM image of cross-section. (c) and (d) are high-resolution images
observed from the side. (d) much higher magnification image of (c).

After deposition, the sample demonstrated a periodic hierarchical micro/nanorod array
with an hcp arrangement, as reflected from Figure 2a. Each nanorod consists of two parts: a
PS sphere at the bottom and a vertical nanorod on the top of the PS sphere (Figure 2b). The
diameter of the nanocolumn was almost the same as that of the PS sphere, 350 nm, and its
height was about 870 nm. The nanorod had a very rough structure on the surface and was
composed of many nanobranches, according to the high-resolution images of the side view
(Figure 2 ¢, d). TEM observation from the top of the nanorod arrays reflects that each
nanorod consists of radiation-shaped nanobranches emanating from the center (Figure 3a).
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Fig. 3. Corresponding TEM images of the sample in Figure 2. (a) Periodic nanorod array
observed from the top. (b) Single nanorod observed from the side. The inset in (b) is the

corresponding electron diffraction pattern.
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Fig. 4. a, b: FE-SEM images of a CuO hierarchical micro/nanostructured array obtained by
combining the PS colloidal monolayer and PLD process. (PS sphere size 350 nm, deposition
time 2 h, ambient oxygen pressure during deposition 6.7 Pa). (a) top-view image; (b) section
view. Scale bars in parts a and b indicate 500 nm. ¢, d: TEM images of a CuO hierarchical
micro/nanostructured array: (c) TEM image from the top; (d) TEM image of several
separated units from the periodic array and the corresponding selected area electron
diffraction (SAED) pattern.
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The TEM image of a single nanorod also clearly displays that the nanorod consists of a PS
sphere at bottom and a nanocolumn on the sphere surface. The nanorod possesses
nanobranch-structures, which grow almost vertically on the PS sphere surface (Figure 3b).
The nanobranch-structures indicate that the nanorod has a hierarchical, porous structure
and hence has a high surface area. The selected area electron diffraction (SAED) pattern
shows that the deposited materials on PS sphere surfaces by PLD are amorphous. Besides
TiO, amorphous hcp nanocolumn arrays, the presented strategy can be extended to the
fabrication of similar amorphous structures of SnO,, WO3, C, and so forth, just by changing
the corresponding target in the PLD process.

Additionally, some materials, e.g. CuO, Fe;O;, ZnO are easily crystalline by PLD at room
temperature. If the colloidal monolayer is applied as a template, the crystalline CuO, Fe>Os,
ZnO etc. hierarchical micro/nanostructured arrays can be also obtained. Figure 4 shows the
SEM and TEM image CuO crystalline hierarchical micro/nanostructured arrays using
colloidal monolayers as templates by PLD. Each arrayed unit is composed of PS sphere at
bottom and deposited materials at top. Deposited materials are well crystalline, they do not
exhibit round shapes but radially aligned nanocolumns having tips with trigonal pyramidal
shapes on the PS sphere.

The deposited CuO nanostructures can be tuned by varying ambient gas pressures during
the PLD process. Figure 5 shows the FE-SEM and TEM images of samples achieved by
PLD under higher ambient gas pressures during the PLD process using the colloidal
monolayers as substrates. When oxygen pressure increased from 6.7 to 26.7 Pa, the
morphology did not appreciably change and exhibited similar hierarchical structures as
before (Figure 5a). However, when the oxygen pressure increased to 53.3 Pa, the
morphology completely changed and was very different from those at lower pressures.
The nanocolumn tips on the PS sphere demonstrated imperfect trigonal pyramid shapes,
and the tip sizes became much smaller (Figure 5b). According to the corresponding TEM
image and SAED pattern (Figure 5c), we find that hierarchical micro-/nanostructures
were still observed at such high oxygen pressure, but the crystallization of deposited
aligned nanocolumns on the PS sphere becomes worse than that obtained at lower oxygen
pressure. When the gas pressure increased to as high as 79.8 Pa, similar hierarchical
micro-/nanostructured array was not obtained, and many aggregates of small particles
were produced on the colloidal monolayer template (Figure 5d). The XRD spectra of the
samples obtained under different oxygen pressures are shown in Figure 6. Strong
preferential orientation growth along (002) was observed at the gas pressure of 26.7 Pa.
Increasing oxygen pressure led to weakening of this preferential orientation and
broadening of X-ray diffraction peaks. This result reflects that deposited materials
gradually changed to small nanoparticles from aligned nanocolumn arrays and the
particles became much smaller with increasing oxygen pressure during PLD, agreeing
with FE-SEM images. When the oxygen pressure increased to very high value, 79.8 Pa, the
deposited material completely consisted of small nanoparticles or the aggregates of small
nanoparticles, and there was no preferential orientation growth. Because when the gas
pressure increases to a high value, the plume is compressed into a smaller space in PLD
process, and the possibility of collision among ions or atoms in plasma is greatly
enhanced, further resulting in a kinetic energy decrease of ions or atoms, which leads to
less crystallization and smaller nanoparticle formation?s.
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Fig. 5. Images obtained by the different ambient oxygen pressures:
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(a, b, d) FE-SEM images

of the samples obtained under ambient oxygen pressure of 26.7, 53.3, and 79.8 Pa,
respectively; (c) TEM image of the sample obtained at 53.3 Pa and the corresponding SAED

pattern of several units. Scale bars in (a), (b), and (d): 1 ym.
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Fig. 6. XRD patterns of the samples obtained under different oxygen pressures.
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Similar crystalline hierarchical micro-/nanostructured arrays of Fe;Os; and ZnO can be also
created by the same route, as shown in Figure 7. Fe;O3 nanobelts or ZnO nanocolumns were
well aligned on the PS sphere tops, like those of CuO. However, the Fe;O3 nanobelt or ZnO
nanocolumn tops were not like those of CuO. The slight differences among CuO, Fe;O;, and
ZnO fine nanostructures are determined mainly by their various chemical and physical
properties: a crystal facet of the interface with different energies etc.

200 nm

Fig. 7. FE-SEM images of hierarchical micro-/nanostructured arrays of Fe;Oszand ZnO. (a, b)
Fe>O3, oxygen pressure 6.7 Pa, deposition time 1.5 h; (c, d) ZnO. a and c: top views; b and d:
side views (oxygen pressure 6.7 Pa and deposition 40 min). The inset in (b): the high
magnification image of a single Fe,Os hierarchical micro-/ nanostructure.

In this strategy, the height of micro/nanostructured unit can be obviously controlled by
varying deposition time during PLD process, the height will increase with increase of PLD
time. From the Figure 8, it can be found that the unit height increases by increasing
deposition time from 30 min to 60 min. However, if the deposition time is too long, to say,
180 min, the tops of micor/nanostructured units will aggregate with each other due to
strong Van de Waals attraction among units in the deposition process, as shown in Figure 8
(c), (¢’) and (c”’). Additionally, the top of micro/nanostructured unit gradually flattens from
convex shape with increasing deposition time, resulting in a weakening shadow effect.
Therefore, a continuous film might be formed at top of hierarchical micro/nanostructured
array if further increasing deposition time after 180 min.
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Fig. 8. The height changes of micro/nanostructured unit with increase deposition time.
Deposition time: 30 min in (a), (a") and (a”); 60 min in (b), (b") and (b”’); 180 min in (c), (¢")
and (c”). (a), (b) and (c) are SEM images of top view; (a’), (b") and (c") are SEM images of
cross-section; (a”’), (b”’) and (c¢”’) are TEM images of micro/nanostructure units.

The as-prepared hierarchical micro/nanostructured units in periodic arrays are composed
of a PS sphere at the bottom and a micro/nano- particle or rod on the top of the PS sphere. If
the PS colloidal template is dissolved by an organic solution (CH>Cl,), this periodic array
could retain its integrity while being peeled from the substrate due to the van der Waals
force between the neighboring micro/nanostructured units suspended in the solution. It
could then be transferred to any desired substrate (e.g., TEM copper grid) by picking it up
using another substrate, as illustrated in Figure 9 and Figure 10. The transferability avoids
restrictions on substrates in the fabrication process of hierarchical micro/nanostructured
arrays, which is helpful in the design and fabrication of new micro-/nano- devices on any
desired substrates.
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Fig. 9. Schematic illustration of transferability of hcp hierarchical micro/nanostructured

arrays
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Fig. 10. FE-SEM images of transferred T102 mlcro/ nanostructured arrays from a silicon
substrate on a TEM grid. (a) Low- and (b) high-magnification images of array film on a TEM

grid.
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2.2 Formation mechanism of hierarchical micro/nanostructured arrays by PLD

The formation process was traced by PLD using colloidal clusters with different PS spheres
as templates. Herein, the TiO, was selected as desired material and colloidal monolayer with
PS sphere size of 350 nm as template to demonstrate the formation process of hierarchical
micro/nanostructured arrays. The colloidal clusters with different PS sphere were fabricated
by spin-coating with a higher rotation speed (2000 rpm) and lower concentration (1.0 wt%)
of PS colloidal microsphere suspension. For example, a single PS sphere or PS sphere
clusters with different sphere numbers (2, 3, 4,...) can be easily created on the substrate by
above route, as indicated in column A of Table 1. After PLD, morphologies observed from
the top compared to those before PLD, as demonstrated in column B of Table 1. For a single
PS microsphere, the shape kept spherical but that the size increased from 350 nm (PS sphere
size) to 500 nm after PLD. For the PS sphere-clusters with sphere number from two to six,
each unit size in the sphere-cluster still increased, but could not maintain the spherical
shape after PLD. Growth of deposited TiO, was restricted at the contact point of two
neighboring PS spheres, the contact between the neighboring units changed from a quasidot
contact to a facet contact before (PS sphere-cluster) and after (PS sphere-cluster with
deposited materials on the surface) PLD. If a PS sphere in sphere-cluster was completely
surrounded by others, e.g., the central sphere in a hexagonal close packed (hcp) sphere-
cluster of seven, its size after deposition was almost the same as before PLD and the
morphology was slightly changed from spherical shape to hexagonal one. A section of a PS
sphere-cluster of 10 spheres with hcp arrangement after PLD displays that hierarchical
micro/nanorods have formed on the two spheres completely surrounded by the others and
that hierarchical rod cannot be formed on the spheres at the edge of the sphere-cluster. This
implies that a hierarchical micro/nanostructured array will be easily produced after PLD if
a colloidal monolayer with a large-scale is applied in the PLD process. Additionally, if the
desired materials are deposited on a bare silicon substrate without any PS spheres by PLD,
nanocolumns grow vertically on the Si substrate, as seen in Figure 11.

Generally, nanocolumns prefer to grow in the normal direction on the substrate during the
PLD process.”> In the PLD process, the desired target (TiO,) is irradiated by a laser beam
using an energy level exceeding its threshold in vacuum environment, plasma including
ions (Ti4*, O, etc.), molecules, electrons and clusters are released into the PLD chamber
from the target. However, if a background gas with high pressure is introduced into the
chamber, the movement direction of ions or electrons will be changed from an almost
uniform direction to multidirection due to collisions between the ions, electrons, molecules
and clusters of the ejected species and the background gas. According to the above facts, the
formation mechanism of hierarchical hcp nanocolumn arrays can be easily understood, as
displayed in Figure 12. If a substrate without PS spheres is used in the PLD process, a film
consisting of vertical nanocolumns of small diameter will be formed. If a single PS sphere
exists on the substrate, a composite of a PS sphere at the bottom and a shell composed of
TiO; radiation-shaped nanobranches on sphere top will turn up, due to preferential vertical
growth along the normal direction of the supporting surface and multidirectional
deposition. For a PS sphere cluster (more than one sphere) on the substrate, a shadow effect
will be produced in the deposition between any two neighboring spheres. If one sphere in
the sphere-cluster is completely surrounded by six other spheres as in the case of hcp
arrangement, one rod with hierarchical micro/nanostructure will grow on this sphere top. If
a colloidal monolayer with a large scale is adopted, this route can easily fabricate an hcp
hierarchical micro/nanostructured array. In this strategy, an off-axis configuration is
adopted where the target and substrate are perpendicularly placed. It is similar to the
glancing angle deposition (GLAD) or oblique angle deposition in which there is a large
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angle between the deposition direction and the normal direction of the substrate.’6-84 In the
traditional GLAD method, atoms from the target obliquely arrive and condense on the
substrate, and the tilted and separated nanowire or nanopillar array with a porous structure
are gradually produced due to the shadow effect of the initial deposited nanoparticles under
high-vacuum conditions. The critical difference between this route and GLAD is the
background gas pressure during deposition, which converts the directional flow of ejected
species in a vacuum into a multidirectional one at higher pressure. Therefore, this
multidirection deposition and shadow effect are a principal reason why a vertical
hierarchical micro/nanostructured array with hcp alignment is formed on the colloidal
monolayer. This can be further verified by varying the angles between substrates and target
in PLD process, as seen in Figure 13 and 14. If these experiments were carried out in a
vacuum, tilted rod-like structured arrays with different angles would be obtained on the
different substrates. However, from these results, the rod-like morphologies are
independent of the angle between the substrate and target but the growth rates are different
for different angles because of the plume shape in PLD , they always grow vertically on the
substrate due the multiple direction deposition combined with shadow effect of neighboring
colloidal sphere (Figure 14).

Mumber Mumber
B i} R 1.1 PLD Afier PLD

e (A} Before PL (B Afier P ik (A) Before (B} Afier
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Twix

Seven
Three
Ten Ohservation from top
Four
Section view along the ned
dot line
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Table 1. Morphologies of before and after PLD on the PS sphere surface (Scale bars are 500
nm)
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Fig. 11. FE-SEM images of the TiO, nanocolumns deposited by PLD directly on a bare
substrate without colloidal spheres. (a) Observation from top. (b) Section view.
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Fig. 12. Schematic illustration of formation mechanism of hcp hierarchical
micro/nanostructured arrays.
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Fig. 13. Schematic illustration of multi-substrate experiment. D1: 8 mm. D2: 23 mm. D3: 35
mm. D4: 50 mm. D5: 64 mm. In this experiment, substrate rotation: 0 rpm. PS sphere size in
colloidal monolayer: 350 nm.

sample holder




Physical Deposition Assisted Colloidal Lithography:
A Technique to Ordered Micro/Nanostructured Arrays 85

Fig. 14. FESEM cross-section images of the samples at different positions in Figure 10.
Images A to E are from the samples at positions D1 to D5.

2.3 Extension of PLD assisted colloidal lithography

The hexagonal close-packed (hcp) micro/nanostructured arrays can be obtained by PLD
using colloidal monolayer template. Such PLD assisted colloidal lithography can be
extended to prepare hexagonal non-close-packed (hncp) micro/nano- particle or nanorod
arrays by further annealing process. 85-88
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PS colloidal monolayer was first fabricated on Si substrates by a self-assembly process. It
was then placed in a PLD chamber for deposition at room temperature. After deposition, the
sample was moved to an oven from the PLD chamber and annealed in air. The hncp,
hierarchically ordered micro/nano- particle arrays were thus prepared on the substrate, as
illustrated in Figure 15.85

Figure 16 shows FE-SEM images of the TiO; hierarchical hncp micro/nano- particle array
obtained by PLD assisted colloidal lithography and subsequently annealed at 650 °C for 2 h
in air. One can clearly find that this particle-ordered array takes on hncp arrangement. Each
particle in the periodic array exhibits a hemispherical shape with an average size of 240 nm
(Figure 16¢) and is composed of small nanoparticles (Figure 16d). Additionally, SEAD
pattern (inset in Figure 16d.) indicates the deposited materials are changed from amorphous
to anatase typed TiO, after annealing. These results reflect that this hncp particle array
possesses a hierarchical micro/nano-structure.

Fabrication of PS collcidalmonolayer

l Deposition by PLD

l Annealing

Fig. 15. Schematic illustration of fabrication process for the hierarchical hnep micro/nano-
particle array.
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Fig. 16. FE-SEM and TEM images of the hierarchical hncp micro/nano particle arrays. a)-c):
FE-SEM images. a) Large area hierarchical micro/nanostructured array b) Same at high
magnification. c) Cross section d) TEM image of hierarchical particles (scratched from the
supporting substrate by a knife and transferred to TEM copper grid for observation) and the
corresponding SAED pattern (inset).

The formation of hncp, hierarchical micro/nano- particle array is discussed based on
experimental results. Herein the explanation is given using TiO; as an example. The sample
produced by PLD assisted colloidal lithography without further heating displayed an hcp
alignment (Figure 17a). TiO, was deposited on the PS sphere surfaces and grew along the
vertical direction (Figure 17b). Each particle is composed of two parts: the PS sphere at the
bottom and an amorphous, porous TiO; layer consisting of smaller particles on the top
(Figure 17c, d). The amorphous materials crystallize after being annealed at high
temperature. In this case, when the amorphous TiO, with its supporting PS spheres was
heated at 650 °C for 2 h, the PS spheres were burned out. Meanwhile, the TiO; particles on
top of the PS sphere were changed to anatase polycrystals composed of smaller
nanoparticles of ca.30 nm and were dropped vertically down to the original position of the
PS sphere. Additionally, the volume of TiO; particles decreased during the change from the
amorphous to the crystalline phase and hence an hncp hierarchical particle array was
formed on the substrate, as illustrated in Figure 18. The hierarchical hncp mciro/nano-
particle array film adhered tightly to the substrate after annealing and could not be detached
from the supporting substrate even when it was washed ultrasonically in water for 30 min.
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PS sphere

Fig. 17. (a, b): FE-SEM images of the as-deposited sample produced by the PLD in ambient
atmosphere without heating. a) Top-view image. b) Cross-sectional image. c) TEM image of
single unit. d) SAED pattern of deposited materials.

Amorphous, porous TiOz2
] 1l (0 ol

1 Annealing 650 °C for 2h

Fig. 18. Formation of hierarchical hncp micro/nanostructured particle arrays.




Physical Deposition Assisted Colloidal Lithography:
A Technique to Ordered Micro/Nanostructured Arrays

89

i BRI gl T o
1l

S4800 5 OkV 5. 4mm xE0.0k Shyy

s U IR G

54600 15:0k\, 3 Srm 250.0k SE(U}

200 nm

Fig. 19. (a, b) FE-SEM images of a nanorod array by PLD using a colloidal template

108U

monolayer with 350 nm PS spheres in O; at a pressure of 6.7 Pa for 60 min and subsequent

annealing in air. a) A top-view FE-SEM image. (b) An FE-SEM image of a sample tilted to
450. (c) TEM image of a nanorod and the corresponding selective area electron diffraction

(SAED) pattern (inset).
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In the PLD assisted colloidal lithography, if the deposition time increases to a appropriate
time, an hncp micro/nano rod array can be obtained after PLD and subsequently
annealing.8¢ Figure 19 presents FE-SEM images of the hierarchical micro/nano rod array
obtained by PLD assisted colloidal lithography (PS sphere size: 350 nm; background O»
pressure: 6.7 Pa; longer deposition time: 60 min) after annealed at 650 °C for 2 h in air.
Figure 19 a and b indicate that a periodic nanorod array takes an hncp arrangement and that
each nanorod consists of many nanoparticles. The TEM image (Figure 19c) of a single
nanorod shows that it has an aspect ratio of ca. 2:1 and is composed of small nanoparticles,
and the PS sphere templates were entirely removed during annealing. The hncp
micro/nano- rod arrays originated from amorphous, hcp micro/nanostructured array
produced by PLD at room temperature without annealing, as displayed in Figure 20. Beside
amorphous materials deposited by PLD, some crystalline materials, e.g. Fe;Os. their hncp
micro/nanostructured arrays can be also achieved by PLD assisted colloidal lithography
after annealing. Figure. 21a, b present SEM images of hierarchical, hcp, crystalline Fe;Os
micro/nanostructured arrays by PLD at oxygen pressures of 6 Pa at room temperature. Such
sample was annealed in air at 450 °C for 3 h and, PS colloidal monolayer template was
completely decomposed and hierarchical hncp micro/nano-structured array was formed, as
shown in Figure 21 c-f.

Amorphous porous TiO,

D 5.0k B 4mm Ok 1
Fig. 20. FE-SEM images of an amorphous TiO, hcp nanorod array on the colloidal

monolayer before annealing. a) Observation from top, b) Cross section. Inset in (b): a TEM
image of a single amorphous TiO; nanorod with PS sphere.
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Fig. 21. SEM images of Fe;O3 micro/nanostructured array based on colloidal monolayer
template and PLD at the oxygen pressure of 6 Pa. (a, b) Before (c-f) after annealing 450 °C for
3 hin air. (c) Top-surface image. (d) 45 tilted view. (e) Cross-section image. (f) Higher
magnification.

In this route, the interspace between two neighboring rods can be controlled by changing
the background gas pressures in PLD process. Usually, the porosity and specific surface area
of the rods in arrays can be tuned by varying the background gas pressure in PLD
deposition and they increase with increase of background gas pressure (Figure 22a-c).
Therefore, the interspace between neighboring anatase rods can be tuned with different
background gas pressures in an hncp array after annealing. The interspace will increase
with increasing background gas pressure (Figure. 22a’-¢” and a” -¢”’
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Fig. 22. FE-SEM images of an amorphous hcp TiO; nanorod array and anatase hncp TiO
nanorod arrays obtained by PLD under different background gas pressures and subsequent
annealing. PLD was performed in oxygen (a) at 2.0 Pa for 200 min; (b) at 16.8 Pa for 43 min;
(c) at 26.8 Pa for 30 min. (a-c) before annealing, (a’-c’) top views after annealing, (a”’-c”
tilted view with 45 degrees after annealing.
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3. Sputtering assisted colloidal lithography

In this method, a PS colloidal monolayer on a substrate is placed into the chamber of radio
frequency (RF) magnetron sputtering for material deposition at room temperature and Ar is
introduced as the background gas.8? A unique hncp hierarchical micro/nanostructured
array is formed due to PS-templated plasma etching/deposition in a relatively high vacuum
(0.06 Pa). The features of this technique are (1) low-pressure sputtering; (2) PS-templated
sputtering, which guarantees a periodic arrangement, and (3) plasma etching/deposition,
which eventually produces the unique hncp hierarchical micro/nano-structure.

Figure 23 presents FE-SEM and TEM images of hierarchical alumina mciro/nanostructured
arrays by sputtering target alumina using a PS colloidal template with a sphere size of 750
nm in a relatively high vacuum (0.06 Pa). They show the following three unique features.
First, it is a periodic nanocolumn array cushioned by a semi-shell in an hncp arrangement.
Each nanocolumn is composed of two parts: a semishell- shaped cushion at the bottom and
a vertical nanocolumn on the top of the cushion. Such nanocolumn possesses a very rough
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structure on the surface and seems to be composed of many minicolumns, indicating that
the sample possesses a hierarchical, porous structure and hence has a high surface area.
Secondly, the periodicity was 750 nm, matching well with the initial size of the PS spheres. It
is very evident that the sizes of the cushion and the central columns were reduced by about
15% and 45% compared to the original size of the PS template.

The formation of such hierarchical micro/nanostructured arrays is traced by the different
sputtering deposition time, as demonstrate in Figure 24. With increase of deposition time
(Figure 24 A-D), the PS sphere size gradually decreases and the alumina columns grow
vertically in the center, finally the columnar structures and a salver-shaped semi-shell are
formed. Generally, thin alumina continuous film is formed on bare substrate without PS
spheres due to the strong ion energy and subsequent rapid surface migration under such a
low sputtering pressure. In the case with PS sphere array on the substrate, alumina
components sputtered from the target are impinged and implanted into the PS due to the
strong ion energy and soft nature of PS. The part of PS sphere is also continuously etched
away by argon ions and part of deposited alumina is also etched away, but remaining part
will gradually form a structure. Additionally, the PS colloidal monolayer supplies the
periodic array template. Merging these two aspects into one forms a unique hierarchical
micro/nano-structured arrays. The PS spheres become smaller with plasma etching and a
salver-shaped semi-shell gradually appear. Further sputtering causes the PS spheres to be
etched more significantly, and the species generated from the target deposit perpendicularly
onto the template (both the center and the semi-shell part), thus forming a column structure
and salver-shaped semi-shell. Implanted components of aluminium and oxygen into PS
sphere will be linked together by continuous etching of PS. But at the side edge of the
spheres, the amount of PS is not much and easily etched away to form aluminium oxide
film, resulted in the cushion shell. The amount of PS at the center part is much more and
even by continuous etching a film cannot be formed and rod-like structures are generated.
Further sputtering continues etching the PS sphere until the final unique hncp hierarchical
structure forms. The formation process of this unique hierarchical mciro/nano-structure is
schematically illustrated in Figure 25. In order to further confirm this process, the pressures
of Ar were adjusted from low level (0.06 Pa) to 0.13 and final 6.7 Pa. The FE-SEM images of
the samples are presented in Figure 26. With increase of the background gas pressure from
0.06 Pa to 0.13 and 6.7 Pa, the collision probability between the ejected species and Ar
molecules increases, thus the PS spheres are more significantly etched and no semi-shell can
form. Therefore, only columnar structures are obtained (Figure 26). The amounts of
deposited materials in the inter-columnar structures are negligible probably due to the
blocking effects of gaseous species emitted from decomposed PS spheres during sputtering.
These results firmly prove that a relatively high vacuum condition subsequently induces
mild plasma etching/deposition. Besides hncp alumina micro/nano-structured arrays with
a periodicity of 750 nm, novel hierarchical arrays with periodicities of 350 nm, 1 pm, and 2
pm were also created by colloidal monolayers with different PS sphere sizes during
sputtering at the same pressure of Ar as in Figure 27. Besides alumina, hierarchical arrays of
other materials including Au/Al,O3; composite, CuO, and NiO can also be fabricated by the
presented one-step plasma etching. Some of the results are presented in Figure 28. In this
method, only the inorganic materials can be used as the deposited materials. Otherwise, the
deposition cannot be guaranteed because of the subsequent etching.
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Fig. 23. FE-SEM (A, B) and TEM (C) images of a sample obtained by sputtering using a PS
colloidal monolayer as the substrate (PS sphere size: 750 nm; deposition time: 2 h). (A) Top
view. (B) Titled view with 45¢ angle. The scale bar in A, B: 1 um. (C) TEM image of one unit.
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Fig. 24. FE-SEM images of samples obtained with different deposition times. (A) 10 min. (B)

25 min. (C) 30 min. (D) 60 min. The inset is high-magnification image of one unit in each
figure.
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Fig. 25. Schematic illustration of the formation process of unique hncp hierarchical
micro/nano-structure.
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Fig. 26. FESEM images of a sample obtained by sputtering using a PS colloidal monolayer as
the substrate at Ar pressures of (A) 0.13 Pa and (B) 6.7 Pa (PS sphere size 750 nm; deposition
time 2 h). These images are observed with a tilt angle of 45°. The scale bar is 1 pm.
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Fig. 27. FESEM images of a sample obtained by sputtering using a PS colloidal monolayer
template with different PS sphere sizes at 0.06 Pa. (A) 350 nm. (B) 1 pm. (C) 2 pum.
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Fig. 28. FESEM images of periodic Au/Al,O3 nanocomposite arrays obtained by co-
sputtering multiple targets consisting of an Al,O; target and Au sheets and using a PS
colloidal monolayer as the substrate (PS sphere size 750 nm; deposition time 2 h). (A) Image
observed from the top. (B) Image with a tilt angle of 45°. The scale bar is 1 pm.

4. Applications of periodic micro/nanostructured arrays

Based on colloidal monolayer templates, the different hierarchical micro/nanostructured
arrays can be fabricated by physical deposition and their morphologies and structural
parameters (sizes and interspace of micro/nanostructured unit) can be facilely controlled by
periodicities of colloidal monolayers, experimental conditions such as deposition time,
background gas pressure etc. Some properties, such as the surface wettability, field
emission, catalytic properties are closely morphology and structural parameter-dependent.
These properties can be readily optimized by changing morphologies and parameters of the
periodic arrays. Their investigations supply useful theoretic foundations and are highly
valuable for designing micro/nanodevices based on these special arrays.
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4.1 Wettability

Wettability is generally related to the surface morphologies, roughness and free energy of
materials surface and it is evaluated by the water or oil contact angle. A special surface with
self-cleaning effect is usually defined as a surface that has the ability to remove dirt or
contaminants that are on it when water droplets slide along the surface. Self-cleaning is
closely related to surface wettability90-94. The self-cleaning effect is normally attributed to
superhydrophobicity (water contact angle (CA) exceeding 150 and sliding angle (SA) less
than 10°) or superhydrophilicity (water CA less than 10°) of the surface. For
superhydrophobicity with a self-cleaning effect, contaminants adhere to the water droplet
surface and are removed after the water droplet slides off the solid surface with a small
tilted angle, due to large water CA and low surface free energy. For superhydrophilic
surfaces, contaminants can easily be swept away by adding water droplets on them, due to
very low water CA. Wettability can be enhanced by increasing surface roughness, according
to Wenzel's equation: %

cos 8,=r cosf (1)

where r is the roughness factor, defined as the ratio of total surface area to projected area on
the horizontal plane; 8, is the CA of film with a rough surface; and 8 is the CA of film with a
smooth surface. Obviously, increased roughness can enhance the hydrophobicity and/or
hydrophilicity of hydrophobic and/or hydrophilic surfaces. The hierarchical
micro/nanostructured arrays based on colloidal monolayers are actually rough films at the
micro/nano-scale level. It is expected that such hierarchical micro/nanostructured arrays
could induce surface superhydrophilicity or superhydrophobicity with a self-cleaning effect,
due to their high roughness. Amorphous, porous hierarchical TiO, micro/nanostructured
arrays were prepared by PLD assisted colloidal lithography (Figure 3)73. These arrays
exhibited strong superhydrophilicity. When a small water droplet was dropped on a
hierarchical structured array, the droplet spread out rapidly on the surface and displayed a
water CA of 0 in a 0.225 s (Figure 29). Additionally, this hierarchical array film exhibited
superoleophilicity when a small oil droplet was placed on the nanorod surface and the oil
CA became 0° in 0.5 s (Figure 30). These results suggest that this amorphous hierarchical
micro/nano-structured array had superamphiphilicity with 0° of both water CA and oil CA.
A TiO; film with superamphiphilicity can generally be obtained by UV irradiation, due to
hydroxyl ions generated by oxygen defects or dangling bonds on its surface, induced by
photochemical processes®. However, the TiO, hierarchical micro/nano- structured array
film possessed superamphiphilicity without further UV irradiation. The ions (e.g., Ti¢*, and
0O2) and electrons are released into the PLD chamber and some oxygen species are lost in
the vacuum environment in PLD after a TiO, target absorbs energy from laser irradiation by
exceeding its threshold. Oxygen vacancies are produced in the deposited TiO, during PLD,
converting relevant Ti4* sites to Ti3* sites that are favorable for dissociative water
adsorption. Therefore, these defect sites microscopically form hydrophilic domains on the
TiO, surface. However, the other parts surrounding the hydrophilic domain remain
oleophilic on the surface. A composite TiO, surface having hydrophilic and oleophilic
domains on a microscopically distinguishable scale demonstrates macroscopic
amphiphilicity on the TiO; surface%. Additionally, a TiO, nanoparticle film prepared by
PLD without a PS colloidal monolayer exhibited a water CA of 15° and an oil CA of 27
(Figure 31). The roughness of the hcp TiO; hierarchical micro/nano-structured array film
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was greatly increased compared with that of the nanoparticle TiO; film produced by PLD
without using a colloidal monolayer. According to Wenzel's equation, wettability is
enhanced from amphiphilicity to superamphiphilicity. Therefore, the superamphiphilicity of
the amorphous micro/nano-structured array originates from the combination of the
amphiphilicity produced by PLD and the special rough structures of hcp hierarchical arrays.

t=0.063s

t=0s

t=0.225s t=0.250s

Fig. 29. Time course of water-contacting behavior on the amorphous TiO2 micro/nano-
structured array film.
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Fig. 30. Oil (rapeseed) droplet shape on amorphous TiO; micro/nano- structured array film.
The oil contact angle becomes 0° in 0.5 s after it was dropped onto the surface.

More importantly, this amorphous TiO, hierarchical array demonstrated very good
photocatalytic activity for organic molecular degradation (e.g., effective decomposition of
stearic acid under UV illumination). A combination of superamphiphilicity and
photocatalytic activity can yield a self-cleaning surface. For instance, an oily liquid
contaminant spreads out on a surface due to superoleophilicity, which is helpful in
improving the photocatalytic efficiency under light illumination. An organic contaminant
including oil gradually degrades under sunlight irradiation (sunlight contains some UV
light). The self-cleaning effect can be realized after washing away contamination from the
superhydrophilic surface.

Additionally, superhydrophobic surfaces with large water CA and small SA have a self-
cleaning effect. For superhydrophobic film, the surface should be sufficiently rough and
have a chemical coating with low free-energy materials in order to trap the air on the rough
surface. In this case, the area fraction of a water droplet in contact with the sample surface is
very small, which helps obtain a small SA. Hierarchical periodic micro/nanostructured
arrays based on colloidal templates provide surfaces with regularly ordered and well-
defined roughness. They may lead to enhancement from hydrophobicity to
superhydrophobicity on the surface after modification with low free-energy materials%7-%.
For instance, Co304 hierarchical, hncp micro/nano- rod arrays was created by PLD assisted
colloidal lithography after annealing at 450 °C for 3 h (oxygen pressures: 93.1 Pa), as shown
in Figure 32 a and b.88 Such surface was chemical modification with fluorosilane, a kind of
low free energy material, it presented superhydrophobicity with water CA of 152.6° and a
very small SA, indicating self-cleaning effect. It can be explained by Cassie and Baxter
equation,100

cosf=f; cosf- f> )

Here, f; and f, are the surface area fractions of the projecting solid and air (f; + o= 1). The
large fraction of air trapped in the nanorod arrays forms a cushion at the film-water
interface that prevents the penetration of water droplets into the grooves. In this case, 6, is
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152.60 and 6 is 18.8°, so a value for f; of 0.06 is calculated from eqn (2) (i.e. f> is 0.94),
implying that only 6% of the observed contact area beneath a water droplet is in contact
with the water droplet. High f, of 0.94 means that the air was well trapped into the groove
among nanorod arrays and hence the water droplet kept a spherical shape.

Water CA

Oil CA

Fig. 31. Water and oil CAs on a TiO; film on a silicon wafer prepared by PLD without using
a PS colloidal monolayer. (a) Water CA: 15 degrees. (b) Oil (rapeseed) CA: 27 degrees.
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Fig. 32. FE-SEM images of Co304 hierarchical micro/nano- rod arrays obtained by PLD
assisted colloidal lithography after annealing at 450 °C for 3 h (oxygen pressures: 93.1 Pa).
(a) Top views; (b) Tilted at 45¢ (c) water CA after modification with low free energy
materials.
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4.2 Field emission

Field-emission (FE) properties have recently attracted so much attention due to great
commercial interest in flat-panel displays and other microelectronic devices.101 Besides
carbon nanotubes, semiconductors have also attracted great interest in field emitters owing
to their good mechanical stability, low work function, and high electrical and thermal
conductivities.102 FE properties are usually decided by the nature of the cathode materials as
well as geometry and size of them. By well designing the geometry and size of cathode, for
example, to introduce nanostructures on it, good FE performances have been achieved
including faster turn-on time, compactness, and sustainability during the field emission
compared to conventional bulky material forms. More importantly, researchers have found
that cathodes composed of periodic regular arrays on the surface are very highly helpful for
producing a low operating voltage and a stable current because of the elimination of the
shield effect on densely packed 1D nanostructured arrays in field emission.

Periodic TiO, micro/nano-rod arrays with hncp arrangement can be synthesized by
combining a colloidal monolayer template with pulsed laser deposition (PLD) followed by
annealing in ambient air, as described before.86 By this route, the periodicity of such special
nanorods can be easily tuned by changing the colloidal sphere size in the colloidal
monolayer template. While a distance between neighboring nanorods can be controlled by
varying the background gas pressure during the PLD process if periodicity is fixed for a
nanorod array. The well tunable periodicity and distance between neighboring nanorods are
very useful for investigating and optimizing their FE performance.86

The periodic hnep TiO2 nanorod array was fabricated by PLD using a colloidal monolayer
template with 350nm PS spheres at 6.7 Pa O, for 60 min and subsequent annealing at 650 °C
for 2 h in air (Figure 19). It demonstrated a low turn-on field of about 5.6 V um- (here the
turn-on field was defined as the value of electric field when an emission current density was
4.5 nA cm?) according to the FE current density-applied electric field curve (J-E) at a
working distance of 60 um from the anode to the nanorod array serving as the cathode
(Figure 33). This FE current-voltage characteristics can be expressed by a simplified Fowler-
Nordheim (FN) equation and a field-enhancement factor, B can be defined as B¢#/2/«k
according to the FN equation (here ¢: the work function of cathode material; k: slope in FN
plot).1% This hncp TiO, nanorod array showed a field-enhancement factor B of 8.38x102
However, a TiO> nanorod array with top aggregation for several neighboring nanorods
caused by longer deposition displayed a much higher turn-on field of 15.8 V pym and lower
field-enhancement factor b 3.34x102 (Figure 34). This result indicates that the good FE
properties of a periodic TiO, hnep nanorod array are mainly attributable to the aligned and
periodic hncp nanorod morphology.

When a periodicity of hncp nanorod array increased from 350 nm to 750nm and 1 um by
choosing the colloidal monolayers with different PS sphere sizes during the PLD at the same
background gas pressure as before and followed by the same annealing, as presented in
Figure 35. The field-enhancement factor decreased with increasing periodicity of the hncp
nanorod array (Figure 36a). This is mainly attributed to a decreasing number density of
nanorods with an increase in the hncp array periodicity. When the periodicity of the hncp
nanorod array was increased from 350 to 750 nm, the turn-on field also increased from 5.6 to
13.0 Vuml. When a periodicity further increased to 1 um, the turn-on field remained about
13.0 Vum. It is evident that the hnep nanorod array with the smallest periodicity of 350nm
exhibited the best FE properties in this investigation.
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Fig. 33. FE properties of periodic hncp nanorod array by PLD using a colloidal monolayer
template with 350nm PS spheres in O; at a pressure of 6.7 Pa for 60 min and subsequent
annealing in air. a) FE current density-electric field (J-E) curves measured for an hnep TiO»
nanorod array at an anode-cathode distance of 60 um. b) Corresponding Fowler-Nordheim
(FN) plot.
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Fig. 34. Top aggregation of a TiO; nanorod array obtained PLD assisted colloidal
lithography with a longer PLD time (80 min) and subsequent annealing. a) FE-SEM image;
b) FE J-E curves measured at an anode-cathode distance of 60 mm for a top-aggregated
TiO2 nanorod array; c) Corresponding FN plot.
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Fig. 35. FE-SEM images of hncp nanorod arrays with different periodicities: 750nm for (a)
and (b); 1um for (c) and (d). PLD was performed in 6.7 Pa of oxygen for 130 min. (a) and (c)
are observed from the top, (b) and (d) are observed with a tilt angle of 458.

While a distance between neighboring nanorods can be tuned by changing the background
gas pressure during the PLD process if periodicity is fixed to 350 nm for a nanorod array
(Figure 22). With increasing this distance of neighboring ones, the field-enhancement factor
increased and the turn-on field decreased (Figure 36a). The sample with a small nanorod
distance of 20 nm exhibited a relatively low field-enhancement factor of 5.04x102 and a high
turn-on field of 9.7 V pum-1. When the nanorod distance increased to 50 nm, the FE properties
showed enhanced performance with a high field-enhancement factor of 8.38 x102and a low
turn-on field of 5.6 V um-1. When the nanorod distance further increased to 110 nm, the best
FE properties with a field-enhancement factor of 9.39 x102and a turn-on field of 5.3 V um-!
were obtained. (Figure 36b) The above results suggest that optimized FE properties can be
achieved by increasing the nanorod distance by controlling the experimental parameters.
The increased field-enhancement factor b with the increase of nanorod distance can easily be
understood as follows if the periodicity of hncp nanorod array is fixed. The field
enhancement factor B is generally related to geometry of an emitter and can be expressed as
Boch/r, where h is the height and r is the curvature radius of an emitting center. With an
increase in the nanorod distance, the effective diameter of an individual nanorod and a
curvature radius r would decrease (Figure 37), resulting in an increase of p according to the
above relationship.
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4.3 Enhanced catalytic properties

The hierarchical micro/nanostructured arrays possess a large specific surface area and
hence they might have important application in catalytic fields. For instance, the hcp
amorphous TiO, micro/nanostructured array on a colloidal monolayer obtained by PLD
assisted colloidal lithography demonstrated an enhanced photocatalytic activity (Figure 2).
Its photocatalytic performance was estimated based on the decomposition of organic
molecules, stearic acid under UV illumination by monitoring the FT-IR spectra.104105 The
frequencies of 2919 and 2849 cm-! reflect the methylene group asymmetric (Vasymmctz) and
symmetric (Vsymmchz) stretching modes of stearic acid. These values for the methylene group
stretching mode are close to those of a crystalline alkane and are typically taken as evidence
of the formation of a dense, well-ordered, self-assembled monolayer of stearic acid on the
oxide surface.106108 Therefore, the photodegradation of stearic acid can be monitor by
observing density of these two frequencies. With increasing the UV irradiation time, the
vibrational bands of the methylene group gradually decreased and almost completely
disappeared after 25 min, as shown in Figure 38a. The decrease in C-H vibrational bands
reflects that the stearic acid is gradually photodegraded by such TiO, hierarchical
micro/nanostructured array films under UV irradiation. Figure 38b shows that degradation
curves of a stearic acid film on a silicon wafer, an amorphous TiO; film by PLD without
using a colloidal monolayer, an hcp amorphous TiO» hierarchical micro/nano-rod array on
the colloidal monolayer, and an anatase TiO, rod array (obtained by annealing hcp
amorphous TiO; hierarchical micro/nano-rod array on the colloidal monolayer at 650 °C for
2 h. These results indicate that TiO, exhibited efficient degradation for stearic acid and that
the hep amorphous TiO; hierarchical micro/nano-rod array on a colloidal monolayer
demonstrated the best performance compared to the amorphous film and the anatase rod
array. Anatase is usually deemed to be more photocatalytically active than the rutile and
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amorphous TiO,. However, besides the crystal phase, other factors, including the specific
surface area, crystal composition, and material microstructures, also significantly affect the
catalytic performance of TiO,.109111 In this case, an amorphous hcp hierarchical micro/nano-
rod array has porous structures and possesses a much higher specific surface area than that
of an anatase rod array, which contributes to better photocatalytic properties. These results
suggest that the surface area of TiO, is preferable to its crystal structure for enhancing
photocatalytic activity. Additionally, a periodic structured array of amorphous TiO; can
enhance photocatalytic activity better than an amorphous TiO; thin film produced by PLD
without using a colloidal monolayer. This may be ascribed to special hierarchical structures
composed of radiation-shaped nanobranches emanating from a center point on the PS
sphere.112 The combination of superamphiphilicity and photocatalytic activity is helpful in
realizing a self-cleaning surface.

OH 0
| |

I |
HsC—C —CHy € O CoHg === H3C—C=CH—C—0—C,Hs
keto enol

Fig. 39. Isomerization equilibrium of ethyl acetoacetate between the two kinds of isomers,
keto and enol.

Additionally, hierarchical alumina mciro/nanostructured arrays demonstrate very excellent
catalytic properties for some organic reactions. For example, as we know, ethyl acetoacetate
has two kinds of isomers, keto and enol, because of the acidic hydrogen on the active
methylene. The corresponding isomerization equilibrium can be depicted in Figure 39.
Under common conditions, the keto isomer is more stable than the enol isomer. By the using
hierarchical alumina mciro/nanostructured arrays as catalyst, keto isomer might be
efficiently converted into the enol isomer. The isomerization can be commonly detected by
on-line gas chromatography (GC) or on-line high-performance liquid chromatography
(HPLC). Such technique is complicated and, most importantly, not cost-effective. An
effective alternative is monitoring the UV-vis spectrum of reaction process. In the keto
isomer configuration, there are only two isolated carbonyl groups, with an R absorption
band having a quite small & value in the UV-vis spectrum. For the enol isomer, there is a
conjugation system between alkene and carbonyl group, with a K absorption band having a
high & value at around 244 nm in the UV-vis spectrum. This difference makes it convenient
to analyze the content and the isomerization process using the UV-vis spectrum. Therefore,
the catalytic activity of the hncp alumina was estimated based on the isomerization of ethyl
acetoacetate by monitoring the UV-vis absorption spectrum (Figure 40A). The absorption at
244 nm indicates absorption of the conjugation system in the enol isomer as stated above. In
the isomerization process, the absorption peak at 244 nm gradually increased and almost
completely saturated after 40 min. The increase in absorption at 244 nm indicates that the
proportion of enol isomer gradually increased, demonstrating the transition of the keto
isomer to the enol isomer and verifying successful isomerization in the presence of hncp
alumina. The corresponding control experiments were performed in order to confirm the
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catalytic performance of the hncp alumina for such isomerization. Figure. 40B presents the
isomerization process of ethyl acetoacetate in the presence of a silicon wafer and alumina
film (by sputtering without using a colloidal monolayer) under the same deposition
condition. These results indicate that the hncp alumina exhibited efficient catalytic activity
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for the isomerization of ethyl acetoacetate. y-Alumina is generally deemed to be catalytically
active. However, besides the crystal phase, other factors, including the specific surface area,
crystal composition, material microstructures, and the absence of exotic species from the
remnant starting materials, also significantly affect the catalytic performance.113-116 In this
case, the special hierarchical structures of the amorphous hncp alumina array have porous
structures and possess a much higher specific surface area than the dense alumina film,
which, together with the pure compositions, contributes to better catalytic properties.

5. Conclusions and remarks

The physical deposition assisted colloidal lithography has proven to be a facile, inexpensive,
versatile route to construct hierarchical micro/nanostructured arrays with controlled
morphologies, sizes, periodicities. The morphologies of these hierarchical
micro/nanostructured arrays can be tuned by controlling the experimental conditions,
including deposition time, background gas pressure in the vacuum chamber, periodicity of
colloidal monolayer template etc. Compared with chemical routes, the physical deposition
are more suitable for preparing high quality micro/nanostructured arrays with uniform
morphologies. These special structures possess morphology- or size-dependent properties,
such as superamphiphilicity, superhydrophobicity, photocatalytic activity, field emission
etc., which have important applications in devices, microfluidic devices, field emitters, solar
cells etc. Compared to development of fabrication strategies of micro/nanostructured
arrays, investigation of morphology- or parameter- properties and micro/nanodevices
dependent on them is not so much. The more micro/nanodevices based on these structures
will be hoped, and it might be realized under researchers" efforts in the future.
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1. Introduction

The term “diffraction” has been defined by Sommerfeld as follows (E. Hecht, 2002): any
deviation of light rays from rectilinear paths which cannot be interpreted as reflection or
refraction. Diffraction is caused by the confinement of the lateral extent of a wave and is
most importantly when that confinement is comparable in size to the wavelength of the
radiation being used. The first accurate report and description of such a phenomenon was
made by Grimaldi and was published in the year 1665. Later, in 1678, Christian Huygens
expressed the intuitive conviction that of each point on the wavefront of a disturbance were
considered to be a new source of a secondary spherical disturbance. This technique,
however, ignores most of each secondary wavelet and retains only that portion common to
the envelope. As a result of this inadequacy, this principle is unable to account for the
details of the diffraction process. The difficulty was resolved by Fresnel and Kirchhoff with
his addition of the concept of interference in late 18th century. These types of diffraction are
known for two centuries in the form of diffraction gratings which periodically modulate the
incident wave-front. An ideal grating generates a set of waves, called diffraction orders that
propagate into discrete directions. The diffraction angles 6, are given by the well-known
grating equationsing,, =mA/D, where Ais the wavelength of light and D is the grating
period, is shown in Fig. 1. The amplitudes of the diffraction orders are determined by the
structure of the periodic modulation. The demand for electromagnetic analysis is arising
together with the advance of the fabrication technology. A significant step was taken as well
since the development of computers. It can compute such a complicated wave field
numerical analysis from which the design a desired grating is much easier.

The DOE is designed for splitting the input beam into M diffraction orders. For array
illuminators, equal power intensity with high uniformity is necessary. To achieve this
special feature, a periodic nature together with binary phase structure, which was proposed
by Dammann in the early 70’s, is one of the solutions (H. Dammann & K. Gortler, 1971; H.
Dammann & E. Klotz, 1977). To analyze the performance of the Dammann grating, we
employ the Burckhardt, Kaspar and Knop (BKK) method and TE-polarized dependent mode
is normally assumed (C. B. Burckhardt, 1966). In order to have an easier understanding, the
entire Dammann grating has the identities in terms of periodic, symmetric and binary
structure. The total normalized diffraction efficiency is just the sum of all required
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normalized diffraction power. Normally, for reducing the zero-order intensity and
polarization dependent loss, the ratio of period/wavelength should be as large as possible.
We have also employed Dammann Grating as a beam splitter (J. F. Wen & P. S. Chung, 2007;
J. F. Wen & P. S. Chung, 2007).

Incident wave ( A)

and g
—2 order 2™ order

—Yorder ' 1 order

Fig. 1. Diffraction Angle for DOE.

2. Introduction to Circular Dammann Grating (CDG)

In previous section, we know that light could be diffracted into multiple orders with equal
intensities and high uniformity with the theory of Dammann grating. The diffracted spots
could be one-dimensional or two dimensional depending on the applications. For some
applications, optical systems need circular images, e.g. laser free space communication
system (J. Jia, C. Zhou & L. Liu, 2003), fast focal length measurement (S. Zhao, J. F. Wen & P.
S. Chung, 2007; S. Zhao & P. S. Chung, 2007) and usage in DFB laser (C. Wu et al, 1991; T.
Erdogan et al, 1992). We have then further extended the Dammann grating into CDG. The
CDG is one of the possible candidates which can produce circular beams in ring-shape at the
image plane.

Zhou et al (C. Zhou, J. Jia & L. Liu, 2003) first proposed the concept of CDG in 2003 based on
the modulation of the Bessel function using a binary phase annulus mask. The phase and
radius of each annulus can be modified so that the intensity at the far field can be
manipulated. However the CDG does not have the periodic nature as most of the gratings
required and therefore, it is only a DOE and equal separation cannot also be achieved.
Recently Zhao and Chung (S. Zhao & P. S. Chung, 2007) proposed a new design method for
the periodic CDG using the coefficients of the circular sine series for generating equal-
intensity and equal-spacing of optical rings, which means those infinite circular periods can
be repeated. We have also presented another two novel approaches based on the concept of
circular spot rotation (J. F. Wen, S. Y. Law & P. S. Chung, 2007), Hankel transform (J. F. Wen
& P. S. Chung, 2008) to achieve the same objectives as mentioned above with higher
efficiency and uniformity. In our research, we have employed the Circular Dammann
Grating into angle, area and distance measurements respectively (J. F. Wen & P. S. Chung,
2008; J. F. Wen, Z. Y. Chen & P. S. Chung, 2008; J. F. Wen, Z. Y. Chen, & P. S. Chung, 2010).
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2.1 Circular spot rotation method

The concept of generating CDG using this method is based on the theory of conventional
Dammann Grating (C. Zhou & L. Liu, 1995). The cross section and first order spectrum of
CDG is shown in Fig. 2 and 3 respectively. We assumed that if the diffraction spots rotate
360 degrees continuously, circular rings will be formed. Fig. 4 and 5 illustrate these ideas.
Table 1 shows some numerical results. For the formula of Circular Dammann Grating, the
intensities among different orders will then be as follows:

norder: p =|M(n)® = n21”2 {[é(—l)kcos(Zﬁnrk)]Z + [é(—l)ksin(bmrk)ﬁ 21)
N 2
0" order: P, = {2;1(—1)"@ + 1} 2.2)
The overall normalized efficiency is therefore given as,
n= i 1Py, 4 (23)

n=-ow

The feature size, which is the minimum distance between two different continuous
transition points, is

A=min|r, -7 (2.4)
The uniformity is defined as,

i max(I, ) —min(l,)

; (2.5)
max(I,)+min(l,)
The radius (R) of each ring with the focal length (f) of converging lens will then be
ni
R == (2.6)
=

The numerical solutions with near optimum efficiency and uniformity of CDG are listed in
Table 1.

Circle Normalized Transition Points in Half Efficiency Uniformity Feature

number of Period* Size

1 0.5 0.81 0 0.5

2 0.20525  0.29067 0.5 0.72 0.00006 0.08542

3 0.11649  0.24024 0.26741 0.38396 0.74 0.0002 0.02717
0.5

4 0.099104 0.18382 0.26295 0.32925 0.8 0.00014 0.00508

0.4196 0.49492 0.5

*The other half period could be calculated using x,.; = x; +0.5

Table 1. Some Numerical Solutions of CDG by Spot Rotation Method.
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Fig. 2. Cross Section of CDG.

Fig. 3. First order CDG spectrum.
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Fig. 4. Concept of Circular Spot Rotation Method’s type CDG.
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Fig. 5. Circular Spot Rotation Method’s type CDG Profile Design.

2.2 Hankel transform

The concept of this grating is based on the theory of Hankel transform. It is a two
dimensional Fourier transform with a radially symmetric integral and is also called the
Fourier-Bessel transform (F. Bowman, 1958). The cross section of CDG is still same as Fig. 2.
The problem of side lobe effect is one of the major concerns in both Zhao and our circular
rotation methods. The effect is shown in Fig. 6. In this section, we present another novel
approach based on the Bessel function together with Hankel transform in symmetry
structure to achieve the same objectives with better performance in terms of efficiency and
uniformity while the lower side lobe power could be obtained. Table 2 shows some

numerical results. The comparisons are shown in Fig. 7-9.
The intensities equations for each diffraction order are given as follows:

2

th . 2 1[< kel
whorder s I, =|M(q) =7 2% (D) i Qaqn) + ]y (27qry) 27)
k=1
j N ’
b .
0" order : = {22(1)%{ +1} (2.8)
k=1
Circle Normalized Transition Points in Feature! Efficiency? Overall Uniformit
Number Half of Period* (Main Lobe)  Efficiency? y
1 0.39763 0.4907 0.5 0.0093 0.665 0.931
2 0.091023 0.3266 0.5 0.0610 0.612 0.855 0.043
3 0.10036 0.23569 0.26741 0.0353 0.60 0.866 0.05
0.38396 0.5
4 0.099572 0.1838 0.26314 0.0038 0.69 0.99 0.036
0.32894 0.41929 0.49616
0.5
Note:

1: Feature is the minimum distance between two subsequent transition points
2: It describes the sum of powers in terms of main lobes only.
3: It describes the sum of all powers including the main and side lobes.

*: The other half period could be calculated using x;,; =x; +0.5

Table 2. Some Numerical Solutions of CDG by Hankel Transform.
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The overall normalized efficiency, feature size, uniformity and radius are defined same as
equations 2.3-2.6.

Side lobe is existed around the main lobe in every diffracted order, is shown in Fig. 6, no
matter which method is applied. It is because our design is not able to fully express the
concept of circular phase modulation, as the circular profile can not be completely
decomposed into a square pixel representation and also finite number of periods happened
in practical case. Thus side lobe existed. The lobe separation is not only governed by number
of period (ND), but also controlled by the input wavelength and the focal length of the lens.
With the assistance of diffraction theory, the final equation is then defined, i.e.

24

s=osf 2.9)

Fig. 10-12 shows this relationship. From these figures, we can conclude that 100 periods is
the optimum solution.
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Fig. 10. Number of Period against efficiency.
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3. Fabrication

Many different fabrication methods exist for diffraction grating. Most of these techniques
can be grouped into two main categories: lithographic techniques and electron beam
writing. Lithographic techniques (J. Turunen, A Vasara, ] Westerholm, G Jin and A Salin,
1990) use light sensitive polymers at the top of the substrate along with controlled etching or
deposition methods. For standard e-beam lithography (Masato Okano, Hisao Kikuta,
Yoshihiko Hirai, Kazuya Yamamoto, and Tsutom Yotsuya, 2004), an e-beam exposure
contains enough of an electron dose that the exposed regions of e-beam resist are fully
cleared during the development process. This can be used to produce different thicknesses
of e-beam resist simply by varying the dose. The e-beam approach can generate the finest
features, a serval tens of nm. However, because of the small size of the electron beam, it is
extremely time consuming to expose a pattern of large size of sample.

3.1 Chemical etching fabrication

In previous sections, we have understood the fundamental theories of diffraction and a
number of design approaches for CDG. To fabricate these gratings, we have to maintain the
desired grating shape which is critical to guarantee high transmission of the order of
interest. An optimal depth is very important since existing zero order transmission will
happen afterwards. Other defeats, such as mask misalignment, sharpness of the profile, will
scatter light to higher orders. Because of the size of the features and the need for flexibility
of fabrications, lithographic method is an optimal for many types of DOE fabrication [M. T.
Gale, 1997; J. M. Miller et al, 1993; C. Zheng, 2005). A simplified version of the
photolithographic processing sequence is shown in Fig. 13.

[Photoresist | —» —— C0ating

Substrate

hv

e

I | Develop

Exposure

F———H Transfer

| Strip

Fig. 13. Flow Diagram of chemical etching.

Once we confirm the pattern which is determined from the design process, the depth of the
diffractive phase structure, which is determined by the wavelength of the incident light and
the refractive indices of the substrate and surrounding material, can be calculated. The
depth can be calculated by
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heet (3.1)

2(ny —ny)
where 4 is the input wavelength and n;, n,are the indices of refraction of the substrate
material and the surrounding medium at the operating wavelength respectively. The
substrate in using is quartz and the refractive index is shown in Fig. 14.
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Fig. 14. Refractive Index of quartz.

Most lithographic masks are binary transmission masks. That is, they contain alternating
clear and opaque areas. The opaque areas mean the Chromium remains on top of the
substrate. These masks are usually made by forming the pattern in a light-sensitive
photoresist on top of thin chrome later on the glass mask. Once the photoresist is developed,
the chrome, where the photoresist has been removed, was protected. The mask pattern is
exposed using optical pattern generators with controllable beam size. A variety of file
formats, e.g. GDSII, CIF and BMP, can be used. The machine in our lab is “Microtech
LW405”. The positioning accuracy is Tum and the minimum linewidth is 0.8um. These
patterns are transformed into pixel forms with a given dimension and the magnified mask
pattern is shown in Fig. 15. The accuracy of patterning curve is related to the wavefront
error introduced by the required shape approximation. Increasing the number of pixels can
help to improve the accuracy. However, as we expect, the higher degree of accuracy can
result of more time spending and the amount of data is also increased. Once the mask is
fabricated, which is shown in Fig. 16, we can move on to the next step.
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Fig. 15. Magnified CDG pattern.

Fig. 16. CDG Pattern with the number of periods 100.

Photolithographic methods are based on the use of photoresist create relief structures on
substrate surfaces. This structure is used to protect the underlying substrate during
subsequent processing steps. Photoresists, which is light sensitive polymer, can be either
positive, where the exposed resist dissolves, or they can be negative, where the exposed
resist remains after development. Positive photoresists (e.g. SPR6112B) is used in the
following processing example. After substrate is cleaned, the first step is to coat the
substrate with a thin (typically microns) layer of photoresist. It can be generated by spin coat
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the wafer. During spin coating, liquid photoresist is distributed uniformly around the wafer
as it rotates at high rates. The spin curve of this photoresist is shown in Fig. 17.

Spin curve of Shipley SPR6112B
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Fig. 17. Spin Curve for SPR6112B.

In order to have a better evaporation of phtoresist, it is often to be heated at a hundred
degree Celsius. The final thickness of the photoresist layer is controlled by a combination of
the viscosity of the photoresist and the spin speeds used during the coating process. The
next step is the exposure of the photoresist. Patterns will be formed at the photoresist layer
using Aligner, a uniform ultraviolet light source. The mask can be placed in contact with the
photorsist layer for a high resolution, 1:1 transfer of the image scale, this process is referred
to as contact printing. The exposed photoresist is washed away after exposure. Developing
solution and developing time also affect the fidelity of the resulting lithographic image.
Over, or underdevelopment will decrease the fidelity of the image pattern. For example,
while exposed resist dissolves much faster than unexposed areas, the un-irradiated areas
will also begin to lose photoresist if the development time is too long. The simplified
illustration is shown in Fig. 18.

Under-development
. I Over-development

Fig. 18. Diagram of different types of development.
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The wafer has been normally spin coated with Chromium with SiO» as the substrate. This
material can be functioned from the ultraviolet through the near infrared due to its own
transmission properties and low coefficient of thermal expansion. Normally, a photoresist
pattern serves as a wall that protects the area under the photoresist during etching. In our
experience, a single photoresist layer without any other protection cannot stand for a long
period of time. In this case, we add one more chromium layer which the purpose is same as
photoresist. As a result, only the areas not covered by the chromium are removed during the
etching process.

The wet etching technique is isotropic, which its definition is the etching rate is equal in all
directions. This desires for our grating case, particularly for applications requires sharply
defined and vertical features. Standard diffractive etch chemistries for silica, usually HF
acid, can act as an etching solution. In our experiment, we use another solution, named as
Fluorosilicic acid. This etching solution offers a straightforward way to create smooth
features in glass materials. In addition fluorosilicic acid etching is considerably safer than
conventional hydrofluoric acid (HF) etching. Normally, the temperature controlled heating
stage was set at 60°C, which gave an etching solution temperature of 30°C (+0.5°C).
Fluorosilicic acid, 100 ml (20% concentration) was allowed to obtain an etch rate 56 nm/min
in our experience.

3.2 Electron beam lithography

Electron beam lithography (EBL) is based on the principle that some polymers are sensitive
to electrons and can be patterned by electron exposure, which is very much like the other
lithography. PMMA (Poly Methyl Methacrylate) is normally used in EBL. Its own low
exposure time and low resolution are the limitations for our case. We therefore shifted to
another resist named “ZEP 520A” by ZEON corporation. ZEP520A is high performance
positive EB resists which show high resolution and dry etch resistance. The spin curve and
refractive index of this resist are shown in Fig. 19 and 20. The schematic of electron beam
system is shown in Fig. 21.

ZEP520A Spin curve (2)
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Fig. 19. Spin Curve for ZEP520A with Dilution Rate (provided by ZEON).
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Fig. 20. Refractive Index of ZEP520A (provided by ZEON).

Electron Gun
Beam Blanker
Condenser Lens
Aperture
Defector

] [ Objective lens

( ﬂ Sample on the stage

Fig. 21. Simplified System of EBL.

700



134 Advances in Unconventional Lithography

At the top, it consists of an electron gun, a condenser lens to allow changes in the current
and corresponding beam diameter, an objective lens to focus the beam on the wafer and a
deflector to scan the e-beam around within the field. The sample is placed below on a
motorized stage so that it can be patterned by the desired profile. More detailed descriptions
of the different types of sources, lenses and the various other components can be found in
many textbooks (C. Zheng, 2005). The simplified flow diagram is shown in Fig. 22. The CDG
sample is also shown in Fig. 23. The machine in our lab is “Crestec CABL-9510C".

electron
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96
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Fig. 22. Flow diagram of EBL.

Fig. 23. CDG sample using EBL.
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4. Conclusion

CDG is affected by the different errors, such as etched depth errors, feature errors, grating
period deviations and non vertical side wall angle. Most of these errors will affect the
distribution of light into diffracted order. The effects of variation in phase depth and grating
duty cycle for a grating are shown in Fig. 24-26 respectively. In general, from the following
figures, we can conclude that for getting over 60% efficiency, 100nm variation is allowed in
both techniques.
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Fig. 24. Etched Depth against efficiency with photolithography.
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Fig. 25. Etched Depth against efficiency with EBL.



136 Advances in Unconventional Lithography

07 T T T T

06 &

05+ B

nd
=
T
I

Normalized Efficiency
o
w
T
1

o
[N
T
I

0 I L I I I L L I L
0 01 02 03 04 05 06 07 08 09 1

Duty Cycle

Fig. 26. Duty Cycle against efficiency.

Although fabrication errors on these structures will redistribute the energy among
diffraction orders and increase the efficiency of central order, the total energy remains the
same. It is also noted that the choice of fabrication method introduce different errors. For
example, EBL tends to have variations in exposure dosage which has excess etch depth and
shape errors. But it can provide very fine width and vertical shape walls and hence it can
support high density structure. Conversely, chemical etching technique can provide very
sharp side walls and accurate etch depth with carful timing. But, it never supports high
density structure as the linewidth it can sustain is in order of um. The users must to balance
between the cost and performance requirements.
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1. Introduction

Two types of lenses can focus light: an optical lens using refraction phenomenon and a
diffractive lens using diffraction phenomena. Table 1 shows the characteristics of each lens.
The focal length of the diffractive lens is controlled by the structures of the lens, as
mentioned in detail in Section 2.2. This suggests that the focal length of the diffractive lens is
independent of refractive index and curvature. Thus, application of diffractive lenses to UV
optical elements or thin optical elements is possible.

Refractive lens Diffractive lens
Principle Refraction Diffraction
Close to wavelength
Structure T o
Radius of curvature R Radius r,,
R 2 _(mA)>
Focal length f f=—— f= M
2(n-1) 2mA
Control Off 1, R (depending on material) 7y, (m=1,2,-=")
Short wavelength Possible
light such as UV and Difficult

X-ray (depending on material)

Difficult Possible

Thin structure
(wavelength order)

Controlling light
distribution

Difficult Possible

Table 1. Comparison of characters between refractive lens and diffractive lens
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Recently, the emitting efficiency of light emitting diodes (LEDs) has improved; thus, they
are used in lighting devices. To this end, miniaturizing the LEDs for smaller lighting devices
and controlling the luminosity of LEDs are required. The conventional oval lamp-type LEDs
cannot realize these requirements because the lens height of such LEDs is approximately 5
mm and its distribution of luminosity is determined by its shape. In this study, instead of
the oval lamp-type lens, we used the diffractive lens on the optical films, as shown in Fig. 1.
If the diffractive lens with short focal length (order of micrometer) can be fabricated,
miniaturization of the lens system and consequently the LED lighting devices can be
achieved. In order to realize the refractive lenses with the short focal length, large curvature
radius is needed, thus making it difficult to realize it easily. Therefore, the diffractive lenses
are suitable for realizing the short focal length lenses. Furthermore, by modifying the
structure of the diffractive lens, it is easy to control the luminosity of the LEDs and the far-
field pattern. Therefore, in this study, we focused on the diffractive lens because it enabled
us to reduce the thickness of the lens, control the luminosity distribution of LEDs, and
facilitate the realization of the binary structure.

> Controlling luminosity distribution

‘@

(o]

£ L

S »

= Position
Diffractive 9 Thickness: about 200 um
lens on the . ) . )
optical film 4 (including optical film)

LED chip

Fig. 1. Schematic representation of diffractive lens on the optical film

The zone plate was the first diffractive lens invented by I. L. Solet in 1875. To improve light
efficiency, kinoform was invented by J. A. Jordan (Jordan et al., 1970). Recently, binary
optics technology was developed using CAD design and VLSI technology (Swason and
Veldkamp, 1989). The diffractive optical elements with multi-level grating having step-like
cross-section have been developed. By controlling thestructure of the multi-level gratings,
an optical effect almost same as that of the kinoform can be obtained (Orihara et al., 2001 &
Yamada et al., 2004).

On the other hand, subwavelength structures (SWSs), which are equivalent to a blazed
structure, were suggested by P. Lalanne (Lalanne et al., 1999 & Mait et al., 1999). These
structures are fabricated binary SWSs converted from Fresnel lenses. These structures are
fabricated easily than those of the multi-level gratings because they can be fabricated by
electron beam lithography (EBL) or nanoimprint lithography (NIL). Furthermore, in the case
of photolithography, combining some masks is not necessary. By using these structures,
achromatized diffractive lenses were reported (Kleemann et al., 2008).

We aim to realize a highly effective short focal length diffractive lens using the binary
diffractive lens fabricated by EBL, and expect the equivalent effect with the diffractive lens
of the saw-like structure. NIL or photolithography can easily fabricate these structures at
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low cost and over a large area. However, EBL does not use any molds or masks. Therefore,
it is convenient to examine EBL in detail to obtain optimum structures.

In this study, we carry out the design and fabrication of the binary diffractive lens with 2-
mm focal lengths for controlling the luminosity distribution and the binary diffractive lens
with the 100-um-order focal length. Furthermore, to improve the diffraction efficiency, we
characterize the detailed relationship between the lens structure and the light intensity.

2. Experimental procedure

In this section, the methods of design, fabrication, and characterization of the binary
diffractive lens are described.

2.1 Basic optical characteristics of materials related to binary diffractive lens

The binary diffractive lenses, on which this study is focused, were fabricated on the
poly(ethylene terephthalate) (PET) films. The PET films are often used as optical sheets for
liquid crystal displays. There are many types of optical films such as polycarbonate (PC) and
poly(methyl methacrylate) (PMMA). In this study, the EBL process was used for fabricating
the binary diffractive lenses; this process required the optical films to endure high
temperature and chemicals, making them more suitable than PC or PMMA.

In this study, the binary diffractive lens was fabricated by developing the resist for EBL
(ZEP-520A, ZEON Co.) on the PET films (Teijin® Tetoron® Film, Teijin DuPont Films,
Japan). If the refractive indexes of both materials are almost same, the binary diffractive lens
can be fabricated by developing the resist instead of etching the PET films. Therefore, the
refractive indexes of the PET films and the resist are evaluated by ellipsometry (M-2000DI,
J.A. Woollam Co., Inc.). Fig. 2 shows the wavelength dispersion of the PET film and the
resist on the PET film, including the data from the catalog of ZEP-520A. D2 and halogen
lamps were used for this measurement. The refractive index of the PET film is relatively
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Fig. 2. Wavelength dispersion of the PET film and the resist on the PET film, including the
data from the catalog of ZEP-520A
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higher than that of the resist; however, in the visible region, their refractive indexes are
between 1.58 and 1.60. Thus, in this study, these values are considered to be almost same.
Furthermore, by using ellipsometry, the thickness of the resist is estimated using the
multilayer model. Fig. 3 shows the relationship between the thickness of the resist and the
number of rotations of the spin coater. The thickness of the resist varies from 760 to 460
nm and increases with the number of rotations. Thus, in this study, the binary diffractive
lens structures of the electron beam (EB) resist were fabricated by developing an EB resist
on the PET films. The development of the EB resist can be regarded as processing the
surface of a PET film. The thickness of the resist is equivalent to the height of the binary
diffractive lens.

800

E L

£ 750}

‘(7,’ L

s 700}

o I

2 e50f

= [

6 600}

p [

[72] |
© 550}

% L

£ s00f

2 450l .
|_

1 s 1 s 1 s 1 s 1
1000 1500 2000 2500 3000
The number of rotations (rpm)

Fig. 3. Relationship between the thickness of the resist and the number of rotations of the
spin coater

2.2 Design of diffractive lens

The fabricated binary diffractive lens was based on the micro-Fresnel lens. In this study, a
part of two-level zone plates with a pattern of lines and spaces was fabricated. Radius of the
mth zone 1y, is

I'm = 2mfA + (mA)2 1)

where f is the focal length of the designed lens and A is the dominant wavelength. Equation
1 is based on the imaging theory of the diffractive lens (Buralli et al., 1989).

Then, mth period of this lens dn, is determined by rm — rm-1. In period dm, the blazed
structure is approximated to a step-like structure with n steps and then the step-like
structures is converted to the relief structures by duty ratio of height t = 1 - h(x;)/hmax in
each interval g, as shown in Fig. 4 (a). In the interval, the width of the air part is given by
¢*ti. In the binary diffractive lens, N is the number of the relief structures in a period.
Examples of the structures are shown in Fig. 4 (b) and the complete structure of this lens is
shown in Fig. 4 (c).
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Fig. 4. Structure of the binary diffractive lens, (a) the conversion of the step-like structure to
the binary structure, (b) the examples of the structures, (c) the complete structure

2.3 Fabrication of binary diffractive lens on optical films by EBL

The 125-um-thick PET films were used as the substrate. Fig. 5 shows the procedure for the
fabrication of the binary diffractive lens on the optical films by EBL. Before spin coating the
EB resist, hexamethyldisilazane (HDMS) was spin coated on the surface of the PET film to
improve the adherence between the PET film and the EB resist (Fig. 5 (a)). The surface was
spin coated with an EB positive resist followed by pre-baking (Fig. 5 (b)). Then, the charge-
up prevention was spin coated on the EB resist (Fig. 5 (c)).

The EBL system (Crestec CABL-8000) was equipped with a ZrO/W thermal field emission
cathode. The acceleration voltage was 30 kV; the electrons accelerated by this voltage were
able to penetrate the resist (Fig. 5 (d)). After exposure, the resist was developed and the
binary diffractive lens could be obtained from these procedures (Fig. 5 (e)). The size of the
patterns for the binary diffractive lens ranged from 100 x 100 pm?2 to 2 x 2 mm2.

The optimum results obtained using the diffractive lenses fabricated by EBL, such as period,
width, and height of the fabricated binary diffractive lenses, are useful for fabricating the
molds of the thermal-type nanoimprint.
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Fig. 5. Procedure for the fabrication of the binary diffractive lens on optical films by EBL, (a)
spin coating HMDS, (b) spin coating EB resist and pre-baking, (c) spin coating charge-up
prevention, (d) exposing e~ beam, (e) developing the resist and obtaining the binary
diffractive lens

3. Results and discussion

In this section, we describe and discuss the experimental results. There are two types of the
binary diffractive lenses: (1) the binary diffractive convex lens with a 2-mm focal length for
controlling the luminosity of LED light and (2) the binary diffractive convex lens with a 150-
pm focal length.

3.1 Binary diffractive convex lens with 2-mm focal length for controlling luminosity of

LED light

The binary diffractive convex lens with 2-mm focal length was fabricated on the PET film.
Fig. 6 shows the scanning electron microscopy (SEM) image of the fabricated binary
diffractive lens on the PET film. The diffractive lens having width almost same as that of the
designed lens was obtained.

Optical characterization of the fabricated binary diffractive lens was carried out. The
luminous intensity distribution of the LED (A = 566 nm) for the binary diffractive lens was
characterized using a luminous intensity distribution system (Asahi Spectra IMS5000-
LED).

The fabricated lens was then mounted on the LED chip and spectral irradiance in the
vertical direction was measured; Fig. 7 shows the distribution of the irradiance. Most of the
LED light was focused, as shown in Fig. 7 (a); the light distribution angle became narrow
(30°) using the binary diffractive lens. As shown in Fig. 7 (b), spectral irradiance around 0°
with this lens was 1.5 times higher than that without the lens. On the other hand, two side
peaks in these data were observed and believed to be due to light escaping from the
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fabricated binary diffractive lens. From these results, it is clear that the luminous intensity
distribution can be controlled using this type of lens.

Fig. 6. SEM image of the fabricated binary diffractive convex lens with 2-mm focal length on
the PET film.
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Without binary diffractive With binary diffractive lens
(a) lens e (b) Without binary diffractive
% 0] lens
801
701 -~
601 --F
60° 50] ~ N

Spectral Irradiance (uW/m

n
=)

40
30
\) 90° 10
80 60 40 20 0 20 40 60 8D
Angle (deg.)
Fig.7 Ddistribution of the irradiance. (a) Angle dependence of normalized spectral
irradiance. (b) Angle dependence of the absolute value of spectral irradiance

3.2 Binary diffractive convex lens with 150-um focal length

Although the binary diffractive lens was effective in controlling the luminous intensity,
diffraction efficiency was reduced when the diffraction angle was decreased (Lalanne et al.,
1999; Kleemann et al., 2008). Furthermore, the focal length of the fabricated binary
diffractive lens is 2 mm. In order to realize a thin LED light source, the focal length has to be
shorter. In this section, to improve the diffraction efficiency and shorten the focal length, we
designed the binary diffractive convex lens with 150-um focal length.

In this study, a binary diffractive lens with a focal length of approximately 150 pm was
designed and light propagation of the plane wave was simulated by the finite domain time
difference (FDTD) method. Fig. 8 shows the field intensity distributions for TE polarization
of the binary diffractive lens. The simulation parameters were A = 632 nm, n = 1.575
(refractive index of the PET film), and no = 1.0 (refractive index of air). The value of the
period in part of the fringe was smaller than that in the center. The designed lens was placed
along the x-axis (z = 0). The light was incident from z = 0 to the +z direction, resulting in the
light being focused at x = 0 pm and z = 140 pm. After focusing, the light was spread with
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time because of diffraction. Therefore, a binary diffractive lens with a micrometer-order
focal wavelength is expected to provide a small and thin light source for controlling the
luminous intensity distribution. On the basis of the results of section 3.1, we speculated that
the LED light can be focused at 140 pm.

Contour Map of Ey

Z (urn)

Focal point

Focal length 140um

W lens

AL 50 -40 -30 20 -10 0 10 20 30 40 50
X (um)

Fig. 8. Field intensity distributions for TE polarization of the binary diffractive lens

The binary diffractive lens with a 150-um focal length was fabricated; its size was 100 x 100
pum? and thickness was 570 nm, as measured by ellipsometry. Fig. 9 shows the SEM image of
the fabricated binary diffractive lens (N = 4) on the PET film. The diffractive lens, whose
width was almost the same as the designed lens, was obtained.

Design Fabrication
(0 13.78 ym (D 13.80 um
@5.73 um @5.80 um
@1.15um @1.20 uym

B

=
=
E

Fig. 9. SEM image of the fabricated binary convex diffractive lens with a 150-pm focal length
(N =4) on the PET film

The far-field transmitted intensity distribution of the fabricated lens is characterized by red
laser light (A = 635 nm). The aperture with a diameter of 100 pm was used for eliminating
the light escaping from the edge of the lens. Fig. 10 shows the far-field transmitted intensity
distribution of the fabricated lens with different N values (1, 2, 4). The focal length of this
lens, which is estimated from this distribution, is approximately 160 um, which is almost
same as that in the FDTD simulation. For higher N values, the intensity of first-order
diffraction decreases.
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Fig. 10. Far-field transmitted intensity distribution of the fabricated lens

To determine the reason for these results, the binary diffractive lenses with only first period
(d1=13.78 um) and 12th period (di2 = 2.12 um) were fabricated. Fig. 11 shows the far-field
light distribution of both lenses. In the case of d; = 13.78 um, the first-order diffraction is
observed when N = 4. Because d; is considerably larger than the wavelength of light, the
first-order diffraction cannot be observed when N is small. On the other hand, in the case of
di2 = 212 pm, the first-order diffraction is observed when N = 1, and it disappears by
increasing the number of N. Therefore, in order to improve the diffraction efficiency of the
diffractive lens, it is necessary to control the intensities of the zero- and first-order

diffractions by choosing the binary structures.
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4. Conclusion

In summary, we designed and fabricated two types of binary diffractive convex lenses using
EBL on a PET film. In the case of the binary diffractive convex lens with 2-mm focal length,
it is possible to control the luminous intensity distribution. To improve the diffraction
efficiency and realize a thin LED light source, we designed a binary diffractive lens with
140-pm focal length. This type of lens with focal wavelengths in the micrometer range can
produce a thin LED light source to control the luminous intensity distribution.

To realize the binary diffractive lens with the 100-um-order focal lengths, we characterize the
relationship between the diffractive lens structure and its light intensity. It is clear that the
intensities of the zero- and first-order diffractions are controlled by the structure of the binary
diffractive lens. By using this lens, wide luminous intensity distribution can be obtained.
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1. Introduction

Stimuli-responsive polymeric materials are able to change their chemistry and their
conformation upon an external signal. The external signal may be derived from a change in
temperature, chemical composition or applied mechanical force of the specific material, or
can be triggered externally with exposure to an electric or magnetic field or to light
irradiation. In this respect, a photochromic substance is a stimuli responsive material which
is characterized by its ability to alternate between two different chemical forms having
different absorption spectra, in response to light irradiation of appropriate wavelengths
(Brown 1971). Due to this important property, a significant amount of effort has been
devoted to the formation of polymeric materials functionalized with photochromic
molecules for the creation of photosensitive “smart material” systems, that change
reversibly their physical and chemical properties by the use of light. The corresponding
reversible effects of the molecules such as dipole moment, surface energy, refractive index,
and volume are preserved in the polymer matrix, and have numerous promising
applications in devices for three-dimensional (3D) optical memories, (S. Kawata & Y.
Kawata 2000), in actuators (Yu et al 2003, Athanassiou et al 2005), in holographic or
diffractive optics, (Fu et al 2005, Tong et al 2005) or in microfluidics, (Caprioli et al 2007,
Walsh et al 2010) etc. Concerning microfluidic devices using photochromic plastic films, the
transportation of fluids happens without the need for their molecules to be charged, as done
in other studies (Mitchel 2001). This is achieved by gradually modifying the surface tension,
and thus the wettability, by irradiating with increasing time along the direction of the fluid
movement (Ichimura et al 2000). The gradual wettability changes are exclusively based on
the photochemical modification of the embedded photochromic molecules caused by the
photoisomerization process. In addition, in the case of the diffraction gratings the
development was generally done by interference of different polarized laser beams, or by
electric-field application, and the modification of their diffraction efficiency is connected
with the changes of the refractive index of the photochromic molecules during this
procedure (Yamamoto et al 2001, Fu et al 2005).

Here we present how the volume changes induced to the photochromic polymers by the
photoisomerization of their embedded photochromic molecules, can improve significantly
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the performance of these two different type of applications, namely the microfluidic devices
and the diffraction gratings. In both cases the lithographic technique used for the
microstructuring of the photochromic doped plastic films is the soft molding. Concerning
the microfluidics applications, the presented microstructured photochromic plastic films
exhibit a significant improvement on the reversible wetting characteristics compared to
those on the flat surfaces. This improvement is due to the combination of the changes in the
surface polarity and thus in the wetting properties with the modified surface conformation,
both provoked by the light induced changes of the photochromic molecules. Moreover,
regarding the optical gratings, we present a different approach in where the control of their
diffraction efficiency relies on the dimensional variations of the gratings upon laser
irradiation. Following this approach, the efficiency of the gratings is significantly improved
with respect to previous works.

Such findings open the way for the production of optically switchable gratings based on
reversible dimensional changes, and can be of great importance in all-optical signal
processing systems. Moreover, the ability to control the wettability of surfaces by
microstructuring and to tune it by using photochromic molecules, permits the application of
these lithographically formed structures to all-optically controlled switches capable of
operating with tunable speed, and to microfluidic actuation.

2. Materials and methods

2.1 Photochromic polymers and properties

Photochromic doped polymer films were prepared by incorporating photochromic
molecules into polymer matrices. In particular, solutions of the polyethylmethacrylate-co-
methylacrylate copolymer (PEMMA) (average molecular weight, M,=100,000) (Aldrich)
mixed with the photochromic molecule 1’,3’-dihydro-1’,3",3’- trimethyl- 6-nitrospiro[2H-1-
benzopyran-2,2’-(2H)-indole] or (6-NO» BIPS) (Aldrich) (weight ratio 90/10 respectively or
95/5) were prepared in toluene. Consequently a certain volume of this solution was spin-
coated onto a glass substrate.

The photochromic dopant 6-NO; BIPS, belongs to the family of spiropyrans (SP) which have
been extensively studied in the past decades (Gorner 1998). Initially it has a 3D structure, and
exists predominately in its non polar form (Figure 1). It is colorless, denoting that it is
transparent in the visible range of the spectrum, but absorbs in the ultraviolet (UV). Upon
irradiation with UV light, it is converted to its isomeric form, merocyanine (MC), through the
photochemical cleavage of its carbon-oxygen (Cspiro-O) bond. The MC has a planar structure, it
is colored and polar, and has a new absorption band in the visible range of the spectrum. MC
can revert back to the SP form photochemically, using visible-light irradiation.

CH, Merocyanine

Spiropyran

Fig. 1. The photochromic dopant spiropyran (SP) and the stable form of its isomer
merocyanine (MC).



Photocontrolled Reversible Dimensional Changes of Microstructured Photochromic Polymers 151

Briefly, UV and visible irradiation causes the reversible transformation of these chemical
species, between two states (isomers) that have light absorption bands in characteristic
spectral regions. This property is retained when the photochromic molecules are
incorporated in polymer matrices, where they are homogeneously dispersed forming
miscible systems. Specifically, the absorption properties of the photochromic polymer films
prepared as described above change reversely upon UV-visible irradiation as shown at
Figure 2. Initially the system is transparent at the visible range of the spectrum. Upon
pulsed UV laser irradiation the SP is slowly converting to the MC isomer, fact indicated by
the new absorption band in the visible region of the spectrum (ca. 565 nm). The intensity of
the peak increases with the number of UV pulses until a plateau is reached, which suggests
that the photoisomerization is completed and that the system has reached the equilibrium.
The subsequent irradiation with green laser light, causes the decrease of the intensity of the
previously formed MC peak, while after a certain number of pulses the spectrum reaches its
initial form, indicating that MC reverts fully to the SP isomer. These data confirm that under
the irradiation conditions mentioned in the figure caption of Figure 2, the reversible
properties of SP are retained in the host polymer matrix. Depending on the irradiation
conditions and the weight percentage of the photochromic molecules in the polymer matrix
(usually <10%), it has been shown that typically about 4-10 irradiation cycles can be
performed, while further irradiation causes the degradative photooxidation of the
photochromic molecules, restricting thus the lifetime of the system (Athanassiou et al 2006c).
Additionally, the degradative phenomena start to be evident usually after the third cycle. In
order to exclude this parameter from the following study, results derived by the first three
irradiation cycles are presented.
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Fig. 2. Absorption spectra of the PEMMA /SP 10% wt upon UV and visible irradiation. For
the specific study, the irradiation conditions used are: Ayy=355 nm, fluence Fyy=20 mJ cm-2,
Mis=b32 nm, F.is=35 mJ] cm-2.
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Except of the alteration in the optical properties, there are also other physical and
chemical properties that change reversibly upon UV-visible irradiation even if the SP
molecules are incorporated in the polymer matrix, such as dipole moment, surface energy,
refractive index, and volume. Concerning the volume changes upon UV irradiation, occurs
the formation of aggregates between different MC stereoisomers with zwitterionic
character causing density fluctuations in the polymer matrix, reducing thus the MC partial
molar volume. Consequently, takes place the short scale motion of the polymer chains in
order to diminish the density fluctuations in the samples, and this leads to the
macroscopic reduction of the dimensions of the matrix. This effect is reversible, since
upon green irradiation, MC molecules return to the SP form, which does not form
aggregates (Athanassiou et al. 2005)

2.2 Substrates microstructuring: soft molding

For the microstructuring of the photochromic plastic films it is used the soft molding
lithography (SM). It is actually based on the conformal contact between the material to be
patterned and an elastomeric replica of a master structure, and it combines soft and
nanoimprint lithography, using elastomeric elements and exploiting the glass transition of
organic compounds. Particularly, an elastomeric mold is placed onto a polymeric film
applying the pressure of its own weight, and consequently is heated up above the films’
glass transition temperature, T,. The subsequent cooling down, below Ty, freezes the pattern
into the polymer, and the replica is peeled off. The micropatterns formation is based on the
capillarity effect that drives the polymer to penetrate into the recessed features of the
elastomeric replica. The SM presents various advantages compared to the nanoimprint
lithography. Specifically, since penetration of the polymer into recessed features of the
replica is driven by capillarity effects, SM is only slightly affected by problems caused by
difficult polymer transport. Moreover, it does not need any pressing setup to ensure contact
between the mold and the polymer. Finally, SM does not present pattern shrinkage and
distortion due to the solvents employed by other soft lithography techniques. (Pisignano et
al 2004)

In Figure 3 it is represented the process followed for the SM. Initially, the original master
structures are fabricated onto glass or Si by both photo- and electron-beam lithography. The
realized masters are used as templates on which elastomeric replicas were realized using
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Midland, MI) according to a
standard replica molding procedure, and placed onto polymer films under their own
weight. (Pisignano et al 2004)

In order to form the microstructured photochromic polymer substrates for the wettability
study, elastomeric molds of PDMS having periods a= 1.3, 28.0, and 180.0 pm were placed
onto flat spin-cast films. Then the system was heated at 50 °C, a temperature higher than
the Tg of the PEMMA films (Tg = 48 °C). After the thermal cycle, the replica was easily
peeled off from the photochromic polymer substrates, on which the patterns are
transferred. For the preparation of the gratings on the films for the diffraction efficiency
study, the substrates were placed on a hot plate and heated until they reach a temperature
Tgrating of 65 °C. Then an elastomeric mold with a.=4 pm was placed on the substrate for 10
min, resulting in the formation of the gratings. In both cases the SM procedure was
carried out in nitrogen atmosphere to avoid the deterioration of the photochromic
molecules upon heating.
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Fig. 3. Schematic diagram of the process of master replication and soft molding.

3. Light induced wettability changes of patterned substrates

3.1 Introduction

As abovementioned, the modification of the wetting characteristics of photochromic surfaces
depends mainly on the photochemical processes which modify the surface tension and are
caused by the UV-visible irradiation cycle. However, studies on patterned surfaces have
demonstrated that the surface roughness affects significantly the wettability properties
(Patankar 2003). Here it is studied the combined effect of the two aforesaid factors on the
wettability properties of patterned photochromic polymeric surfaces. The wettability changes
induced by photomechanical and photochemical changes are reversible upon UV-visible light
irradiation, resulting in reversible changes of the wetting properties of the surfaces.

In particular, it is shown that the hydrophilicity of the photochromic polymeric surfaces is
increased upon UV laser irradiation due to the polarity change caused by the
photoisomerization, while the process is reversed upon green laser irradiation. The
microstructuring of the surfaces enhances significantly the hydrophobicity of the system
due to the increased surface roughness, and the light-induced wettability variations of the
structured surfaces are enhanced by a factor of 3 compared to those on the flat surfaces.
(Athanassiou et al 2006a, 2006b) In addition, by changing the topological parameters of the
introduced pattern (e.g. by decreasing the period), are achieved higher differences in the
surface wetting properties (Lygeraki et al 2008).
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3.2 Results and discussion

Figure 4, shows the apparent water contact angle (WCA) of a drop on a flat photochromic
polymer surface before and after pulsed UV and green laser irradiation. The WCA on the
flat substrate, &, is formed when the liquid is in contact with a solid surface in static
equilibrium with its vapor, and is determined by the Young’s equation:

YLv cOSOy = Ysv — YsL @

where yrv, ysv and ys. represent the interfacial tensions at the boundaries between the
liquid (L), vapor (V), and solid (S).

Initial; 76° After UV irradiation; 69 After green irradiation; 75°

Fig. 4. WCA of a water drop of volume 3 pl on flat photochromic polymer surface before
and after UV-green laser irradiation. (5% wt of SP in PEMMA, Ayy=308 nm, Fyy=40 mJ cm-2,
Agreen=532 N, Fgreen=45 mJ cm2) (Athanassiou et al 2006a)

As shown, before any irradiation the surface is hydrophilic with a WCA of 76°. After
irradiation with enough UV laser pulses so as to reach the complete photoisomerization of
all the non polar SP molecules to the polar MC form (50 pulses), the surface becomes more
hydrophilic, with a WCA of 69°. The subsequent green irradiation with 500 laser pulses
causes the reversible phenomenon, which is the conversion of the MC isomer to the SP form,
and the increase of the WCA until it reaches its initial value. The maximum WCA difference
measured on numerous flat surfaces upon UV irradiation was 7°+1°.

Fig. 5. Atomic force microscopy images of typical patterned surfaces of photochromic
polymers. (Athanassiou et al 2006a)

In order to examine the effect of the photomechanical changes upon the same irradiation
conditions, the aforementioned surfaces were microstructured using the SM technique. The
replica used had a period a=1.3 pm, and by following the already described steps there
were formed on the photochromic polymeric surface patterns of the same period (Figure 5).
The WCA on the specific surface was found to be greatly affected by the patterning,
showing an increased hydrophobicity with a value almost 30° greater than that of the flat



Photocontrolled Reversible Dimensional Changes of Microstructured Photochromic Polymers 155

surfaces (Figure 6). Moreover, always in comparison with the flat surfaces, the light induced
WCA changes due to the photoisomerization effect are enhanced by a factor of 3, since the
WCA change before and after UV irradiation is ca. 20° (WCA change on the flat surface, ca.
7°). This guides to the conclusion that the microstructuring affects significantly the
reversible photoinduced wettability changes of the surfaces.

Fig. 6. WCA images obtained on patterned surfaces before and after laser irradiation. (5% wt
of SP in PEMMA, Ayv=308 nm, Fyy=40 mJ] cm2, Agreen=532 nm, Fgreen=45 mJ cm-2)
(Athanassiou et al 2006a)

In order to explain the effect of roughness on the wetting characteristics of a surface, there
are proposed two theories. The first is referred to as the Cassie-Baxter model (Cassie and
Baxter 1944) (Figure 7a), and describes the wettability of rough surfaces, where only partial
wetting may occur due to the trapping of air underneath the drop at the recessed regions of
the surfaces. Since the drop is situated partially on air, the surface exhibits an enhanced
hydrophobic behavior. The second one is the Wenzel model (Wenzel 1936), and it proposes
that roughness increases the liquid-solid interfacial area, and thus hydrophilic surfaces
(6<90°) become more hydrophilic, and hydrophobic (6>90°) more hydrophobic (Figure 7b).

Fig. 7. Representation of a drop on a patterned surface, according to Cassie-Baxter model (a)
and to Wenzel model (b).

In the presented cases the WCA of the drop on the flat surface is 76° thus hydrophilic (<90°)
and according to the Wenzel model the patterning should increase its hydrophilicity.
However, the experimental results presented above show that the WCA after the patterning
is significantly increased, reaching a maximum value of 104°, indicating that the surface
became hydrophobic (>90°). Thus, the presented surfaces follow the Cassie-Baxter model,
where the relation with the WCA of the flat surface (&) is given by the following equation:

cos0,=-1 + fs(1 + cosby) )
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with f; the solid fraction of the surface in contact with the liquid. According to this equation,
the WCA decreases when the f; is increasing. Using the WCA (6y) measured on the flat
surface and the one of the patterned in all three cases, before, after UV, and after green
irradiation, the f; is calculated. The results show that the fraction of the patterned surface in
contact with the liquid is increased after UV irradiation (f,=0.8) compared to the no
irradiated sample (f;=0.6). AFM microscopy studies of the topological changes of the
gratings after UV irradiation, showed that the average volume decrease of each
nanoimprinted stripe is ca. 30 nm. However, since the f; is higher, and the stripes of the
pattern are narrower, it is concluded that the water drop penetrates deeper into the channels
of the UV irradiated pattern (partial wetting-Figure 8b), decreasing thus the WCA value.
After irradiation with green laser pulses the MC molecules return to their SP isomers, the
stripes recover their previous volume, and thus the drop returns to its previous condition,
demonstrating once more that the wetting behavior is greatly influenced by both, the
changes in the surface polarity and the volume of the stripes (Athanassiou et al 2006a).

Fig. 8. Representation of a drop on a patterned surface, according to Cassie-Baxter model,
before (a) and after (b) UV irradiation.

A further demonstration of the abovementioned statement is the study of the wetting
properties of patterned surfaces with different topological parameters. In particular, the
periods of the elastomeric replicas used for the formation of the patterns on the
photochromic polymer surfaces (10% wt of SP in PEMMA) were 1.3, 28.0, and 180.0 pm.
Figure 9a demonstrates the WCA changes upon three UV-green irradiation cycles for each
of the patterned substrates and the comparison with the flat surface. For comparison reasons
it is presented also the WCA of the pure polymeric surface, without any addition of
photochromic molecules, which is not affected by the irradiation as expected. As shown, the
patterning of the surfaces increases the initial WCA in all three cases. However, the smaller
the period of the pattern the more hydrophobic is its behavior compared to the flat surface.
After UV irradiation, all substrates become more hydrophilic, but again the WCA difference
from the initial one is greater at the pattern with the smaller period, and becomes smaller as
the period is increasing (Figure 9b).

The observed difference between the various patterns cannot be attributed to the surface
chemistry changes upon UV-green irradiation, since this is the same in all samples.
Additionally, if this was happening, it should be observed the inverse phenomenon, thus
the greater change for the pattern with the greater period, since in these cases the drops are
in contact with a greater percentage of the solid surface, as seen from the calculated value of
f, at Table 1. Thus, the reported differences can be attributed to the volume shrinkage of the
patterns upon UV irradiation. This reduction of the patterns volume affects much more the
contact angle of the samples with patterns of smaller period, since the drop lies on a greater
number of patterned features. Indeed it is calculated that the radius of the drop is 20 times
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larger than the size of each feature projected on the plane of the interface in the case of the
patterns with a 180 pm period, about 140 times greater in the case of the patterns with a 28
pm period, and finally more than 2950 times greater in the case of the patterns with a 1.3 pm
period. Accordingly, as shown at the table, for the pattern with period of 180 pm there is a
slight change of the f upon UV-green irradiation. This is not the case for the smaller pattern
where the change upon UV-green irradiation is almost 15%, while for the pattern of period
28 pum there is an intermediate change of ca. 6%.
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Fig. 9. (a) Mean WCA values of patterned surfaces of 10% wt SP in PEMMA for each
pattern, for the flat surface and for the PEMMA surface. The media is taken after studying
10 samples of each case. (b) WCA difference (A0) from the initial one after UV irradiation.
(Auv=308 nm, Fuy=20 m] cm2, Agreen=532 nm, Fgreen=25 mJ cm2) (Lygeraki et al 2008)

Table 1. Factor f calculated by the Cassie-Baxter model under different irradiation
conditions.
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In conclusion, at this section it is presented the possibility to create both hydrophobic and
hydrophilic surfaces starting from the same photochromic polymeric sample by changing
the topological parameters of its surface features using soft molding lithography. Due to the
photochromic transformations taking place upon alternating UV and green irradiation,
these surfaces can reversibly change their wettability. By careful control of the surface
topology these changes can be fully controlled and tuned, in such a way that the surfaces
can be wetted in a reversible manner.

4. Reversible diffraction efficiency changes of photochromic polymer
gratings

4.1 Introduction

The photoinduced reversible volume changes of the lithographically patterned features of
such materials are also used for realizing diffraction gratings, operating in the Raman-Nath
regime, with controlled and reversible diffraction efficiency (DE). In particular, the
alternating pulsed UV and green laser irradiation on the gratings causes the doped
photochromic molecules to undergo transformations, which induce reversible dimensional
changes to the samples. These volume changes cause reversible changes to the diffraction
efficiency of the gratings, which is increased upon UV irradiation and decreased after
irradiation with green laser light for various irradiation cycles. The experimental results are
confirmed by a theoretical diffraction model. It is proved that the diffraction efficiency
changes are attributed exclusively to the reversible dimensional changes of the imprinted
structures (Fragouli et al 2008), and not to the refractive index changes as is the case in the
majority of previous works. Specifically, most of the gratings with similar thickness as the
here presented, are produced after irradiation with interfering beams that cause variation of
the refractive index inside the samples mainly consisting of azobenzene polymers and liquid
crystals. In these studies the switching procedure in the DE is due to the formation and
deletion of the gratings (Yamamoto et al 2001, Fu et al 2005). Moreover, although the
thickness of the produced gratings is very small, they exhibit higher DE than most of the
volume gratings prepared in this regime (Tong et al 2005, Yamamoto et al 2001, Fu et al.
2005).

4.2 Results and discussion

A grating of period 4 um and thickness of ca. 240 nm was formed on the photochromic
polymeric surface by the SM technique as described at section 2. The experimental setup
used for the study of the diffraction efficiency (DE) of the formed grating, is demonstrated
in Figure 10. As shown, a continuous wave diode laser operating at A=822nm, with an
incident angle adjusted to have the maximum intensity of the first-order diffracted line (Ir),
was used as a reading beam. This wavelength was chosen in order not to be absorbed by the
photochromic sample. The zero-order transmitted (Ip) and the I; lines, are measured by two
photodiodes, and were used for the calculation of the DE (equation 3).

DE=1/I, ®3)

The DE was calculated for three irradiation cycles, and Figure 11 shows the DE relative
change in each case. Initially, the DE of the grating was ca 2.2%, and upon UV laser
irradiation it was increasing until it reached a final value. After two minutes in the dark in
order to leave time to the system to relax, subsequent irradiation with green laser pulses
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caused the DE to recover close to its initial value. It is worth noticing that the relative
changes of the DE during the first irradiation cycle exhibit big variations between the
various examined samples, in contrary with the following irradiation cycles, where the
changes are similar for all the examined gratings. This is mainly attributed to internal
stresses of the polymer matrix, produced during the preparation of the gratings, that are
released in a random way upon irradiation (Liang et al 2007). Nevertheless, at the second
cycle during UV irradiation the DE increases with increasing number of pulses, until it
stabilizes to an average value of approximately 7.4+3.0% with respect to its initial value.
After green irradiation the DE is slowly reaching its initial value with increasing number of
pulses. This behavior is repeated also at the third cycle.
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Fig. 10. Experimental setup for the measurement of the diffraction efficiency of the
photochromic gratings (10% wt. SP in PEMMA) (Ayy=355nm, Fyy=20 m] cm2, Agreen=532
nm, Fgreen=35 m] Cl’l’l’2, kreading beam=822 nm.)
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Fig. 11. Diffraction efficiency changes of the grating upon UV-green irradiation. (Fragouli et
al 2008)

In order to examine the effect of the refractive index (1) change of the photochromic
polymer sample upon UV-green irradiation on the observed change to the DE, ellipsometric
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measurements on a similar sample were conducted. The results show that before any
irradiation for =822 nm, the refractive index of the sample is n=1.509. After UV irradiation,
the n is higher by An=0.029. This difference is very small compared to the periodic refractive
index variations in the grating between the photochromic polymer (1.509) and the air (1),
which is actually what causes diffraction to occur. Thus it is believed that this change plays
a negligible role in the measured DE relative changes. Furthermore, the small thickness of
the gratings (ca. 240 nm) reduces the importance of the An even more.

Thus, the reversible DE changes can be attributed exclusively to the light-induced
macroscopic deformations of the gratings. Specifically, Figure 12 illustrates the reversible
macroscopic changes of the grating before and after UV-green irradiation as taken by AFM
microscopy. As shown, the width of the stripes of the grating (a—P) is decreased by ca. 13%
after UV irradiation while the distance between the two stripes (B) is increased. A small
decrease is also observed in the period of the grating (o) (o and B before UV, 3.971 um and
2.366 um respectively; o and B after UV, 3.842 um and 2.449 pm respectively). After the
subsequent irradiation with green light the values recover very close to the initial ones. It is
worth noticing that, as shown at Figure 12, there is a dip separating each stripe in two equal
parts. As already mentioned at section 2.2, the SM technique which is followed for realizing
the grating relies mainly on the capillarity that allows the viscous polymer to spontaneously
fill the vertical channels that are made of the recessed features of the elastomeric mold, since
the wetting lowers the overall free energy. There is always the possibility that the
photochromic polymer may not fill completely such regions, thus may be mostly
accumulated in the regions that are adjacent to the protruding areas of the mold, forming
thus dips in the central part of the growing capillarity features. This behavior is common to
different imprint lithography methods (Zankovych et al 2001, Hong and Lee 2003, Pisignano
et al 2004). However, this dip is useful for the AFM morphological analysis of the patterned
surfaces, since it makes the volume changes upon UV-green irradiation cycles much clearer.
Moreover, it is too narrow to give any contribution to the diffracted light from the grating.
In order to compare the experimental result with the existing theory, the basic equation that
describes the intensity distribution of monochromatic light passing through a grating, was
used (equation 5). (Born and Wolf 1999)

1 [sinGpp/ )] [sinNrap/ )]
I, | zBp/a sin(zap/A) ©)

I and Iy are the intensities of the light after the grating at various orders of diffraction and at
zero order respectively, B is the distance between two successive stripes, a is the period of
the grating, N is the number of stripes, A is the wavelength of the reading beam, and p =
sin@ -sinB, =mM/a. (m=0, £1, +2 etc) where € is the angle of incidence and & the angle of
diffraction. The number of the stripes covered by the reading beam was calculated by
dividing the diameter of the spot of the beam by the period of the grating in each case. The
angle of incidence of the reading beam was 6,=20°. In each case, by the AFM images it was
measured the different value of o and B before and after UV-green irradiation. Taking into
account the measured parameters by the experiment and using the equation 5, it was
calculated the ratio I;/Io, and consequently the DE for the gratings before and after the UV-
green irradiation. The theoretical calculations confirm that there is an increase of the DE

0
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after the photoisomerization process, by 8.7%. The agreement between the calculated and
experimental (ca. 7.4+3.0%) values is notable, taking into account the experimental error due
to factors such as the exact value of the laser beam spot size, which leads to an approximate
value of the observed stripes, the imperfections of the surface introduced during the grating
formation, and so on. The theoretical calculations presented, demonstrate that the decrease
of the dimensions of the stripes of the gratings and of the period, are the main parameters
that define the change in the DE upon irradiation (Fragouli et al 2008).
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Fig. 12. AFM images of a grating before any irradiation (a) after irradiation with 20 UV
pulses (b), and after exposure to 600 green pulses (c). The insets demonstrate a single stripe
in magnification. 3D images (d-f) of the grating shown in (a-c), respectively. (a is the period
and B is the distance between the stripes, measured at the full width at half-maximum of
each feature. (Fragouli et al 2008)

5. Conclusions

In conclusion, it is demonstrated how soft molding lithography can be employed for the
preparation of microstructured photochromic polymeric films, which undergo light
controlled photomechanical changes responsible for the control of some functional
characteristics of the patterned surfaces, namely the wetting properties and the diffraction
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efficiency. In particular, the light-induced isomerization of the embedded photochromic
molecules in the flat surfaces is exclusively responsible for the reversible changes in their
wetting properties. When the surface is microstructured by realizing patterns with the SM
technique, these wetting properties are greatly enhanced. Moreover the control of the
characteristics of the patterns (eg. the period), makes possible to control the light induced
alterations in the wetting properties of the structured surface, demonstrating that they are
influenced by both the changes in the surface polarity and the volume changes of the
patterned structures. Finally, last but not least, it is demonstrated the possibility of fully
manipulate the diffraction efficiency of thin photochromic polymer gratings. It is shown,
that the produced gratings change their diffraction efficiency in a reversible way upon UV-
green laser irradiation. This effect, which is verified also by a theoretical diffraction model,
is attributed to the reversible dimensional changes of the imprinted structures, and not to
the refractive index changes as is the case in the majority of previous work. Such findings
open a way for the production of optically switchable gratings based on reversible
dimensional changes. Moreover, the ability to control the wettability of surfaces by
microstructuring and to tune it by using photochromic molecules opens the way to the
application of these optimized patterns to various microfluidic devices.

6. Acknowledgment

The authors would like to thank Dr. D. Pisignano, and Dr. E. Mele of the Center for
Biomolecular Nanotechnologies @UNILE, Istituto Italiano di Tecnologia Via Barsanti, 73010
Arnesano (LE) and Dr. L. Persano of the National Nanotechnology Laboratory (NNL) of
CNR - Istituto di Nanoscienze, via per Arnesano, 73100 Lecce, Italy for the formation of the
patterned structures presented in this work.

7. References

Athanassiou A.; Kalyva M.; Lakiotaki K.; Georgiou S. & Fotakis C. (2005). All-optical
reversible actuation of photochromic-polymer microsystems. Advanced Materials,
Vol.17, No.8, (April 2005), pp. (988-992)

Athanassiou A.; Lygeraki M. I; Pisignano D.; Lakiotaki K.; Varda M.; Mele E.; Fotakis, C.;
Cingolani R. & Anastasiadis S. H. (2006) Photocontrolled Variations in the Wetting
Capability of Photochromic Polymers Enhanced by Surface Nanostructuring.
Langmuir, Vol.22, pp. (2329-2333)

Athanassiou A.; Varda M.; Mele E.; Lygeraki M. 1.; Pisignano D.; Farsari M.; Fotakis, C,;
Cingolani R. & Anastasiadis S. H. (2006) Combination of microstructuring and
laser-light irradiation for the reversible wettability of photosensitised polymer
surfaces. Applied Physics A, Vol.83, pp. (351-356)

Athanassiou, A.; Sahinidou, D. ; Arima, V.; Georgiou, S.; Cingolani, R. & Fotakis, C. (2006)
Influence of laser wavelength and pulse duration on the degradation of polymeric
films embedding photochromic molecules. Journal of Photochemistry and Photobiology
A, Vol.183, pp.(182-189)

Born M. & Wolf E. (1999) Principles of Optics: Electromagnetic theory of propagation,
interference and diffraction of light, 7th Edition, Cambridge University Press.



Photocontrolled Reversible Dimensional Changes of Microstructured Photochromic Polymers 163

Brown G. H. (1971) Photochromism, Willey-Interscience, New York

Caprioli L.; Mele E.; Angilé F. E.; Girardo S.; Athanassiou A.; Camposeo A.; Cingolani R. &
Pisignano D. (2007) Photochromic spiropyran monolithic polymers: Molecular
photo-controllable electroosmotic pumps for micro-fluidic devices. Applied Physics
Letters, Vol.91, 113113

Cassie, A. B. D. & Baxter, S. (1944) Wettability of porous surfaces. Transaction of the Faraday
Society, Vol.40, pp.(546-551).

Fragouli, D.; Persano, L.; Paladini, G.; Pisignano, D.; Carzino, R.; Pignatelli, F.; Cingolani, R.
& Athanassiou A. (2008) Reversible Diffraction Efficiency of Photochromic Polymer
Gratings Related to Photoinduced Dimensional Changes. Advanced Functional
Materials, Vol.18, pp.(1617-1623).

Fu, S; Liu, Y.; Dong, L.; Lu, Z; Hu, W. & Xie, M. (2005). Photo-dynamics of polarization
holographic recording in spirooxazine-doped polymer films. Materials Letters,
Vol.59, pp. (1449-1452)

Fu, S; Liu, Y; Lu, Z; Dong, L.; Lu, Z; Hu, W. & Xie, M. (2005) Real-time holographic
gratings recorded by He-Ne laser in polymer films containing spirooxazine
compounds pre-irradiated by UV light. Optical Materials, Vol.27, pp.(1567-1570).

Gorner H. (1997). Photoprocesses in spiropyrans and their merocyanine isomers: Efects of
temperature and viscosity. Chemical Physics, Vol.222, pp. (315-329)

Hong, P. S. & Lee, H. H. (2003) Pattern uniformity control in room-temperature imprint
lithography. Applied Physics Letters, Vol.83, 2441.

K. Ichimura, S.-K. Oh, M. Nakagawa, (2000) Light-Driven Motion of Liquids on a
Photoresponsive Surface. Science, Vol.288, pp. (1624-1626).

Kawata, S. & Kawata, Y. (2000). Three -dimensional optical data storage using
photochromic materials. Chemical Reviews, Vol.100, No.5, pp. (1777-1788)

Liang, G.-D.; Xu, J.-T.; Fan, Z.-Q.; Mai, S.-M. & Ryan, A. ]J. (2007) Effect of Substrate and
Molecular Weight on the Stability of Thin Films of Semicrystalline Block
Copolymers. Langmuir, Vol.23, pp. (3673-3679).

Lygeraki M. I; Tsiranidou E.; Anastasiadis S. H.; Fotakis, C.; Pisignano D.; Cingolani R. &
Athanassiou A. (2008) Controlling the reversible wetting capability of smart
photochromic-polymer surfaces by micro patterning. Applied Physics A, Vol.91, pp.
(397 - 401)

Mitchell, P. (2001) (2001) Microfluidics—downsizing large-scale biology. Nature
Biotechnology, Vol.19, pp. (717-721).

Patankar, N. A. (2003) On the Modeling of Hydrophobic Contact Angles on Rough Surfaces.
Langmuir, Vol.19 No.4, pp (1249-1253).

Pisignano D.; Persano L.; Cingolani R.; Gigli G.; Babudri F.; Farinola G. M. & Naso F. (2004)
Soft molding lithography of conjugated polymers. Applied Physics Letters, Vol.84,
No.8, (February 2004), pp. (1365-1367)

Tong, X.; Wang, G.; Yavrian, A.; Galstian, T. & Zhao Y. (2005) Dual-mode switching of
diffraction gratings based on azobenzene-polymer-stabilized liquid crystals.
Advanced Materials, Vol. 17, No.3, pp. (370-374).

Walsha Z.; Scarmagnani S.; Benito-Lépez F.; Abele S.; Nie F.-Q.; Slater C.; Byrne R,
Diamond D.; Paull B. & Macka M. (2010) Photochromic spiropyran monolithic



164 Advances in Unconventional Lithography

polymers: Molecular photo-controllable electroosmotic pumps for micro-fluidic
devices. (2010) Sensors and Actuators B, Vol.148, pp. (569-576)

Wenzel, R. N. (1936) Resistance of solid surfaces to wetting by water. Industrial and
Engineering Chemistry, Vol.28, No.8, pp.(988-994).

Yamamoto, T.; Ohashi, A.; Yoneyama, S.; Hasegawa, M.; Tsutsumi, O.; Kanazawa, A.;
Shiono, T. & Ikeda, T. (2001) Phase-Type Gratings Formed by Photochemical Phase
Transition of Polymer Azobenzene Liquid Crystal. 2. Rapid Switching of
Diffraction Beams in Thin Films. Journal of Physical Chemistry B, Vol.105, pp. (2308-
2313).

Yu Y.; Nakano M. & Ikeda T. (2003). Directed bending of a polymer film by light. Nature,
Vol.425, (September 2003), pp. 145

Zankovych, S.; Hoffmann, T.; Seekamp, J.; Bruch, J.-U. & Sotomayor Torres C. M. (2001)
Nanotechnology, Vol.12, 91. Nanoimprint lithography: challenges and prospects.



Part 5

Extreme UV Lithography






9

Approach to EUV Lithography Simulation

Atsushi Sekiguchi
Litho Tech Japan Corporation

Japan

1. Introduction

1.1 Simulation based on measured development rate measurements

EUV lithography is a reduced projection lithography technology based on 13.5 nm
wavelength EUV (Extreme Ultraviolet). Development of EUV lithography is currently
underway for the mass production of semiconductor devices for 90 nm design rule
applications for ArF dry exposures and for 65 to 45 nm design rule applications for ArF
immersion exposures [1-2]. EUV lithography is among the most promising next-generation
lithography tools for the 32 nm technology node [3]. The evolving consensus is that EUV
exposure technologies will be applied to mass production from the year 2011 [4]. Table 1
showed the relationship among technology node, exposure numerical aperture (NA), and
process coefficient factor (ki) [5]. Achieving the 32 nm node based on an ArF laser source
exposure technology will require the development of an optical system with NA increased
to 1.55 and k1 improved to 0.26. In contrast, an exposure technology based on an EUV light
source will permit the use of an optical system with 0.25 NA for mass production of the 32
nm node with room to spare. The requirement for the k1 factor is an easy-to-meet value of
0.59. These factors underscore the promise and importance of EUV exposure technologies.
However, the development of EUV exposure equipment presents its own set of technology
barriers, as does the development of ArF immersion exposure system. A wavelength of 13.5
nm requires a reflecting optical system with a combination of multiple multilayer reflecting
mirrors [6], since no lens material can be used in the 13.5 nm wavelength range, if we rule
out dioptric lenses. The development of EUV exposure equipment requires further
examination of component technologies, including technologies related to light sources,
illumination optical systems, projection optical systems, and masks. Although various
exposure equipment manufacturers are actively promoting the development of EUV
reduced projection exposure equipment [7-8], a resist material for EUV lithography must be
developed before the first exposure system can be introduced. We have developed a new
virtual lithography evaluation system with lithograph simulation that takes an approach
completely different from conventional resist evaluation technologies (direct evaluation
method), which require actual patterning to assess resists. The new evaluation system
focuses on open-frame exposures using an EUV light source, measurements of development
rates at various exposure doses, and lithography simulations based on development rate
data. This chapter presents the results of our evaluations of EUV resists using this new
system.
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Wavelength Tech. Node 65 nm 45 nm 32 nm 22 nm 16 nm
(nm) NA K1 K1 k1 K1 k1
0.93 0.31
1 0.4
193 1.2 0.28
1.35 0.31 0.22 0.15
1.35DP 0.20 0.18
0.25 0.59 0.41
135 0.35 0.57 0.41
0.45 0.53

Table 1. Relationship among technology node, numerical aperture (NA), and process factor

(ki)

1.2 System configuration

The virtual lithography evaluation system (VLES) proposed consists of an EUV open-frame
exposure system, a resist development analyzer, and a lithography simulator. Fig. 1 is a
schematic diagram of the VLES.
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Fig. 1. Schematic diagram of the VLES
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Fig. 2. Analyzers used in the VLES
Fig. 2 shows the analyzers comprising the VLES.

1.2.1 EUV open-frame exposure system (EUVES-7000)

This equipment uses an electrodeless Z-pinch discharge-excitation plasma light source [9]
manufactured by Energetiq Technology Inc. It extracts 13.5 nm light using a Zr filter and
multilayer reflecting mirrors. The exposure pattern is a 10 mm x 10 mm open frame; 12
exposures can be achieved per wafer at varying exposure doses. Fig. 3 gives an external
view of this equipment and a picture of an exposure pattern (after exposure, PEB, and
development).

The plasma emissions produced by the EQ-10M pass through the Zr filter to remove UV-
region rays. Next, the Mo-Si multilayer reflector selectively reflects only 13.5 nm rays, which
are shaped by the aperture into a 10 mm x 10 mm exposure region. The rotary Mo-Si
multilayer reflector directs the light at a reflection angle of 45 degrees toward the exposure
chamber at the upper section of the equipment during the exposure of a substrate. For
power measurements, it rotates and directs the light to the power measurement diode
chamber at the lower section of the equipment. Exposures are performed as the wafer
rotates. A total of 12 exposures are possible per wafer at varying exposure doses.
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Fig. 3. (a) External view of EUVES-7000 and (b) exposure pattern
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Fig. 4 is a picture of the beam line.

Rotary exposure chamber |

Argon gas mass-flow for
protection of mirrors

Diode chamber for power
measurement unit

Fig. 4. Beam line for EUV exposure

1.2.2 Resist development analyzer (RDA-800EUV)

Following the exposure, a wafer is processed for PEB. Then, following measurement of film
thickness, this resist development analyzer is used to measure the development rate of a
resist corresponding to each exposure dose [10].

1.2.3 EUV lithography simulator (Prolith Ver. 9.3)
The obtained development rate data file is imported into the Prolith lithography simulator
[11] (manufactured by KLA-Tencor) for EUV lithography simulation.

1.3 Experiment and results

We investigated the sensitivity of positive- and negative-type resists in EUV exposures with
the system as described above, then performed simulations using the development rate data
obtained.

Table 2 gives the conditions of the resists in our experiment.

The negative-type resists examined were the SAL-601 electron beam resist and SU-8 epoxy-
resin-base chemically amplified resist. The positive-type resists used in our experiment were
ZEP-520 non-chemically amplified electron beam resist, EUVR-1 and EUVR-2 acrylic-resin-
base resists, and EUVR-3 low-molecular-weight resist.
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Negative type
Pre-bake PEB Thick
Resist Maker Temp. Time Temp. Time zfmrll)ess
(deg.C) (s) (deg.C) (s)
SAL-601 | Rohm & Hass 105 60 115 60 100
SU-8 Nippon 90 90 95 100 100
Kayaku
Positive type
Pre-bake PEB Thick
. ickness
Resist Maker Temp. Time Temp. Time (nm)
(deg.C) (s) (deg.C) (s)
ZEP- .
500A Nippon Zeon 90 90 95 100 100
EUVR-1 TOK 120 90 120 90 100
EUVR-2 TOK 100 90 110 90 100
EUVR-3 TOK 110 90 100 90 100

Table 2. Conditions of resists in the experiment

Fig. 5.(a) shows discrimination curves for negative-type resists; Fig. 5.(b) shows discrimination
curves for positive-type resists.

Posi-Type Eth(60) mJ/cm2 y60 tan0
SAI-601 0.928 -1.445 -2.23
SU-8 0.478 -3.023 -3.73
Nega-Type Eth(60) m]/cm? y60 tan0
ZEP-520A 14.710 1.669 1.90
EUVR-1 2.562 2.325 5.06
EUVR-2 8.574 3.997 30.75
EUVR-3 8.497 1.528 14.53

Table 3. Development characteristics

Table 3. shows the results of development characteristic evaluations.
The results show EUVR-2 provides the highest contrast.
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1.4 Simulation

We performed a simulation using the EUV-PM2 development data. Table 4 gives the
simulation conditions.

Wavelength (nm) 13.5
NA 0.3

G 0.8
Reduction 1/5

Table 4. Simulation conditions (with Nikon HiNA-3)

We examined L&S™ patterns and isolated patterns with pattern dimensions of 65, 55, 45, 32,
and 22 nm. Defocus was examined using a 32 nm L&S pattern. Figures 6 through 8 show the
simulation results. With L&S patterns, resolution can be maintained up to 32 nm. For
isolated patterns, the results suggest that resolution on the order of 22 nm is within reach. In
the defocus simulation, the simulation results support estimates of an attainable resolution
range of -0.1 to +0.1 pm.

*1IL&S: Line and space
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Fig. 6. Simulation results (65-22 nm Line and space patterns)
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1.5 Conclusion

The VLES consists of the EUVES-7000 EUV open-frame exposure system, RDA-800EUV
development rate analyzer, and Prolith lithography simulator. We used the VLES to
compare the sensitivity and development contrast of negative- and positive-type resists with
EUV exposure. We also simulated EUV exposures using development rate data for the
EUVR-2, which showed the highest development contrast of all resists tested. The results of
the experiment suggest that it should be possible to obtain resolutions of 32 nm with L&S
patterns and 22 nm with isolated patterns. We also calculated defocus characteristics with a
32 nm L&S pattern. Based on these calculations, we estimate a focus margin of
approximately 0.2 pm in defocus width. We believe using the system as described in this
paper will permit the development of photoresist materials for EUV and expedite process
development without requiring the purchase of costly EUV exposure equipment.

2. Simulating EUV Resists (Comparison of KrF and EUV Exposures)

2.1 Introduction

According to ITRS Roadmap 2007 Update Version [12], EUVL is currently the most
promising candidate for 22 nm half-pitch lithography. The component technologies required
for EUVL mass production must be established before the start of mass production of
DRAM half-pitch, currently scheduled for 2016. RLS specifications for realizing 22 nm half-
pitch resolution were presented at the 7th EUVL Symposium [13] in Lake Tahoe, California,
in October 2008.

Resolution 2008.10

— — — — Target

<1.2nm

22nm —»

4nm

fem? Sensitivity
5~10ml/cm

15mJ/cm?2

Fig. 9. RLS specifications targeting 22 nm half-pitch

A resolution of 22 nm half-pitch requires sensitivity of 5 to 10 mJ/cm? and LER of less than
1.2 nm. At an international conference, it has been pointed out that although resolutions
have reached the target value, sensitivity lags, at 15 mJ/cm?, while LER (Line Edge
Roughness) is no less than 4 nm. These are the best values achieved to date. Lithography
simulations should prove highly effective in advancing the state of current research, given
the time required to perform experiments.
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The conventional EUVL simulation method involves obtaining parameters by exposing the
resist to EUV. However, EUV exposure equipment is costly, and the types of exposure
equipment available are limited. For these reasons, we explored the possibility of
performing EUVL simulations using parameters obtained with KrF exposures. The idea was
that if we detected no significant differences between parameters obtained with KrF and
EUV exposures, we could use the simpler KrF exposure method to obtain valid simulation
parameters for EUVL. Using EUV resists, we obtained parameters by performing both KrF
and EUV exposures, then compared the parameters and simulation results. This chapter
discusses this comparison.

2.2 Simulation parameter measurement system

2.2.1 Exposure equipment for parameter measurement

Fig.10 shows the exposure equipment used in our parameter measurements. The exposure
area is an open-frame pattern measuring 10 mm x 10 mm. We used a UVES-2000 for KrF
exposures and an EUVES-7000 [14] for EUV exposures.

Open frame exposure system

KrF exposure EUV exposure
UVES-2000 EUVES-7000

Fig. 10. Open frame exposure tool for KrF and EUV

These exposure tools permit resist exposures on Si wafers and the acquisition of
development and PEB parameters.
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2.2.2 Development parameter measurement system

We used a development analyzer to measure development parameters. When homogeneous
light is irradiated onto a resist film during development, the light waves reflected from the
resist surface and light waves reflected from the wafer surface interfere, generating unique
waveforms. Analyzing the waveforms of the reflected light allows us to obtain resist
development rates. By varying exposure values and measuring resist development rates at
different exposures, we can calculate the development parameter, among the simulation
parameters [15]. This measurement has been performed before using a monitor wavelength
of 470 nm. However, thin films do not generate the interference needed, and a monitor
wavelength of 470 nm limits us to resist film thicknesses exceeding 100 nm. Since the film
thickness of EUV resists ranges from approximately 50 to 100 nm, we developed
a measurement system for our experiments based on a monitor wavelength of 265 nm
(Fig.11).

Development parameter measurement system
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Fig. 11. Resist development analyzer RDA-800EUV
2.2.3 B parameter measurement system

We used the following equation to calculate the B parameter [16-17] of Dill based the resist
transmission factor at the time overexposure completely breaks down the PAG.

B =—§1n(Tw) )
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Here, d is resist film thickness and T, the resist transmission factor at the time overexposure
completely breaks down the PAG. We developed a system for measuring the resin
transmission factor using EUV light. Incorporating a LPP light manufactured by Toyota
Macs as its light source and using a solid Cu target, this system irradiates EUV light onto a
Si/Mo multilayer reflecting mirror to measure reflection intensity, while mirror angles are
varied. To calculate the spectral transmission factor, we used the difference in reflectance
between the case in which resist is applied to the multilayer mirror and the case in which no
resist is applied.

Fig.12 illustrates the measurement system and gives a chart of the results of spectral
transmission factor calculations for the MET resist.

B parameter measurement system

oY - = MET-IK @t100am
- ®— MET-2D (@t] 00nm

1 L i L 1
130 132 134 136 118 140 142 144

Wavelengih (nm)

Light source:Laser plasma EUV source
Wavelength of light source :2-20nm
Laser of excitation :YAG laser (523nm)
Areflectance measurement tool by laser repetition freguency :10Hz

plasma EUV light source Target :Cu

Qutput of EUV 2 W/em?

Fig. 12. B parameter measurement system using EUV exposure

2.2.4 De-protection reaction parameter and C parameter measurement system

Fig.13 gives an overview of the PEB parameter measurement system, which exposes
resist on an Si wafer using KrF and EUV light. In the next step, we used an FT-IR system
with a bake function to plot the de-protection reaction curve while performing PEB. We
performed measurements at different PEB temperatures and measured the de-protection
reaction parameter by fitting. During the course of fitting, we also obtained the C parameter
for Dill. We modified the system [18] to allow irradiation of IR light for measurements on
resist film at an angle of 45 degrees and to permit use with a resist film thickness of 50 nm.
The resulting system was capable of handling extra-thin resist films ranging from 50 to
100 nm.
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PEB parameter measurement system

“ afer shuttle

Resist

IR
Hot plate

Wafer

Hot plate

De-protection reaction analysis system PAGA-100EUV

Fig. 13. PEB parameter measurement system

2.3 Parameter measurement results

We measured parameters using EUV chemically amplified resists MET-1K and MET-2D
manufactured by Rohm and Haas.

Table 5 gives the process conditions.

. PAB PEB
Vend Thickness
endor (nm) Temp. fime (s) Temp. | time
(deg.C) (deg.C) | (s)
M1EKT_ R&H 125 130 60 110 90
MZ%T' R&H 125 130 60 110 90

R&H: Rohm and Hass

Table 5. Measurement conditions
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2.3.1 B parameter measurement results

Fig.14 shows B parameter measurement results. With KrF exposures, MET-1K and MET-2D
yielded values of 0.726 and 0.788, respectively. With EUV exposures, MET-1K and MET-2D
yielded 4.32 and 5.21, respectively, indicating greater absorption with EUV exposures.

s, i _ MET-1KB=4.32 ym-’
= . B=-gulr.) MET-2D B=5.21 ym""
) B=0.726 pm-’ T
L m— MET-1K (@tl0nm
®— MET-2D @1100nm
" MET-1K RSN
.' :..:II.T B=—éln(};) E 2l
= "1 B=0.788 pm-
: MET—2D | Wavelength (nm)

KrF(248nm) exposure EUV(13.5nm) exposure

Fig. 14. B parameter measurement results

2.3.2 Development parameter measurement results

Fig.15 compares measurements of the discrimination curve (a logarithmic plot
of development rates and exposure values) development parameter. We found no
significant differences between development parameter values obtained with KrF and EUV
exposures.
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KrF Rmax=146.3nm/s KrF Rmax=219.1nm/s
KrF Rmin=0.048nm/s KrF Rmin=0.012nm/s
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Fig. 15. Comparison of development parameter values

2.3.3 De-protection reaction observations and results of de-protection reaction
parameter measurements

Fig.16 shows IR spectra obtained from the MET-1K before and after 16-m]J/cm? exposures.
The figure indicates weakened (-CO) bonds due to de-protection reactions at 1,230 cm1. The
extent of the peak decline with KrF exposure is roughly identical to that with EUV,
indicating the absence of significant differences in de-protection reactions.

Before PEB

Absortance
Absorbance
-

o ————
100 1050 o

P ————
1250 1200

After PEB
(a) 248nm exposure (b) EUV exposure

Comparison of light source and IR Spectra

MET-1K Resist@16mdJ/cm?

Fig. 16. Observations of de-protection reactions with KrF and EUV exposures
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Table 6 is a list of simulation parameter measurement results.

KrF(248nm) exposure

ELIV(13 5nm) exposure

MET-1K | MET-2D

MET-1K | MET-2D

ABC—parameter

AQ/pm) 0 ] 0 0
B(1/pm) 0726 0783 432 521
Clom®/mJ) 0017 0.021 0086 0.090
Development parameters (Mack original model)
Development Rmax (nm/s) 146 3 2191 2212 1702
Development Rmin(nm/s) 0.043 0012 0.039 0.028
Development M 0773 0783 0624 0518
Development n 1521 17.30 1265 1896
PEB parameters

PEB Amplification Ea (Kcal /mol) 121 1130 382 223
PEB Amplification LN(Ar) (1 /s) 14.89 13.65 553 3.05
PEB Diffusior—Controlled Reaction Ea (Keal/mol) 8.96 482 8.80 1.00
PEB DiffusionControlled Reaction LN{(Ar) (1./5) 1014 554 11.50 178
PEB Diffusivity Ea (Kcal /mol) 500 500 500 500
PEB Diffusivity LN(Ar) (nm2/s) 2322 2124 30.00 30.00

Table 6. Simulation parameter measurement results

2.3.4 Examination of simulation

We performed EUVL simulations using the simulation parameters obtained. Table 7 gives

the simulation conditions used.

Simulation condition

NA=0.30
Wavelength=13.5nm

lllumination= Annular (0.3/0.7)

Flare=1%

Line and space=28nm

Resist: MET-1K and MET-2D

Thickness:125nm

Table 7. Simulation conditions
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For exposure equipment, our simulation assumed use of the Nikon EUV-1 installed at Selete
[19]. Fig.17 shows the simulation results. The indicated exposure value is the exposure level
(Eo) that achieved 1:1 resolution from a 28-nm L&S pattern. The development conditions
called for 2.38% TMAH and development time of 60 seconds. The quencher diffusion length
and PAG diffusion length were set to 20 nm and 10 nm, respectively.

Development time=60sec
Developer: TMAH(2.38%)

28nm L&S Simulation result ene afusion e
MET-1K MET-2D

4.43mJ/cm? 6.73mJ/cm?

KrF parameters EUV parameters

6.63mdJd/cm? 9.81mJd/cm?

KrF parameters EUV parameters

Fig. 17. Simulation results
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We compared the results of EUVL simulations based on parameters obtained with KrF
exposures to the results of EUVL simulations based on parameters obtained with EUV
exposures. While the former simulation results indicated higher sensitivity (approximately
20% higher), we saw no major differences in shape.

2.4 Conclusion

We compared the results of EUVL simulations based on parameters obtained with KrF
exposures to the results of EUVL simulations based on parameters obtained with EUV
exposures. The former resulted in approximately 20% higher simulation sensitivity, but we
saw no major differences in shape. Using parameters obtained with KrF exposure is a
roundabout way to perform EUVL simulations. Since EUV exposures in many cases are not
readily available, a valid option would appear to be to acquire simulation parameters
through KrF exposures and to use these parameters as initial values in calculations for
EUVL simulations.
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