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1. Introduction

Wettability is an important property governed by not only chemical composition, but also
geometrical structure as well (Ichimura et al.,, 2000; Lai et al., 2009a; Wang et al., 1997).
Super-wetting and antiwetting interfaces, such as superhydrophilic and superhydrophobic
surfaces with special liquid-solid adhesion have recently attracted worldwide attention.
Superhydrophilicity and superhydrophobicity are defined based on the conventional water
contact angle experiment. If the contact angle is smaller than 5°, the surface is said to be
superhydrophilic. Superhydrophobic refers to surface with contact angle greater than 150°.
Such two extremely cases have attracted much interest due to their importance in both
theoretical research and practical application (Lafuma & Quéré, 2003; Liu et al., 2010; Gao &
Jiang, 2004).

In recent years, patterned thin films have received considerable attentions due to their
interesting properties for a range of applications, such as optoelectronic devices, magnetic
storage media, gas sensors, and fluidic systems. Compared to the conventional thin film
technology, such as physical vapor deposition (Li et al.,, 2006; Zhang & Kalyanaraman,
2004), chemical vapor deposition (Jeon et al.,, 1996; Slocik et al.,, 2006) and sputtering
(Rusponi et al.,, 1999), solution-based deposition method is becoming popular for the
fabrication of patterning films due to the low temperature process under ambient
environment, less energy and time consumption, and easier control of the experimental
parameters (Lai et al.,, 2010a; Liu et al.,, 2007; Yoshimura & Gallage, 2008). Although
traditional photolithographic technique is excellent for preparing sub-micrometer or even
only sub-100-nanometer pattern (Cui & Veres, 2007; Li et al., 2009), it is a complex multi-step
process (wafer cleaning; barrier layer formation; photoresist coating; soft-baking; mask
alignment; exposure and development; and hard-baking) and needs to remove part of the
film and all the photoresist used. Direct and selective assembly of nanostructured materials
from precursors paves a new avenue for the fabrication of electronic optical microdevices.
Wetting micropatterns with different physical or chemical properties, without the need for
ultra-precise positioning, have frequently been acted as templates for fabricating various
functional materials in a large scale. The great difference in contact angle of the two extreme
cases provides a potentially powerful and economical platform to directly and precisely
construct patterned nanostructures in aqueous solution. In general, wetting micropatterns
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with low contact angle contrast (<120°) on smooth substrates can be formed by
photolithography (Falconnet et al., 2004; Kobayashi et al., 2011), microcontact lithography
(Csucs et al., 2003; Kumar et al., 1992), colloidal patterning (Michel et al., 2002; Bhawalkar et
al., 2010), electron beam lithography (Wang & Lieberman, 2003; Zhang et al.,, 2007),
nanoimprint lithography (Jiao et al., 2005; Zhang et al., 2006), dip-pen nanolithography
(Huang et al., 2010a; Lee et al., 2006; Xu & Liu, 1997), and so on. Among these methods,
photocatalytic lithography employing semiconductors to photocatalytic decompose of
organic monolayer is one of the most practical techniques because it able to accurately
transfer an entire photomask pattern to a target substrate at a single exposure time under
environmental condition (Bearinger et al., 2009; Lee & Sung, 2004; Nakata et al., 2010;
Tatsuma et al., 2002; Wang et al., 2011). Moreover, it can greatly reduce the photoresist
waste. The resolution of the patterning is greatly dependant on the mask alignment and
light source exposure. Under optimal condition, a resolution of micrometer- or
submicrometer-scale pattern of alkylsiloxane self-assembled monolayers can be achieved
with UV light projection irradiation. Once patterned on the surface, organic monolayer has
been applied in various ways to restrict corrosion or induce nanostructures growth. Firstly,
patterned layer itself may serve as etching mask to protect the substrate to generate pattern
with certain thickness/aspect ratio. Secondly, patterned organic layer may be employed as
barrier to inhibit the liquid phase deposition of nanostructures to generate functional
composite pattern with diverse shape and density. So far, only a few reports have been
available on the fabrication and application of superhydrophilic-superhydrophobic
patterning by photocatalytic lithography under ambient conditions (Lai et al., 2008a;
Nishimoto et al., 2009; Zhang et al., 2007).

Upon UV irradiation, the electron-hole pairs in semiconductor TiO, can be generated and
migrated to its surface, where the hole reacts with OH- or adsorbed water to produce highly
reactive hydroxyl radicals (Zhao et al., 1998). These hydroxyl radicals can further oxidize
and decompose most organic compounds. Recently, we found that the pollutant solution
can be rapidly decomposed on a nanotube array TiO, film with UV irradiation (Lai et al.,
2006, 2010b; Zhuang et al., 2007). Considering its effectiveness for the photocatalytic
decomposition of organic compounds, the photocatalysis of such TiO, nanotube film can be
a promising way to decompose the low energy hydrophobic fluoroalkyl chains. So it is
possible to achieve a conversion from superhydrophobicity to superhydrophilicity due to
the amplification effect of the rough aligned nanotube structure. By using a patterned
photomask to control the site-selective decomposition by UV light, that is photocatalytic
lithography, superhydrophilic cells can be accurately transferred to a target substrate at a
single exposure time under environmental condition. Therefore, these two types of extreme
wettability coexist on the surface directly to make wup of superhydrophilic-
superhydrophobic pattern.

In this chapter, we firstly discuss the wettability on TiO. nanostructure film by
electrochemical anodization. Secondly, we demonstrate using a novel synthetic process to
prepare wetting pattern with a high contrast (superhydrophilic-superhydrophobic) on TiO,
nanotube structured film by a combination of SAM technique and photocatalytic
lithography. The resultant micropattern has been characterized with scanning electron
microscopy, optical microscopy, electron probe microanalyzer and X-ray photoelectron
spectroscopy. Finally, we focus on the technological details and potential future application
of wetting template to induce and direct the assembly of functional nanostructure to form
uniform micropatterns. For example, the patterning, biomedical and sensing application of
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the wetting template and functional composite nanostructure pattern (TiO,, ZnO, OCP and
CdS) (Lai et al., 2009b, 2010a-d).

2. Wettability on TiO, nanostructures by electrochemical anodization

Wettability of solid surfaces is a very important property of solid surface. Surfaces with
extreme wetting properties, e.g. superhydrophilic and superhydrophobic, can be prepared
by introducing certain rough structures on the originally “common” hydrophilic and
hydrophobic surfaces. Various ways of preparing TiO; semiconductor films on the different
solid substrates have been developed, including sol-gel technique (Shen et al., 2005),
sputtering (Takeda et al., 2001), chemical vapor deposition (Rausch & Burte, 1993), liquid
phase deposition (Katagiri et al., 2007), hydrothermal (Yun et al., 2008), and electrochemical
anodizing. Among them, the electrochemical anodizing is verified to be a convenient
technique for fabricating nanostructured TiO: films on titanium substrates (Lai et al., 2004,
2008b, 2009c; Gong et al., 2003). Moreover, the conductive titanium support substrate can be
an advantage for fabricating functional material composites through electrochemical
depositions to further improve their photoelectrochemical activities.

Figure 1a shows a typical FESEM image of the titanium substrate before electrochemical
anodization. The surface of the substrate was relatively smooth, with features of parallel
polished ridges and grooves at the micron scale (Lai et al., 2010a). Figure 1b shows the top
view SEM image of the typical TiO, nanotube array film by anodizing under 20 V for 20
min. After anodization, shallow cavities as large as several micrometers in diameter were
present on the surface of the sample. This is probably due to the anisotropic oxidation of the
underlying Ti grains (Crawford & Chawla, 2009; Yasuda et al., 2007). From the high
magnification image (Fig. 1c), it can be seen that vertically aligned TiO, nanotubes with
inner diameter of approximately 80 nm covered the entire surface including the shallow
polygonal micropits. The side view image shows that the self-assembled layers of the TiO>
nanotubes were open at the top and closed at the bottom with thickness about 350 nm (inset
of Fig. 1c). Water droplet can quickly spread and wet the as-grown vertically aligned TiO;
nanostructure film due to capillary effect caused by the rough porous structure, indicating
such TiO; structure film by electrochemical anodizing is superhydrophilic. A more
hydrophobic behaviour, on the other hand, was obtained after coating the TiO, film with
fluoroalkyl silane. The inset of Fig. 1b shows the intrinsic contact angle (CA) on the as-
prepared vertically aligned TiO. nanotube surface and its corresponding 1H,1H,2H,2H-
perfluorooctyltriethoxysilane (PTES, Degussa Co., Ltd.) modified surface is nearly O°
(superhydrophilic) and 156° (superhydrophobic), respectively. However, the CA for the
“flat” TiO, surface and its corresponding PTES modified sample is about 46° (hydrophilic)
and 115°¢ (hydrophobic), respectively. From these results, we know the top surface of the
vertically aligned nanotubes has an amplification effect to make hydrophilic and
hydrophobic surfaces become superhydrophilic and superhydrophobic, respectively. After
UV irradiation for 30 min, the water CA on the TiO; nanotube film and “flat” TiO, film
decreased to 0° and 269, as a consequence of the photocatalytic activity of TiO, films (Balaur
et al., 2005; Lai et al., 2010a). Moreover, the sample showed hydrophobic character once
again when it was treated with PTES. Therefore the surface can be reversibly switched
between superhydrophobic and superhydrophilic by alternating SAM and UV
photocatalysis on the rough TiO; nanotube arrays (shown in Fig. 1d). Compared with the
large wettability contrast on this type of rough surface (larger than 150°), the wettability of a
“flat” TiO: film can only be reversibly changed within the small range between 26° and 115c.
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Fig. 1. SEM images of the mechanically polished and cleaned titanium substrate (a), low
magnification of a nanotube structured TiO; film (b), and a higher magnification of the TiO»
nanotube array film (c). Reversible surface wettability on a “flat” TiO; film and rough
nanotube TiO, film by alternating SAM and UV photocatalysis (d). The inset of (b) shows
the shape of a water drop on the PTES-modified and UV-irradiated TiO, nanotube array
film. The inset of (c) shows the side view of a TiO, nanotube array film.

Recently, we designed three types of superhydrophobic nanostructure models consisting of
a nanopore array (NPA), a nanotube array (NTA), and a nanovesuvianite structure (NVS)
apply a facile electrochemical process (Figure 2) (Lai et al., 2009a). Based on basic principles
of roughness-enhanced hydrophobicity and capillary-induced adhesion, these different
porous structures were expected to create interfaces with decreasing adhesive forces. The
surface adhesive forces could be effectively tuned by solid-liquid contact ways at the
nanoscale and air-pocket ratio in open and sealed systems. The magnitude of the adhesive
force of a droplet for a superhydrophobic surface descends in the order “area-contact” >
”line-contact” > “point-contact”. A continuous three-phase (solid-air-liquid) contact line
(TCL) generates serious CA hysteresis and surface adhesion, while a discrete TCL is
energetically advantageous to drive a droplet off a superhydrophobic surface, showing
lower surface adhesion. Therefore, the water droplet behavior on these superhydrophobic
surfaces could be greatly changed from pinning to sliding by adjusting the solid-liquid
contact way.

Capillary adhesive force plays a dominant role in imparting adhesive behavior on NPA and
NTA nanostructures will sealed cells, while the open NVS nanostructure, which had
extremely low adhesion capacity for water, acted solely by van der Waals attraction between
water and PTES molecules. A possible explanation is as follows. As the droplet gradually
retracted from the sample surface, the meniscus on each nanotube nozzle would be changed
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from concave to convex (Figure 3a). This could result in an increased volume of air sealed in
each nanotube by the liquid/air interface. According to Boyle’s law (West, 1999), there is an
inverse relationship between the volume (V) and pressure (P) for an ideal gas under the
conditions of constant temperature and quality. Therefore, this expansion of air would
result in the formation of a negative pressure (AP). In this case, the volume of air sealed in
the nanotubes was varied by their depths, so longer tubes would be expected to have lower
air-expansion ratios (AV/V), thus lesser negative pressures. For a fixed nanotube diameter, a
longer nanotube would therefore require a smaller pulling-off force, and the total surface
adhesive force would be smaller.

Air trapped in closed system
Liquid-solid "area” contact

........................

Air trapped in closed system
Liquid-solid "line” contact
Ajr in opened system

Superhydloph.obic mnotut:é array with controllable adhesion

T A - Air in opened system
c) ( S T Liquid-solid pointcontact

Fig. 2. Schematic models, SEM images and corresponding water behavior on three types of
superhydrophobic porous-nanostructure with water adhesive forces ranging from high to
low. (a) Superhydrophobic NPA with high adhesion. (b) Superhydrophobic NTA with
controllable adhesion. (c) Superhydrophobic NVS with extremely low adhesion.

Figure 3b shows the curves of the water CAs and adhesive forces with respect to the
diameter of individual nanotube. When the nanotube diameter decreases, the force
drastically increased, while the CA slightly decreased. When the diameter was tuned from
78 nm down to 38 nm, the surface adhesive force of the superhydrophobic NTA film
increased 2.06 times, while the decline in magnitude of the water CA was not more than 2%,
showing that the negative pressure caused by the volume change of air sealed in the
nanotubes could effectively tune the surface adhesive force. The NTA structures in this
study had variable length, with values of (0.35 + 0.04) pm, (0.76 + 0.05) pm, (1.18 £ 0.07) pm,
while their diameter (~80 nm) was fixed. Figure 3c shows the curves for water CAs and
adhesive forces obtained with PTES-modified NTA-nanostructure surfaces differing in
nanotube length. With lengths extending from 0.35 um to 0.76 pm and 1.18 pm, the CA
change was very small, not more than 2%, which could be due to the minor variation in
nanotube diameter. However, the adhesive force linearly decreased from 21.5 pN down to
16.7 pN and 12.2 pN for the above increases in length, respectively. It was evident that the
water adhesive force of the superhydrophobic NTA-nanostructure surfaces could be tuned
by varying the diameters and also lengths of the nanotubes. These findings are valuable to
deepen insight into the roles of nanostructures in tailoring surface water-repellent and
adhesive properties for exploring new applications.
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Fig. 3. (a) Capillary adhesion arises when a water droplet sitting on the tube nozzle is
gradually drawn upwards because the convex air/liquid interface produces an inward
pressure AP. (b,c) The curves of water contact angles and adhesive force on the
superhydrophobic NTA nanostructures with respect to the diameter and length of
nanotubes.

3. Wetting pattern by photocatalytic lithography

A novel approach for constructing superhydrophilic-superhydrophobic micropattern on the
nanotube structured TiO; films has developed by using photocatalytic lithography (Figure
4a) (Lai et al., 2008a). At the first step, the as-prepared amorphous TiO, nanotubes by
electrochemical anodizing of titanium sheets were calcinated at 450°C to form anatase
phase, then treated with a methanolic solution of hydrolyzed 1 wt% PTES for 1 h and
subsequently heated at 140°C for 1 h, and at the second step, the superhydrophobic film is
selectively exposed to UV light through a copper grid (photomask) to photocatalytically
cleave the fluoroalkyl chain. It is noteworthy, from the characterization of chemical
composition before and after UV irradiation by X-ray photoelectron spectroscopy, that the
intensities of the Fls and FKLL are decreased greatly and those of the Ti2p and Ols are
increased after exposing the PTES modified surface to UV light for 20 min (Fig. 4b). From
the inset high-resolution spectra (Fig. 4c), the peaks of -CF; (at 291.8 eV) and -CF3 (at 294.1
eV) are obviously vanished after UV light irradiation, while the strength of silicon peaks in
the XPS spectra remains unchanged but shifts from 102.8 to 103.3 eV, suggesting that Si-O-Si
networks have already formed due to UV irradiation. According to these results, we believe
that the hydrophobic fluoroalkyl chains have been completely decomposed and removed by
the photocatalytic reactions at TiO; nanotube films. Similarly, a serial of fluoroalkyl silane
monolayer pattern (e.g. heptadecafluorodecyltrimethoxysilane, octadecyltriethoxysilane,
and methyltriethoxysilane) can be successfully fabricated in our case. Although various
monolayer patterns can be prepared with a resolution about micro-scale or submicro-scale
under optimal condition, we will focus on the application of the PTES micro-pattern with a
general TEM copper grid as a photomask by photocatalytic lighography.
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Fig. 4. Schematic outline of the procedures to fabricate nanostructured patterning film by
electrochemical deposition based on superhydrophilic-superhydrophobic micropattern (a).
Survey-scan X-ray photoelectron spectra of the PTES modified nanotube TiO, films before
(1) and after (2) 20 min UV irradiation (b). The high-resolution spectra of Si2p and C1s
regions (c).

Figure 5 shows the optical micrograph of the as-obtained superhydrophilic-
superhydrophobic pattern by focusing on the droplet within the superhydrophilic regions.
A uniform pattern is formed due to the site-selective wetting by water droplets within the
superhydrophilic regions (Fig. 5a). A light dot array (inset of Fig. 5a) is seen when focusing
on the top of the droplets, indicating that the confined droplet has a hemispherical dome. To
further verify the resulting micropatterns with an extreme wettability contrast, fluorescein
sodium was used as a probe to label the surface of the films. Figure 5b shows the fluorescent
micrograph of the resultant superhydrophilic-superhydrophobic micropatterns on the TiO;
nanotube array films. As shown, geometrically identical square superhydrophilic regions
and dark superhydrophobic regions transferred well from the photomask to form a well-
defined pattern. The UV-irradiated regions become superhydrophilic owing to the
photocatalytic cleavage of the PTES molecule and the enhanced roughness of the nanotube
structure, while the non-irradiated parts remain superhydrophobic without any change.
Because the difference in the water CA between the irradiated and non-irradiated regions is
larger than 150°, the liquid containing the fluorescent probe selectively appears only on the
uniform superhydrophilic grids and not on the neighboring superhydrophobic regions.
Therefore, a clear, well-defined fluorescent pattern in line with the dimensions of the Cu
grid can be obtained. These results indicate that the micropatterned template composed of
superhydrophilic and superhydrophobic regions was fabricated successfully.

The UV irradiation times had a great effect on the quality of the resulting pattern. For
example, it cannot exhibit a sufficient wettability contrast between the irradiated and non-
irradiated regions to form a well-defined pattern within 5 min. This is attributed to the
hydrophobic fluoroalkyl chain in the PTES molecule that was not efficiently cleaved under a
short-time UV irradiation. However, with a long-time UV irradiation (i.e., 60 min), the
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adjacent PTES molecule covered by the Cu grid can be remotely oxidized by a TiO;
nanotube photocatalyst or the diffusion, scattering, and diffraction of the incident light
(Haick & Paz, 2001; Kubo et al., 2004). Therefore, to obtain a higher pattern resolution, the
optimized UV irradiated time in our case was controlled in the range of 10-30 min.

mma-

ﬂﬁﬂaﬁli

Fig. 5. ( Optlcal rmcrograph of the as- obtamed superhydrophilic-superhydrophobic
pattern by focusing on the water droplet within the superhydrophilic regions. (b)
Fluorescence microscopy image of the fluorescein probes on the as-prepared
superhydrophilic-superhydrophobic micropattern.

.--
.--

Fig. 6. Fluorescence microscope images generated by blue light excitation on the different
micropatterned templates with the adsorption of FITC-BSA, (a-1, a-2, a-3) the PTES template
with a pH value of 7.5, 4.5 and 2.5, respectively; (b-1, b-2, b-3) the PTES-APTS template with
a pH value of 7.5, 4.5 and 2.5, respectively.

Based on the molecular self-assembly and photocatalytic lithography techniques,
micropatterned templates of PTES or PTES-APTS(3-aminopropyltriethoxysilanes) with
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different wettabilities were fabricated on the titania film. The adsorption behavior of bovine
serum albumin (BSA) on the above two templates was investigated using fluorescent
labeling (FITC) in buffer solution with different pH values. The results showed that, for the
PTES template with great wettability differences, BSA would preferentially adsorb on the
superhydrophilic regions. For the APTS-PTES template with smaller differences in
wettability, competitive adsorption phenomenon on the super-hydrophobic regions was
found due to the hydrophobic interaction force between the albumin and the surface. As the
pH value decreased to 2.5, the phenomenon of competitive adsorption was prominent with
the albumin adsorbed in the super-hydrophobic areas. The adsorption feature of the
albumin may be closely related to the wettability and surface energy of the materials. This
technique has promising applications in bio-compatible coatings where drugs could be
encapsulated in specific areas of the coating using simple microfabrication methods.

4. Application of wetting pattern

Uniform self-assembly of functional inorganic nanomaterials is a fundamental challenge.
Nature adopts a superior approach in biomineralization, where “matrix” macromolecules
induce nucleation of inorganic crystals at specific locations with controlled size and
morphology, and sometimes even with defined growth orientation. We apply the
biomimetic principles derived from liquid phase processes to the assembly of nanoscale
functional materials into microscale systems. We carefully control surface wettability to
promote etching or heterogeneous nucleation at designated superhydrophilic regions while
completely suppress these processes elsewhere (superhydrophobic regions), therefore
enable the controlled top-down or bottom-up assembly of inorganic nanomaterials directly
from solution. Following this principle, arrays of crystalline TiO, nanotube, ZnO nanorods,
CdS semiconductor materials and octacalcium phosphate (OCP) biomaterials were
nucleated and assembled directly from solution onto Ti substrates at the desired precise
locations and then fabricated into arrays of photodetector or matrix devices for large-area
microelectronic applications. This strategy of micropatterned nanocomposites will be
helpful to develop various micropatterned functional nanostructured materials.

4.1 Template for preparing functional pattern
Figure 7 shows an optical microscopy image of the TiO, nanotube micropattern produced

using a grid micropattern with different wet etching times (Lai et al., 2009b). A patterning
with a clear outline was formed in a short time for 30 s (Fig. 7a). With an increase in the wet
etching time (Fig. 7b and c), identical micropatterns with higher aspect ratios can be
fabricated. When the etching was prolonged to 240 s (Fig. 7d), the size of the grids increased
slightly, indicating that the PTES-SAM layer at the edge of the superhydrophobic lines is
more easily etched as compared to the inner superhydrophobic area. This is due to the loose
and disordered SAMs resulting from the scattered UV light photocatalytic degradation and
the transfer of the active hydroxyl radicals at the edge of the grids. Moreover, the isotropic
etching of the Ti substrate underneath the boundary leads to the collapse of the upper
nanotube array structures. Therefore, the pattern can be obtained with a clear boundary in a
short time after the wet etching in the aqueous solution, and the depth of the etching can be
controlled simply by adjusting the etching time.
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Fig. 7. Optical micrograph images of the time-resolved evolution process of the resulting
vertical aligned TiO, nanotube micropattern on a superhydrophilic-superhydrophobic
template by wet chemical etching in 0.1 wt% HF solution: (a) 30, (b) 60, (c) 120, and (d) 240 s.
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Fig. 8. (a) The SEM micrograph of the ordered vertical aligned TiO; nanotube array pattern
by vapor-condense etching for 10 min. Magnified images of the corresponding (b)
superhydrophilic-superhydrophobic boundary, (c) superhydrophobic area, and (d)

superhydrophilic area. The inset figure shows the corresponding cross-sectional image.

The micropattern with a higher aspect-ratio can also be fabricated by a developed vapor
etching technique. As water evaporated, the vapor containing HF dewetted the
superhydrophobic lines while condensing on the superhydrophilic grids to etch the vertical
aligned TiO, nanotube layer. Figure 8a and b shows the as-prepared TiO, micropattern with
a clear boundary by water vapor etching for 10 min. This resulted from the selective
condensing of the vapor from the water solution containing 5 wt% HF in the
superhydrophilic regions. Some collapsed residue (indicated by the black arrow) covers the
boundary due to the rapid etching of the bottom nanotubes and the resultant bubbles;
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however, they can be easily removed by sonication. The vertical aligned TiO, nanotube film
with a length of about 1.53 um shows no obvious change within the superhydrophobic
regions (Fig. 8c), while the TiO, nanotubes in the superhydrophilic regions are etched
completely for 20 min (Fig. 8d), that is to say, a TiO, micropattern with a high aspect ratio of
~20 can be obtained. This technique is particularly attractive in generating large-area
functional nanostructure patterns in a high throughput fashion with a high aspect-ratio.

Fig. 9. SEM images of the patterned ZnO nanostructured micropatterns by liquid phase
deposition at 90°C for different times: (a, b) 30 min; (c, d) 90 min.

Figure 9 shows representative top-view FESEM images of the ZnO/TiO; micropatterns by
liquid-phase deposition after different times. After growth for 30 min (Fig. 9a,b), the nucleation
and growth of ZnO crystals with various morphologies and sizes (nanoparticles and
nanorods) are sparsely dispersed within the predefined superhydrophilic regions. In the
superhydrophobic regions, the nanotube structure is retained with its original morphology
due to the indirect contact with the solution and the effective protection by the PTES
monolayer. Upon further increase in the deposition time to 90 min (Fig. 9¢,d), it was observed
that ZnO nanorods were the predominant structural features. The average diameter of the
grown ZnO nanorods increases greatly to about 400-800 nm in diameter and 3-5 um in length,
which may be due to lower nucleation rate and higher growing space for ZnO nanorods. The
superhydrophilic microdots are almost covered with randomly lying ZnO nanorods.
Moreover, there are different growth orientations and some connections into adjacent
nanorods. It is of interest to note that a two dimensional (2D) pattern with smaller density of
randomly packed ZnO nanorods, instead of the 3D pattern consisted of well-aligned vertical
nanorods, which were confined and grown within the superhydrophilic regions.

For practical application of thin film devices, the position and orientation-control of ZnO
nanorods are very important because they directly relate to their physical and chemical
performances (Koumoto et al., 2008; Masuda et al., 2006). In order to precisely control the
spatial orientation of the ZnO nanostructures, we developed a new technique which is able
to make the ZnO nanorods grow along the vertically aligned titania nanotubes rather by
disordered deposition on the titania nanotube array surface. In this technique, resistance
discrepancy was adopted to make the entrance of the tubes more conductive than the
bottom of the tubes, to induce the epitaxial growth with spatial organization of uniform
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ZnO nanorods along the direction of the nanotubes. The quasi-perpendicular ZnO nanorods
nucleate and grow uniformly and selectively throughout the superhydrophilic regions of
the TiO, nanotube surface by electric field assisted deposition at 90°C for 3 min, while no
nanorods are observed in the superhydrophobic regions (Fig. 10a,b) (Lai et al., 2010a). The
EDS spectra also reveal that the presence of Zn, Ti and O elements on the superhydrophilic
regions, while the elemental components in the superhydrophobic areas are only Ti and O.
The inset of Fig. 10b shows the hexagonal end facet of a vertically aligned ZnO nanorod
with a diameter about 100-150 nm growing on top of the TiO; nanotube array surface.
Therefore, the density, size and orientation of ZnO nanorods are very sensitive to the
presence of electric fields. A 3D AFM profile image (Fig. 10c) shows that the microscopic
structure of the ZnO crystal deposition consisted in dense column arrays, which are induced
and directed by the wettability template. The thickness of vertical ZnO nanorod film is in
the range of 800-900 nm. Furthermore, the three dimensional confocal microscopy image
(Fig. 10d) also shows that the growth of the ZnO nanorod pattern is identical with the
superhydrophilic/superhydrophobic template.

On the basis of the versatile superhydrophilic-superhydrophobic template, we can
successfully control the growth of ZnO nanostructures in the superhydrophilic regions
under mild reaction conditions and in the absence of seed and noble metal catalyst. In the
superhydrophobic regions, the growth is suppressed. This special template can be utilized
to generate different nanostructured ZnO patterns with clearly defined edges. Hence, it is
expected that this novel micropatterned technique based on the superhydrophilic-
superhydrophobic template will become a powerful tool for fabricating various types of
micropatterned nanomaterials and devices.

20 pm

Fig. 10. (a,b) Typical SEM images of the vertically aligned ZnO nanorods selectively grown
on superhydrophilic patterning regions by the developed electric field assisted deposition
technique at 90°C for 3 min. The inset in (a) shows the side view SEM image of the
corresponding ZnO nanorod micropattern. The inset in (b) shows the higher magnified SEM
image of a ZnO nanorod with hexagonal end facet. (c) 3D AFM image of the ZnO/TiO;
micropattern. (d) Confocal microscopy image of the perpendicular ZnO nanorod array.
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4.2 Biomedical arrays

The typical SEM image of TiO, nanotube array surface before and after the deposition of
OCP film by electrochemical technique for 5 min is shown in Fig. 1la,b. The
superhydrophobic-superhydrophilic micropatterned TiO, was used as a micro-template to
selectively deposit nano-OCP crystals on the superhydrophilic regions by an electrochemical
deposition to form a special micropatterned nano-OCP. The deposition electrolyte was
consisted of 0.042 mol/L Ca(NOs); and 0.025 mol/L NH4H>PO,. The pH value was adjusted
to approximately 4.2 with 0.05 mol/L NaOH solution. The precipitation was carried out
galvanostatically at a cathodic current of 0.5 mA cm2 under 67.5°C for a certain time (Wang
et al., 2008). It can see that quasi-perpendicular ribbon-like crystals of several hundred
nanometers in width are uniformly grown on the TiO, nanotube array surface. Fig. 11c
shows a typical fluorescence microscope of the superhydrophilic-superhydrophobic
micropattern on TiO; nanotube surface. As can be seen, the green dot patterns are clearly
imaged through the fluorescence contrast between the UV-irradiated superhydrophilic and
photomasked superhydrophobic regions. The photoirradiated dot exhibiting a uniformly
stronger fluorescence against the surrounding dark background is due to the highly affinity
to solution resulting in the absorption of fluorescent probes into the irradiated nanotube
array films. Therefore, a clear well-defined fluorescence pattern based on the
superhydrophobic-superhydrophilic pattern is obtained. Fig. 11d displays the identical
patterning of OCP biomaterials deposited on the superhydrophilic-superhydrophobic
patterns on TiO, nanotube array surface. It is obvious that the size of the white OCP dots is
equal to that of the superhydrophilic area on template, indicating the deposited regions
were only located within the superhydrophilic dots where photocatalytic degradation of
PTES-SAMs was performed.

Fig. 11. SEM images of the (a) TiO, nanotube array film fabricated by electrochemical
anodization; (b) OCP nanostructure layer on TiO, nanotube array film by electrochemical
deposition for 5 min. Optical fluorescence pattern of the superhydrophilic-
superhydrophobic template (c) and patterned OCP thin films selectively deposited in pre-
defined superhydrophilic regions by electrochemical deposition for 5 min (d).
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Fig. 12. SEM micrographs of MG-63 cells cultured on the patterned OCP coatings with
different deposition time for 6 h, (a) 1 min; (b) 3 min; (c) 5 min; (d) higher magnification.

The in-vitro MG-63 cell tests were used to study the biological performance of the as-
obtained OCP micropatterns (Huang et al., 2010b). The results showed that MG-63 cells
were found preferentially attached on the superhydrophilic regions with OCP thin films,
while the superhydrophobic regions with the PTES monolayers can effectively prevented
the adhesion of cells on the surface, indicating that the cells had the selective adhesion
action on the tiny units of OCP films. Moreover, the cells adhered on the OCP film
deposited for a longer period (5 min) are more active to spread on the OCP nanobelt
covering surface. It is promising for developing a new cell chip for high throughput
evaluation of the cell behaviors.

Fig. 13. SEM images of adhered platelets on various kinds of surfaces at 37-C for different
periods. (a-c) mechanically polished and cleaned Ti substrate; (d-f) superhydrophilic
surface; (g-i) superhydrophobic surface; (a,d,g) 30 min; (b,e,h) 120 min; (cf,i) magnified
images of the corresponding images of (b,e,h).
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The in vitro experimental indicated that the superhydrophobic nanotube TiO; layers exhibit
a remarkable resistance to platelets attachment (Fig. 13) (Yang et al., 2010). It is indicated
that the superhydrophobic nanotube TiO; layers exhibit a remarkable resistance to platelets
attachment. As shown in Fig. 13a,d,g, abundant platelets adhere to both the plain Ti surface
and the superhydrophilic TiO, nanotube layers after 30 min incubation. Comparatively,
after 120 min incubation, a large number of platelets adhered and spread out on both the
plain Ti surface (77 £ 7.4 per 5000 pm?, Fig. 13b,c) and the superhydrophilic surface which
was obtained by exposing the TiO, nanotubes under a UV irradiation (22 £ 1.5 per 5000 pm?2,
Fig. 13e,f), only very few of platelets (1+0.8 per 5000 pm?) was found to adhere on the
superhydrophobic TiO, nanotube layers (Fig. 13h). Moreover, even though some platelets
were occasionally seen attached on the superhydrophobic surface, they looked smooth
without any growth of pseudopods (Fig. 13i), implying that the platelets adhered on the
superhydrophobic TiO; nanotube surface remain inactive and hardly grow and spread out
for a long period. The quantities and morphologies of adhered platelets and their
corresponding interactions on the different samples are illustrated in Figure 14. Therefore,
the construction of superhydrophobic surface on biomedical implants could pave a way to
improve the blood compatibility of the biomedical devices and implants.

Superhydrophobic Ti(y, nanotubes

Fig. 14. Schematic illustration of the quantity and morphology of platelet and corresponding
interactions on the three kinds of surfaces. (a) Plain Ti substrate; (b) Superhydrophilic TiO>
nanotubes; and (c) Superhydrophobic TiO, nanotubes.

4.3 Sensing devices

Based on photocatalytic lithography, we demonstrate a facile, rapid and practical approach
to fabricate Ag nanoparticle (NP) patterns on TiO. films by means of pulse-current
electrodeposition technique (Huang et al., 2011). The size and density of as-deposited Ag
NPs can be controlled by changing deposition charge density. Moreover, the resultant
patterned Ag NP films exhibited particle size-as well as density-dependent UV-vis
absorption and SERS enhancement effect. It was found that the patterned Ag NP films
produced under the deposition charge density of 2.0 C cm=2 exhibited the intense UV-vis
and Raman peaks. Two dimensional surface enhanced Raman scattering (SERS) mapping of
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Rhodamine 6G (R6G) on the patterned Ag NP films demonstrated a high throughput
localized molecular adsorption and micropatterned SERS effect.

Furthermore, the elemental distributions of the as-prepared Ag NPs arrays were also
observed by electron probe microanalyzer, which are shown in Fig. 15a-c. Figure 15a shows
the Ag element distribution map. As shown in the map, the green dot patterns are clearly
images obtained through element concentration contrast between the UV-irradiated
superhydrophilic and photomasked superhydrophobic regions. The green dots exhibiting a
uniform Ag concentration against the surrounding black regions indicate that Ag NPs are
uniformly deposited and confined to the superhydrophilic regions. Figure 15b,c shows the
element distribution maps of Ti and O, respectively, which are also in line with the
dimensions of the photomask. The blue superhydrophilic regions (dot patterns) show lower
Ti and O concentrations due to the preferential deposition of Ag NPs in the
superhydrophilic areas, while the yellow and red superhydrophobic regions have higher Ti
and O concentration. The corresponding line-scan signal intensity profiles of Ag, O, and Ti
elements across the dot pattern (red line direction). The intense Ag signals in the
superhydrophilic regions as well as the Ti and O signals in the superhydrophobic regions
suggest that Ag NPs are deposited only in the dot areas and that the other regions are the
exposed TiO; nanotube films. The consistent intensity of the Ag signals indicates that Ag
NPs are uniformly deposited on the superhydrophilic regions.

In addition, a two-dimensional point-by-point SERS mapping of the patterned Ag NP film
whose deposited charge density is 2.0 C cm=2 was obtained using R6G as the probe molecule.
Figure 15d,e show the optical image and the corresponding SERS mapping image of the
patterned Ag NP film. The mapping area was approximately 140 x 100 pm?2 and the data
acquisition time was 1 s. A signal to baseline from 594.0 to 623.4 cm! was chosen for the
acquisition of the SERS mapping. The bright and dark areas respectively represent higher
and lower intensity of the SERS signal. It is clear that the geometrically identical gray
superhydrophilic areas (circle) with a strong SERS activity and the dark superhydrophobic
areas without any SERS activity form a high-resolution SERS intensity distribution map. As
can be seen from the SERS mapping results, most SERS peak area is in a very narrow
intensity window as shown by the contrast in color codes. Furthermore, the SERS peak area
is uniform over the superhydrophilic region with several high intensity spots represented
by white color codes. On comparing the SERS mapping with the SEM detection, it is
reasonable to conclude that the homogeneous SERS signal in the circle areas reflects the
uniform dispersion of Ag NPs on the superhydrophilic areas. The high-resolution SERS
intensity distribution and micropatterned SERS effect of the Ag NP film might make it
potentially useful in high-throughput molecule detection and bio-recognition.

To gain insight into the dependence of SERS enhancement on the size and density of Ag
NPs, the SERS spectra of R6G absorbed on the different patterned Ag NP films were
detected, which are shown in Fig. 15f. Because of the small particle size and low density,
which are not the optimum size and distribution for SERS, the signal enhancement is rather
weak below the charge density of 0.5 C cm~2. The enhancement behavior of the substrate,
however, is obviously improved under the charge density of 1.0 C cm=2. In particular, the
patterned Ag NP film prepared under a charge density of 2.0 C cm=2 exhibits the highest
intensity, which is attributed to large size and high density of Ag NPs, as shown by the SEM
results. On increasing the charge density to 2.5 C cm™2, the signal becomes weaker. The size-
correlated enhancement may be explained by the EM mechanism (Zeng et al., 2008). The
intensity of the SERS signal might also be controlled by the NPs density, which changes the
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interparticle spacing as well as the hot spots among the NPs (Felidj et al., 1999; Lu et al.,
2005). The average surface enhancement factor for pyridine on the Ag NP film with a charge
density of 2.0 C cm~2 was calculated to be 1.3x105.

Fig. 16a shows the typical SEM micrographs of the CdS nanosphere micropatterns after 3
min deposition on the superhydrophobic-superhydrophilic template of TiO, nanotube films
(Lai et al., 2010d). The bright rectangular areas corresponded to the deposition of CdS
nanosphere crystals on the superhydrophilic regions. The boundary between the CdS
pattern and the surrounding superhydrophobic regions is clearly visible at a higher
magnification (inset). The dispersed CdS nanosphere crystals grew on the top of TiO;
nanotube arrays within the rectangular superhydrophilic region (Fig. 16c). Most of the
crystals were less than 90 nm in diameter due to the confinement by the inner diameter of
nanotube, though a few larger spheres (~120 nm) were seen across neighboring tube
openings. While on the superhydrophobic areas (Fig. 16d), there was almost no CdS crystal.
The high growth selectivity was also confirmed by the EDS analysis, revealing that CdS
spheres easily nucleate and grow on the hydroxyl groups (-OH) terminated regions (Fig.
16e), but not on the -CF; terminated areas (Fig. 16f). Since the difference of the water contact
angle between the superhydrophilic and superhydrophobic regions is larger than 150°,
electrolyte solution is preferentially presented on the uniform superhydrophilic dots. No
water droplets go to the neighboring superhydrophobic regions. Although a few CdS
particles resulted from homogeneous precipitation attached onto superhydrophobic surface
due to van der Waals interactions and gravity, they can be easily removed by
ultrasonication. Therefore, a clear and well-defined CdS pattern in line with the dimensions
of the superhydrophobic-superhydrophilic template has been obtained.

Raman Intensity (a.u.)

T T T T T
800 1000 1200 1400 1600 1800
Wavenumber (cm'1)

Fig. 15. Typical element distribution maps of Ag (a),Ti (b), O (c), and optical microscopy(d)
and the corresponding R6G SERS mapping (e) of the patterned Ag NP films with an area of
140 x 100 pm? using the peak area at 614 cm™! as the reference. (f) Raman spectra of the
patterned Ag NP films from different charge density: curve A, bare subsrate; curve B, 0.5
C/em2, C,1.0C/cm2 D, 2.0 C/cm?; and E, 2.5 C/cm2.
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Fig. 16b shows the photocurrent spectra of the couple CdS/TiO, nanotube array electrode
prepared under different electrodeposition times. It is apparent that the pure TiO, nanotube
array samples have a photo-response wavelength lower than 400 nm due to its band-gap of
3.2 eV (curve a). The decoration of CdS nanospheres with a smaller energy band-gap (2.4
eV) can significantly extend the photo-response range from 380 nm to about 500
nm.Moreover, the CdS modified TiO; nanotube array electrodes can also greatly increase
the photocurrent response under UV light, especially for the samples obtained under 2 min
electrodeposition (curve b), which thus would be the optimal deposition time. This is
attributed to the uniform dispersed CdS nanospheres with suitable size decorated onto the
TiO, nanotubes. This allows for more efficient electron transfer and lower electron-hole
recombination rate which leads to enhanced light harvesting at the directly grown
CdS/TiO; heterojunctions. With the increase of time (curve ¢ and d), more CdS particles
with bigger size started to randomly distribute on top of TiO. nanotube arrays. Such
composite nanostructures would weaken the light absorption of the uniform CdS/TiO;
heterojunction underlayer, which has resulted in a lower photocurrent in both UV and
visible light region.
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Fig. 16. (a) Typical SEM images of the CdS micropattern; (b) Photocurrent spectra of
micropatterned CdS film on TiO, nanotube array electrode. (curve a-d): pure TiOy; 2 min; 3
min; and 5 min. (c) Superhydrophilic region; (d) superhydrophobic region. EDX spectrum of
the corresponding superhydrophilic (e) and superhydrophobic regions (f).
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5. Summary and outlook

Extremely  wetting micropattern (superhydrophilic/superhydrophobic) on TiO;
nanostructure surface by using SAM technique and photocatalytic lithography has been
studied intensely as it provides a cost effective template to construct well defined functional
composited pattern. Numerous potential applications have also been proposed and
investigated in biomedical, sensors and micro-nano devices. We believe that the
photocatatlytic lithography patterning technique presented in this chapter should be general
to create micro-scale wetting pattern on other semiconductor substrates and these
developments will open the door for more widespread application of the wetting pattern in
practical fields.
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