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1. Introduction

Metal oxides have recently been fabricated in solutions without high-temperature sintering
in order to reduce energy consumption and allow application for various substrates having
low heat resistance. The fabrication of metal oxide thin films from solutions has been
encouraged by the development of environment-friendly chemistry such as Green &
sustainable chemistry-6, Bioinspired materials chemistry?, Biomimetic materials chemistry?,
Soft-solution processing®10, Soft chemistry (“Chimie douce” in French)!!, Liquid phase
deposition’12, Chemical bath deposition (CBD)'213, Electroless deposition (ED) with
catalyst!213, Successive ion layer adsorption and reaction (SILAR) 1213, Sol-gel process!415,
Hydrothermal reaction!¢, Electrodeposition'’!8 and so on. Solution processing of metal
oxides allows us to prepare metal oxide thin films on the surface of solids such as substrates,
particles, and fibers. Metal oxide nano/microstructures can also be fabricated by applying
these solution systems to electronic or photonic devices.

Many kinds of lithography or patterning techniques have been developed to prepare
patterns of thin films, for instance, X-ray/electronbeam lithography and photolithography,®
microcontact printing,202! wet etching,?? ink-jet printing,2> embossing,?425 slip-pressing,26
charge-based printing,?” micromolding,?$ and cold welding?. However, etching or lift-off
processes are required in many of these methods, which causes degradation of performance,
increases waste and energy consumption, and makes the process complicated. Additionally,
etching or lift-off processes cannot be applied to corrosion-resistant metal oxides. The
deposition of metal oxides only on desired areas of a substrate is thus required for the
pattering of metal oxide thin films.

In this section, Liquid Phase Patterning (LPP) of metal oxides was reported 30. Self-
assembled monolayer (SAM), which can modify the surface of solids with various functional
groups, was used as the template to enable molecular recognition for LPP. Solution systems
were developed and applied to LPP of ceramic thin films on patterned SAMs by the
proposed novel LPP processes.

2. Liquid phase patterning of metal oxides

2.1 SAM prearation for patterning of metal oxides
Self-assembled monolayer (SAM) can modify the surface of solids such as a substrate,
particles, or fibers with various functional groups, and the molecular recognition of
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functional groups of SAM was the key technique for LPP. Patterned SAMs were used as
templates in our LPP processes to deposit metal oxide thin films on desired areas of
substrates.

An Si wafer (p-type Si [100], NK Platz Co., Ltd.) was sonicated in water, ethanol or acetone
for 10 min, respectively, and exposed for 15 min to UV light (184.9 nm and 253.7 nm) (low-
pressure mercury lamp 200 W, PL21-200, 15 mW /cm? for 254 nm, SEN Lights Co.) to clean
the surface. UV light (PL21-200) has stronger power than that used in former studies (NL-
UV253, Nippon Laser & Electronics Lab.). The OTS(octadecyltrichlorosilane, CisH375iCl3)-
SAM or APTS(aminopropyltrimethoxysilane, H>NC3HsSi(OCHzs)s) were prepared by
immersing the Si substrate in an anhydrous toluene (Aldrich Chemical Co., Inc.) solution
containing 1 vol% OTS (Acros Organics) for 15 min or APTS (TCI) for 2 h under an N>
atmosphere 31.32(Fig. 1). The substrate with the SAM was baked at 120°C for 5 min to remove
residual solvent and promote chemisorption of the SAM. The control of preparation
conditions such as humidity is very important to fabricate organically modified surfaces
which realize site-selective deposition.
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Fig. 1. Conceptual process for fabrication of a self-assembled monolayer.

Reprinted with permission from Ref.31, Masuda, Y., Gao, Y. F., Zhu, P. X., Shirahata, N.,
Saito, N. and Koumoto, K., 2004, ]J. Ceram. Soc. Japan, 112, 1495. Copyright @ The Ceramic
Society of Japan

The SAMs on the silicon substrates were exposed for 15 min to UV light through a
photomask to be used as a template for micropatterning of ZnO crystals. UV-irradiated
regions became hydrophilic due to silanol group formation, while the non-irradiated part
remained unchanged. Formation of the SAMs and the modification to silanol groups by UV
irradiation were verified using the static water drop contact angle (6w) (a contact angle
meter CA-D, Kyowa Interface Science Co., Ltd.) and X-ray photoelectron spectroscopy (XPS)
(ESCALAB 210, VG Scientific Ltd.). The X-ray source (MgKa, 1253.6 eV) was operated at 15
kV and 18 mA, and the analysis chamber pressure was 1-3x10-7 Pa. The initially deposited
OTS-SAM or APTS-SAM showed a static water contact angle of 105° or 63°, but the UV-
irradiated surface of SAM was wetted completely (contact angle < 5°) 33 (Fig. 2). The
spectrum peak corresponding to the N 1s binding energy centered at 399.5 eV was observed
for the surface of the APTS-treated Si substrate on which APTS-SAM was formed, however,
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it wasn’t detected from the surface after UV irradiation. These experiments show the
decomposition and removal of SAMs from the surface of substrates.
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Fig. 2. Relative luminous intensity of UV lamp and water drop contact angle of OTS-SAMs
as a function of UV-irradiation time.

Reprinted with permission from Ref. 33, Masuda, Y., Kinoshita, N., Sato, F. and Koumoto, K.,
2006, Cryst. Growth Des., 6, 75. Copyright @ American Chemical Society

2.2 Liquid phase patterning of amorphous TiO- thin films3*%’

Patterned OTS-SAM was immersed in an anhydrous toluene (99.8%, water < 0.002%,
Aldrich) solution containing 0.1 M TDD(titanium dichloride diethoxide) for 30 min under an
N> atmosphere using a glove box (Fig. 3) 3437, All glassware was dried in a dry box at 50°C
before use. The estimated partial pressure of H,O in an N, atmosphere is below 0.1 hPa.
Chlorine atoms of TDD react with H>O and change into OH, which further react with silanol
groups of SAM resulting in the formation of Ti-O-5i bonds3. The ethoxy group, OC;Hs, of
TDD is hydrolyzed into hydroxyl groups which are further condensed to form Ti-O-Ti
bonds®. The thickness of films can be easily controlled by varying the soaking time. After
SAM substrates had been rinsed with toluene and preserved in air, thin films appeared on
the silanol surfaces of OTS-SAM but were not observed on octadecyl surfaces® (Fig. 4). A
micropattern of amorphous TiO; thin films was thus fabricated on a patterned OTS-SAM.
Line width measurements at 15 equally spaced points on each line indicated an average
printed line width of 23.3 pm. Line edge roughness, as measured by the standard deviation
of the line width, was ~0.5 pm, representing a ~2.1% variation (i.e., 0.5/23.2) in the nominal
line width34. X-ray diffraction measurements (XRD) (Rigaku RU-200) with CuKa radiation
(40 kV, 30 mA) for as-deposited thin films showed that they were composed of amorphous
phases. The ratio of oxygen to titanium was evaluated after 20 min of Ar* ion sputtering to
avoid the influence of the contaminated layer on the surface. The 1s peak of O can be
deconvoluted into two curves (ratio of 529.7 eV (films) and 531.3 eV (silicon oxide) is 1 :
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0.22). The ratio of oxygen to titanium was estimated to be 2.2 : 1. Small amounts of chlorine
and carbon were also detected (Ti: O:Cl:C=1:2.2:0.17:0.37)3.
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Fig. 3. Conceptual process for selective deposition of amorphous TiO; thin film using a self-
assembled monolayer.

Reprinted with permission from Ref. 34, Masuda, Y., Sugiyama, T., Lin, H., Seo, W. S. and
Koumoto, K., 2001, Thin Solid Films, 382, 153. Copyright @ Elsevier B.V.

TiO, thin film

#

Fig. 4. SEM micrographs of (a) a micropattern of amorphous TiO; thin films and (b)
magnified area of (a).

Reprinted with permission from Ref. 34, Masuda, Y., Sugiyama, T., Lin, H., Seo, W. S. and
Koumoto, K., 2001, Thin Solid Films, 382, 153. Copyright @ Elsevier B.V.
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2.3 Liquid phase patterning of crystalline anatase TiO- thin films using a seed Iayer39

The concept of LPP using a seed layer which accelerates the deposition of thin films was
proposed®. The deposition process of anatase TiO> from an aqueous solution was evaluated
in detail using a quartz crystal microbalance, and it was found that the nucleation and initial
growth of anatase TiO, were accelerated on amorphous TiO; thin films compared with
silanol, amino, phenyl, or octadecyl groups. Amorphous TiO; thin films were deposited on
silanol regions of a patterned OTS-SAM (Fig. 5(1-a,b)) from a TDD solution (Fig. 5(2-a,b)).
This substrate was immersed in an aqueous solution containing a Ti precursor at pH 1.5 for
1 h to be used as a template for LPP. Anatase TiO, was selectively deposited on amorphous
TiO; regions to form thin films. Consequently, a micropattern of anatase TiO thin film
which had high feature edge acuity was successfully fabricated in an aqueous solution (Fig.
5(3-a,b)). The center of the anatase TiO, thin film region was 61 nm higher than the
octadecyl regions, and the thickness of the anatase TiO; thin film was estimated to be 36 nm

[ (1-a) Patterned OTS-SANM {1-b) Patterned OTS-5AN

{2-a) Amorphous’]

Fig. 5. SEM micrographs of [(1-a), (1-b)] a patterned OTS-SAM, [(2-a), (2-b)] a micropattern
of amorphous TiO; thin films, and [(3-a), (3-b)] a micropattern of anatase TiO, thin films
deposited at pH 1.5.

Reprinted with permission from Ref. 39, Masuda, Y., Ieda, S. and Koumoto, K., 2003,
Langmuir, 19, 4415. Copyright @ American Chemical Society
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considering the thickness of amorphous TiO; thin film (27 nm)3* and OTS molecules (2.4
nm)%. This result is similar to that estimated by QCM measurement (36 nm). The AFM
image showed the film roughness to be 3.7 nm (horizontal distance between measurement
points: 6.0 pm), which is less than that of amorphous TiO; thin film (RMS 9.7 nm, 27 nm
thick, horizontal distance between measurement points: 6.0 um))34. Additionally, the
roughness of the octadecyl group regions was shown to be 0.63 nm (horizontal distance
between measurement points: 1.8 um)3. This study showed the good performance of the
LPP process using a seed layer and the importance of quantitative analysis of the deposition
process.

2.4 Liquid phase patterning of crystalline anatase TiO- thin films using site-selective
elimination®

Ammonium hexafluorotitanate ([NH4].TiFe) (purity 96%, 1.031 g) and boric acid (H3BOs)
(purity 99.5%, 0.932 g) were dissolved separately in deionized water (50°C, 50 ml)%0. An
appropriate amount of HCl was added to the boric acid solution to control pH, and
ammonium hexafluorotitanate solution was added. Solutions (100 ml) with 0, 0.1 or 0.6 ml
of HCI showed pH 3.8, 2.8 or 1.5, respectively. Supersaturation of solution can be changed
by pH value as discussed in ref. 55. TiO, thin films can be formed fast by the deposition of
homogeneously nucleated particles at high pH condition such as pH 3.88, and uniform films
can be obtained slowly by heterogeneous nucleation at low pH condition. SAMs were
immersed in the solution (100 ml) containing 0.05 M (NH,).TiFs and 0.15 M (H3BOs) at pH
1.5, 2.8 or 3.8 and kept at 50°C for 4 h. to deposit anatase TiO,. Ultrasonication was done
during immersion period. Deposition of TiO, proceeded by the following mechanism:

TiE> + 2H,0—=TiO, + 4H" + 6F ... (a)

BO,* + 4F + 6H'——BF, + 3H,0 ... (b)

Equation (a) is described in detail by the following two equations:

TiF —2" 5 TiF,_ (OH)’ +nF —“2%" 5 Ti(OH). +6F ... (c)
Ti(OH), ——TiO, + 2H,0 +20H" ... (d)

Fluorinated titanium complex ions gradually change into titanium hydroxide complex ions
in an aqueous solution as shown in Eq. (c). Increase of F- concentration displaces the Eq. (a)
and (c) to the left, however, produced F- can be scavenged by H3BO; (BOs%) as shown in Eq.
(b) to displace the Eq. (a) and (c) to the right. Anatase TiO, was formed from titanium
hydroxide complex ions (Ti(OH)s?) in Eq. (d), and thus the supersaturation degree and the
deposition rate of TiO, depend on the concentration of titanium hydroxide complex ions.
The high concentration of H* displaces the equilibrium to the left in Eq. (a), and the low
concentration of OH-, which is replaced with F- ions, suppresses ligand exchange in Eq. (c)
and decreases the concentration of titanium hydroxide complex ions at low pH such as pH
1.5. The solution actually remained clear at pH 1.5, showing its low degree of
supersaturation. On the other hand, the solution at high pH such as pH 2.8 or 3.8 became
turbid because of homogeneously-nucleated anatase TiO, particles caused by a high degree
of supersaturation. Anatase TiO; thin film was formed by heterogeneous nucleation in the
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solution at pH 1.5, while the film was formed by heterogeneous nucleation and deposition
of homogeneously nucleated particles at pH 2.8 or 3.8.

After having been immersed in the solution with ultrasonic treatment, the substrates were
rinsed with distilled water. Thin films were observed on the silanol group regions to form
nano/micro-scaled patterns at pH 3.88, 2.8 or 1.5. The films were deposited for 4 h from the
solution without the addition of HCI. Thin films were observed as being dark in an optical
micrograph. Separated parallel lines 200-400 nm in width at 100-200 nm intervals were
successfully fabricated with this method. The length of the separated parallel lines reached
more than 100 um. A cross section of the lines was shown as a semicircle, and the thickness
of the center of the lines was estimated to be about 100 nm by AFM observation (Fig. 6).
Feature edge acuity of the pattern was higher than that of the pattern fabricated by our lift-
off process or by the site-selective immersion method.#! Site-selective deposition was
realized at any pH conditions such as pH 3.88, 2.8 or 1.5. Patterns which have higher feature
edge acuity can be obtained at low pH conditions because films were formed slowly
without the deposition of homogeneously nucleated particles.

Fig. 6. AFM image of a nanopattern of anatase TiO, fabricated by site-selective elimination.
Reprinted with permission from Ref. 40, Masuda, Y., Saito, N., Hoffmann, R., De Guire, M. R.
and Koumoto, K., 2003, Sci. Tech. Adv. Mater., 4, 461. Copyright @ American Chemical
Society

For the adhesion of TiO; films to silanol groups, the pH of the deposition solution is critical.
Pizem et al.13 reported that adherent TiO: films formed from solutions similar to those used
here at pH=3.9, but that the films were less adherent at pH=2.9. They related this difference
in adherence to an increased electrostatic attraction of TiO; to the oxidized surface of silicon
at the higher pH. In our experiment, there also were less adherence of TiO, at pH 2.8 and 1.5
than that at pH 3.5 due to low supersaturaiton shown in Eq. (a) and low electrostatic
attraction.13
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However, some depositions were observed on octadecyl group regions in SEM micrographs.
One probable cause is that pinholes and other defects in the films provide at least some
degree of access of water to underlying unreacted OH groups in the OTS films. Once
exposed to the solution, these sites can act as nucleation points for TiO; growth. Because the
depositions are performed at elevated temperatures, it is likely that pinholes and defects
will continually open and close on the OTS film surfaces due to thermal motions of alkyl
chains in the films. The TiO; precursors formed in these defects would act as points for
eventual growth of TiO, over the entire SAM-covered region. This would provide a weakly
bound TiO; film on the OTS film regions due to the limited number of connections to the
underlying silanol sites in the film regions. In fact, Sagiv and others have shown that
macroscopic defects induced in alkylsiloxane films can readily be accessed by solution
species.424 More recently, Dressick and coworkers demonstrated that solvent accessibility
to underlying substrates in aromatic siloxane films is also important#5-47 and may be an even
greater factor in controlling the properties of those films, which may account for our
previous selectivity observation using phenylsiloxane films, as shown in the lift-off process.
In the lift-off process*$, thin films were formed on the entire area of patterned SAM that has
silanol group regions and phenyl (or octadecyl) group regions. After being dried, the
substrate was sonicated in water to lift off thin films on phenyl (or octadecyl) group regions
selectively. Thin films on phenyl (or octadecyl) group regions were peeled off along the
cracks that formed during the drying process. Thin films on phenyl (or octadecyl) group
regions without cracks were not peeled off because depositions strongly connected to each
other to form solid timber (monolith). The lift-off along cracks decreased the feature edge
acuity of the pattern in this method. Thin films were formed on silanol group regions
selectively and site-selective deposition was realized with our newly developed method.
This resulted in high feature edge acuity of the patterns compared to our previous works.48
Additionally, the micropattern of thin films was also fabricated by the site-selective
immersion method4l. A solution containing a Ti precursor contacted the hydrophilic regions
during the experiment and briefly came into contact with the hydrophobic regions. The
solution on the hydrophilic surface was replaced with a fresh solution by continuous
movement of bubbles. Thus TiO, was deposited and a thin film was grown on the
hydrophilic regions selectively. This technique can be applied for the formation of many
kinds of films from any solution and to fabricate micropatterns for many kinds of thin film
because the technique creates the difference in contact time of the solution between
hydrophilic regions and hydrophobic regions. However, it is difficult to form a solution
layer on nano-scaled hydrophilic regions selectively and replace it with a fresh solution by
continuous movement of bubbles while avoiding contact of the solution on hydrophobic
regions. This prevents fabrication of nano-scaled pattern with this method. On the other
hand, site-selective deposition was realized in the solution with our newly developed
method wusing the difference of adhesive strength of depositions to substrates.
Heterogeneously nucleated deposition and homogeneously nucleated particles and/or
clusters can be removed from octadecyl group regions even if these regions are designed in
nano-scale order in which depositions are smaller. This allowed us to realize high feature
edge acuity of the patterns compared to site-selective immersion.394!

The distribution of elements on the surface of the substrates was evaluated by energy
dispersive X-ray analysis (EDX; EDAX Falcon, EDAX Co. Ltd.), which is built into SEM.
Titanium was detected from thin films selectively and oxygen was detected mainly from
silanol group regions by EDX. Other elements, except for silicon from the substrate, were
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not observed from the thin film and substrate by EDX. Oxygen was detected from not only
the deposited thin film but also from the natural oxide layer (amorphous SiO; layer) formed
on all surface areas of a silicon substrate. These observations showed predominant
deposition of titanium oxide on silanol group regions.

The deposited thin films were also investigated using an X-ray diffractometer (XRD; RAD-
C, Rigaku) with CuKoa radiation (40 kV, 30 mA) and Ni filter plus a graphite
monochromator. Thin films deposited at pH 3.8 for 4 h showed an XRD pattern of anatase-
type TiO, having orientation similar to that of films deposited in the solution at pH 1.5 or
2.841, The diffraction from parallel to c-plane such as (004) was observed as being strong
compared to that of the randomly oriented powder diffraction pattern. Pizem et al.
postulated that the commonly observed [00]] orientation of anatase films could be due to the
slight polarity of the planes parallel to the [001] axis, unlike other low-index planes of this
structure such as {100}, (110), and (210). The orientation and crystal growth mechanism are
further discussed in a separate article.

Thin films were further evaluated by X-ray photoelectron spectroscopy (XPS; ESCA-3200,
Shimazu Corporation, 1 x 105 Pa). The X-ray source (MgKa, 1253.6 eV) was operated at 8 kV
and 30 mA. The spectral peaks corresponding to Ti 2p (458.7 eV) were observed from thin
films deposited on the silanol region. This binding energy is higher than that of Ti metal
(454.0 eV), TiC (454.6 eV), TiO (455.0 eV), TiN (455.7 eV) and Ti2Os (456.7 V), and similar to
that of TiO, (458.4 - 458.7 eV).50-52, This suggests that the titanium atoms in thin films are
positively charged relative to that of titanium metal by formation of direct bonds with
oxygen. On the other hand, this spectrum was not observed from octadecyl group regions.
The O 1s spectrum was observed from the silanol regions and divided into O 1s (530.2 eV)
and O 1s (532.3 eV). O 1s (532.3 eV) can be assigned to the silicon oxide layer on the surface
of the silicon wafer (532.0 eV5!), whereas the binding energy of O 1s (530.2 eV) is similar to
that of TiO; (529.9 eV52, 530.1 eV5!) as observed by Shin et al.53. This shows that oxygen is
negatively charged compared with neutral oxygen molecules (531.0 eV), possibly through
the formation of chemical bonds with Ti. The ratio of titanium to oxygen was estimated
from the Ti 2p3/> (458.7 V) spectrum and O 1s (530.2 eV) spectrum to be Ti:O = 1:2.0.

2.5 Liquid phase patterning of magnetite particulate thin films using Pd catalyst’**®

Catalyst solution containing NaPdCly (0.38 mM) and NaCl (0.01 M) in a 0.01 M 2-
morpholinoethane sulfonate pH 5 aqueous buffer was prepared>5. The details of
preparation of this solution are described in the reference%¢. Hydrolyzed Pd colloids were
formed in this solution.5” The patterned APTS-SAM was immersed into the colloidal
dispersion of catalyst at 25 °C for 30 min and catalyzed APTS-SAM was rinsed with water.
Catalyzed SAM was immersed in an aqueous solution containing iron(IIl) nitrate (0.0025 M)
and dimethylamine-borane (DMAB) (0.03 M) and kept at 80 °C using a water bath for 30
min to deposit magnetite particulate thin film.58 DMAB was used to reduce nitrate ions,
giving rise to OH- ions and hence raising the solution pH to precipitate Fe;O,.

A black colored iron oxide film selectively deposited onto regions of the APTS-SAM that
had not been exposed to UV radiation following application of the Pd catalyst dispersion.
Figures 7 show an optical microscope image and a SEM image of as-deposited films,
respectively. Black contrast represents a deposited film in an optical microscope image,
whereas the white contrast shows deposited films in SEM images. The EDX mapping
images shown in Figure 7(c) indicate the films deposited on the amino-surface regions,
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showing mapping images consisting mainly of iron and oxygen. Thickness of the films was
easily controlled in the range from several ten nano meter to several micro meter by change
of immersion period. The XRD pattern of the thin film deposited on the whole surface of the
APTS-SAM clearly indicates that it is a magnetite (Fe3Os) film composed of randomly
oriented crystallites of about 20 nm in diameter, which was evaluated using the Scherer
equation. These evaluations show the successful fabrication of a micropattern of crystalline
magnetite films in an aqueous solution using a patterned APTS-SAM and Pd colloid
catalysts adsorbed on amino-group (-NHb) regions of a SAM.
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Fig. 7. (a) optical microscope image, (b) SEM image and (c) characteristic X-ray images [Fe]
of a micropattern of crystalline Fe;O,.
Reprinted with permission from Ref. 54, Nakanishi, T., Masuda, Y. and Koumoto, K., 2004,
Chem. Mater., 16, 3484. Copyright @ American Chemical Society

2.6 Liquid phase patterning and morphology control of crystalline Zn0*

Zinc acetate (Zn(CH3COO),, Kishida Chemical Co., Ltd.) was dissolved into water to be 15
mM at 50°C, and ammonia (28% solution, Kishida) was then added to be 30, 60 or 90 mM
(INHs] / [Zn] = 2.0, 4.0 or 6.0) with stirring as complexing agent®. These solutions showed
pH = 7.04, 7.50 or 8.93, respectively. Zinc ions reacted with ammonium ions (NH4*) formed
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from ammonia to form tetra amine zinc(II)*® [Zn(NHz3)4]2*. ZnO was crystallized from the
reaction between [Zn(NH3)4]?* and OH-. The solution became clouded shortly after adding
ammonia due to homogeneous nucleation of ZnO crystals. Morphology of ZnO crystals was
controlled by the ratio of ammonia to zinc acetate, i.e., super-saturation degree for
crystallization. Patterned OTS-SAMs were immersed downward into the solution
containing zinc acetate (15 mM) and ammonia (30 mM) as complexing agent ([NHs] / [Zn] =
2.0) at 50°C for 3 h (Fig. 8).

ZhiH L+ 2HC= 2NH, T +20H~ ] Site-selective deposition of
Zn{CHCOO )+ 4NH, 7 7= Zn(NH, )2 +2CH.C00H +2H crystalline ZnO

H.0 == OH=+H"
EﬂiNHEJ! ‘5 +2DH'—* EI‘I'D+H«'D +4NH‘

UV irradiation

}/J»/k ’/ FPatterned SAM

-
] CigHar (105 9) -OH (<59 Solution process
(a) long hexagonal cylinder (b] ellipse (c) multi-needies

Fig. 8. Conceptual process for self-assembly patterning of light-emitting crystalline ZnO
nanoparticles in an aqueous solution.

Reprinted with permission from Ref. 33, Masuda, Y., Kinoshita, N., Sato, F. and Koumoto, K.,
2006, Cryst. Growth Des., 6, 75. Copyright @ American Chemical Society

ZnO crystals having long hexagonal cylinder shape were homogeneously nucleated to make
the solution turbid shortly after adding ammonia. Crystals showed sharp hexagonal facets
of about 100 nm in diameter and larger than 500 nm in length. The morphology indicated
high crystallinity of ZnO nanoparticles. The nanoparticles were deposited and further
grown on hydrophobic octadecyl group regions of a patterned SAM selectively.
Consequently, a micropattern of light-emitting ZnO crystals was successfully fabricated in
an aqueous solution without Pd catalyst. ZnO crystals were also deposited on hydrophobic
regions of patterned SAMs such as DTS-SAM, HTS-SAM, PTS-SAM, MTS-SAM, PTCS-SAM
or APTS-SAM. This showed that the method is highly versatile and offers good potential for
the fabrication of devices.

ZnO crystals were deposited on hydrophobic SAM regions such as OTS-, APTS- or other
SAMs rather than hydrophilic silanol regions. Zeta potential of ZnO crystals deposited on a
silicon substrate was measured to be 10 mV at pH 8.1 and ZnO crystals should thus have
positive zeta potential not less than 10 mV in the solution at pH 7.04. SAM of OTS, silanol
and APTS showed zeta potential of -3 mV, -38.2 mV or +22.0 mV, respectively. ZnO having
positive zeta potential should be deposited on silanol regions having negative zeta potential
rather than other SAMs, if the site-selective deposition was caused only by electrostatic
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interactions. The site-selective deposition of ZnO crystals would be caused by not only
electrostatic interactions as shown by the relation of zeta potentials. ZnO crystals having
long hexagonal cylinder shape were deposited on a hydrophilic silicon substrate to evaluate
the surface of crystals. The substrate covered with many deposited ZnO crystals exhibited
high water contact angle (WCA 140°). The deposited ZnO crystals were found from the
experiment to have hydrophobic surfaces. Surfaces of naked ZnO crystals would be
hydrophilic because of surface hydroxyl groups and they would become hydrophobic by
being covered with organic molecules having hydrophobic functional groups. CH3COO-
ions coming from Zn(CH3COO), might be adsorbed to ZnO crystal surfaces by the
interaction between Zn and -COO- to cover the surface with hydrophobic -CHj; groups and
some of Zn(CH3COO), would exist in the surface layer of ZnO crystals. Additionally,
deposited ZnO crystals having long hexagonal cylinder shape became hydrophilic (< 10°)
and their zeta potential shifted positively by UV irradiation in air. ZnO crystals deposited
on a silicon substrate showed zeta potential of 10 mV at pH 8.1, 0 mV at pH 8.8 and -15 mV
at pH 9.2, while they shifted to 20 mV at pH 8.1, 10 mV at pH 8.8 and 7 mV at pH 9.2 by UV
irradiation. The decomposition of CH3COO- ions and the breakage of the bond between
CH3COO and Zn would be caused by light excitation, ozone and active oxygen by UV
irradiation in air. This finding suggests that organic molecules, such as CH3COO- ions,
which show negative zeta potential and can be removed by UV irradiation, would be
absorbed onto the surfaces of ZnO crystals. Furthermore, ZnO crystals were confirmed to
deposit on a hydrophobic polyethylene terephthalate surface rather than on a hydrophilic
polyethylene terephthalate surface modified by UV irradiation in the same solution.
Additionally, organic molecule was reported to adsorb to growing ZnO crystals, in which
poly (ethylene oxide)-blockpoly (methylacrylic acid) (PEO-b-PMAA) was adsorbed
preferentially to {0001} face of ZnO to retard crystal growth perpendicular to this face®0.
Consequently, site-selective deposition was achieved by the effective molecular recognition
caused by combination of the forces composed mainly of hydrophobic interactions between
functional groups of SAMs and ZnO crystal surfaces.

Patterned SAMs were also immersed into the solution containing zinc acetate (15 mM) and
ammonia (60 mM or 90 mM) as complexing agent ([NH3] / [Zn] = 4.0 or 6.0) for 3 h. ZnO
crystals having ellipse or multi-needle shape (two large needles and four small needles)
were homogeneously nucleated to make the solution turbid shortly after adding ammonia.
Nucleation and deposition of ZnO crystals were accelerated by addition of ammonia. Each
ZnO crystal was about 500 nm in size. The crystals were deposited and further grown on
hydrophobic regions of patterned SAMs selectively. Micropatterns of light-emitting ZnO
crystals having ellipse or multi-needle shape were fabricated on patterned SAMs such as
OTS-SAM, DTS-SAM, HTS-SAM, PTS-SAM, MTS-SAM, PTCS-SAM or APTS-SAM in
aqueous solutions.

XRD spectra of ZnO crystals having ellipse or multi-needle shape showed dominant peaks
corresponding to ZnO (0002) planes revealing that ZnO crystals were deposited with a high
degree of orientation of their c-axes perpendicular to the substrate. Enhanced (0002) and (10-
10) peaks from ZnO crystals having long hexagonal cylinder shape showed that crystals
were deposited to make (0002) or (10-10) planes parallel to the substrate. Crystals having
high crystallinity and high purity with no additional phase were shown to be prepared in an
aqueous solution with precise control of their morphologies without the use of Pd catalyst.
The aqueous solution system showed high ability for fabricating nano/micro devices
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composed of crystalline materials. ZnO crystals are well known to grow along the c-axis.
The orientations evaluated from XRD patterns were consistent with SEM observations and
were shown to be controlled precisely by the solution conditions.

Photoluminescence properties of ZnO crystal patterns were further evaluated.
Micropatterns of ZnO crystals were observed by an optical microscope (Fig. 9) and strong
visible-luminescence from ZnO crystals excited by 330-385 nm light was observed by a
photoluminescence microscope. ZnO crystals showed strong UV luminescence (around 390
nm) attributed to band-edge luminescence and visible-light luminescence caused from
oxygen vacancy (450-600 nm)¢1.62. All of the crystals showed photoluminescencedue to high
purity and high crystallinity with optimal oxygen vacancy, and this caused the bright
visible-photoluminescence image. Luminescence properties can be controlled by changing
the crystalline morphologies. ZnO crystals deposited from an aqueous solution were shown
to have high visible-light-emitting properties.

Fig. 9. (a) Optical microscope image and (b) photoluminescence image of patterned ZnO
particles under white light or UV light (330-385 nm).

Reprinted with permission from Ref. 33, Masuda, Y., Kinoshita, N., Sato, F. and Koumoto, K.,
2006, Cryst. Growth Des., 6, 75. Copyright @ American Chemical Society
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2.7 Liquid phase patterning of Y,0;: Eu thin films®

The patterned APTS-SAM was immersed in an aqueous solution containing Y(NOs)3 - 6H>O
(4 mM), Eu(NOs); - 6H>O (0.4 mM) and NH,CONH, (50 mM) at 25 °C¢3. The solution was
heated to 77 °C gradually as shown in Fig. 10 since urea (NH,CONH>) decomposes to form
ammonium ions (NHs*) above 70 °C (Eq. (a)). The decomposition of urea at elevated
temperature plays an essential role in the deposition of yttrium oxide. The aqueous solution
of urea yields ammonium ions and cyanate ions (OCN-) at temperatures above 70 °C¢4 (Eq.
(a)). Cyanate ions react rapidly according to Eq. (b). Yttrium ions are weakly hydrolyzed®566
in water to YOH(H20).2* (Eq. (c)). The resulting release of protons (H*) and/or hydronium
ions (H3O*) accelerates urea decomposition (Eq. (b)). The precipitation of the amorphous
basic yttrium carbonate (Y(OH)COs - xH>O, x=1) can take place through the reaction in Eq.
(d)67.68. The controlled release of cyanate ions by urea decomposition causes deposition of
basic yttrium carbonate once the critical supersaturation in terms of reacting component is
achieved. Since the decomposition of urea is quite slow, the amount needed to reach
supersaturation within a given period of time must be considerably higher than the
stoichiometric amount of yttrium ions, as revealed by previous studies of lanthanide
compounds®.

{1) Decomposition of urea (NH,CONH,)
NH,-CO-NH, =% NH," + OCN:
OCN- + 2H* + H,O == CO, + NH"

{2) Deposition of amorphous basic yitrium carbonate (Y(OH)CO,*XH,0)
Y(NO,)y-6H.0 —= [YOH[H.O) ]** + 3NOy + H* + [5-n)H.0
[YOH(H,O) ] + CO, + H,O &= Y(OH)COy-H,0 + 2H" + (n-1)H,0

Y(OH)COy XH,0

@ amino groups @ silanol groups
Y(NO,),"6H,0 4mM  NH,CONH, 50 mM
Eu(NO,)s'6H,0 0.4mM  at 77 °C i

Fig. 10. Conceptual process for site-selective deposition of visible-light emitting Y>O3:Eu thin
films using a self-assembled monolayer.

Reprinted with permission from Ref. 63, Masuda, Y., Yamagishi, M. and Koumoto, K., 2007,
Chem. Mater., 19, 1002. Copyright @ American Chemical Society

The temperature of the solution increased gradually and reached 77 °C in about 80 min. The
solution was kept at ~ 77 °C during deposition. The pH of the solution increased from 5.2 to
5.8 in about 90 min and then gradually decreased to 5.6. Temperature and pH increased for
the initial 90 min and became stable after 90 min. The average size of particles
homogeneously nucleated in the solution at 100 min was about 227 nm and increased to 262
nm at 150 min, 282 nm at 180 min, 310 nm at 210 min, and 323 nm at 240 min. Particles
nucleated and grew after the solution temperature exceeded 70 °C because urea decomposes
above 70 °C to form carbonate ions® which causes deposition of basic yttrium carbonate®5-68,
The particles grew rapidly at the beginning of the growth period and then their growth rate
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decreased exponentially. The decrease in growth rate was caused by the decrease of
supersaturation degree influenced by a decrease in solution concentration.

Yttrium carbonate films were observed to deposit on amino regions of a patterned SAM
after the immersion in an aqueous solution (Fig. 11). Deposits showed white contrast, while
silanol regions without deposition showed black contrast in SEM observation. Narrow lines
of depositions having 10-50 pm width were successfully fabricated in an aqueous solution.
Patterned APTS-SAM showed high ability for site-selective deposition of yttrium carbonate
in solution systems.

Fig. 11. (a) SEM micrograph of patterned Y,Os:Eu thin films and (b) magnified area of (a).
Reprinted with permission from Ref. 63, Masuda, Y., Yamagishi, M. and Koumoto, K., 2007,
Chem. Mater., 19, 1002. Copyright @ American Chemical Society

Yttrium carbonate films were also deposited on the hydrophobic octadecyl surface of
OTS(octadecyltrichlorosilane)-SAM having water contact angle (WCA) of 116 ° and as-
purchased silicon wafer having WCA of about 20-50 °® which was kept in a plastic case in air.
On the other hand, the films were not deposited on UV irradiated silicon wafer having
WCA < 5 °. The super hydrophilic surface of WCA < 5 ° suppressed film deposition,
whereas the hydrophobic surface and medium surface of WCA > 20-30 ° accelerated film
deposition possibly because of hydrophobic interaction between deposition and substrate
surface. This is consistent with a former study?®2. Yttrium carbonate was deposited both on
bare single crystal Si wafers, and on Si wafers coated with sulfonate-functionalized organic
self-assembled monolayers.

Yttrium, europium, oxygen and carbon were observed from as-deposited thin films on
amino regions, while silicon and oxygen were detected from non-covered silanol regions by
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EDX. The molecular ratio of yttrium to europium was determined to be 100 : 8. It was close
to that of Y(NOz3)s - 6H,O to Eu(NOs); - 6H2O, i.e., 100 : 10, in the solution because the
chemistry of Eu(NOs)s is similar to that of Y(NOs)s to incorporate europium in the
precipitation. The content of europium was in the range we had expected. Y,O3:Eu with
atomic ratio Y : Eu = 100 : ~ 8 was reported to have strong photoluminescence?071. Carbon
was detected from yttrium carbonate. Silicon and oxygen were detected from silicon wafer
covered with a natural oxide layer (amorphous SiO»).

Amino regions were covered with thin films composed of many large particles (about 100-
300 nm in diameter) and very high roughness (RMS 25.6 nm). Silanol regions, on the other
hand, showed only nano-sized small particles (about 10-50 nm in diameter) and very low
roughness (RMS 1.7 nm). The high site-selectivity of deposition and the big difference in
surface morphology and roughness were clearly shown by AFM observation. The thickness
of the films was estimated from AFM scans across deposited and undeposited regions of the
substrate. It increased with immersion time after 45 min (0 nm at 45 min, 60 nm at 70 min
and 100 nm at 90 min). The average growth rate (70 nm/h =100 / 90 min) was higher than
that previously reported (2 nm/h =35 nm / 15 h)®. An amorphous yttrium basic carbonate
film was deposited at 80 °C from aqueous solutions of YNO3*5H,O and urea on Si wafers
coated with sulfonate-functionalized organic self-assembled monolayers in previous studies.
The thickness was then evaluated by TEM after the treatment with ultrasonication for half
an hour in distilled water. The difference of growth rate was caused mainly by the
difference of the substrate treatment by ultrasonication. Additionally, the thickness of our
film was smaller than the particle size in the solution (227 nm at 100 min). Heterogeneous
nucleation and attachment of initial particles of yttrium carbonate occurred without the
attachment of aggregated large particles. The yttrium carbonate was then grown on the
substrate to form a film of 100 nm thickness after immersion for 90 min. The particles of
about 100 nm in height were removed by ultrasonication for 30 min and the film of several
nm in height remained as reported®s.

Yttrium was not detected by XPS from the substrate immersed for 45 min, however, it was
clearly observed from that immersed for 90 min. This indicates that the deposition began
between 45 and 90 min after immersion. The solution temperature reached 70 °C in ~ 45 min
and then the solution began to decompose and release carbonate ions, causing the
deposition of basic yttrium carbonate. The deposition mechanism evaluated by XPS is
consistent with the change of solution temperature, decomposition temperature of urea and
chemical reaction of this system. The binding energy of Y 3d5/2 spectrum from the
deposition (158.2 eV) was higher than that of metal yttrium (155.8 eV)72. The spectrum
shifted to lower binding energy (156.7 eV) after annealing at 800 °C in air for 1 h and is
similar to that of Y203 (157.0 eV)7. The binding energies of Y 3d5/2 spectra in as-deposited
films and annealed films were higher than that of metal yttrium possibly due to the
chemical bonds formed between yttrium ions and oxygen ions. The chemical shift of Y
3d5/2 binding energy by annealing is consistent with crystallization of as-deposited films to
crystalline Y,Os3. C 1s spectra were detected at 289.7 eV and 284.6 eV from as-deposited
films. The C 1s spectrum at 289.7 eV then disappeared by the annealing. C 1s at 284.6 eV was
assigned to surface contamination and C 1s at 289.7 eV was detected from as-deposited
yttrium carbonate. The disappearance of C 1s at 289.7 eV is consistent with the phase
transition from yttrium carbonate to Y20Os.
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As-deposited film was shown to be an amorphous phase by XRD measurement. The film
showed no diffraction peak after annealing at 400 °C for 1 h, however, it showed 222, 400
and 440 diffraction peaks of crystalline cubic Y,O37* without any additional phase after
annealing at 600 °C for 1 h and the intensities of diffraction peaks increased further by
annealing at 800 °C for 1 h. The film was shown to be a polycrystalline Y>O; film constructed
from randomly deposited Y,Os; particles without crystal-axis orientation. The crystal
structure model and diffraction pattern of Y>O3; were calculated from the crystal structure
data of ICSD #23811. The crystallization by annealing confirmed from XRD measurement is
consistent with XPS evaluation.

Y>0s3 films were attemped to remove from the silicon substrate by debonding with scotch
tape or by ultrasonication for 5 min in water. However, the films maintained their bonds
with the substrate, indicating that strong adhesion had formed between films and substrate.
The thin film annealed at 800 °C for 1 h, i.e., crystalline Y2Os:Eu thin film, was shown to be
excited by 230-250 nm (center: 243 nm) and emit red light photoluminescence centered at
611 nm in the fluorescence excitation spectrum (Fig. 12a). Neither the as-deposited film nor
the film annealed at 400 °C for 1 h showed photoluminescence, on the other hand, the films
annealed at 600 °C or 800 °C for 1 h emitted light centered at 617 nm by 250 nm in
fluorescence emission spectra (Fig. 12b). The fluorescence intensity of the film annealed at
800 °C was stronger than that of the film annealed at 600 °C. Fluorescence intensity
increased by the phase transformation from amorphous yttrium carbonate to yttrium oxide
and crystal growth by the heat treatments, and is consistent with the crystallization
observed by XRD. The spectra are described by the well-known >Do-7Fj line emissions (J = 0,
1, 2, ...) of the Eu3* ion with the strongest emission for J] = 2 at 612 nm. The thin film
annealed at 800 °C produced visible red light photoluminescence by excitation from Nd:
YAG laser (266 nm) (Fig. 12, inset). The white square shows the edges of the Y>Os:Eu thin
film and the red color shows visible red emission from the irradiated area on the substrate.

2.8 Liquid phase patterning of In,Oj thin films™

Synthesis and patteming of Pd nanoparticles: A catalyst dispersion.7¢ containing
Na,PdCly (0.38 mM) and NaCl (0.01 M) in a 0.01 M 2-morpholinoethane sulfonate pH 5
aqueous buffer was prepared (Fig. 13) as described in references5657.76. Hydrolyzed Pd
colloids were formed in this solution®”. Light-scattering measurements indicated that the
catalyst dispersion contained colloid particles of about 30 nm in diameter. Pd nanoparticles
showed negative zeta potential (-30.5 eV) at pH 5. APTS-SAM showed positive zeta
potential”Z at pH 5 because of protonation of the amino group (-NH) to -NHs*. Silanol
groups of UV irradiated APTS-SAM, on the other hand, showed negative zeta potential at
pH 5 caused by deprotonation of the silanol group (-Si-OH) to -Si-O-. The patterned APTS-
SAM was immersed in the colloidal dispersion of catalyst at 25 °C for 30 min and the
catalyzed APTS-SAM was rinsed with water. Pd colloids adsorbed on amine groups of
APTS-SAM by electrostatic interactions between the negative surface charge of Pd colloids
and positive surface charge of APTS-SAM> and formed covalent bonds®’, while electrostatic
repulsion force kept Pd catalyst particles away from silanol group regions having negative
zeta potential.

Pd nanoparticles deposited on amino group regions of a patterned SAM had a diameter of
about 30 nm and surface roughness (RMS) of about 1 nm as shown by AFM observation
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Fig. 12. (a) Fluorescence excitation spectrum (emission: 611 nm) for Y>Os:Eu thin film after
annealing at 800 °C for 1 h. (b) Fluorescence emission spectra (excitation: 250 nm) for
Y>03:Eu thin films before and after annealing at 400, 600 or 800 °C for 1 h. Inset:
Photoluminescence image for Y2Os:Eu thin film annealed at 800 °C for 1 h (excitation: 266
nm).

Reprinted with permission from Ref. 63, Masuda, Y., Yamagishi, M. and Koumoto, K., 2007,
Chem. Mater., 19, 1002. Copyright @ American Chemical Society

(Fig. 13). Pd was found to be adsorbed on amino group regions uniformly to form a thin
catalytic layer with small surface roughness. Even application, small thickness and small
surface roughness of the Pd layer are significant for deposition of a uniform transparent
indium oxide layer.

& Pd catalyst Micropattem of
nanoparticles |n+:llu,_rn_u;=_cii_:le_

== 177

I = —ah i ==,

Glass substrate UV irradiation

Pd catalyst nanoparticles Indium oxide thin film
' gl In* +30H" — In(OH):

local elevation of pH
TMAB

Fig. 13. Conceptual process for micropatterning of indium oxide thin films on a glass
substrate. AFM images of (a) Pd catalyst nanoparticles and (b) indium oxide thin films
(lower stand).

Reprinted with permission from Ref.”5, Masuda, Y.; Kondo, M.; Koumoto, K., 2009, Cryst.
Growth Des., 9, 555. Copyright @ American Chemical Society
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Furthermore, site-selective adsorption of Pd was clearly observed by TOF-SIMS mapping5.
Bright regions due to Pd (m/z = 104, 105, 106, 108, and 110) were observed on the APTS-
SAM surface, while no Pd signal was seen on the silanol group surface. This result clearly
indicates that site-selective adsorption of Pd catalyst occurred on the APTS-SAM surface.
Deposition control of In(OH);3 thin films by Pd catalyst: The patterned SAM having Pd
catalytic nanoparticles on amino group regions was immersed in an aqueous solution
containing In(NOs); and TMAB at 65 °C for 1 h (Fig. 13).

Nitrate ions were generated by dissolution of indium nitrate in water according to:

In(NO,), - In* +3NO, --- (a)

Pd catalyst is indispensable for Eq. (b) and (c). Oxidation of reducing agent, TMAB, is
promoted by Pd catalyst to generate electrons in Eq. (b). Nitrate ions are reduced to nitrite
ions by receiving electrons according to Eq. (c). Hydroxide ions are generated by oxidation-
reduction reactions near Pd catalyst according to Eq. (c). Local elevation of pH thus occurs
near Pd catalysts.

(CH,),NBH, +2H,0 — BO, + (CH,),N +7H" +6¢ ... (b)

NO; +H,0+2¢ — NO, +20H ... ()

In(OH);3 nucleates and grows at high pH according to Eq. (d).
In(OH); is thus deposited in Pd-adsorbed regions of patterned SAM (Fig. 13).

In* +30H — In(OH), ... (d)

Transparent conducting In,O; thin film is fabricated by annealing at 300 °C in a reduced
atmosphere (3% - H> / N») for 1 h according to Eq. (e).

2In(OH), - In,0, +3H,0 ... (e)

Liquid phase patterning of In(OH)3 thin films: After having been immersed in the solution
containing In(NO3); and TMAB, the patterned SAM having Pd catalytic nanoparticles on
amino regions was rinsed with distilled water and dried in air. The thin film was clearly
shown by SEM observation to deposit on amino group regions selectively (Fig. 14). Silanol
group regions and amino group regions of SAM were shown to be black or white,
respectively. Magnified SEM micrograph (b) shows the surface morphology of deposited
thin films. The thin films were continuous films without micrometer-scale cracks.

The distribution of elements on the surface of the substrates was evaluated by EDX. Indium
was detected from thin films on amino group regions selectively and appeared black in EDX
mapping images (Fig. 14). On the other hand, silicon was detected mainly from silanol
group regions which were not covered with depositions and exposed bare silicon substrate
(Fig. 14). These observations showed the site-selective deposition of thin films containing
indium on amino group regions.

Surface morphology was further evaluated by AFM conducted at room temperature under
ambient air. Thin films were observed on the amino group regions selectively to form micro-
scale patterns. The surface of the thin films showed a uniform morphology and low surface
roughness RMS = 13 nm (Fig. 13). The thin films deposited on a glass substrate were found
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to be transparent, which would be caused by the low surface roughness which reduces
diffuse reflection. In-plane particle size was estimated to about 10 - 25 nm in diameter. Film
thickness at the edge of the thin film was estimated to be 84 nm.

As-deposited thin film was shown to be crystalline In(OH)z (JCPDS No. 16-0161) with no
additional phase by XRD evaluation. 002 and 004 diffraction peaks of In(OH)3 only were
detected. In(OH)3 thin film was shown to have high c-axis orientation. Crystalline size was
estimated to be 17.4 nm by using the 002 diffraction peak. This was consistent with the in-
plane particle size estimated by AFM observation. Thus, each particle comprising the thin
film would be a single crystal.

Fig. 14. SEM micrographs of (a) micropattern of indium oxide thin films and (b) magnified
area of (a) (upper stand). SEM micrograph and EDX images for In and Si (lower stand).
Reprinted with permission from Ref.”5, Masuda, Y.; Kondo, M.; Koumoto, K., 2009, Cryst.
Growth Des., 9, 555. Copyright @ American Chemical Society

Micropatterning of In:O3; thin films and its optical properties: In(OH); thin film was
annealed at 200, 250 and 300 °C in air. In(OH)3 thin films transformed into single-phase
crystalline InoO; above 250 °C. The film annealed at 300 °C showed 222, 400, 332, 431 and
440 diffraction peaks of In,O3 (JCPDS No. 44-1087) with no additional phase. Crystalline size
was estimated to be 6.8 nm using the 222 diffraction peak, which was about 0.4 times
smaller than that of In(OH)s.

Thin films maintained their uniform surface morphology in the annealing at 250 °C in air
and showed a low surface roughness RMS = 11 nm. In-plane particle size was estimated to
be about 10 - 25 nm in diameter. Film thickness on the edge of the thin film was estimated to
be 45 nm. Shrinkage of film thickness would be caused by volume decrease during
crystallization to InyOs.

The thin films deposited on a glass substrate showed transparency of 60 - 70% in the visible
light region and this would be caused by the low surface roughness which reduced diffuse
reflection to 5 - 15%.
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The optical band gap energy for direct transition in In,Os thin films was estimated to be 3.7
eV assuming that all of the interband transition was direct transition.

Electrical property of In:Os thin films: In(OH)s thin film was annealed at 300 °C in a
reduced atmosphere (3% - Hz / Ny) for 1 h instead of atmospheric heating to induce oxygen
vacancies to increase the carrier concentration. 222, 400, 332, 431 and 440 diffraction peaks of
In,O; (JCPDS No. 44-1087) were observed from the thin film after annealing with no
additional phase. Crystalline size was estimated to be 9.8 nm after annealing at 300 °C in a
reduced atmosphere using the 222 diffraction peak, which was about 0.6 times smaller than
that of In(OH)3 and slightly larger than that annealed at 300 °C in air.

Carrier concentration and Hall moqbility were evaluated to be 2.1x101 cm-3 and 5.2 cm?2 V-1
s, respectively by Hall effect measurement. Specific resistance was evaluated to be 5.8x10-2
Qcm by the Van der Pauw method. These electrical properties are similar to those of In;O3
thin films prepared by the sol-gel method”® (carrier concentration: 1.7x10% cm-3, Hall
mobility: 5.9 cm? V-1 s, specific resistance: 6.1x10-2 Qcm). Electrons would be scattered by
grain boundaries in thin films and this would decrease Hall mobility and increase specific
resistance. Increase of carrier concentration and decrease of grain boundaries by
optimization of the reduction conditions and film formation process would allow us to
obtain higher Hall mobility and lower specific resistance, thus improving the electrical
properties.

XPS analysis:

(a) XPS analysis for patterning of Pd nanoparticles: Pd was detected from amino group
regions of a patterned SAM by XPS. Detection of Pd from amino group regions is consistent
with AFM observation and the deposit observed in the AFM image was shown to be Pd
colloids particles. On the other hand, Pd was not observed in silanol regions, i.e., UV-
irradiated regions of APTS-SAM, even with XPS which is a highly surface sensitive analysis
method. Pd adsorption on silanol regions would be less than the detection limit of XPS.
High site-selectivity of Pd deposition only on amino group regions of a patterned SAM was
shown in XPS analysis.

Pd 3d 5,2 and 3d 3,2 were observed for APTS-SAM at 337.2 eV, 342.5 eV, respectively. The
binding energy of Pd 3d 5,2 observed is higher than that of Pd metal (334.6 eV79, 335.1 eV&0-
82). Referring to an earlier report’, the spectrum of Pd 3d 5,2 can be deconvoluted into 3
peaks with peak positions corresponding to Pd-N (338.7 eV)83, Pd-Cl (337.8 eV)8486 and Pd-
O (336.9 eV)# to be Pd-N : Pd-Cl : Pd-O = 0.01 : 0.11 : 0.8854 (peak ratio). Pd on the APTS-
SAM was mainly combined with O as Pd-O (336.9 eV). This result indicates that the surface
of the Pd colloid layer on APTS-SAM consists of Pd-O or Pd-OH as well as a small amount
of Pd-Cl. Although the Calvert group reported that the hydrolyzed Pd particles form
covalent bonds with other SAMs which have amine groups*”, the Pd-N bond was not
observed in our XPS experiment because of the relatively low depth analyzed by the method
(the escape depth of the photoelectrons at the binding energy corresponding to Pd 3d 5/2 is
few nanometers), but does not exclude that Pd-N bonds might have been present also in our
case.

N 1s spectra of amino group surfaces were detected before and after the immersion into Pd
nanoparticle solution, though the spectrum intensities were very low. N1s binding energy of
the amino group surface covered with Pd nanoparticles (400.4 eV) was higher than that
before immersion (399.6 eV). The positive shift of N1s was about 0.8 eV and is similar to that
observed between Pd nanoparticles and the amino group of 3-aminopropyltriethoxysilane-
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SAM (about 0.8 eV)88. The shift of N 1s would be caused by the decrease of electron cloud
density around nitrogen atoms and suggests the formation of chemical bonds between
nitrogen atoms and Pd ions. The amino group is a strong electron donor and can coordinate
to transition metal ions due to the lone pair electrons of nitrogen atoms. On the other hand,
the outermost electron of soft metal ion Pd (II) is constructed from 4d85s%5p? and has an
empty lower energy orbit that can accept electrons. Thus, Pd would form strong bonds with
nitrogen rather than oxygen and chloridess.

(b) XPS analysis for patterning of In(OH); thin films: XPS spectral peaks corresponding to
In 3ds/2 (445.1 eV), In 3ds/2 (452.8 eV) and O 1s were observed from In(OH); thin films
deposited on the amino group regions.

The binding energy of In 3ds, is higher than that of In metal (443.189, 443.69091, 443.892, 444.3
eV%) and InyOs (444.59495, 444.6%, 444.79597, 444 891, 444.9% eV), and similar to that of In(OH)s
(445.080, 445.2 eV9). This suggests that the indium atoms in thin films are positively charged
relative to that of indium metal by formation of direct bonds with oxygen. The binding
energy of In 3ds/2, which is similar to that of In(OH)s rather than In;O3, is consistent with
XRD evaluation. On the other hand, this spectrum was not observed from silanol group
regions, revealing site-selective deposition of In(OH)s; thin film.

(c) XPS analysis for patterning of In2Oj3 thin films: The spectral peak corresponding to In
3ds/2 was shifted to a lower binding energy, 444.9 eV, by annealing at 250 °C in air. This was
within the range of that of InoO; and consistent with crystallization into InoOs revealed by
XRD evaluation.

Additionally, In(OH)s thin film was annealed at 300 °C in a reduced atmosphere (3% - H> /
N») for 1 h instead of atmospheric heating. In 3ds/> was shifted to a lower binding energy,
445.0 eV. This was similar to biding energy of 3ds/, in In,O3 and indicated crystallization of
In(OH); into InyOs.

2.9 Liquid phase patterning of crystalline anatase TiO- using a superhydrophilic
surface'®

A glass substrate coated with an F doped SnO; transparent conductive film (FTO, SnO;: F,
Asahi Glass Co., Ltd., 9.3-9.7 Q/®, 26 x 50 x 1.1 mm) showed a water contact angle of 96°.
The UV-irradiated surface was, however, wetted completely (contact angle 0-1°). The
contact angle decreased with irradiation time (96°, 70°, 54°, 35°, 14°, 5° and 0° for 0 min, 0.5
min, 1 min, 2 min, 3 min, 4 min and 5 min, respectively). This suggests that a small amount
of adsorbed molecules on the SnO»: F substrate was removed completely by UV irradiation.
The surface of the SnOy: F substrate would be covered by hydrophilic OH groups after
irradiation. Consequently, the SnO»: F substrate was modified to have a patterned surface
with hydrophobic regions and super-hydrophilic regions.

Aqueous solutions containg ammonium hexafluorotitanate ([NH4];TiFs) and boric acid
(H3BOs) were kept at 50°C for 25h. The substrates were immersed into the solutions at 50°C
for 2 h to form a micropattern of TiO».

After having been immersed in the solution, the substrate was rinsed with distilled water
and dried in air. The initial FTO surface appeared to be blue-green under white light due to
light diffracted from the FTO layer. On the other hand, TiO; films deposited on the super-
hydrophilic surface appeared to be yellow-green. The color change would be caused by
deposition of transparent TiO; film which influenced the wavelength of the diffracted light.
The micropattern of TiO, was shown by SEM evaluation to be successfully fabricated (Fig.
13). TiO, deposited on super-hydrophilic regions showed black contrast, while the initial
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FTO regions without deposition showed white contrast. The average line width is 55 pm.
Line edge roughness34, as measured by the standard deviation of the line width, is ~2.8 pm.
This represents a ~5% variation (i.e., 2.8/55) in the nominal line width, similar to the usual
5% variation afforded by current electronics design rules. The minimum line width of the
pattern depends on the resolution of the photomask and wavelength of irradiated light
(184.9 nm). It would be improved to ~ 1 pm by using a high-resolution photomask.

The FTO layer was a particulate film having a rough surface (Fig. 15-b1, b2). Edged particles
of 100 - 500 nm in diameter were observed on the surface. The micropattern of TiO; thin
film was covered by an assembly of nano crystals of 10 - 30 nm in diameter (Fig. 15-al, a2).
The nano crystals would be anatase TiO, which grew anisotropically. The TiO; film also had
large structural relief of 100 - 500 nm in diameter. As the thin TiO; film was deposited on
the edged particulate surface of the FTO layer, the surface of TiO; had large structural relief.
The morphology of the TiO; layer and FTO layer was further observed by fracture cross
section profiles (Fig. 16). The polycrystalline FTO layer prepared on a flat glass substrate
was shown to have a thickness of ~ 900 nm, and a high roughness of 100 - 200 nm on the
surface (Fig. 16a). Nano TiO; crystals were deposited on the super-hydrophilic FTO surface
(Fig. 16a), whereas no deposition was observed on the initial FTO surface. The super-
hydrophilic FTO surface was covered with an array of nano TiO: crystals (Fig. 16b, c), which
had a long shape of ~ 150 nm in length and ~ 20 nm in diameter. These observations were
consistent with TEM and XRD evaluations?®. Nano TiO; crystals would grow along the c-
axis and thus enhance the 004 X-ray diffraction peak and 004 electron diffraction peak. They
formed a long shape having a high aspect ratio of 7.5 (150 nm in length / 20 nm in diameter)
as shown in the SEM fracture cross section profile (Fig. 16b, c) and TEM micrograph®. The
orientation of nano TiO; crystals with their long axis perpendicular to the FTO layer (Fig.
16b, c) would also enhance the 004 diffraction peak.

The film deposited on the substrate was evaluated by XRD analysis. Strong X-ray
diffractions were observed for films deposited on FTO substrates and assigned to SnO, of
FTO films. The 004 diffraction peak of anatase TiO, was not observed clearly for TiO, film
on FTO substrates because both of the weak 004 diffraction peak of TiO; and the strong
diffraction peak of FTO were observed at the same angle. Glass substrates with no FTO
coating were immersed in the solution. Weak X-ray diffraction peaks were observed at 20 =
25.3, 37.7, 48.0, 53.9, 55.1 and 62.7° for the films deposited on glass substrates. They were
assigned to 101, 004, 200, 105, 211 and 204 diffraction peaks of anatase TiO, (ICSD No. 9852).
A broad diffraction peak from the glass substrate was also observed at about 20 = 25°.

The intensity of the 004 diffraction peak was stronger than that of the 101 diffraction peak
for the film obtained by the liquid phase crystal deposition method, though the intensity of
101 was stronger than that of 004 for anatase TiO, powders with no orientation (ICSD No.
9852). The integral intensity or peak height of 004 was 2.6 times or 2.2 times that of 101,
respectively, suggesting high c-axis orientation of anatase TiO, crystals. Crystallite size
perpendicular to the 101 or 004 planes was estimated from the full-width half-maximum of
the 101 or 004 peak to be 9 nm or 17 nm, respectively. Elongation of crystals in the c-axis
direction was also suggested by the difference of crystallite size. These evaluations were
consistent with high c-axis orientation observed by TEM and electron diffraction®.
Crystallite size estimated by XRD was similar to that in TiO; under layer rather than that of
acicular crystals observed by TEM. TiO, thin film prepared on a glass would be constructed
of not acicular crystals but polycrystals in under layer.
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Initial FTO | TiO2 on super Initial FTO
surface hydrophilic surface| surface

Fig. 15. SEM micrograph of a micropattern of anatase TiO; films on SnO;: F substrates. (al)
Surface of anatase TiO; films deposited on super-hydrophilic region. TiO, was formed on
super-hydrophilic region which was cleaned by UV irradiation before the immersion. (a2)
Magnified area of (al) showing surface morphology of anatase TiO, film. (b1) Surface of
SnOz: F substrate without TiO, deposition. TiO, was not formed on non-cleaned region. (b2)
Magnified area of (b1) showing surface morphology of SnO»: F substrate.

Reprinted with permission from Ref.100, Masuda, Y. and Kato, K., 2008, Chem. Mater., 20,
1057. Copyright @ American Chemical Society
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Ti0z

Fig. 16. SEM micrographs of anatase TiO» films on SnO;: F substrates. (a) Fracture cross
section of TiO films. (b, c) Magnified area of (a) showing morphology of nano TiO; crystals.
Reprinted with permission from Ref.100, Masuda, Y. and Kato, K., 2008, Chem. Mater., 20,
1057. Copyright @ American Chemical Society

3. Summary

A novel concept “Liquid Phase Patterning” was proposed based on scientific knowledge
obtained from investigations of interactions and chemical reactions between functional
groups of SAMs and ions, clusters and homogeneously nucleated particles in solutions.
Nano/micropatterns of metal oxides such as TiO,, Fe3Os ZnO, etc. were successfully
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fabricated on a patterned SAM. Mechanisms were further discussed. These studies showed
high performance and high potential of solution chemistry for inorganic materials. The
novel concepts and technologies in these studies would open new doors for next generation
ceramic science.
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