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creating a brighter future for the next generation.
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manager Ms. Vana Persen, Ms. Tajana Jevtic and the publishing staff. I dedicate this
book to my parents, Mr. Toshio Masuda and Ms. Nobuko Masuda, my sisters, Ms.
Shinobu Horita and Ms. Satoe Amaya, my children, Ms. Yuuka Masuda, Ms. Arisa
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Nanofabrication of Metal Oxide Patterns
Using Self-Assembled Monolayers

Yoshitake Masuda

National Institute of Advanced Industrial Science and Technology (AIST), Anagahora,
Shimoshidami, Moriyama-ku, Nagoya,

Japan

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!-¢, Bioinspired materials chemistry?, Biomimetic materials chemistry?,
Soft-solution processing810, Soft chemistry (“Chimie douce” in French)!!, Liquid phase
deposition’12, Chemical bath deposition (CBD)!213, Electroless deposition (ED) with
catalyst1213, Successive ion layer adsorption and reaction (SILAR) 1213, Sol-gel process!415,
Hydrothermal reaction?6, Electrodeposition”18 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,2021 wet etching,?2 ink-jet printing,2> embossing,242> 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 0. 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 preparation 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, CisH375iCls)-
SAM or APTS(aminopropyltrimethoxysilane, H>NCsHs5Si(OCHs);) 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 3132(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.

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 (fw) (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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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

Fig. 2. Relative luminous intensity of UV lamp and water drop contact angle of OTS-SAMs
as a function of UV-irradiation time.

2.2 Liquid phase patterning of amorphous TiO; thin films3+7

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) 3¢+37. All glassware was dried in a dry box at 50°C
before use. The estimated partial pressure of HO in an N atmosphere is below 0.1 hPa.
Chlorine atoms of TDD react with HO and change into OH, which further react with silanol
groups of SAM resulting in the formation of Ti-O-Si bonds3. The ethoxy group, OCoHs, of
TDD is hydrolyzed into hydroxyl groups which are further condensed to form Ti-O-Ti
bonds38. 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 surfaces3 (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 um, 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
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Fig. 3. Conceptual process for selective deposition of amorphous TiO; thin film using a self-
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Reprinted with permission from Ref. 3¢, Masuda, Y., Sugiyama, T., Lin, H., Seo, W. S. and Koumoto, K.,
2001, Thin Solid Films, 382, 153. Copyright @ Elsevier B.V.

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

(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
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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 :
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.

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-a) Patterned OTS-SAM (1-b) Patterned OTS-SAM

Reprinted with permission from Ref. 3%, Masuda, Y., Ieda, S. and Koumoto, K., 2003, Langmuir, 19, 4415.
Copyright @ American Chemical Society

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.
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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
considering the thickness of amorphous TiO; thin film (27 nm)3* and OTS molecules (2.4
nm)3. 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 pum))34. Additionally, the
roughness of the octadecyl group regions was shown to be 0.63 nm (horizontal distance
between measurement points: 1.8 pm)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 aanatase 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)%. 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 HClI 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 (NHy),TiFs and 0.15 M (H3BO:s) 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:

TiF.” +2H,0 <> TiO, +4H" + 6F @

BO] +4F +6H" — BF; +3H,0 (b)

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

TiF;” —% > TiF,  (OH).” +nF~ —“22 5 Ti(OH).” +6F" ©
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 H3BO3 (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
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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
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.

Reprinted with permission from Ref. 4, Masuda, Y., Saito, N., Hoffmann, R., De Guire, M. R. and
Koumoto, K., 2003, Sci. Tech. Adv. Mater., 4, 461. Copyright @ American Chemical Society

Fig. 6. AFM image of a nanopattern of anatase TiO; fabricated by site-selective elimination.
For the adhesion of TiOs 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
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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

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.42-44 More recently, Dressick and coworkers demonstrated that solvent accessibility
to underlying substrates in aromatic siloxane films is also important4>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.4
Additionally, the micropattern of thin films was also fabricated by the site-selective
immersion method#!. 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.39.41
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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
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 CuKo 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
2.84, 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.4

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 Ti,Os (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.?3. 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 2p3/2 (458.7 eV) 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 catalysts"’55

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 prepareds%. The details of
preparation of this solution are described in the reference5¢. 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(III) 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.®* 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.
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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,
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 (Fe3Oy4) 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 (-NHy) regions of a SAM.

_@

o
S

Reprinted with permission from Ref. 3, Nakanishi, T., Masuda, Y. and Koumoto, K., 2004, Chem. Mater.,
16, 3484. Copyright @ American Chemical Society

Fig. 7. (a) optical microscope image, (b) SEM image and (c) characteristic X-ray images [Fe]
of a micropattern of crystalline Fe304.
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2.6 Liquid phase patterning and morphology control of crystalline Zno*

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
(INH3] / [Zn] = 2.0, 4.0 or 6.0) with stirring as complexing agent3. These solutions showed
pH =7.04, 7.50 or 8.93, respectively. Zinc ions reacted with ammonium ions (NH;*) formed
from ammonia to form tetra amine zinc(I)* [Zn(NHz3)4]2*. ZnO was crystallized from the
reaction between [Zn(NH3)4]2* 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).

2NH,+2H,0 === 2NH, + +20H~
Zn(CH,CO0),+4NH, +¥= Zn(NH,),2* +2CH,COOH +2H+
H,0 == OH-+H+

Zn(NHj) 2+ +20H-— ZnO+H,0 +4NH,

Site-selective deposition of
crystalline ZnO

uv irradiation

@ Patterned SAM

B- -C.gH47 (105 ) ]-OH (< 509) Solutlon process
(a) long hexagonal cylinder (b) ellipse ¢) multi-needles

igo D

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

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

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.
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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
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. CH;COO-
ions coming from Zn(CH3COQO), might be adsorbed to ZnO crystal surfaces by the
interaction between Zn and -COO- to cover the surface with hydrophobic -CH3 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®.
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
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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
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)6L62. 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.

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

Fig. 9. (a) Optical microscope image and (b) photoluminescence image of patterned ZnO
particles under white light or UV light (330-385 nm).
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2.7 Liquid phase patterning of Y,0s: eu thin films®

The patterned APTS-SAM was immersed in an aqueous solution containing Y(NOs3); - 6H>O
(4 mM), Eu(NO3); - 6H>O (0.4 mM) and NH>CONH> (50 mM) at 25 °C6. The solution was
heated to 77 °C gradually as shown in Fig. 10 since urea (NH2CONH>) decomposes to form
ammonium ions (NHj*) 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 °Cé (Eq.
(a)). Cyanate ions react rapidly according to Eq. (b). Yttrium ions are weakly hydrolyzed¢566
in water to YOH(H:20)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)CO; « xH>O, x=1) can take place through the reaction in Eq.
(d)e7.68. 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 yttrium carbonate (Y(OH)CO4-XH,0)
Y(NO,3);-6H,0 — [YOH(H,0),]** + 3NO5 + H* + (5-n)H,0
[YOH(H,0),]** + CO, + H,O & Y(OH)CO4+H,0 + 2H* + (n-1)H,0

»
© amino groups QSiIanoI groups [ |Y(OH)CO4-XH,0

[Y(Noa)a-GHZO 4mM  NH,CONH, 50 mMJ
Eu(NO,),"6H,0 0.4mM  at77°C

Reprinted with permission from Ref. 3, Masuda, Y., Yamagishi, M. and Koumoto, K., 2007, Chem.
Mater., 19, 1002. Copyright @ American Chemical Society

Fig. 10. Conceptual process for site-selective deposition of visible-light emitting Y203:Eu
thin films using a self-assembled monolayer.

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,
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The particles grew rapidly at the beginning of the growth period and then their growth rate
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.

'ﬂm IIII_I\

silanol region NH,-SAM region

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

Fig. 11. (a) SEM micrograph of patterned Y>O3:Eu thin films and (b) magnified area of (a).

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 study32. Yttrium carbonate was deposited both on
bare single crystal Si wafers, and on Si wafers coated with sulfonate-functionalized organic
self-assembled monolayers.
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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
EDX. The molecular ratio of yttrium to europium was determined to be 100 : 8. It was close
to that of Y(NOs); - 6H2O to Eu(NOs)3 - 6H,O, i.e., 100 : 10, in the solution because the
chemistry of Eu(NOs); is similar to that of Y(NOjs); 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 SiO5).

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)é. An amorphous yttrium basic carbonate
film was deposited at 80 °C from aqueous solutions of YNO3*5H;0 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 Y2Os3. 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 Y>Os.
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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>O037* 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>Os 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-0s 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 Y>Os: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 5Dy-7F; line emissions (J = 0,
1, 2, ...) of the Eu3* ion with the strongest emission for ] = 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>O3:Eu thin
film and the red color shows visible red emission from the irradiated area on the substrate.
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Reprinted with permission from Ref. 3, Masuda, Y., Yamagishi, M. and Koumoto, K., 2007, Chem.
Mater., 19, 1002. Copyright @ American Chemical Society
Fig. 12. (a) Fluorescence excitation spectrum (emission: 611 nm) for Y,O3: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 Y,Os3:Eu thin film annealed at 800 °C for 1 h (excitation: 266 nm).
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2.8 Liquid phase patterning of In;Os thin films™®

Synthesis and patterning of Pd nanoparticles: A catalyst dispersion®76 containing
NaPdCly (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 references>57.76. 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?” at pH 5 because of protonation of the amino group (-NH) to -NHjs*. 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
(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.

Furthermore, site-selective adsorption of Pd was clearly observed by TOF-SIMS mapping54.
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.

@Pd catalyst Micropattern of
nanoparticles indium oxide
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Glass substrate uv |rrad|at|on

Pd catalyst nanopartlcles Indium oxide thin film
In** + 30H~ — In(OH),

'local elevation of pH |

Reprinted with permission from Ref.7”>, Masuda, Y.; Kondo, M.; Koumoto, K., 2009, Cryst. Growth Des., 9,
555. Copyright @ American Chemical Society

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).
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Deposition control of In(OH); 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)3 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; @)

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¢e~ "

NO; +H,0+2¢” — NO;, +20H" (©

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

In** +30H" — In(OH), (d)

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

2In(OH), — In,0, + 3H,0 ()

Liquid phase patterning of In(OH); thin films: After having been immersed in the solution
containing In(NOj3); 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
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.
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As-deposited thin film was shown to be crystalline In(OH); (JCPDS No. 16-0161) with no
additional phase by XRD evaluation. 002 and 004 diffraction peaks of In(OH)s 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.

(a) | | ) - (b)
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Reprinted with permission from Ref.”>, Masuda, Y.; Kondo, M.; Koumoto, K., 2009, Cryst. Growth Des., 9,
555. Copyright @ American Chemical Society

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).

Micropatterning of In,O; thin films and its optical properties: In(OH); thin film was
annealed at 200, 250 and 300 °C in air. In(OH); thin films transformed into single-phase
crystalline In,O3; above 250 °C. The film annealed at 300 °C showed 222, 400, 332, 431 and
440 diffraction peaks of InO3 (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)3.

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 In;Os.

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%.

The optical band gap energy for direct transition in InoOs thin films was estimated to be 3.7
eV assuming that all of the interband transition was direct transition.
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Electrical property of InyOj; thin films: In(OH); thin film was annealed at 300 °C in a
reduced atmosphere (3% - H> / N») 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;O3 (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); and slightly larger than that annealed at 300 °C in air.

Carrier concentration and Hall mobility were evaluated to be 2.1x10%° cm3 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 InOs3
thin films prepared by the sol-gel method”® (carrier concentration: 1.7x101° 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 eV80-
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)8+86 and Pd-
O (336.9 eV)87 to be Pd-N : Pd-Cl : Pd-O = 0.01 : 0.11 : 0.885 (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-
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,
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the outermost electron of soft metal ion Pd (II) is constructed from 4ds5s05p0 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/» (445.1 eV), In 3d3/2 (452.8 eV) and O 1s were observed from In(OH)z thin films
deposited on the amino group regions.

The binding energy of In 3ds,> is higher than that of In metal (443.189, 443.6%091, 443.8%2, 4443
eV%) and InyOs (444.59495, 444.6%, 444.79597, 444 891, 444 9% eV), and similar to that of In(OH)3
(445.08, 445.2 eV®). 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)z rather than In,Os, 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)3 thin film.

(c) XPS analysis for patterning of InyOj; 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 InoO3 and consistent with crystallization into InO; revealed by
XRD evaluation.

Additionally, In(OH)3 thin film was annealed at 300 °C in a reduced atmosphere (3% - Ha /
Ny) 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/2 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 SnO,: 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]oTiFs) and boric acid
(H3BO:3) 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
FTO regions without deposition showed white contrast. The average line width is 55 pm.
Line edge roughness?, as measured by the standard deviation of the line width, is ~2.8 um.
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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.

Initial FTO | TiOz2 on super Initial FTO
surface hydrophilic surface| surface

Reprinted with permission from Ref.1®, Masuda, Y. and Kato, K., 2008, Chem. Mater., 20, 1057.
Copyright @ American Chemical Society

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.
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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.

= 10nm

Reprinted with permission from Ref.1®, Masuda, Y. and Kato, K., 2008, Chem. Mater., 20, 1057.
Copyright @ American Chemical Society

Fig. 16. SEM micrographs of anatase TiO; films on SnO;: F substrates. (a) Fracture cross
section of TiO; films. (b, ¢) Magnified area of (a) showing morphology of nano TiO; crystals.

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-
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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 diffractionl.
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.

2.10 Liquid phase patterning of tin oxide nanosheets on ITO/PET films'"*

Tin oxide have been widely used in gas sensors92, optical devices!®, lithium batteries%,
bio-sensors105, catalyst for chemical reaction(anisole to 2,6-xylenol, etc.)1% and so on. Various
kinds of tin oxide nano-structures such as nano-fibers!07, nano-wires1%8109, nano-belts!10,
nano-tubes!!!, nano-rods!12113, spirals, nano-rings!!4, zigzag nano-belts!1>, grains!16, flakes!16,
plates!16, meshes!l” and columnar thin films!!8 were reported. Surface coating of substrates
with tin oxide nano-structures are strongly required for the future devices. Especially, 2D
patterns of tin oxide nano-structures on flexible polymer films are required for light-weight
flexible sensors and solar cells. 2D patterning of nanomaterials!’9120 such as metal
oxides33546375121,122. Au clusters!?3, Pt nanoparticles!?4, organic monolayers!?, bio molecular
layers!26, DNA1?, etc. is expected to lead to a large step forward in materials science
research and the development of new devices. Recently, syntheses of tin oxide nano-
structures in aqueous solutions were developed. They were based on precise crystal growth
control of tin oxide. Additionally, 2D patterning of metal oxides including amorphous tin
oxide films!2! was realized with the use of self-assembled monolayers (SAMs)33546375122,
Molecular recognition, organic-inorganic interaction, surface nucleation energy control,
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static interaction between SAMs and nano-particles, etc. were effectively utilized for site-
selective deposition of metal oxides. More recently, super-hydrophilic surface was applied
for 2D patterning of TiO, crystals'®. FTO substrates were modified to have super-
hydrophilic/hydrophobic patterns. TiO, nano-crystals were site-selectively formed on the
super-hydrophilic area of the substrates. It realized 2D patterning of TiO, without use of
self-assembled monolayers. In this study, a novel process was reported to realize micro-
patterning of tin oxide nano-sheets on flexible polymer films.

Surface modification of ITO/PET films and deposition of tin oxide

Flexible poly(ethylene terephthalate) (PET) Films were coated with transparent conductive
indium tin oxide (ITO) layers. They were exposed to a vacuum ultraviolet light through a
photomask for 10 min (VUV, low-pressure mercury lamp PL16-110, air flow, 100 V, 200 W,
SEN Lights Co., 14 mW/cm? for 184.9 nm at distance from lamp 10mm, 18 mW/cm? for
253.7 nm at distance from lamp 10mm). The initial substrates had hydrophobic surface
showing a water contact angle of 111°. The VUV-irradiated surfaces however, were wetted
completely (contact angle 0-5°).

Recently, light irradiation has been used for surface modification and material syntheses.
Light irradiation was, for instance, used to clean TiO, surfaces and to connect oxide
nanoparticles without heat treatment. UV light (Philips HPL-N lamp, 125 W) was irradiated
to TiO, nanocrystals for 3 h to yield TiO, porous electrodes!?s. Medium pressure Hg lamp
(125W, HPK Cathodeon) was used for TiO; porous films for dye-sensitized solar cell'?°. UV-
O; treatment of the ITO-PEN film before TiO, paste application slightly improved the cell
efficiency of dye-sensitized solar cell’®. Light irradiation was effective strategy for nano-
structure formation and device application. The irradiation had the advantage of simple,
low cost and ordinary temperature process. It is suitable for surface treatment of low heat
resistant polymer films.

SnF, (Wako Pure Chemical Industries, Ltd., No. 202-05485, FW: 156.71, purity 90.0%) was
used as received. Distilled water in polypropylene vessels (200 mL) were capped with
polymer films and kept at 90°C. SnF; (870.6 mg) was added and dissolved in the distilled
water at 90°C to be 5 mM131. The substrates were immersed in the middle of the solutions
with the bottom up at an angle. They were tilted at 15 degrees to the upright. The
solutions were kept at 90°C using a drying oven (Yamato Scientific Co., Ltd., DKN402) for
2 h with no stirring. The substrates were rinsed under running water and dried by a
strong air spray.

Chemistry and the surface chemistry

SnO; and SnO are formed in the aqueous solutions as follows:

SnF, — »SnF(OH)+F~ —2L »Sn(OH), + F~ (@)
Sn(OH), ——>SnO + H,0 (b)
Sn(OH), ——SnO, +H, ©

SnO+H,0——Sn0O, + H, (d)132133
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Generation of gas was observed immediately after the addition of SnF» in water at 90°C. Ion
concentration, valance of ions and pH changed during synthesis period. They affected
formation of SnO and SnO,. After having been immersed in the solutions, the substrates
covered with nanocrystals were rinsed under running water and dried by a strong air spray.
The nanocrystals were not removed under running water or by air spray to keep their
adhesion. Direct crystallization of tin oxide on the films caused a high adhesion strength,
which is required for sensors or solar cells. Some of fluorine ions were doped in tin oxide.
Fluorine doping was known to be effective for performance advances of sensors and solar
cells?34, Residual fluorine ions were remained in the solutions.

Contact angle, wettability, surface tension strongly relate to nucleation of tin oxide. Function
f(0) and critical energy decreases from 1 to 0 as decrease of contact angle (8) (Supporting
Information in Ref. 101, Fig. S1). Critical energy decreases with decrease of contact angle ()
and nucleation occurs easily on hydrophilic surface. The phenomenon is explained with
knowledge of crystallography.

Vis = Ves + V1c COSO (a)(Young equation)

AG,

hetero

=AG,,,..f(0)=(AG 4w /3+4m°y,)(2—3cosO +cos’ 0)/4 (b)

y: interfacial surface energy, 0: contact angle, 1: liquid, s: substrate, c: crystal, r: radius,
Additionally, hydrophilic surface of ITO was covered with hydroxyl groups (-OH). Density
of them was much higher than that on hydrophobic surface of ITO before the irradiation.
Initial ITO surface was covered with adsorbed organic molecules. They covered pure
surface of InO; crystals and increased water contact angle. Hydroxyl groups formed
chemical bonds with hydroxyl groups on surface of tin oxide nanocrystals, clusters and/or
related ions. Formation of them accelerates nucleation and growth of tin oxide on the
surface. Therefore, hydrophilic surface was effective for tin oxide deposition compared to
hydrophobic surface.

Patterning of tin oxide on ITO/PET films

Super-hydrophilic area of the ITO/PET films was successfully coated with tin oxide nano-
sheets in the aqueous solutions (Fig. 17). On the other hand, hydrophobic area suppressed
deposition of tin oxide. Super-hydrophilic/hydrophobic surface modification realized 2D
patterning of tin oxide nano-sheets on flexible ITO/PET films. Super-hydrophilic area was
covered with the nano-sheets uniformly (Fig. 18a). They were 100-300 nm of in-plane size
and 5-10 nm in thickness (Fig. 18b). Surface observation (Fig. 18a, 18b) and fractured cross
section image (Fig. 18c) revealed morphology of the nano-sheets clearly.

ITO/PET film with tin oxide nano-sheets were evaluated with XRD. It was similar to XRD
pattern from ITO/PET film without deposition. Tin oxide surface coating was very thin and
strong x-day diffraction peaks were not observed with XRD analyses. Crystal phase of
surface coatings were evaluated with electron diffraction patterns which was built into TEM
equipment as mentioned below.

The nano-sheets were formed on ITO layers of PET films directly, indicating that super-
hydrophilic ITO surface accelerated crystal growth of tin oxide. Surface of ITO layer was
covered with nano-sheets of 5-10 nm in size. Some of them further grew to be 100-300 nm of
in-plane size. Anisotropic crystal growth of tin oxide realized formation of sheet structure.
Lattice fringes were observed from all area of the sheets. Electron diffraction patterns
revealed that the nano-sheets in area of circle 1 and 2 were single crystal of SnO. Diffraction
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spots were clearly observed and assigned to SnO. Estimated lattice spacings matched that of
SnO. Meanwhile, nano-sheets in area 3 were consisted of SnO and SnO,. Small amount of
SnO; crystallized at initial stage of the immersion period.

Depth profile of XPS revealed chemical composition of the nano-sheets. Chemical
composition on the topmost surface was estimated to Sn : O = 1 : 1.87 which is similar to
SnO». Oxygen content would include slight oxygen in surface contamination. It changed to
Sn : O =1 : 0.75-0.93 by the sputtering. They were similar to that of SnO. Chemical
composition of oxygen to tin was known to decrease with the sputtering. Electron
diffraction patterns indicated that the structures were mixture of SnO and SnO, as
mentioned above. These effected variation of chemical composition.

= | mMm

Reprinted with permission from Ref.1!, Masuda, Y.; Ohji, T.; Kato, K., 2011, Eur. ]. Inorg. Chem., 18, 2819-
2825.. Copyright @ Wiley.

Fig. 17. (a) Photograph of 2D patterns of tin oxide nano-sheets on a flexible ITO/PET film.
(b) Magnified area of (a) showing details of 2D patterns.

XPS analyses also indicated the followings. Indium and oxygen were observed from ITO
layers after 12 seconds etching. Carbon was detected from PET films after 30 seconds
etching. The nano-sheets were composed of tin, oxygen and fluorine, without contaminant.
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Spectral peak corresponding to Sn 3ds;> was observed at 486.4 eV (Fig. 7b). It was similar to
that of Sn#* in SnO, (486.6 eV135) and higher than that of Sn2* site in SnO (485.9 eV1%) or Sn
metal (484.8 eV136, 484.85 eV80, 484.87 eV137, 484.9 eV%, 485.0 eV%). It suggested that tin
atoms were positively charged by forming direct bonds with oxygen.

Reprinted with permission from Ref.1!, Masuda, Y.; Ohji, T.; Kato, K., 2011, Eur. ]. Inorg. Chem., 18, 2819-
2825. Copyright @ Wiley.

Fig. 18. (a) FE-SEM image of tin oxide nano-sheets on super-hydrophilic area of the film. (b)
Magnified area of (a) showing surface morphology of tin oxide nano-sheets. (c) Tilted image
of fracture cross-section of (b) showing sheet morphology of tin oxide nano-sheets.

O 1s spectrum at 530.4 eV corresponded to that of SnO. It indicated that oxygen atoms were
negatively charged compared to neutral oxygen molecules (531.0 eV) possibly through the
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formation of direct bonds with tin atoms. Ols peak was rather broad with a shoulder at high
energies that confirmed the presence of several contributions (Sn2+-O, Sn4+-O, -OH, C-O,
etc.). It was consistent with the presence of a mixture of SnO and SnO;.

Chemical composition on the topmost surface was estimated to F : Sn = 0.082. It would
include fluorine in surface contamination. Because SnF, was used as precursor and it was
difficult to be removed totally under running water. Chemical composition decreased by the
sputtering and it was maintained relatively constant to F : Sn = 0.047-0.052. Fluorine
remained even after the sputtering. F 1s spectrum was observed at 684.5 eV. The binding
energy was similar to that of fluorine atoms which were doped in tin oxide (684.4 eV138),
suggesting fluorine doping in the nano-sheets. Fluorine doping in tin oxide is well known to
be suitable for sensors and solar cells!?. A key factor for these applications is the electronic
conductivity. It increases with fluorine doping. The 2D patterns developed in this study can
be applied for the devices.

For comparison, high photocurrent was obtained from fluorine-doped tin oxide nano-
structures on FTO (F-doped SnO; transparent conductive film) substrates under photo
irradiation. They were modified with dye-labeled protein or dye-labeled DNA. High
electronic conductivity of the structures contributed to high photocurrent. Direct evaluation
of electronic conductivity of nano-structures is technically difficult, but it has intrinsic value
and is now in progress.

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
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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1. Introduction

The predicted 22-nm barrier which is seemingly going to put a final stop to Moore’s law
(Fig. 1) is essentially related to the resolution limit of lithography. Consequently, finding
suitable methods for fabricating and patterning nanodevices is the true challenge of
tomorrow’s electronics. However, the pure matter of moulding devices and interconnections
is interwoven with research on new materials, as well as architectural and computational
paradigms. In fact, while the performance of any fabrication process is obviously related to
the characteristic of the materials used, a particular fabrication technique can put constraints
on the definable geometries and interconnection patterns, thus somehow biasing the upper
levels of the computing machine. Further, novel technologies will have to account for heat
dissipation, a particularly tricky problem at the nanoscale, which could in fact prevent the
most performing nanodevice from being practically employed in complex networks. Finally,
production costs - exponentially growing in the present Moore rush - will be a key factor in
evaluating the feasibility of tomorrow technologies.

The possible approaches to nanofabrication are commonly classified into top-down and
bottom-up. The former involves carving small features into a suitable bulk material; in the
latter, small objects assemble to form more complex and articulated structures. While the
present technology of silicon has a chiefly top-down approach, bottom-up approaches are
typical of the nanoscale world, being directly inspired by nature where molecules are
assembled into supramolecular structures, up to tissues and organs. As top-down
approaches are resolution-limited, boosting bottom-up approaches seems to be a good
strategy to future nanoelectronics; however, it is highly unlikely that no patterning will be
required at all, since even with molecular-scale technologies there is the need of electrically
contacting the single elements and this most often happens through patterned metal
contacts, although all-molecular devices were also proposed. Here, we will give some
insight into both top-down and bottom-up without the intention to be exhaustive, because
of space limitations.
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Fig. 1. Moore’s law, number of transistors as a function of time (points refer to the various
processors introduced by Intel: 4004, 8008, 8080, 8086, 286, 386, 486, Pentium, Pentium II,
Pentium III and Pentium 4, respectively). Some related milestones of nano/molecular
electronics are also indicated (reprinted with permission from G.Maruccio et al., J. Mat.
Chem., 14, 542 (2004). Copyright 2004 Royal Society of Chemistry).

2.2 Top-down processes

The top-down approach in building integrated circuits (ICs) usually involves some form of
lithography to define the required pattern of features. Many other kinds of processes are
required to build an IC, such as ion-implantation, metal evaporation and etching, which are
used in several nanoscale devices too; however, here we will concentrate on the problems of
lithography, since that is the side of technology directly related to resolution and,
consequently, most innovative (and troublesome) in nanodevices. According to a common
distinction, we will classify lithographic methods into hard and soft, where the former (often
referred to simply as “lithography”) are the improved version of those already employed for
present ICs, whereas the latter have been purposely developed for nanoscale fabrication (in
particular when dealing with fragile molecules).

2.2.1 (Hard) lithography

By “hard lithography” we mean all those techniques using resist layers and optical masks,
derived from standard photolithography. The core-idea is to expose a sensitive material (the
‘resist’) to an activating agent (light or a particle beam) in order to harden (or soften) it in
targeted areas. Subsequently, a developer solution will wash away the soft parts of the resist
layer selectively, while the remaining hard parts mask the sample for subsequent processing
(see the schematic in Figure 2a). Commonly, either the material is etched where unmasked
by the layer (and the remaining resist is taken away after the etching); or a new layer of
material is grown (e.g. metal by evaporation) so that it builds up upon the patterned resist,
where this is present, or upon the underlying material in the resist’s voids; finally, the
hardened resist will be removed, carrying away the material grown atop (lift-off) and
leaving the material inside the patterned voids untouched.
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Fig. 2. (a) Positive and negative photoresists; (b) Exposure methods: contact, proximity and
projection; (c) Response curves for negative and positive photoresist after exposure and
development. A threshold energy Ercharacterizes both the positive/negative resist
solubilities in their developers.

The key issue is how, and how precisely the pattern can be drawn into the resist. Standard
photolithography exposes a suitable type of resist to UV light passing through a mask
featuring transparent and opaque zones, but is not suitable to fabricate nanoscale devices
because of limited resolution. Actually, the minimum definable feature size, or half-pitch
p1/2is related to the radiation wavelength by the Rayleigh criterion stating that

P12 ® ’d/NA @

where 1 is the wavelength itself, NA is the numerical aperture of the optical system and «
summarizes other typical parameters of the system employed (such as the non-point-shaped
light source) and typically lies between 0.25 and 1; at the UV wavelengths of photosensitive
resists then the half-pitch is typically limited to hundreds of nanometres.

In order to realize sub-100 structures, a gradual shift from the more traditional mercury-
based G- or I-Hg ultraviolet lamps as sources working at 436nm or 365nm respectively was
deemed necessary. The requirement of the semiconductor industry for denser and faster
chipsets in the 1980s drove the search for alternative sources able to meet this demand. In
this respect, excimer lasers based on a combination of noble gases and reactive gases
(mainly KrF 248 nm and ArF 193 nm) were the system of choice as deep-ultraviolet sources
(Figure 3) (Jain et al., 1982).

Present technological trend spearheaded by technology behemoths like Intel, IBM and AMD
have then seen a further gradual shift of focus from deep-ultraviolet sources for
photolithography to manipulation of the wavevectors of the incident interfering laser light
using novel forms of interferometric lithography (Figure 3) (Pfeiffer et al., 1999). Such novel
forms take advantage by realizing an optically denser medium such as an index-matching
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liquid between the excimer source and the chemically amplified photoresist (immersion
lithography for 22nm half-pitch). Extreme-ultraviolet lithography (EUVL) technology for
now is prohibitively expensive due to cost of processing per wafer. However, extensive
research is being carried out on EUVL-based technology as sub-22nm half-pitch structures
would require choice of stable sub-193nm source, novel chemically amplified photoresists
and understanding of photomask for EUV technology.
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Fig. 3. LEFT Immersion lithography uses beam splitters to split the laser beam in two which
are then made incident on a beam coupling prism (inset) which focuses them. Once the
beam leaves the coupling prism it enters a denser refractive-index matched liquid at an
angle 0, providing finer structures (for simplicity one of incident light beam is shown).
RIGHT Over the years reduction in feature size has been possible due to the development of
excimer laser sources. In order to realize sub-22nm half-pitch structures the use of extreme-
ultraviolet sources is predicted to be necessary.

As Next Generation lithography (NGL), IBM is now focussing on using a modified version
of immersion lithography technology for fabrication of 22nm nodes called projection
reduction exposure with variable axis immersion lenses (Pfeiffer et al., 1999). Whereas, Intel
in 2011 has launched its 22nm node transistors called the tri-gate transistor (Chau et al.,
2003; Doyle et al., 2003) which uses conventional fabrication tools. Intel believes that it can
further reduce the node size to 14nm using existing technology after which they believe that
they would reach the Moore’s limit for conventional fabrication technologies. Extreme-
ultraviolet lithography technology (EUVL) has not found centre stage as of 2011 in next
generation lithographic processes due to the extremely high costs. Direct lithography and
nanoimprint lithography (NIL) are also being considered as options for NGL techniques.

Alternatively, for resolution enhancement and patterning on the nanometer scale, electron-
beam lithography (EBL) can be employed due to resolution in the order of tens of
nanometers and remarkable versatility especially when combined with other techniques,
which make it the most widely employed method for patterning under-100 nm structures.
Also, EBL is commonly employed to fabricate masks. At the core of this type of high
resolution lithography there is the exposure of a sensitive resist to a thin beam of electrons,
which is moved around the layer by deflecting electric fields and turned on and off to
design the desired structure. The resist is usually made of polymers in a liquid solvent.
High-energy electrons traveling across the resist can either break the main chain bonds
(positive resist) thus making the resist removable upon exposition; or, they can promote the
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formation of bonds making the resist irremovable (negative resist). A very common positive
resist is poly methyl methacrylate (PMMA); an example of negative resist is SU-8.

The usual resolution of EBL (a few tens of nanometers) is larger than the spot of the electron
paint-brush, due to the proximity effect, a result of the scattering of electrons passing
through the resist up to the substrate. In a classical picture, the electrons experience elastic
collisions which make them scatter either preserving the approximate direction of the
momentum (forward scattering) or taking up the reverse direction (back-scattering), the
latter especially when bouncing on the substrate. Besides, there are inelastic collisions
producing secondary, lower energy electrons. The overall exposure results from adding up
the three contributions from the forward and backward scattering and from the secondary
electrons

(a) Incident bea£‘| Forward-scattered ()]

PMMA
SiO,

Back-scattered

(b) |

1 exposure 28 exposure

W Puwa
Si-N,

e L SRR
[ ¥
Unexposed “nanogap” Si
region S nm

Fig. 4. LEFT (a) In a standard EBL process (e.g. on PMMA-SiO»-Si* substrates), the electron
beam experience both forward scattering (slightly in the PMMA and SiO; layers) and strong,
broadly distributed back scattering (in the Si*) resulting in the exposure of a wider PMMA
region and a reduced resolution. On the contrary, using a PMMA-Si3Ny substrate, the
proximity effect can be significantly reduced as illustrated in (b). Right TEM image of
nanogaps with sizes 0.7 nm (a), 1.5 nm (b), 3 nm (c), 4 nm (d), 5 nm (e) and 6 nm (f). Insets:
SEM and TEM images of electrodes on a suspended SizNs membrane (reprinted with
permission from M. D. Fischbein et al., Appl. Phys. Lett. 88 (2006). Copyright 2006 American
Institute of Physics).
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The second and third terms obviously add supplementary exposure of the resist, causing the
images to be larger than desired and very close structures (such as parallel lines) to
experience unwanted ‘mutual” exposure (the proximity effect). W. Hu et al. (Hu et al., 2005)
improved the resolution of EBL by introducing cold development: the chemical developer is
kept at a temperature down to 4-8 °C temperature obtaining substantially finer resolution,
with definition smaller than 5 nanometres. In the cited work this approach was used to
pattern the layout of a QCA adder. On the other hand, Fischbein et al. (Fischbein and
Drndic, 2006) demonstrated how resolution close to the spot size can be achieved when EBL
is carried out on a membrane due to the limited back scattering (see Figure 4).
If EBL is the most popular advanced lithographic technique, a bunch of other methods
should be mentioned. Among them, ion-beam lithography (IBL) is the closest to EBL, since
it substitutes ions to electrons in the writing beam. The principle and resolution are quite
similar to those found in EBL but it presents some advantages for example concerning the
backscattering; moreover ions can be used to directly build structures over a substrate.
In X-ray lithography (Silverman, 1997) collimated radiation with 0.1-10 nm wavelengths is
used to expose a resist in a parallel replication process. The very short wavelength and
remarkable penetration capability of X-rays are at the basis of the high resolution achieved.
The mask is usually made up of a thin, transparent layer covered with patterned, X-ray-
opaque features of metals like gold or tungsten. Several drawbacks have been overcome,
notably those concerning the relative weakness of the mask (Peckerar and Maldonado, 1993)
which, due to the thinness of the transparent basis, tended to inflect upon stress, e.g. of
thermal origin. Another lamented trouble was the lack of demagnification: in optical
lithography lenses are commonly used to narrow the light cone by a scaling factor 7, so that
the mask features can be made n times larger than those actually fabricated, easing the mask
fabrication process. However, though X-ray lithography makes optical lenses useless,
another kind of demagnification can be achieved by means of the so-called sweet-spot
method or bias reduction (Vladimirsky et al., 1999). Basically, the metal absorber is
narrowed at the sides by a controlled amount to compensate for the effects of diffraction, by
which light propagates to some extent under the absorber in the nominally dark region. The
entity of the required correction is dependent on the mask gap and exposure dose; in the cited
work, demagnifications in the order of 3.5 were shown, comparable to those obtained in
optical lithography, thanks to a combined optimization of exposure and diffraction. As of
today, however, the most serious drawback to X-ray lithography is the need of a synchrotron
as the source of radiation. Research is being carried out on small but reasonably powerful X-
ray sources, which might make the difference in the success of this performing processes.
Other available fabrication techniques include:
o Interference lithography, exploiting the fringes naturally arising when two or more
coherent (laser) light sources interfere (see for example (Solak et al., 2003)). This method
is maskless, since the geometry is determined by the interference pattern and a
comparatively large area can be exposed simultaneously, unlike in E- or IBL; the
obvious drawback is that the patterns - and, so, the defined features - are severely
bound as to geometry (typically, they must be symmetric).
¢ Shadow-mask techniques where the deposition of a material on a substrate occurs
through a holed mask, kept at little distance from the substrate itself, allowing features
in the range of some hundreds of nanometres (see for examples the microtips shown in
(Luthi et al., 1999)).
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To obtain better resolutions or smaller inter-electrode gaps, it is possible to use post-
processing techniques, by which large EBL-defined gaps are narrowed, or EBL-defined
gapless junction are split. An example of the former technique is shown by Y.V. Kervennic
and coworkers (Kervennic et al., 2002). The idea was to EBL-fabricate couples of free-
standing contacts and subsequently to narrow the inter-electrode gap by electrodeposition,
in a controllable way. In the cited work, platinum was electrodeposited from an aqueous
solution of 0.1 mol of K»PtCly and 0.5 mol of H,SO4. During electrodeposition, the tunneling
conductance between the two electrodes was constantly monitored, being obviously
dependent on the gap size. The process was interrupted at predefined values, reproducibly
obtaining gaps ranging from 20 to 3.5 nm (Figure 5 left).
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Fig. 5. Left: initial separation of the EBL-defined electrodes; (I-K) final electrode separations
(16, 10, and 3.5 nm, respectively) obtained by stopping the electrodeposition process when
the monitor current is 30, 90, and 140 nA. (reprinted with permission from Y.V.Kervennic et
al., Appl. Phys. Lett. 80, 321 (2002). Copyright 2002 American Institute of Physics). Right:

(a) Schematic of the mechanically adjustable and electrically gated nanojunction by A.R.
Champagne et al. and (b) corresponding SEM-image at a of 78° tilt angle; in the inset of

(b), an electromigration-broken nanojunction is shown. (c) Increase in resistance (and drop
in the current, inset) as the shape is more and more deformed (reprinted with permission
from A. R. Champagne et al., Nano Lett. 5, 305 (2005). Copyright 2005 American Chemical
Society).

The inverse pathway is breaking a narrow metal junction defined by EBL to create the gap a
posteriori. Among the earliest experimented techniques there are electromigration and
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mechanically controllable break. In the former case (see for example (Park et al., 2002;
Heersche et al., 2006; Jo et al., 2006)), current is passed through the electrodes to reach
electromigration densities (~106-107 J/cm?) in the narrowest spot (Ho and Kwok, 1989). This
gets the contact to break, an event easily revealed by the drop in conductivity within the
contacts. Such junctions were employed for example for single molecule transistor
measurements on magnetic molecules (Heersche et al., 2006; Jo et al., 2006). In mechanically
controlled break junctions (Reed et al., 1997; Champagne et al., 2005), the substrate on which
the thin junction is fabricated is flexed by the gentle push of a screw underneath, while
firmly held at the ends, until the junction cracks (Figure 5 right). Again, the occurrence of
this event is checked through constant measurement of the junction’s conductance.
Obviously, all methods rely on not quite easily controlled nanoscale events - the growing of
metal structures from electrodeposition, the dismantling of metal hillocks by
electromigration, or the mechanical induction of nanoscale fissures - which can guarantee
neither high reproducibility of the results nor their controllability a priori. In fact, the typical
size of gaps fabricated in these ways has to be checked after the fabrication by scanning
electron microscope (SEM) measurements.

Recently, Zandbergen et al. (Zandbergen et al., 2005) introduced a technique for sculpting
couples of nanoelectrodes of given gap-size and shape by use of a Transmission Electron
Microscope (TEM). A 300kV electron beam with a 2 to 10 nm spot size, carrying a current of
5 nA - corresponding to a flux of ~10° electrons/s - was scanned on a sample in which a
metal bridge had been defined. By modulating the intensity of the beam, the shape and size
of this bridge was finely-tuned, compatibly with the characteristics of the metal used for the
contacts; to this respect more than one type of Au were tested, obtaining 1 to 5 nm
separations. Pt lines were tested too, which, due to the comparatively low mobility of its
atoms, required a much longer exposure time than Au (up to one hour vs. a few minutes)
but also permitted the smaller gap obtained in this series of experiments (only 0.6 nm).

2.2.2 Soft lithography

Instead of creating a pattern by masking and exposure, soft lithography exploits an
elastomeric stamp (Xia and Whitesides, 1997) (Figure 6). This approach includes different
techniques, sharing this basic concept, which have undergone remarkable development in
recent years. Here, we will briefly recall the main two techniques, listing only their main
variants (Geissler and Xia, 2004).

In moulding techniques, structures are formed inside the voids of a master which is the 3D
negative of the desired pattern. With replica moulding (REM), replicas of organic polymers
are made against a polydimethylsiloxane (PDMS) mould, reaching feature sizes below 2 nm
with some materials. In another variant known as microtransfer moulding (nTM, Figures 6a
and 6b) the mould’s voids are filled with a liquid prepolymer and the mould is transferred
onto the desired substrate. The prepolymer is subsequently cured to a solid and peeled off,
exploiting the elasticity of the mould.

The printing techniques use the stamp to transfer an ink to the substrate. To this category
belongs, among others, the microcontact printing technique (uCP, Figures 6c and 6d), also
classified as a relief printing method, by which the stamp is first inked with a solution
containing the molecules to be deposited (in the first and most classical example,
alkanethiols), then dried and subsequently brought into contact with the surface of the
substrate (in the cited case, gold).
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Research is now ongoing on novel variants and materials (see for example (Choi and
Rogers, 2003)). The main field of application of soft lithography remains microfluidics,
particularly in the field of lab on a chip (Becker and Locascio, 2002; Pollack et al., 2002;
Erickson and Li, 2004; Stone et al., 2004; Dittrich and Manz, 2006; Primiceri et al., 2010;
Chiriaco et al., 2011). However, in a recent report (Briseno et al., 2006), soft lithography was,
for example, employed also for the collective fabrication of organic single-crystal transistors,
outperforming organic thin film transistors but requiring the growth and placing of one
crystal per transistor separately, which is the bottle-neck of this technology. In the cited
work, octadecyltriethoxysilane (OTS) films were printed by pCP in patterns on which the
crystals were subsequently grown in a way pre-conditioned by the geometry of the soft-
lithography-defined sites.

The range of applications of soft-lithography is widening, but it is of particular relevance for
biomolecules. J. Damon Hoff et al. (Hoff et al., 2004) demonstrated protein patterning by
imprint lithography, exploiting the binding specificity between biotin and streptadivin. J.P.
Hulme et al. (Hulme et al.,, 2006) reported on a replica-moulding derived technique to
pattern biological molecules, called biomolecular embossing, by which they were able to
replica-mould DNA and then emboss it into poly(ethylene terephtalate). Similar approaches
could prove very useful in tomorrow’s devices, because of the importance of biomolecules
both in fabrication and in functional issues of nanoelectronic devices (hard lithography
techniques typically can not be employed due to the fragility of these molecules).
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Fig. 6. Schematics of the microtransfer moulding (a and b) and microcontact printing; (c
and d).
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Finally, we mention an example of a cross-inspired technology, joining ideas from different
approaches to overcome their inherent limits. S.Y. Chou et al. (Chou et al., 2002) used a
stamp like in soft lithographies, but made of quartz instead of an elastomer, to imprint
features on a crystal of silicon - not used with classical soft lithography - after melting its
superficial layer by a single excimer laser pulse. The technique, called ‘laser-assisted direct
imprint’ (LADI) was used to impress a 250 nm-periodic grating of parallel silicon wires,
which could be used as a template for a crossbar structure. However, there are also 10 nm-
wide, 15-nm tall silicon lines on the edges of the bigger wires which are just the negative of
the notches created on the mould by the trenching effect during the reactive ion etching,
meaning that the resolution of this technique is potentially much better than that of the first
stamp.

2.2.3 Scanning probe nanolithography

Presently the highest fabrication precision is obtained by writing methods (most of them
SPM-based), employing a stylus or pen with variable sharpness. Depending on the
resolution of the writing instrument, macroscopic down to atomic-scale features can be
defined according to virtually any topology, at the price of a low speed. Beyond the
equivalent of a paper and a pen, ink may be required or not, depending whether the writing
is additive (deposition of material on the substrate) or subtractive (removal of material from
the substrate). Moreover, a local modification of the surface/layer can be achieved by means
of an energy beam such as a laser or an electric/ magnetic field.

The simplest subtractive solution employs a rigid stylus pressed against the substrate to dig
channels that, at their best resolution, can be as slim as 0.1 nm. The choice of the stylus
depends of course on the material: good results have been obtained with metals, oxides, and
polymers.

Positive writing processes are also called add-on processes. By them, among others, resist-,
etching- and development-incompatible materials can be patterned. A popular add-on
method is dip-pen nanolithography (DPN) (Piner et al., 1999), developed by the Mirkin
group, where an atomic force microscope (AFM) tip is coated with molecules and then
drawn onto a surface. The water meniscus formed between the tip and the substrate by the
condensation of humidity provides a transfer pathway by which the molecules are
transferred from the tip to the substrate (Figure 7a). In (Hyun et al., 2002), the versatility of
DPN was exploited in conjunction with other self-assembly methods. Specifically, 16-
mercaptohexadecanoic acid was deposited onto gold by DPN and subsequently used as the
grafting pattern for an amine-terminated biotin derivative. Subsequently, streptadivin
structures were formed upon incubation and biotinylated proteins were deposited, always
following the lithographed pattern. Biotin-tagged molecules being very common, this is a
powerful molecular patterning method and shows that molecular mediation can be used to
make the patterning method less dependent on the chemistry of the substance being
patterned. The Mirkin group also used dip-pen nanolithography to construct proteins
patterns with features in the range of 100 nm (Lee et al., 2002). Moreover, they also
demonstrated a multiple-pen nano-plotter for multiple ink nanolithography in order to
pattern different organic molecules down to a 5-nanometer separation (Hong et al., 1999;
Hong and Mirkin, 2000).

Once the pattern is fabricated, replica processes can be also exploited to create duplicates as
demonstrated by the Stellacci group at MIT (Yu et al., 2005).
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The field is of course still in progress: among recent developments, a group at the ETH
Zurich fabricated a four-terminal quantum dot and a double quantum dot system with
integrated charge readout using a scanning force microscope to achieve a local, direct
oxidation in a AlGaAs/GaAs heterostructure containing a two-dimensional electron gas. As
a result of the local oxidation, the electron gas is locally depleted in the GaAs surface and
the observed Coulomb blockade diamonds demonstrated the high quality of this fabrication
process (Dorn et al., 2002). Let us also remember the variant of DPN called electro-pen
lithography (Cai and Ocko, 2005) by which a conductive AFM probe coated with ink
molecules and biased with a voltage oxidizes the substrate underneath and deposits the ink,
all in a sweep. The lines drawn are as large as 50 nm with a writing speed larger than 10
pm/s. For a review on DPN see K. Salaita et al. (Salaita et al., 2007).

Ultradense atomic patterns can be also realized by atomic manipulation using a STM
(Manoharan et al, 2000; Agam and Schiller, 2001; Fiete and Heller, 2003; Morr and
Stavropoulos, 2004). Despite the advantage given by their ultimate resolutions, however,
scanning probe nanolithography techniques are slow and appear too expensive for mass
production, though a major performance leap cannot be excluded for these techniques in the
future. Even if such dramatic improvement did not happen, however, tomorrow’s
nanoelectronic circuits may turn to have critical parts requiring precise, very small-scale
patterning without the intrinsic faultiness of other techniques (e.g. of self-assembly), for
which the writing methods can turn out essential.
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Fig. 7. (a) Schematic representation of dip-pen nanolithography reprinted (with permission
from R. D. Piner et al, Science 283, 661 (1999). Copyright 1999 American Association for the
Advancement of Science) and (b) stepwise fabrication process to create molecular
recognition-mediated protein nanostructures (reprinted with permission from J. Hyun et al,
Nano Lett. 2, 1203 (2002). Copyright 2002 American Chemical Society).

2.2.4 Other top-down methods

From the previous discussion, it is clear how EBL and other similar methods are neither
suitable for mass production of contacts (due to their slowness and related high cost), nor
for a reproducible interconnection of nanoscale objects (due to the inevitable changes in the
contacts). The task of fabricating reproducible contacts is, in fact, not trivial, because the
electrical behavior of nanocontacts is sensitively dependent on their atomic-scale
characteristics. Yet, it is a crucial requirement at least for molecular systems, where the
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performance of the electric contacts can determine the behaviour of the device. Here, we
present some non-conventional solutions for creating nanoscopic electrodes, addressing the
problems of mass production and/or reproducibility.
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Fig. 8. In the method for fabricating nanodevices proposed by R. Krahne et al. (Krahne et al.,
2002) the MESA structure in (a) undergoes a GaAs-selective etching (b), so that the
subsequent metal evaporation (c) leaves a gap in which a nanoparticle can be trapped
electrostatically (d) and then measured in a three-terminal configuration (e). The method
lends itself to one-step mass production of such SET arrays (f). Reprinted with permission
from R. Krahne et al., Appl. Phys. Lett. 81, 730 (2002). Copyright 2002 American Institute of
Physics. Schematics of the g) non-oxidized and h) oxidized mesa nanojunctions (reprinted
with permission from G. Maruccio et al., Small 3, 1184 (2007). Copyright 2007 Wiley-VCH).

In this respect an innovative approach is that proposed by R. Krahne et al. (Krahne et al.,
2002) and then improved by G. Maruccio et al. (Maruccio et al, 2007) An
AlGaAs/GaAs/ AlGaAs quantum well structure is grown by molecular beam epitaxy (MBE)
and subsequently carved to a slanted shape by wet-etching (Figure 8a), until reaching the
bottom AlGaAs layer. Then the GaAs layer is removed to a few tens of nanometers by
selective wet-etching with citric acid and H>O: (Figure 8b) and a metal layer is evaporated
perpendicular to the substrate to form the contacts (Figure 8c). In such a way, a contacted
gap as large as a few nanometers is created where, for example, a gold particle can be
immobilized by electrostatic trapping (Figure 8d) and provided with a gate electrode
(Figure 8e) to form a SET. In order to reduce the leakage current at room temperature
through the underneath semiconductor layer, a selective oxidation was used (Maruccio et
al., 2007) to convert the AlGaAs barriers in insulating oxide layers. This approach allowed
G.Maruccio et al to investigate electron transfer in individual proteins (Maruccio et al., 2007)
and pave the way to applications in molecular electronics. Since only photolithography is
used to define the electrode pattern and all processes are carried out at wafer scale, this
improved mesa-gap technique enables the simultaneous, economic fabrication of large
arrays of nanodevices working at ambient conditions, a crucial advance for the
implementation of low-cost mass-production of nanoscale devices and the fabrication of
complex circuits consisting of different nanodevices and arrays of sensors at reasonable cost
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(Maruccio et al., 2007; Maruccio et al., 2009) (Figure 8f). Similar approaches for parallel
fabrication of nanodevices were also developed by other groups. For example Ray et al.
reported a CMOS-compatible fabrication of room temperature single-electron devices having
source and drain electrodes vertically separated by a thin dielectric film (Ray et al., 2008).
Concerning the problem of good and reproducible contacts, T. Dadosh et al. (Dadosh et al.,
2005) proposed the use of two gold nanoparticles (NPs) to contact a conductive organic
molecule in a controlled way (Figure 9). A NP dimer was assembled using the molecule as a
bridge and a device was fabricated, in which the two nanoparticles were also exploited to
electrostatically trap the dimers (thanks to their polarizability) within EBL-defined
nanojunctions. Their results demonstrated that the transport through a conjugated molecule
is quenched by localizing groups placed at its center or near the contacts (Figure 9). Metal
nanoparticles were employed as means to probe molecular conduction also by other groups
in order to create a bridge between organic monolayers formed on metallic electrodes. Most
of these studies focused on conductance through conjugated molecules with thiol terminal
groups linked to gold. For example, Amlani et al. (Amlani et al., 2002) demonstrated the
particle bridge concept by measuring conductance through a monolayer of (1-nitro- 2,5-
diphenylethynyl-4¢-thioacetyl)benzene. Long et al. (Chu et al., 2007) demonstrated magnetic
nanoparticle assembly by comparing conductance through undecanethiol, oligo(phenylene
ethynylene)- dithiol, and oligo(phenylene vinylene)dithiol.
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Fig. 9. (a-b) Three organic molecules attached to two gold nanoparticles. (c) high-resolution
SEM image of a dimer (d) I-V characteristics of the different molecules. Transport through a
conjugated molecule (BPD) is quenched by localizing groups placed at its center (BPE) or
near the contacts (BDMT). (reprinted with permission from T. Dadosh et al., Nature 436, 677
(2005). Copyright 2005 Macmillan Publishers Ltd.)
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2.3 Bottom-up processes

In bottom-up processes, the capability of atomic or molecular building blocks of assembling
into ordered, complex arrangements is exploited. Very common in living beings, especially
with regeneration purposes, bottom-up processes are made up of the composition of many
atomistic processes, on which no punctual control is required, in opposition to top-down
processes where the degree of refinement of a defined structure is directly related to the
precision employed. What is required in bottom-up processes is instead that the molecular
constituents are apt to assemble and that the environment favors the process.

Following (Barth et al., 2005), we classify bottom-up phenomena as “self-assembly” or ‘self-
organized growth’ processes, where the first term refers to the spontaneous association of
molecular constituents into supramolecular structures, while the second term is used to
designate autonomous order phenomena guided by mesoscale force fields or kinetics
limitations, such as those leading to the deposition of a monolayer of molecules on a
substrate. The use of bottom-up processes in nanoelectronics is crucial to the construction of
molecular devices, in which the “active’ part is a bunch of molecules (typically a monolayer)
or consists of individual conductive molecules.

Bottom-up processes usually involve two main factors, namely a driving force and a
recognition mechanism. The driving force is usually exerted by a gradient of concentration,
or an electric field, and tends to bring some molecules, usually in solution, in contact with
other molecules, often fixed to a substrate or another molecular or supramolecular structure.
The recognition mechanism is the necessary chemical affinity between the two molecules,
usually provided by two chemical groups playing the role of molecular-scale compatible
‘hooks’. Once the suitable conditions and environment have been created, the assembling
goes on by itself without need of direct control on each elementary event (which would be
impossible, on the other hand).

As in all physical processes and chemical reactions, bottom-up processes are driven by the
goal of reaching a minimum of energy, but conditioned to the overcoming of activation
energies, i.e. barriers which could get the process trapped into local minima. The accuracy of
the final result and the speed of the process depend on the equilibrium between kinetics and
thermodynamics.

Let us consider a crystalline substrate on whose surface an organized structure must be
grown; for example an ordered monolayer of molecules. The involved atomistic phenomena
are the deposition of the molecules from solution onto the surface and their surface
diffusion kinetics. The former factor mainly depends on the solution concentration and the
applied driving force (possibly just a concentration gradient and the Brownian motion) and
can be summarized by the deposition rate F. The latter factor is dependent on the molecule-
substrate interaction as well as on the reciprocal interaction between the deposited
molecules. We then assume the diffusivity D of the molecules on the surface as the
representative parameter of thermodynamics. If an Arrhenius law is assumed, then

D = exp(~E, /RT) @)

where E, is the activation energy, T is the absolute temperature and R is the gas constant;
now, the thermodynamics-to-kinetics D/F ratio summarizes the overall character of the
process. After molecules have ‘landed’” on the substrate, they generally undergo random
hopping processes across the lattice, during which they can meet other similar species to
enucleate a new one or join an already formed aggregate. The slowest is the deposition rate
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F, the most likely is the settling of the newly deposited adsorbates onto an equilibrium
condition, for they simply have time to move around the lattice until a minimum energy
configuration is reached; hence, the largest is D/F, the closest is the process to the
equilibrium condition. In such condition the individual processes are of little or virtually no
importance, since the system evolves towards a minimum quite independently of the
random walk followed by each constituent. Conversely, a large deposition rate with respect
to diffusivity (small D/F) means that kinetics is prevailing on thermodynamics, i.e. the quick
deposition of adsorbates on the substrate prevents the movement of the single adsorbate
towards the overall minimum energy; in this case, rather, local energy minima are favored
corresponding to metastable structures. The effect of the D/F ratio is shown pictorially in
Figure 10 from (Barth et al., 2005).
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Fig. 10. Atomic-scale view of growth processes at surfaces. The kind of assembled structures
is chiefly determined by the D/F diffusivity-to-flux ratio: a small D compared with F
favours the aggregation in structures such as metal nanoislands, the reverse situation drives
the reaction towards the global energy minimum and is the most suitable for
supramolecular assembly (reprinted with permission from J. V. Barth et al., Nature 437, 671
(2005). Copyright 2005 Macmillan Publishers Ltd.)

Tuning the D/F through control on the process parameters reflects, in turn, on the average
geometric characteristics of the structures to build. For example, metal islands are
thermodynamically sub-optimal with respect to a more uniform distribution of metal atoms;
consequently, their construction is kinetics-driven, imposing small D/F. Intermediate D/F
values are used for building semiconductors, while supramolecular structures require a high
degree of ordering of the constituents, or a close proximity to the equilibrium condition (large
D/F) because the final, ordered structure just coincides with the global energy minimum.

Basing on the exposed principles one can build also complex multilayered structures (see
the review (Hammond, 2004) and references therein) provided that the chemistry of the
layers is chosen carefully according to the deposition sequence; a common way is depositing
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layers provided with charges of alternated signs (layer-by-layer electrostatic assembly).
Varying the constituents during deposition one can tune the variation of the layers’ cross
profile in a very fine way.

Other techniques can be employed to design the in-plane structures. One widely used is the
employment of block copolymers, i.e. at least two variable polymer fragments, immiscible
and joined by a covalent bond (Geissler and Xia, 2004). Once deposited, ensembles of block
copolymer can form a variety of regular 2D patterns, in turn usable to template other
molecules (binding with them) or to mask the deposition of other molecules (by letting them
through nanoscale pores).

Before describing some significant examples of bottom-up patterning it is opportune to
remind that these processes are intrinsically faulty due to their statistical nature. Their
envisaged positive importance in nanoscale fabrication is also the main reason why fault-
tolerance is predicted to become a ubiquitous problem in nanotechnology. In what ways
and to what extent this will affect future systems depends on both the details of the process
and the spatial resolution of the employed devices. In larger-than-molecular-scale devices,
where charge transport can be modeled to happen inside a bulk of molecules, a not too high
faultiness can be accounted for in statistical terms as a correction in the charge transport
performance. Using single-molecule-scaled devices, even a single flawed molecular site -
one where the molecule is wrongly oriented, structurally altered or lacking at all - will
generally imply alteration of the local and possibly overall processing capabilities, a much
more severe problem requiring specific countermeasures like redundancy and error
correction mechanisms.

2.3.1 Biomolecules for patterning

The world of biological molecules offers a plethora of opportunities from nanoelectronics to
biosensing, because of the complexity and richness of structures and functional properties.
For space constraints, they can not be discussed here in detail. However, we want to
introduce the biomolecules as instruments for patterning and device fabrication. To this aim
biological molecules are ranked basing mainly on their mechanical characteristics and
manipulability; this is where and why DNA plays a major role.

As is well known, DeoxyriboNucleic Acid has a double-helix structure supported by a sugar
backbone and surrounded by counterions yielding global neutrality. The thermodynamical
stability of the structure is based on the matching between compatible couples of bases,
among four types (adenine, A, thymine T, guanine, G, and cytosine C). Stable links are A-T
and C-G; each mismatch is a weak ring in the chain increasing the flexibility of the overall
structure (Schallhorn et al., 2005) and decreasing its stability; couples of too mismatched
(non-complementary) helices are expected not to bind at all.

Since its discovery in the 1950s by Watson and Crick, the progress in DNA manipulation
proceeded at astonishing speed: nowadays it is possible to design and synthesize single or
double helices with relative simplicity to create even very complicated structures. The
main idea in using DNA as a template is to synthesize single helices and let them self-
assemble. Intertwined assembling is possible, since a single helix (say 1) can contain a
sequence complementary to that of single helix 2 adjacent to another complementary to 3,
and 2 and 3 in turn can be bound to other complementary helices along other spots, and
so on. Hence, careful design of the base sequences permits to synthesize true DNA
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crystals, with complex patterns and structures (Winfree et al., 1998; Reif, 2002; Chelyapov
et al., 2004; He et al., 2005; Liu et al., 2005; Mathieu et al., 2005; Reishus et al., 2005;
Paukstelis, 2006; Rothemund, 2006).

Research is therefore ongoing on improving DNA modelling, to tune the base sequence
according to the target characteristics, as well as on DNA synthesis. Regarding the latter, for
instance, it was shown that the rolling circle amplification technique can be used to
synthesize long periodic DNA sequences (Beyer et al., 2005) quickly and reliably, so
representing a helpful method to produce relatively large amounts of DNA with repetitive
structure to self-assemble into large patterns. J. Zhang et al. (Zhang et al., 2005) assembled
straight filaments on DNA on a Si surface by combining the advantages of molecular
combing - a technique for stretching and binding molecules on a surface by the force of a
receding meniscus of liquid - and microcontact printing. D.C. Chow et al. (Chow et al., 2005)
demonstrated a way to grow vertical filaments of DNA beginning from an oligonucleotide
initiator nanopatterned on a surface. As a result, an ordinate layer of vertical DNA strands
can be grown with controlled and variable lateral structures, to be used as scaffoldings for
various types of molecules, of biological origin or not. A.P.R. Johnston et al. (Johnston et al.,
2005) demonstrated the assembly of a multilayer structure obtained alternating two-block
homopolymeric nucleotides (polyAz0Gao/C20T20); A. Granéli et al. (Graneli et al., 2006)
tethered DNA molecules on a lipid bilayers. Since the filamentary shape of DNA suggests
that it be used as a template for nanowires, Park et al. (Park et al., 2005a) have proposed that
DNA be synthesized in tiles, forming 1D and 2D-lattice structures and subsequently coated
with silver to obtain a 20-nm diameter and ohmic current-voltage characteristics. H. Kudo et
al. (Kudo and Fujihira, 2006) performed electroless metallization of DNA with copper, upon
previous activation with palladium; heights from the substrate as large as some tens of
nanometers were shown, depending on the metallization time. Other examples of DNA-
based nanowire fabrication are found in G. Braun et al. (Braun et al., 2005) who “decorated’
DNA strands with gold nanoparticles obtaining grainy nanowires of different densities; and
in L. Berti et al. (Berti et al,, 2005) who photoinduced the reduction of charged silver
nanoparticles on DNA and the subsequent formation of chains, possibly usable as seeds to
further metallization. Extensive work on the characterization of variously metallised DNA
nanowires is found in the literature (see for example (Hosogi et al., 2005)).

In 2002, K. Keren et al. (Keren et al., 2002) demonstrated DNA-based molecular lithography
(Figure 1la-e) by which a substrate of possibly patterned single strands of DNA can be
selectively metallized or, alternatively, tagged with molecules grafted in specific sites. The
two main ideas underlying molecular lithography just point out the analogy to traditional
lithographic methods. First, spots of immobilized DNA single strands can be selectively
masked by attaching complementary sequences marked with an enzyme, the RecA protein.
Upon DNA hybridization (homologous recombination) the proteins polymerize on the
substrate making DNA inert, for instance, to metallization (see the sequences in the images
of Figure 11b-e and the schematic of Figure 11a). Secondarily, molecules can be tagged with
short strands bearing selected base sequences, complementary to deposited spots in specific
positions. Unspecific binding is negligible, provided that the reaction is assisted by RecA. In
principle, molecular lithography permits remarkable topology flexibility, limited only by the
complexity of the patterned structure of DNA and the selectivity of the homologous
recombination processes. Selective metallization and coating with selected molecules can



52 Nanofabrication

prove the basis to build a topologically complex network of ‘processing’ molecules,
interconnected or insulated depending on the metallization (Keren et al., 2003).
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Fig. 11. (a) Molecular lithography permits selective metallisation of DNA with gold after
masking some parts of the strand with the RecA protein. The deposition of gold is enhanced
by Ag as a catalyst. AFM images of the process are shown, in particular: (b) RecA bound to a
sequence of DNA; (c) the sample after exposing to Ag; (d) the metallisation with Au; in the
inset, the gap is zoomed in. (e) is a SEM image of the sample in (d). The height of the
metallisation is around 50 nm; the scale bars in (b) through (e) are 0.5 pm, except in the inset
of (c) where it is 0.25 pm. (Reprinted with permission from K. Keren et al., Science 297, 72
(2002). Copyright 2005 American Association for the Advancement of Science).

Other simpler though less general processes have been devised, such as that by Park et al.
(Park et al., 2005b) who built a scaffold assembling two types of DNA tiles (A and B) in a
chessboard manner (Figure 12a-f) and got proteins bind at the crossings. Four types of
scaffolds (or nanotracks) are shown in the cartoon schematic: the first two form are 2D, i.e.
thanks to mutually sticky ends (marked with n and n’) they can assemble into planes of
indefinite extension. They differ in that in one case only A tiles are modified in the center to
carry biotin, by which streptadivin is subsequently bound, while in the other case both A
and B are biotinylated. In the other two cases, intentional non-stickiness allows assembling
of a 1D nanotrack. The AFM images in Figure 12g-j are significant as to the effectiveness of
the method in building large, regular and functionalized structures. To assess the potential
importance of such methods, suffice it to think of the possibility of building large, regular
component matrixes for memories. It should be pointed out that the DNA-protein
interaction may be of general importance in fabricating molecular electronic devices (not
just applications like biosensors as might be expected) because of the patterning function
briefly illustrated here. Binding and interaction between DNA and proteins are being more
and more elucidated by ongoing research (Dixit et al., 2005; Yang and Schepartz, 2005; Hu
and Shklovskii, 2006; Sun et al., 2006).
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Fig. 12. (a) Geometry of two cross-shaped DNA tiles capable of assembling into lattices;
coupled of sticky ends are labelled with n and n’. (b) These version of the tiles are sticky
only along one axis. In (c) and (d) there are the cartoon images of the lattices formed by
(a) and (b) respectively, where only tile A is tagged with biotin; due to the differences in
stickiness, lattice (c) is 2D while lattice (d) is 1D. In the lattices (e) and (f) both tiles are
biotinylated. (g) and (i) are AFM images of lattices (c) and (e) before the attachment of
streptadivin; (h) and (i) are the images of the same, respectively, after the streptadivin has
been grafted (reprinted with permission from S. H. Park et al., Nano Lett. 5, 729 (2005).
Copyright 2005 American Chemical Society).

Application of similar techniques to pattern nanoparticles was also reported, for example by
G.H. Woehrle et al. (Woehrle et al., 2004), who attached gold nanoparticles on DNA with
fine-controlled separation thanks to molecular lithography, and L. Dillenback et al.
(Dillenback et al., 2006) who employed temperature control to direct nanoparticles assembly
by tuning the thermal stability of the DNA sequences used as hooks. A somewhat close use
of DNA as linker between floating objects - i.e. without needing a substrate - is found in
(Goux-Capes et al., 2006) by L. Goux-Capes et al., who linked different single-walled carbon
nanotubes coated with streptadivin through biotin- or bis-biotin-terminated DNA links.
Future nanoelectronic components might be assembled in similar fashions and then
patterned in larger grids or templates.

As another example, we recall the work by Y.Y. Pinto et al. (Pinto et al., 2005) who
assembled gold nanoparticles of two different sizes (5 and 10 nm in diameter) on a same
self-assembled DNA scaffolding (Figure 13). The DNA tiles were designed in order to
let two types of sticky ends prong out of the scaffold in alternate rows. Two groups of
nanoparticles where functionalized with thiol-modified DNA, each bearing strands
complementary to one type of sticky end; the final result is shown in the AFM image of
Figure 13c. Assemblies of photocrosslinked proteins bound to nanoparticles are used in
(Hill et al., 2005) to build a scaffolding for a bioelectronic 3D architecture. The
recognition properties of DNA can also be used for computation (Adleman, 1994; Braich
et al., 2002).
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Fig. 13. (a) Three types of DNA tiles; each possesses sticky ends to bind with other tiles; the
‘red” and “yellow’ tiles also have other sticky ends pronging outwards and different from
each other. In (b) the cartoon image of the assembly sequence: the tiles assemble in a
predefined sequence to form a lattice; gold nanoparticles are grafting to the pronging sticky
ends, after being functionalized with the complementary strands; thanks to the diversity in
the sticky ends, two types of nanoparticles (with diameters 5 and 10 nm) can be made
assemble in ordinate, alternate rows. The AFM image in (c) shows the result of this process
(reprinted with permission from Y. Y. Pinto et al., Nano Lett. 5, 2399 (2005). Copyright 2005
American Chemical Society).

Besides DNA, other affine molecules can be used like Peptide Nucleic Acid (PNA) (Nielsen
et al., 1991). Its main difference to DNA is that it is uncharged, bearing a polyamide
backbone. Its binding properties and selectivity are even better than those of DNA, to some
respect. KA. Williams et al. (Williams et al., 2002) coupled carbon nanotubes with single-
strand PNA covalently and tested hybridization with single-strand complementary DNA:
there resulted that DNA-PNA grafted to nanotubes, especially near the cut ends. The
preference for the extremities of the nanotubes ensues from the higher reactivity there, at
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least in the lack of side-wall defects along the nanotubes themselves, and is a useful feature;
moreover, DNA does bind to PNA through specific interaction, rather than with nanotubes
through unspecific binding. Such processes could might be envisaged as a future
opportunity to exploit molecular lithography for handling nanotubes (as done also by Keren
et al. (Keren et al., 2003)), considered among the most promising objects for nanoelectronics,
as well as to build more complex objects for computation.

At the end of this overlook of biomolecules in patterning we want to cite the work by L.
Riemenschneider et al. (Riemenschneider et al., 2005), a “hybrid’ technique joining the
advantages of scanning probe lithography with the use of an enzyme. First, an AFM tip was
functionalized with a molecule of substrate of alkaline phosphatase, by a technique ensuring
that it was grafted exactly at the apex of the tip. The tip was then moved across a mica
substrate in a solution of 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and nitro blue
tetrazolium (NBT); since alkaline phosphatase dephosphorylates BCIP, making it precipitate
in the presence of NBT, the resulting precipitate layer follows the tips” path. For instance,
keeping the tip standing for some tens of seconds produces a spot of precipitate whose large
size is proportional to time, and moving it across the substrate at proper speed causes
different patterns to form.

In addition to DNA and its derivatives, also other specific interaction (antigen-antibody,
ligand-receptor, etc) can be exploited for patterning. Recognition between biotin and
streptadivin, as well as between bovine serum albumin (BSA) and the corresponding anti-
BSA antibody, were used by Y. Wang et al. (Wang et al., 2005) to assemble CdTe nanowires
into branched structures, representing prototypes of nanoscale circuits. Diode-like
characteristics were found in the single nanowires, while the junctions were found to be
non-conductive, presumably due to the large tunnelling barriers placed by the proteins
themselves, creating a ~ 5 nm gap. The authors suggested that the existence of such gap
could be viewed as an opportunity to build single-electron devices or, on the other hand,
could be reduced by using DNA oligomers in place of proteins. Moreover, scaffolds of
nanoparticles were built by McMillan et al. (McMillan et al., 2002) assembling engineered
chaperonins (i.e. protein complexes assisting proteins in their folding phase) into regular
patterns of units of variable diameter.

2.3.2 Other patterning methods based on self assembly

Wiring is essential in any electronic architecture; that is why patterning specific networks of
nanowires to connect devices is one of the most debated - and trickiest - tasks in
nanoelectronics. In many cases, nanowires are grown from nanoparticles assembled on a
suitable pattern by using biomolecules or other methods like those involving force fields
(see for instance (Cohen, 2005)). Actually, S.O. Lumsdon et al. (Lumsdon and Scott, 2005)
assembled gold and carbon black colloids, as well as carbon nanotubes, into wires thinner
than 1 pm. The growth was triggered by ac electric fields exerting electrophoretic forces on
the objects and this technique may be helpful in growing nanowires, provided that the
electrodes are capable of shaping the electric field with the due precision. Finally, as carbon
nanotubes and nanorods become increasingly important, methods are being studied to get
them assembled in ordered geometries (Harnack et al., 2003; Gupta et al., 2006; Hu et al.,
2006; Ryan et al., 2006; Nobile et al., 2007; Yan et al., 2007).

Another interesting way of patterning might be that of exploiting the natural periodicity of
crystals, which can be tuned to some extent by cutting the crystal to expose a particular face.
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Let us cite in this respect the work by A. Kirakosian et al.(Kirakosian et al., 2001) who
demonstrated an atom-accurate silicon grating with period 5.73 nm, or exactly 17 atoms, by
means of a Si(577) surface: notice that a grating of parallel lines is one of the most frequent
test for patterning methods and an insidious one for lithography, since chemical etching
suffers from capillarity when it comes to penetrating nanometer-narrow channels.

Finally, the self-assembly properties of monodisperse spheres were also exploited to
demonstrate shadow nanosphere lithography (NSL) that allow the fabrication of periodic
arrays with morphologies ranging from cups to rods and wires by simply changing the
substrate position with respect to the evaporation source (Kosiorek et al., 2005; Imperia et
al.,, 2008; Gwinner et al., 2009).

3. Conclusions

In conclusion, many nanofabrication methods are today available and the choice among
them is typically dictated by the materials employed and the specific application targeted. In
general, however, they allow modern researchers and IC companies an unprecedented
control on processes and open the way to the fabrication of completely new classes of
devices.
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1. Introduction

“At the nano level atoms do not belong to any field of science”, professor Chad Mirkin explained
the need to unlock our minds and transform our attitudes, as we continue to live the
adventure of nano science and technology. This ably conveys both the uniqueness and
diversity of nanotechnology, while stressing the preparation required by those aspiring to it
(Papapzoglou & Parthasarathy, 2007). Clearly, the structuring of substance at the molecular
scale extend across the entire spectrum of scientific knowledge counting physics, chemistry,
medicine, or engineering.

However, why should anyone care about nanotechnology or even nanofabrication? If we take a
step back, we find that the microfabrication techniques, such as the conventional lithography,
deposition, or etching have enabled micromachining of architectures down to sub-
micrometer dimensions, (e.g., 400-900 nm). These techniques have attained an adequate
level of maturity and can be found already incorporated commercial MEMS products, like
pressure microsensors, micro-accelerometers, or micro-gyroscopes (Arshak, 2005; Cook-
Chennault, 2008; Guo, 2009; Liu, 2007; Pal, 2006; Tsai, 2007). Other research-grade, sensitive
micro(bio)interfaces (Amatore et al, 2006; Asher et al, 2002; Avramescu et al, 2002 ; Bitziou et
al, 2010; Cosnier, 2000; Deo et al, 2003; Grayson, 2004; Huber et al, 2006; Jungblut et al, 2009;
Knoll et al, 2006; Lee et al, 2009; Marcon et al, 2010; Peteu et al, 2007; Szunerits & Walt, 2002;
Vasilescu et al, 2003 ; Ziaie, 2004a).

More recently, nano-size structures have attracted a colossal interest, due in part to their
unique electrical, magnetic, optical, thermal, and mechanical properties. Clearly, once
properly developed, these nano architectures are expected to lead to a range of electronic,
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photonic, sensing or actuating devices with superior cost-benefit performances, compared
with their macro and micro counterparts. Herein, the focus is on advances and challenges in
nanofabrication of smart bio-interfaces. While staying true to such fascinating thoughts, our
efforts aim to achieve the control at molecular scale. By building block-by-block the new
nano-architectures, one will not only advance scientific knowledge, but also will design and
develop the future nano-parts for the next-generation hybrid smart micro-devices. These
will integrate multi-level hierarchically linked nano-parts with electrical, optical, chemical,
biological functions. Several nanofabrication methods are more mature, others are currently
intensely investigated however these are not per se the subject of this chapter. More details
can be found in well-documented, recent books, chapters or reviews (Bhushan, 2004; Cui,
2008; Kim et al, 2005; Klauser et al, 2010; Kummar et al, 2005; Mirkin & Rogers, 2001; Wang,
Mirkin & Park. 2009; Ziaie, 2004b).

The nanofabrication implies making artifacts whose scale is in the nano domain, 1 to 100
nanometers. As a reminder, 1 nm is one-millionth of 1 mm, 1 nm = 10 mm. To setup stage
for nano, Figure 1 charts a comparison between nano-scale and several familiar components:
one human hair, the human cell, an 1980-old transistor, a bacterium, a virus, DNA, etc.

Down Scaling to Nano Direct and Indirect Nanofabrication:
i Direct Resolution

mens,mr ofznor dlm: Quanbam dot Optical lithography 30 nm
of 1580 e Electron beam lithography 10nm
E :_?T Nano-imprint lithography 10mm
1 Scanming Probe Lithography 20nm
Reactive ion etching 50 nm
Metal Lift-off 10nm

Forused ion beam 30nm

Indirect

Sidewall lithography 50 nmy

Dimensional substract -addition 50mm

Self-assembly, DNA directed 20 nm

Multi-step processing 30 nm

Y High resolution nano-patterning 2nm

Fig. 1. The nanofabrication methods /resolution, compared with manmade vs. natural
micro-nano worlds.

Among nanofabrication methods listed in Figure 1, self-assembly often appears as most
promising, due to its low cost and remarkable ability to produce nanostructures at different
length scales. Consequently, IBM and Cal Tech teamed up to build DNA origami at the
sub-22 nm scale, this nano-circuitry using DNA-directed self-assembly, by dry etching the
SiO, with e-beam lithography, to create sites for the DNA to attach & self organize. Thus,
DNA becomes a scaffold for nanotubes to self-assemble into sub-22 nm circuits (e.g., Aldaye
& Sleiman, 2009; Nanofabrication , 2011 course web).

The strongest driving force for nanofabrication remains perhaps the production of
increasingly smaller electronic components, keeping pace with Moore’s Law forecasting the



Nanoscale Architectures for Smart Bio-Interfaces: Advances and Challenges 65

doubling of IC device density every 18 months (Freebody, 2011; Kahng, 2010). Furthermore,
depending on specific applications, additional vectors could be desirable, including:
complexity of structures, feature density, and materials generality. In addition, the
fidelity/accuracy and scalability (parallel, simple, and cost-effective processing) are also
keys to develop new and useful nanofabrication technologies (Wang, Mirkin & Park, 2009).
One valued consequence of this drive is providing researchers with new tools and nano-
materials to address rewarding topics in materials science and engineering, energy, life
sciences, healthcare and more.
Nanofabrication offers two approaches, top-down and bottom-up. The top-down
nanofabrication constructs objects from larger entities by removing material, while the
bottom-up nanofabrication builds devices structured devices via the assembly of their
molecular parts. While high-resolution lithography methods, like e-beam, can be employed
to fabricate nano-size structures, their serial nature and or cost preclude a widespread
application. This has forced investigators to explore alternative and potentially superior
techniques such as self-assembly or nanoimprint lithography.
This chapter will critically review several specific nanoscale architectures for smart
interfaces, selected as being under intense investigation and with exciting advances reported
(Ali et al, 2008, 2010; Baca et al, 2011; Chi et al., 2005; Ishihara & Takai, 2009; Iwamoto,
Kaneto & Mashiko, 2003; Kim et al.,, 2009, Knoll et al.,, 2008; Shvedova et al, 2010;
Niedziolka-Jonsson, 2010; You et al., 2006, 2007). The following nano interfaces will be
appraised:
1. Nano scale modeling and simulation, enabling nano-fabrication by-design, or
“rationally designed materials”;
2. Hybrid organic-inorganic nanomaterials, specially conductive polymer hybrids for
enhanced sensing and actuation;
3. Nanoplasmonic methods and structures with focus on lamellar plasmonic nano-
interfaces for optical sensors;
4. Nanoelectronics and more specifically the controlled molecular functional architectures
for thin film transistors.

2. Modeling and simulation of nano architectures for rationally designed
materials

2.1 The need for rational nanomaterials design

The investment in nanoscience has been seen by many countries as building a new chance
for the future. The United States has one such team effort, the Chemical Vision 2020
partnership, a chemical industries lead effort (GE, Dow, Intel, DuPont, Honeywell, Ciba,
Rohm and Haas) to accelerate innovation and technology development, to introduce a host
of innovative products to revive and energize the economy, solving major societal problems
and creating new businesses. There is a resilient confidence that Nanofabrication will
catalyze the new manufacturing (www.chemicalvision2020.org).

The traditional, typical methods to discover and develop new nanomaterials, today, are still
based on somewhat focused experimentation and scientific inspiration, rather than on rigorous
engineering design. A new strategy to achieve rational nanomaterials design (RND) or
nanomaterials by design, was discussed by many experts (Burello &Worth, 2011; Nicholls et al,
2011). One possible multi-faceted approach is illustrated in Figure 2, reflecting an
engineering, software-lead, market-oriented mind-set (Mize, 2004).
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Fig. 2. The rational nanomaterials design (RND) complex process integrates the modeling-
simulation methods with the theory, experiment, and converts resulting data into
knowledge, then used in nanofabrication (from Mize, 2004).

The concept of nanomaterials by design, or nanomaterials rational design (NRD) refers to the
ability to employ scientific principles in deliberately creating structures with nanoscale
features (e.g., size, architecture) that deliver unique functionality and utility for target
applications. While advances in technologies including synthesis, manufacturing, and
characterization are very important factors in realizing this vision, an overarching strategy
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and rational design framework is essential. This involves the integration of modeling and
simulation methods with theory, experiment, and the transformation of the resulting
information into knowledge, which is then applied in processing and manufacturing. Key to
this approach is the use of dedicated software — modeling, simulation and informatics
(Barnard, 2010; Schommers, 2007).

In Figure 2, each plane-panel is one facet of NRD concept. Fist, the NRD algorithm of
accelerated product market entry is charted in panel A. Next, the traditional manufacturing
process is compared with the NRD in panel B, using the metaphor of hitting the bull’s eye of a
target. Finally, several modeling and simulation methods in panel C are addressing a range
of sizes, suited for hierarchical materials (edited from Mize, 2004).

Thus, the panel A outlines a “cultural change in the way science and technology are
pursued”, a system leading to “accelerated market entry of products based on
nanomaterials by design “.The goal is creating a nano-material based product able to deliver
unique functionality and utility, for some very specific, pre-designed targeted applications.
Next, the panel B illustrates, in same figure, the process of Rational Nanomaterials Design.
Herein, a traditional product manufacturing process is compared with a rational approach,
using the metaphor of preparing to hit a target, in this case the product rapid market entry.
Here, the traditional process, shown in light blue, results in more of a “hit and miss”
approach, with more products missing the exact target than compared to the rational
approach.. By contrast, the rational approach goes straight to the center of the target, hitting
the “bull’s eye” of optimal properties (Mize, 2004).

Finally, the panel C from figure 2 above, charts the different modeling and simulation
methods to address the range of sizes of a complex material, from nano up to micro
dimensions. The modeling of molecular systems was lately enabled by the unprecedented
capabilities of super computers. This high performance in turn has driven important
algorithmic advances, to a point where advanced calculations can be carried out from our
desktop computers (Mize, 2004).

Molecular modeling and simulation combines methods that cover a range of size scales (the
sub-atomic quantum mechanics; the atomistic level of molecular mechanics methods, the
micrometer-scale mesoscale modeling) in order to study material systems. It is extremely
expensive in terms of computing power to apply the more fundamental methods. Each step
up the length scale offers the ability to model larger and more complex systems, with the
tradeoff of a greater level of approximation in property prediction (Nicholls et al, 2011;
Thamwattana et al, 2010; Vasiliev et al, 2009)

The modeling and simulation efforts are still exploding in different areas, often far apart,
thus somewhat difficult to process, especially by a first-time reader. Thus, for their benefit,
we decided to focus our discussion on modeling and simulation, to one major hub, namely
the NSF-funded Network for Computational Nanotechnology (NCN), including its web-
based interactive educational portal (www.nanoHUB.org).

2.2 Modeling and simulation

Molecular modeling is the materials representation at atomic- molecular level with 3D
computer graphics, via graphical mathematical descriptions of the system. This allows
scientists to predict fundamental relationships between structure, properties, behavior,
composition, and the external stimuli. Simulation is the use of a computer to apply these
methods to imitate the behavior of a real system, leading to a better understanding of that



68 Nanofabrication

system. It can allow the prediction of properties of complex systems with many different
discrete parts (Barnard, 2010; Batelle Institute, 2007; Mize, 2004).

2.3 Case study: The three dimensional nanoelectronic modeling

Device physics and material science meet at the atomic scale of novel nanostructured
semiconductors, and the distinction between a new ultra-small material and a device is
frequently blurred. The quantum-mechanical effects in the electronic states of the device
and also the granular atomistic representation of the underlying material are equally
important. In some instances, the approaches based on a continuum representation of the
underlying material typically used by device engineers and physicists become invalid. Ab
initio methods currently used by material scientists typically do not represent the band gaps
and masses precisely enough for device design, or they do not scale to realistically large
device sizes. The plethora of geometry, material, and doping configurations in
semiconductor nano-devices suggest that a general nano-electronic modeling tool would be
highly desirable (e.g., Qiao et al, 2006; Klimeck et al 2007a; 2007b).

The 3-D NanoElectronic MOdeling (NEMO 3-D) tool was pioneered by Klimeck and others,
to address these needs and was recently expanded to NEMO 5 (Figure 3). Based on
atomistic valence force field and a variety of nearest neighbor tight-binding models (e.g., s,
sp3s*, and sp*dss*), NEMO 3-D enables the computation of strain and electronic structure for
about 64 and 52 million atoms, corresponding to (110 nm)3 and (101 nm)? volumes,
respectively (Klimeck et al, 2007a, b).
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Fig. 3. The NEMO?5 3-D simulation charts the electronic properties of individual atoms into
realistic structures with millions of atoms, and computes relevant nanostructure properties
such as strain relaxation, phonon modes, electronic structure, quantum transport etc
(reproduced from Klimeck, 2011a by kind author’s permission). More details in text.

The physical problem may involve very large scale computations and NEMO 3-D has been
optimized to be scalable from single central processing units to large numbers of processors
on supercomputers and clusters. NEMO 5 is a parallel multiscale tool for nanoelectronics,
allowing among others, simulation of quantum transport in nanodevices using the non-
equilibrium Greens function (NEGF) and open-boundary wave-function formalisms. NEMO
3-D and NEMO5 have been released with an open-source license (in 2003, respectively 2011)
and are developed by the NCN interactive educational portal (www.nanoHUB.org). Two
interesting examples of theoretical models are briefly discussed below, indicative of
essential algorithmic and computational components that have been used in the
development and successful deployment of NEMO 3-D.
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2.3.1 Example: Quantum dots

After much effort in surface chemistry development and optimization by several groups,
fluorescent semiconductor nanocrystals probes, also known as quantum dots or Qdots, are
now entering the realm of biological applications with much to offer to biologists. The road
to success has been paved with hurdles but from these efforts has stemmed a multitude of
original surface chemistries that scientists in the biological fields can draw from for their
specific biological applications. The ability to easily modulate the chemical nature of Qdot
surfaces by employing one or more of the recently developed Qdot coatings, together with
their exceptional photophysics have been key elements for Qdots to acquire a status of
revolutionary fluorescent bio-probes. Indeed, the unique properties of Qdots not only give
biologists the opportunity to explore advanced imaging techniques such as single molecule
or lifetime imaging but also to revisit traditional fluorescence imaging methodologies, or
based on shifting the diffraction peak, and extract yet unobserved or inaccessible
information in vitro or in vivo (Alivisatos, 2004; Asher et al 2002; Cameron, Zhong & Knoll;
Cheng et al. 2008; Feng et al, 2007, 2008; Medintz, Mattoussi & Clapp, 2008; Tomczak, et al.,
2009).

The improved Qdots semiconductor nanocrystals display longer quenching time compared
to conventional fluorescence dyes and size-tunable optical properties, which recommend
them for optoelectronic, photonic or bio-labeling uses. The Qdot synthesis typically happens
in liquid-phase, the resulting nanomaterial quality being influenced by experimental
conditions. Current trends include (i) lowering toxicity for in vivo applications by using
core-shell architectures (starting with Hines et al, 1996) and (ii) switching to “one pot” green
chemistry (Gu, et al, 2004 ; Mekis, et al, 2003). Control over optical properties via the size of
Qdots is exploited in polymer-Qdots hybrid materials, where designer architectures can be
envisioned to match specific applications (Tomczak et al, 2009).

The several still-frames from Figure 4a illustrate the simulation and analysis of a pyramid-
shaped Qdot using the “Quantum Dot Lab” application. Therein, several powerful analytic
features of this tool are demonstrated, including: the visualization of specific 3D wave
functions corresponding to discrete energy levels within the quantum dot; rotating the 3D
volume of the quantum dot with wave function; scanning through the energy levels of the
states inside the Qdot; comparing the absorption curves for different dot sizes (Klimeck &
Haley, 2009).

2.3.2 Example: Electron density in a circular silicon nanowire transistor

Continued down-scaling of transistors have enabled the tremendous advances in consumer
electronics. We are reaching the limits where the individual transistors or on-off electron
valves are only a few nanometers in diameters wide. At these atomic length scales the
electrons do no longer act like billiard balls but like waves. Sophisticated modeling engines
that consider a quantum mechanical description of the electrons, an atomistic description of
the material, and non-equilibrium electron distributions are needed for device design and
optimization.

The "Nanowire" tool on nanoHUB.org enables modeling and simulation of such device, as
illustrated in figure 4b and enables the visualization of the electron density in such ultra-
scaled structures through 3D volume rendering. In each panel, the left and the right regions
on the image represent the large electron densities in the source and drain of the transistor.
The central section represents the gated region that enables the control of the electron flow
through the nano-scale on-off switch (Klimeck & Mehrotra, 2011; Park et al, 2011).
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In the following sub-chapter, we will examine the organic-inorganic hybrid nanomaterials,
specifically conductive polymer hybrids for enhanced sensing and actuation.

a

&S €

Fig. 4. Examples of using the NEMO 3-D tool. (a)Video frames of the simulation and
analysis for a pyramid-shaped Qdot using Quantum Dot Lab; (b) Electron density in Si
nanowire transistor (from Klimeck & Haley, 2009; Klimeck & Mehrotra 2011 reproduced
with kind permission from the author). See text for more details.

3. Hybrid organic-inorganic material interfaces

Next, we will discuss aspects of organic-inorganic hybrid materials an important class of
functional nanomaterials. Many of which are designed to be sensitive to the environment, so-
called responsive or even intelligent. Interestingly, these nano-matrices bring a rich blend of
complementary attributes, e.g., optical, photocatalytic, electrochemical, mechanical
properties, that are tailored for specific applications in nanoelectronics, plasmonics,
bio/catalysis, fuel cells, diagnostic imaging, etc. (Dong et al, 2005, 2006, 2009; Feng et al,
2008; Kickelbick, 2007; Gomez-Romero & Sanchez, 2004 ; Ruiz-Hitzky, Ariga & Lvov, 2007;
Sanchez, et al, 2011; Vivero-Escoto & Huang, 2011; Willner, Willner & Katz, 2007).

3.1 Inorganic and organic molecular components

Hybrid (bio)organic-inorganic materials offer opportunities for both basic research and new
exciting applications, via their inherent multifunctional properties. Today’s design, tailoring
of complex hybrid systems, is possible wvia cross-disciplinary, synergistically coupled
approaches in biomolecular engineering, smart processing or nanofabrication.

The impressive set of inorganic-organic hybrid nanomaterials span a wide spectrum of
properties, yielding innovative applications in areas such as plasmonics, nanoelectronics,
health, energy, the environment among others (e.g., Ruiz-Hitzky, Ariga & Lvov, 2007; Knoll
et al, 2004; Li et al, 2007, Nakamura, Katagiri & Koumoto, 2010; Peng et al, 2007, 2008;
Stemmler et al, 2009; Vivero-Escoto & Huang, 2011).

Today the main hybrid materials that find applications in industry are based mostly on the
association between metal oxides or metal-oxo polymers and organic molecules or macro-
monomers of all kinds including bio-components. An exhaustive description of all the
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chemical reactions involved in the construction of organic and inorganic components is
beyond of the scope of this work and the reader is referred to several reviews and books
(Boissiere, et al., 2007; Cong & Yu, 2009 ; Dong, et al., 2008; Kickelbick, 2007; Romero &
Sanchez, 2004 ; Mullen, et al., 2008; Ray, et al., 2005). A brief outline on the synthetic
nanofabrication of the inorganic and the organic components follows.

3.1.1 The inorganic component

Typical inorganic partners in the hybrid include noble metal nano-objects (Coffinier et al,
2010; Ghodbane et al, 2010), magnetite (FesO4) nanoparticles, solid or mesoporous silica or
quantum dots. The inorganic metal-oxo polymers or metal oxides (Hongqin et al, 2009) are
typically produced as an amorphous or nanocrystalline network, or metal-oxo cluster via
condensation of metal organic precursors or salts. The sol-gel polymerization can be driven
through hydrolysis reactions (addition of water to reactive precursors such as alkoxides, or
chemical or thermal modification of the pH of aqueous solutions containing metallic salts) to
form reactive M-OH species that condense yielding metal-oxo oligomers and polymers
assembled via M-O-M and/or M-OH-M bridges. Metal-oxo species can also be generated
through thermal elimination of organic moieties. The elimination of ester, ether, and/or
alkyl chloride are well known examples of using “sacrificial” routes to produce metal-oxides
through thermally induced non hydrolytic sol-gel chemistry (Escribano, et al., 2008 ; Ohara,
2011 ; Pyun, et al., 2001 ; Shen & Shi, 2010 ; ten Elshof, et al., 2010 ; Yamada, 2009; Yao, Gao
& Yu, 2010; Yuan & Muller. 2010).

3.1.2 The organic component

The organic part is usually a polymer, carbon nanotube, a biomolecule, etc. Organic
components can be introduced into an inorganic network in two different ways, as network
modifiers (molecules) or network formers (macromolecules). The most commonly used
network modifiers or network formers are coupled to inorganic moieties through organo
silicon alkoxides or chlorides. The introduction of organic network formers into an inorganic
network to form hybrid materials can be performed via two main strategies. One method is
by using already pre-synthe-sized functional macromonomers that are compatibilized with
the inorganic component either via chemical grafting “class II” or through embedding with
a growing inorganic network in a common solvent to form “class I” hybrid materials; The
second approach is in situ generation through photo- or thermo- induced polyadditions in
presence of a radical initiator, atomic transfer radical polymerization, chemically or
electrochemically driven oxidative polymerisation (polypyrrole, polyaniline, polythiophene
etc), or polycondensation (polyesters, polyimine, polyamides formophenolic) (Fabregat-
Santiago et al, 2011 ; Hu & Shea, 2011; Ma, et al, 2007; Ohara, 2011 ; Vivero-Escoto & Huang,
2011; Weickert, et al., 2011).

3.2 Nanofabrication of organic-inorganic hybrid nanomaterials

In the same line of environmentally friendly, mild synthetic methods for hybrid
nanocomposites, a hot research topic in material science is the development of bio-inspired
hybrids. Synthetic strategies for functionalized inorganic-organic hybrids based on self-
assembly strategies, whether in-situ, template-induced, evaporation-induced, layer-by-layer,
etc were recently reviewed (Cong et al, 2009). The “soft chemistry” (la chimie douce) approach
to synthesize various organic-inorganic nanomaterials was examined (Sanchez et al, 2011)
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from sol-gel-derived and nano-building blocks-based hybrids, to thin films of nano-
structured porous materials and aerosols. The importance of characterizing the hybrid
interface was highlighted, by using multiple modern techniques such as diffusion-ordered
spectroscopy nuclear magnetic resonance or ellipsometry.

Plasmonic _ Oganic Thin Film Transistors '
Nanosensors

Lamellar Plasmonic Contrast -
Nano-Interfaces I mfwm Electronic | ppotocatalysts / (Bio)catalysts |

Nose:
_ Hyb’:’czl‘:stf;‘r’:s“’e I LSPR Sensors ' Label-Free _
y BioSensors
, ”‘M  Optical Chemical Sensors |
Electrochromic coatings Batteries NanoElectronic

Smart Interfaces

)/

Nanofabricated Hybrid Organic-Inorganic Material Interfaces I

«‘,-\—\\ . .—z
N
® L M :
l Organic

o) .\
i

connector
® e i
Organic functional or Polymers A Nanoclays Nanopartl‘t.:les
Metallic salts and bridged alkoxides M’\o _ m @
functional ligands OnCMErs —— AT
Molecular and Nano-object Precursors I

Fig. 5. The process of micro- and nano-fabricating of real life applications starts at the
bottom, with the synthesis and self-assembly of molecular and nano- precursors into smart
hybrids. Subsequently, these nanofabricated, hierarchically structured, hybrid bio/materials
are employed to manufacture real devices by using of complex interactions, primarily from
physics, chemistry and bioprocessing (reproduced in part from Sanchez, 2011 by kind
permission of the Royal Society of Chemistry).
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3.3 Hybrids based on nanoscale conductive polymers for enhanced sensing and
actuation

The synergistic integration of similar-size biomolecules and nanomaterials resulted recently
in novel cross-bred bio-nano-materials displaying an exquisitely unusual set of electronic,
photonic, catalytic and recognitive properties and functionalities. More specifically, the
electroactive nano-scale polymers have been integrated with receptors, enzymes, antibodies,
whole cells, and or nucleic acids in their matrix, leading to uniquely advanced biosensors
and bioelectronics.
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Fig. 6. The PEDOT-nanostructured interface significantly enhanced electrochemical sensing
of a reactive nitrogen species as analyte. The panels represent: (a). inset showing the
catalytic interface electro-deposition from solution; (b). Cyclic voltammogram for hemin-
modified; (c). Same conditions, for hemin-PEDOT-modifed, after addition of different
aliquots; (d). PEDOT nanostructure as evidenced by SEMs; €. Increased biosensor sensitivity
after adding PEDOT to the catalytic interface (reproduced from Peteu et al, 2010 by kind
permission of Elsevier).

Moreover, the advanced use of conducting polymers in sensors and actuators has grown
over the past decade, also due to their compliance with nano-fabrication. As a result, their
reversible, strong biomolecular interactions at nanoscale translated into (i) biomolecular
sensing with lower detection limits and enhanced sensitivity and also into (ii) nano-
actuating materials (Kulesza, et al, 2006; Lee, et al., 2008).

Thus, electroactive polymers based on polypyrrole or polyethylene dioxythiophene
(PEDOT) were employed to prepare electrochemical or optochemical bioanalytical sensors,
including at nano scale. These ‘synthetic metals’ exhibit high conductivity, mediate fast
transfer of charge carriers and can be synthesized under mild conditions, through simple
deposition onto conductive surfaces from monomer solutions with precise electrochemical
control (Liao, Huang &Li. 2009 ; Muller, et al., 2007 ; Rahman, et al., 2008).

More specifically, by comparison with polypyrrole, PEDOT seems to show a better
electrochemical stability, with a better conservation of its conductivity and charge. Also,
PEDOT has a higher ionization potential, protecting better against the oxidative damage.
These soft, synthetic metals were proven to enhance nano-sensing or deliver nano-actuation.
Recently, one group reported a 50-100 times increase in sensitivity for peroxynitrite
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detection, as a result of adding the nano-structured polyethylenedioxythiophene (PEDOT)
to a catalytic electrochemical detection matrix (Peteu, et al, 2010), as outlined in Figure 6.
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Fig. 7. The actuation of the 50 nm diameter polypyrrole nanowires. (a) Real-time actuation
analysis for the 50 nm diameter polypyrrole-polytoluenesulphonate nanowire as the voltage
is cycled 0 to =1 V. As expected, the nanowire shows cyclical increase and decrease
behavior, with the greatest change in height at =1 V; (b) Actuation strain plot for 50 nm
diameter PPy(pTS) nanowire confined in a polycarbonate membrane as the voltage is cycled
from 0 to -1 V; (c) Three-dimensional AFM rendering showing a PPy(pTS) nanowire
protruding from the surface of the polycarbonate membrane, its surface chemically etched
to expose more of the embeded nanowires; (d) Analysis of four, 50 nm diameter, PPy(pTS)
nanowires. The three points in each data set correspond to the initial oxidizedstate,
reduction, then reoxidation of the nanowires (reproduced from Lee et al, 2008, with kind
permission by Institute of Physics).

The inherently conductive nanoscale polymers molecules can designer-hybridize with
inorganic nano-components leading to tailored, bottom-up nanofabricated, materials with
unique properties. Amongst these are nano-scale or nano-structured actuators allowing the
conversion of chemical, electrical or thermal energy/ sources into mechanical energy. These
so called artificial muscles have found nano-scale applications including for nanorobots or
responsive release of countermeasures (Liu, et al, 2010; Tamagawa, et al, 2011).

Additionally, nanoscale actuators are expected to become a major area of development
within nanofabrication. They are essential components of the NEMS and nanorobots of the
future, and are poised to become a major area of development within nanoscience and
nanotechnology. As illustrated in Figure 7, our group has reported for the first time the
actuation of individual 50 nm diameter polypyrrole nanowires, when triggered
electrochemically in solution, by volume change as the result of its oxidation state (Lee et al,
2008).
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In the following sub-chapter, we will examine the plasmonics methods and structures, with
focus on lamellar plasmonic nano-interfaces for optical sensors.

4. Nanoplasmonic interfaces

The last decade was marked by exciting discoveries and advances in two young scientific
fields that concern optically active nanostructures: mnanophotonics and plasmonics.
Nanophotonics represents the study of interactions between light and nanostructured
matter, which occur at subwavelength ranges and are determined by the very specific
physical, chemical and structural properties of nano- matter. The spotlight herein will be on
plasmonics and its applications. However there are several reviews and books available
with focus on nanophotonics for those interested. (Eustis, S. & El-Sayed, 2006; Stewart et al,
2008; Willets & Van Duyne, 2007)

Current research in nanoplasmonics is directed towards understading through the effects of
nanostructures on surface plasmon resonance (SPR), finding new nanomaterials, such as
periodically nanostructured thin films or metamaterials and nanoporous silicon layers for
increased sensitivity and for supporting excitation using THz frequency range rather than
the visible wavelength band. Future research will continue to be directed also towards
hyphenation of plasmonic sensors with other techniques such as interferometry for better
sensitivity or for obtaining complementary information (Kim, et al., 2008; Sannomiya &
Voros, 2011).

4.1 Plasmonic metamaterials

The rapid development of synthetic nanofabrication for complex, nanoscale metal structures
has led to the emergence of the field of plasmonics, exploring the local and far fields around
small metal particles. Additionally, it is concerned with the use of particle morphology as a
means to control and tune these fields and with the way energy is dissipated and
transported through these structures. It is centered on optical properties of metallic
nanostructures and their use for manipulating light at the nanoscale (Ahl et al, 2008; Galopin
et al, 2009; Gitsas et al, 2010; Grosserueschkamp et al, 2009; Zhou et al, 2010) and some
plasmonic nanomaterials are illutrated in Figure 8.

Plasmonic metamaterials, exhibiting simultaneously negative dielectric permittivity and
magnetic permeability in a given frequency range, hold the promise for significantly
increasing the field depth in imaging applications as well as for a higher sensitivity to
changes in the bulk solution. (Mayer & Hafner, 2011; Stewart et al, 2008).

4.2 Nanoplasmonic sensitive interfaces

Another interesting recent achievement concerns the nanofabrication of a coherent nano-
metallic light source, or surface plasmon amplification by stimulated emission of radiation,
or SPASER, consisting in a 44-nm diameter nanoparticle with a Au core surrounded by a
shell of dyed silica which acts as a gain medium possible applications including magnetic
data-storage industry, nano- lithography, probing and microscopy (Bergman & Stockman,
2003; Noginov, et al.,, 2009). Some very exciting highlights of nanoplasmonic sensitive
interfaces include the plasmonic nanoholes, the surface-enhanced Raman spectroscopy
(SERS), the localized surface plasmon resonance, or the localised surface plasmon
fluorescence (Galopin et al, 2009a; Tripp, Dluhy & Zhao, 2008). These and others are
employed for detection or imaging and will be briefly discusses below.
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Fig. 8. Plasmonics nanomaterials. (a) Localized surface plasmon of a metal sphere showing
the displacement of the electron charge cloud relative to the nuclei. (b) Dark-field
microscopy image and corresponding SEM images; (c) light scattering spectra of Au
nanocrystals of different shapes; (d) illustration of Dark field scattering of Au colloids of
various sizes from year 1909); (e) actual photo of similar colloid solutions (reprinted from
Kelly et al, 2003 with kind permission from American Chemical Society, from Kuwata, et al.,
2003 with kind permission American Institute of Physics and from Mayer & Hafner, 2011
with kind permission from the American Chemical Society).

The discovery in 1998 of extraordinary optical transmission (EOT) in arrays of
subwavelength nanoholes in a metallic film (Ebbesen, et al, 1998) led to important progress
in instrumental design for SPR biosensing, and improvement of sensitivity of both detection
and imaging (Lindquist, et al, 2009). Designs based on nanohole arrays served to monitor
the binding of organic and biological molecules to the metallic surface or to the spectacular
observation, with the naked eye of protein monolayer formation. In an interesting
experimental setup, nanoholes served a dual purpose: as the optical active element for
analyte detection and as nanochannels facilitating analyte mass transport to the active
surface (Eftekhari et al , 2009).

New exciting possibilities for biodetection using plasmonic devices arise from the localized
surface plasmon resonance (LSPR) phenomenon displayed by nanomaterials (such as metal
nanoparticles, nanoshells,nanodisks, nanowires etc (Lu, et al, 2009; Praig et al, 2009; Zhou et
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al, 2008) as a result of interaction of light with particles much smaller than the incident
wavelength. A result derived from LSPR studies is the advance in highly sensitive surface
characterisation methods such as SERS, in particular very sensitive, and producing a specific
signal, or fingerprint of certain molecules. For example, the in situ cell pH sensor was
mapped in situ with SERS and gold nanoparticles functionalized with 4-mercapto-benzoic
acid. One consequence of LSPR is the significantly higher resulting electric field, which offer
opportunities to improve the sensitivity of the detection (McFarland, et al, 2003; Raschke, et
al. 2003; Baciu, et al., 2008)

Although LSPR has a short penetration depth of the electric field (around 20 nm), the
intensity of SPR signal is strongly dependent on the shape, size, material nature and
architecture of nanoplasmonic devices, active research being currently focused on
understanding and controlling this relationship. LSPR biosensors include label-free
detection of the biomolecular interactions, such as antigen-antibody reactions, DNA-DNA
or PNA-DNA hybridizations to monitor cell activity by measuring cell metabolites and
sensitive detection small analytes (e.g glucose) or antibodies Besides LSPR, localized surface
plasmon coupled fluorescence was also exploited to obtain highly sensitive biosensors
(Endo, et al., 2006, 2008; Yamamichi, et al., 2011; Zhou et al, 2009).

4.3 Lamellar plasmonic nanointerfaces for optical sensing

Plasmonics applications include high performance near-field optical microscopy (NSOM),
high resolution imaging, targeted drug delivery, biosensors, catalysis, solar cells. Also, it is a
preferred approach to attain exquisite precision in controlling optical processes. Recent
investigations encompass a wide range of examples of interactions between light and
nanostructured matter, from guiding the light through metal nanowires below the
diffraction limit to optical lenses formed by a thin film of metal, components of
metamaterials (artificial materials from nanoscale building blocks), or lamellar plasmonic
nanointerfaces for optical sensors (e.g., Galopin, et al., 2010 ; Niedziolka-Jonsson, et al, 2010;
Szunerits, et al., 2008a; 2008b; 2010; Touahir et al., 2011)

In particular, the nanostructured noble metals exhibit an intense optical near field due to
surface plasmon resonance (SPR), therefore promising widespread applications and being of
interest to a broad spectrum of scientists, ranging from physicists, chemists, and materials
scientists to biologists. A versatile, highly-sensitive detection of DNA hybridization is
described using metal nanostructures-enhanced fluorescence (MEF) emission intensity
when fluorescently-labeled DNA oligomers are covalently immobilized on a nanometer-thin
amorphous silicon-carbon layer capping the metal nanostructures (Touahir, et al, 2010).

The MEF structures are formed by thermal deposition of silver, gold or silver/gold thin
films on glass surfaces and post-annealing at 500 °C. The choice of the metal film allows for
tuning the optical properties of the interface. The metallic nanostructures are subsequently
coated with an amorphous thin silicon-carbon alloy (a-5i0.80C0.20: H) layer deposited by
PECVD. Carboxydecyl groups are attached on these surfaces through hydrosilylation then
reacted with amine-terminated single-stranded DNA oligomers, forming a covalent link.
The immobilized DNA is hybridized with its complementary strand carrying a fluorescent
label. Through optimization of the thickness of the a-5i0.80C0.20: H alloy overlayer and by
working close to resonance conditions for plasmon and fluorophore excitation, the
hybridization of very dilute oligomers (5fM) is easily detected, and the hybridization
kinetics can be monitored in situ and in real-time as illustrated in Figure 9.
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Fig. 9. Lamellar plasmonic sensor (A) Schematic of the LSPR-metal enhanced fluorescence
structure and set up (B) Surface functionalizing reaction scheme. (C) Fluorescence intensity
of Cy5-ON targets hybridized with immobilized probes (a) and probes (b). Curve (c),
enlarged in the inset, correspond to the hybridization of Cy5-ON' targets with immobilized
probes. The sensor is obtained from structure 4 coated with 5 nm a-SipsCo: H. An
exponential fit of curve (c) is shown in the inset (reproduced from Touahir, et al, 2010, with
kind permission from Elsevier).

Coating metal nanostructures with a nanometric thin film of amorphous silicon-carbon
alloy allows for designing an efficient sensor, which exhibits a good stability in conditions
typical of biological assays and with efficient covalent attachment of the biological probes.
Such a sensor exhibits a high sensitivity, allowing for the detection of trace amounts of DNA
and the investigation of hybridization kinetics in situ and in real-time, in a spatially-
resolved, classical geometry of epi-fluorescence.

Such investigations do therefore not require the setting up of custom made, highly accurate
instrumentation, which should make this type of measurements easier and help in
determining the respective roles of the various factors coming into play for determining
hybridization kinetics at solid surfaces. Another attractive characteristic of these substrates
is the capability of recording images of labeled fluorescent probes with a high sensitivity,
while simultaneously monitoring the interaction of the probes with non-labeled species
present in the assay through LSPR imaging. This capability should help in analyzing
phenomena like competitive interactions which come into play in realistic diagnostic assays
(Barka, et al., 2011; Touahir, et al, 2010; Khor et al, 2007).
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Fig. 10. LSPR-based, core-shell nanoparticle layer device for label-free multi-detection of
antigen-antibody reaction. (a) Schematic of the LSPR-based nanochip. The surface modified
silica nanoparticles were aligned onto Au deposited glass substrate, with the Au film
subsequently deposited onto the silica nanoparticle layer. (b) Experimental setup of the
multi-array chip. (c) Chip design illustrating antibody immobilized spots and antigen
concentrations. Six kinds of antibodies and antigens were spotted onto the multi=array
LSPR-based nanochip surface (reproduced from Endo et al, 2006, with kind permission from
the American Chemical Society).

The past decade has witnessed an exciting research effort directed toward the development
of hybrid plasmonic interfaces, driven mainly by convincing applications in SPR and LSPR
sensors and enabled by rapid progress in nanotechnology and nanoscale science, which in
turn facilitates their successful synthesis and characterization.

In the following sub-chapter, we will examine the nanoelectronic interfaces , with focus on
organic thin film transistors with molecular scale label free detection.

Before LSPR sensors can become high-throughput laboratory and clinical screening tools to
compete with ELISA and other common assays, the technique must be parallelized to
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handle large numbers of samples. Figure 10 illustrates an exciting display of the potential of
this technology. An LSPR-based multi-array chip was nano-fabricated by depositing an
array of 300 spots of nanoliter volumes of antibody solutions on a film of gold capped
nanospheres. A scanning optical probe was employed to measure the optical absorbance of
the film, to compare the affinity of each antibody for the analyte. The change in integrated
absorbance was measured, rather than an LSPR peak shift. Antigens were detected for
concentrations in the region of 100 pg/mL (Endo, et al., 2006).

5. Nanoelectronic Interfaces

5.1 Nanofabrication and materials for nanoelectronics

Nanoelectronic devices are based on structures whose material properties vary on an atomic
length scale. Such structures can be created with a variety of experimental methods in a
variety of different material systems. Interfaces between different materials can be
atomically abrupt. These abrupt interfaces enable device designers to confine electrons
quantum mechanically. Interactions/transitions between different man-made quantum
mechanical states open a cornucopia of new device applications.

Meanwhile, a model of an organic semiconductor nano-device is illustrated in Figure 11.
This model from fig. 11a shows the ultimate miniaturization of nanoscale logic circuits. An
electron, entering at the lower left electrode, can be directed with varying degrees of
probability, to one of the three output electrodes in the upper part of the picture. An
aromatic molecule (naphthalene) bonded to four gold electrodes (green) by sulfur atoms
(blue) and polyacetylene wires. An insulator on the surface prevents cross-talk between the
electrodes. Parts of the molecule and electrodes are drawn in brighter (darker) colors, to
suggest an active (inactive) state during a particular read-out. The X, Y, Z symbols represent
three possible logical inputs, which can be operated on in various ways to produce a quasi-
digital logical output (Stadler et al, 2003).
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Fig. 11. Organic semiconductor nano-devices. (a) Model showing, arguably, the ultimate
miniaturization of nanoscale logic circuits (reproduced from Stadler et al, 2003 with kind
permission from Institute of Physics); (b) A typical organic thin-film transistor (OFET);
(A-D) The characteristic forms of carbon, and their dimension. See text for more details.
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A typical organic thin-film transistor (OFET) is a field-effect transistors (FET) with organic
semiconductors in its channel and is made by depositing thin films. The FET has three
essential components, source (S), drain (D) and gate (G), as illustrated in Figure 11b. The
gate controls the carrier movement from the source to the drain. Moreover, current OFETs
are investigating the use of nano-structured materials such as carbon, to enhance their
response. The characteristic forms of carbon, and their dimension as shown in figure 11 are:
fullerenes (0D), nanotubes (1D), graphene (2D), graphite (3D).

5.2 Organic thin film transistors as biosensors with molecular scale label free
detection

Rapid and highly sensitive PNA-DNA hybridization assays have attracted enormous
attention for a wide variety of applications ranging from genotyping to molecular diagnosis
(Huang et al, 2001; Ito et al, 2007; Nakamura et al, 2006; Kelly et al, 2003). Conventional
optical detection systems based on microarrays and real-time PCR involve expensive
detection protocols, typically requiring a fluorescent dye and optical sources/detectors;
however, this method has become the standard technique for quantifying the extent of
hybridization between surface immobilized probes and fluorophore-labeled DNA targets
(Yameen et al, 2010; Yin et al, 2011).

The flowchart of fabrication of an organic thin film transistor (OTFT) is illustrated in Figure
12. This particular OTFT has been nanofabricated as follows (Khan et al, 2011a). On either
n++ silicon or polyimide substrates with a thin Al film, a 25 nm PVP-HDA dielectric layer
was spin-coated, followed thermal evaporation of a 25 nm pentacene active layer and a 35
nm CuPc passivation layer. Source-drain (S-D) electrodes with a width (W) of 1000 pm and
length (L) of 50 pm were deposited through a shadow mask. The flow cell was laminated on
top of OTFTs for operation in buffer media and biosensing demonstrations.

On a similar device (Khan et al, 20111b), charge discrimination experiments were performed
for bovine serum albumin (BSA)/anti BSA immunoassay formation in aqueous buffer
solutions at different pHs using OTFT and SPR sensors. The solid arrows indicate an
injection of anti BSA and open arrows indicate exchange with pure buffer solution. The
OTEFT current response (IDS/IDS-baseline) with time upon exposure to anti BSA (500 nM)
diluted in buffer solution at pH 7 (black curve) and at pH 5 (blue curve) while operating at a
constant bias (VG = -5 V, VDS =-2 V), as sown in figure 12a. The SPR response, as a ratio
between the minimum resonance angle shift (RAS) and the RAS baseline with time, upon
exposure to anti BSA (500 nM) diluted in buffer solution at pH 7 (black curve) and at pH 5
(blue curve) using SPR sensing platform, is illustrated in figure 12b.

Recent advances in chemical detection research, in part benefiting from the overwhelming
progress made in organic electronics, have shown great promise for a viable, low-cost
alternative to current optical detection systems. The utilization of organic transistor
technology in chemical sensors is particularly encouraging. This simple platform allows for
the fabrication of low-cost, large-area, and flexible devices with air stability, low-power
consumption, biocompatibility, and facile surface modification for the detection of a wide
range of analyte species (Knoll, et al., 2011a; Khan et al, 2010; Roberts, et al., 2008).

Many examples exist for the detection of analyte vapors using similar organic thin film
transistor (OTFT) platforms, with numerous reports addressing the ability to identify
particular analytes either through the use of a fingerprint response or by incorporating
selective detection layers on functional OTFTs. Few examples of chemical detection in
aqueous systems have been demonstrated. However, these devices were not selective
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toward a particular analyte (Knoll, et al., 2011b; Khan, et al., 2011; Roberts, et al., 2008, 2009).
A selective, in situ detection with OTFTs requires a versatile method for the immobilization
of various selective molecular probes within proximity to the active transport channel.
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Fig. 12. OTFT sensor fabrication process. Charge discrimination experiments for
BSA/antiBSA immunoassay formation in aqueous buffer solutions at different pHs using
OTEFT and SPR sensors, the solid arrows indicating an injection of antiBSA and open arrows
indicate exchange with pure buffer solution, with (a) the OTFT current response and (b) the
minimum resonance angle shift (RAS) response from the SPR sensing platform (reprinted
from Khan et al, 2011a and from Khan et al, 2011b with kind permission from the American
Chemical Society). See text for more details.

A flowchart of an experimental setup of a carbon nanotube (CNT)-based OTFT sensor and
the qualitative, expected detection results are illustrated in Figure 13. The use of a target
concentration (e.g., 100 nM) of target DNA complement provides excellent discrimination
against single/double base mismatches. A Langmuir model can be used to fit the kinetic
measurements on the OTFTs sensors based on the PNA-DNA hybridization, which showed
that a high affinity constant on the order of K =4 x 108 M1 can be achieved in these organic
transistor-based detection systems. These OTFT sensors would benefit from the
transduction of the DNA binding to an easily read electronic signal.

5.3 Other nanoelectronic devices

Improvement in fabrication will stem from combining bottom-up with “top-down” and self-
assembly strategies. New materials such as graphene nanoribbons, organic-inorganic
hybrids, inorganic nanowires need to be integrated in
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higher-architecture devices. On the other hand, integration of nanostructures in complex
systems including micro-fluidics or on Si wafers, etc are extremely important. To this end,
the properties at Si-biomolecule interface should be exploited. The nanoelectronics-enabled
high computational capacity seems to be critical for future high-throughput screening in
clinical medicine or and pharmaceutics. The future nanoelectronic devices should lead to
increased functionality and information storage and improve abilities to power and process
information from complex in-vivo sensors, drug delivery devices, biomolecules labeling,
and protein studies (Yamamoto, et al., 2009).
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Fig. 13. A model of a carbon nanotube-based, organic thin film transistor sensor. (a-e) The
flowchart schematic of the experimental setup; (g-h) The expected qualitative detection
results for this model.

Several nanoelectronics applications are in the areas of lasers, detectors and/or memory. For
lasers, the electrons in higher energetic states can emit photons by a transition to lower
energetic states. Electrons in detectors can be excited by a photon to jump from a lower to a
higher energetic state. Furthermore, in the case of logic memories, the electrons can transition
without loss of energy from one quantum state to the next by quantum mechanical
tunneling. The speed of such electronic transport can be extremely high, leading to new low
power and high density devices.

The continuing quest for better, faster, inexpensive, smaller devices moved into the nano
realm about a decade ago, with spectacular effects, especially visible in the semiconductor
industry. This brought along new challenges in nano-fabrication including nano-patterning
methods and other approaches such as scanning probe lithography, nanoimprint lithography and
self-assembly show promise for precise manufacturing of nanoelectronic devices.

6. Looking ahead, advances and challenges

This chapter has reviewed recent developments in nanoscale architectures for smart bio-
interfaces, with focus on four main areas: (ijthe modeling and simulation to enable
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nanofabrication by-design; (ii)the organic-inorganic, hybrid, conductive polymer-based
nanomaterials for enhanced sensing, actuation; (iii)the lamellar plasmonic nano-interfaces
for optical sensors; (iv)the controlled molecular functional architectures for thin film
transistors. The specific nanofabrication methods and results were emphasized in each case
and a number of references were selected.

The National Nanotechnology Initiative (NNI) was created in the United States in the year
2000 (Roco, Williams & Alivisatos, 1999). A recent peered-reviewed study, so-called Nano2
Report, was prompted by a decade of NNI mandated-efforts (www.wtec.org/nano2). This
report “Nanotechnology Research Directions for Societal Needs in 2020”(Roco, Mirkin &
Hersam, 2010) aptly highlights the main advances since the year 2000, the fundamental
goals by 2020 and the expected challenges to be overcome. Interestingly, the research
directions reviewed include “theory, modeling & simulation”, “nanoelectronics &
nanomagnetics”, “nanophotonics & plasmonics”, with brief conclusions in an easy to
follow, table format. Thus, we would refer the reader to this report, due to text space
constraints.

In terms of dealing with risk and benefits of nanofabrication and nanotechnology, there are
two extreme views, with everything else in between. While the “optimistic” side emphasizes
mostly the colossal potential benefits, the “pessimists” are accentuating the major risks
involved, this occasionally heating up as a public policy debate.

In fact that, today, nanofabrication-enabled products are marketed to an estimated 254
thousand million US dollars (USD) worldwide, with 91 thousand million USD in the United
States alone. These global trends foretell a doubling, every three years, of the number of
nanofabricated products and dedicated workers. It seems that the nanotech-fueled optimism
of Ratner & Ratner is carried along: experts are now projecting for 2020 a 3 trillion USD
market with 6 million workers involved. We would all wish to get some of that, would we
not? Perhaps this optimistic view of nanofabrication and nanotechnology would be the best
way to conclude.
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1. Introduction

Metal oxides have been widely used in electro devices, optical devices, etc. Recently, liquid
phase syntheses of them attract much attention as future technology and novel academic
field. Especially, liquid phase syntheses of anisotropic particles or films are expected for
next generation metal oxide devices. This section describes liquid phase morphology control
of anisotropic metal oxide. They were realized by precise control of nucleation and crystal
growth. They showed high performance of solution systems for future metal oxide devices.
Liquid phase morphology control of anisotropic metal oxide particles and films would
contribute to development of metal oxide science and technology.

2. Morphology control of acicular BaTiO3 particles’

Acicular BaTiO; particles were developed using solution systems. The morphology of
BaCyO; - 0.5H,O was controlled to acicular shape. Its phase transition to BaTiOs; was
realized by introducing Ti ions from the coprecipitated amorphous phase. Acicular BaTiOs
particles have an aspect ratio as high as 18 and the particle size can be controlled by varying
the growth period of BaC;O4 - 0.5H2O which governs the size of BaC;O4 - 0.5HO particles.
Acicular particles of crystalline BaTiO; can be used for ultra-thin multilayer ceramic
capacitors.

Multilayer ceramic capacitors (MLCC) are indispensable electronic components for
advanced electronic technology?12, but larger capacity and smaller size are needed for
future electronic devices. To meet these needs, BaTiOs particles were downsized, but
ferroelectric ceramics lose their ferroelectricity when their particle size is decreased and lose
ferroelectricity entirely at a critical size211. This is known as the size effect and it impedes the
progress of MLCC, so a novel solution has been eagerly anticipated.

Here, we propose MLCC using acicular BaTiO; particles!3. An ultra-thin ferroelectric layer
and high capacity can be realized by acicular particles having a high aspect ratio. The short
side provides an ultra-thin ferroelectric layer and the large volume caused by the long side
avoids the loss of ferroelectricity at the critical size. Anisotropic BaTiO; particles are thus a
candidate for MLCC. BaTiO; has, however, an isotropic cubic or tetragonal structure, and its
morphology is extremely difficult to control due to its isotropic crystal faces. We focused on
triclinic BaC,O4 - 0.5H>O which has an anisotropic crystal structure and controlled the
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morphology of these particles by precisely controlling crystal growth. We also achieved
phase transition of BaC;Oy4 - 0.5H2O to crystalline BaTiO3 by introducing Ti ions from the
coprecipitated amorphous phase. Having developed several key technologies, we were
successfully able to produce anisotropic acicular BaTiO; particles.

Morphology control of BaTiO; to rod-shape was reported previously. Additionally, metal
oxalates (MC>O4) have been used for synthesis of rod-shaped oxides or hydroxides. Y.
Hayashi et al. reported preparation of rod-shaped BaTiOs from rod-shaped TiO,-nH>O and
BaCO;3 in molten chloride at high temperature!4. Li et al. reported preparation of nanoflakes
and nanorods of Ni(OH),, Co(OH), and Fe;Oy4 by hydrothermal conversion at 160 °C for 12h
from MCO42H,O in NaOH solutions!>. Sun et al. prepared flowerlike SnCoOy
submicrotubes in ethanol solutions containing SnCl> and oxalic acid. They were annealed at
500 °C for 2 h in ambient atmosphere to obtain flowerlike SnO, submicrotubes?é.

Oxalic acid (252 mg) was dissolved into isopropyl alcohol (4 ml) (Fig. 1)1. Butyl titanate
monomer (0.122 ml) was mixed with the oxalic acid solution, and the solution was then
mixed with distilled water (100 ml). The pH of the solution was increased to pH = 7 by
adding NaOH (1 M) and distilled water, while the volume of the solution was adjusted to
150 ml by these additions. The aqueous solution (50 ml) with barium acetate (39.3 mg) was
mixed with the oxalic acid solution. The mixed solution containing barium acetate (0.77
mM), butyl titanate monomer (2 mM) and oxalic acid (10 mM) was kept at room
temperature for several hours with no stirring, and the solution gradually became cloudy.
Stirring causes the collision of homogeneously nucleated particles and destruction of large
grown particles, and so was avoided in this process. The size of the precipitate was easily
controlled from nanometer order to micrometer order by changing the growth period. Large
particles were grown by immersion for several hours to evaluate the morphology and
crystallinity in detail.

Crystal growth of

acicular particles
[C4HyO),Ti [ == 7 [
H,C,0,72H,0 P TR 750°C, 5h
CHyCH[OH)CH,(i-C3H,0H) | ¢ ﬂ N ﬂ — —
Ba{CH.COO), N h'\ ¢ -
H,O o - f a4
room temp., no stirring C\\‘\é f % 0 = . Triclinic BaC2040.5H20  Tetragonal BaTiOs
U = + Ti-containing amorphous

Fig. 1. Conceptual process for fabricating acicular BaTiOs particles. Morphology control of

BaCy0O4 ¢ 0.5H20 particles and phase transition to BaTiOs. Reprinted with permission from
Ref.1, Masuda, Y., Yamada, T. and Koumoto, K., 2008, Cryst. Growth Des., 8, 169. Copyright
@American Chemical Society

Oxalate ions (C2042) react with barium ions (Ba2*) to form barium oxalate (BaC>Oy - 0.5H;0O).
BaCO4 - 0.5H,O is dissolved in weak acetate acid provided by barium acetate
((CH3COO);Ba), however, it can be deposited at pH 7 which is adjusted by adding NaOH.
BaC,0; - 0.5H,0 was thus successfully precipitated from the solution.

Acicular particles were homogeneously nucleated and precipitated from the solution. They
were on average 23 pm (ranging from 19 to 27 um) in width and 167 um (ranging from 144
to 189 um) in length, giving a high aspect ratio of 7.2 (Fig. 2). They had sharp edges and
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clear crystal faces, indicating high crystallinity. A gel-like solid was also coprecipitated from
the solution as a second phase.

Triclinic BaC20a4 0.5H20
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Fig. 2. SEM micrograph and XRD diffraction pattern of acicular BaCO4 * 0.5H>O particles
precipitated from an aqueous solution at pH = 7. XRD diffraction measurement data (first
step), XRD pattern calculated from crystal structure datal6 (second step) and XRD pattern
of JCPDS No. 20-134 (third step) are shown for triclinic BaC,04 ¢ 0.5H>0. Reprinted with
permission from Ref.1, Masuda, Y., Yamada, T. and Koumoto, K., 2008, Cryst. Growth Des., 8,
169. Copyright @American Chemical Society

XRD diffraction patterns for the mixture of acicular particles and gel-like solid showed
sharp diffraction peaks of crystalline BaC,O4 - 0.5H>O with no additional phase. Acicular
particles were crystalline BaCxO4 - 0.5H2O and the gel-like solid would be an amorphous
phase.

Fortunately, BaC;O4 - 0.5H>O has a triclinic crystal structure as shown by the model
calculated from structure datal? (Fig. 2 XRD first step) and thus anisotropic crystal growth
was allowed to proceed to produce an acicular shape. Each crystal face has a different
surface energy and surface nature such as zeta potential and surface groups. Anisotropic
crystal growth is induced by minimizing the total surface energy in ideal crystal growth.
Additionally, site-selective adsorption of ions or molecules on specific crystal faces
suppresses crystal growth perpendicular to the faces and so induces anisotropic crystal
growth. These factors would cause anisotropic crystal growth of BaC>O4 - 0.5H>O and hence
allow us to control morphology and fabricate acicular BaCxO4 - 0.5H>O particles. The
positions of diffraction peaks corresponded with that of JCPDS No. 20-0134 (Fig. 2 XRD
third step) and that calculated from crystal structure datal? (Fig. 2 XRD second step),
however, several diffraction peaks, especially 320 and 201, were enhanced strongly
compared to their relative intensity. The enhancement of diffraction intensity from specific
crystal faces would be related to anisotropic crystal growth; a large crystal size in a specific
crystal orientation increases the x-ray diffraction intensity for the crystal face perpendicular
to the crystal orientation.

EDX elemental analysis indicated the chemical ratio of the precipitate, which included
acicular particles and gel-like solid, to be about Ba / Ti = 1 to 1.5. The chemical ratio
indicated that the coprecipitated amorphous gel contained Ti ions. Additional Ba ions can be
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transformed into BaCO3 by annealing and removed by HCI treatment in the next step. The
ratio was thus controlled to slightly above Ba / Ti = 1 by adjusting the volume ratio of
acicular particles and gel-like solid. Consequently, acicular particles of crystalline BaCO; -
0.5H>0 with Ti-containing gel-like solid were successfully fabricated in an aqueous solution
process.

In comparison, isotropic particles of barium titanyl oxalate (BaTiO(C2O4)2 - 4H2O) were
precipitated at pH 2. TiOC,O4 was formed by the following reaction in which the reaction of
oxalic acid (H2C2O4 - 2H>0O) with butyl titanate monomer ((C4HyO)4Ti) and hydrolysis can
take place simultaneously?s.

(C4H90)4Ti + H,C,04 - 2H,0 — TiOC,04 + 4C4sHyOH + H,O (a)
TiO(C204) was then converted to oxalotitanic acid (H2TiO(C2Oy)2) by the reaction:

TiO(CzO4) + H,C,0O4 « 2H,0 — HzTiO(CzO4)2 + 2H,0O (b)

Alcoholic solution containing oxalotitanic acid (HoTiO(C2O4),) formed by reaction (b) was
subjected to the following cation exchange reaction by rapidly adding an aqueous solution
of barium acetate at room temperature:

HzTiO(CzO4)2 + Ba(CH3COO)2 — BaTiO(C204)2 i + 2CH3;COOH (C)

BaTiO(C204)2 isotropic particles were formed by reaction (c).

On the other hand, neither BaC;04 - 0.5H;0 nor BaTiO(C2Oy); was precipitated at pH 3 to
pH 6. Gel-like solid was formed in the solution and their XRD spectra showed no diffraction
peaks. The amorphous gel that precipitated at pH = 3 to 6 would be the same as the
amorphous gel coprecipitated at pH 7.

These comparisons show that the crystal growth and morphology control of BaCxO, -
0.5H,0 are sensitive to the solution conditions.

The precipitate was annealed at 750 °C for 5 h in air. Acicular BaCoO4 - 0.5H>O particles
were reacted with Ti-containing amorphous gel to introduce Ti ions to transform into
crystalline BaTiO;. X-ray diffraction of the annealed precipitate showed crystalline BaTiOs
and an additional barium carbonate phase (BaCOs). Excess precipitation of BaC;O4 - 0.5H2O
caused the generation of barium carbonate phase (BaCOs) as expected.

The annealed precipitate was further immersed in HCI solution (1 M) to dissolve barium
carbonate (BaCO:3). Acicular particles of crystalline BaTiO3 were successfully fabricated with
no additional phase. Particles showed acicular shape with 2.8x10x50 pm and x-ray
diffraction of single-phase crystalline BaTiOs (Fig. 3). The high aspect ratio of the particles
(17.8 =50 / 2.8) would be provided by that of BaC>O4 - 0.5H2O particles. The particle size of
acicular BaTiOj; can be easily controlled by the growth period and solution concentration for
BaCx0y - 0.5H20 precipitation which decides the particle size of BaC;O, - 0.5H20O.

BaTiO3 has a cubic crystal structure at high temperature above phase transition and has a
tetragonal crystal structure at room temperature. The cubic crystal structure is completely
isotropic and the tetragonal crystal structure results from stretching a cubic lattice along one
of its lattice vectors. For both of the crystal structures it is difficult to control anisotropic
crystal growth, however, with our newly developed process we could successfully control
the morphology and fabricate acicular particles. This was achieved by controlling the
morphology of triclinic BaC>Oy - 0.5H>0 to acicular shape and the phase transition to BaTiOs
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by introducing Ti ions from the coprecipitated amorphous phase. The novel concept can be
applied to a wide variety of morphology control and crystal growth control for advanced
electronic devices composed of crystalline materials.

Tetragonal BaTiO3
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Fig. 3. SEM micrograph and XRD diffraction pattern of acicular BaTiOs particles after
annealing at 750 °C for 5 h and HCl treatment. XRD diffraction measurement data (first
step) and XRD pattern of JCPDS No. 05-0626 (second step) are shown for tetragonal BaTiO:s.
Reprinted with permission from Ref.l, Masuda, Y., Yamada, T. and Koumoto, K., 2008,
Cryst. Growth Des., 8, 169. Copyright @ American Chemical Society

3. Morphology control of ZnO particles®?

Ethylenediamine (H>N-CH>CH>-NH,, 15-45 mM, Sigma-Aldrich) was added to the zinc
acetate aqueous solution (Zn(CH3COO),, 15 mM, Kishida Chemical Co., Ltd.) to promote
deposition of ZnOY. Zinc chelate (Zn(HoN-CH>CH>-NH)»)2*) was formed from zinc acetate
and ethylenediamine in reaction (a). ZnO was crystallized from zinc chelate and hydroxide
ion (OH) in reaction (c).

Zn(CH,COO0),+2H,NCH,CH,NH, == Zn(H,NCH,CH,NH,),?* +2CH,CO0~ (@)
H,0 === OH~ +H* (b)
ZNn(H,NCH,CH,NH,),?* +20H~ —ZnO+ 2H,NCH,CH,NH, +H,0 ©

The solution became turbid shortly after adding ethylenediamine. The molar ratio of
ethylenediamine to Zn was [ethylenediamine] / [Zn] = (a)1:1, (b) 2: 1 or (c) 3: 1. pH of the
solutions were (a) pH=7.3, (b) pH=8.0 or (c) pH=8.7, respectively. Crystal growth rate and
deposition of ZnO were attemped to control to change particle morphology. Si substrate
(Newwingo Co., Ltd.) was immersed to evaluate deposited ZnO particles and particulate
films. The solution in a glass beaker was kept at 60 °C for 3 h using a water bath. The silicon
substrate was cleaned before immersion as described in references. The substrate was rinsed
with distilled water after immersion.
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ZnO particles having hexagonal cylinder shape were homogeneously nucleated and
deposited in the aqueous solution containing 15 mM ethylenediamine ([ethylenediamine] /
[Zn] = (a) 1 : 1) (Fig. 4a). X-ray diffraction patterns showed the deposition to be well
crystallized ZnO (Fig. 5a). The relative intensity of (10-10) and (0002) is similar to that of
randomly deposited ZnO particles, indicating the random orientation of deposited ZnO
hexagonal cylinders, which is consistent with SEM observations. Crystals showed hexagonal
facets of about 100-200 nm in diameter and about 500 nm in length. ZnO has a hexagonal
crystal structure and thus hexagonal cylinders can be obtained by sufficiently slow crystal
growth. A low crystal growth rate allows enough ions to diffuse to form a complete crystal
structure.

Fig. 4. SEM micrographs of (a) ZnO hexagonal cylinder particles, (b) ZnO long ellipse
particles, (c1) ZnO hexagonal symmetry radial whiskers and (c2) magnified area of (c1).
Reprinted with permission from Ref.19, Y. Masuda, N. Kinoshita and K. Koumoto, J. Nanosci.
Nanotechnol., in press. Copyright @ American Scientific Publisher
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Fig. 5. XRD patterns of (a) ZnO hexagonal cylinder particles, (b) ZnO long ellipse particles,
(c) ZnO hexagonal symmetry radial whiskers and ZnO (JCPDS No. 36-1451). Reprinted with
permission from Ref.19, Y. Masuda, N. Kinoshita and K. Koumoto, J. Nanosci. Nanotechnol., in
press. Copyright @American Scientific Publisher

ZnO having hexagonal cylinder shape showed strong photoluminescence intensity in the
UV region at about 370-400 nm and weak intensity in the visible light region at about 530-
550 nm by 350 nm excitation light which appears in spectra (Fig. 6a). ZnO crystals were
reported to show UV luminescence (around 390 nm) attributed to band-edge luminescence
and visible-light luminescence caused from oxygen vacancy (450-600 nm)2.22, Oxygen
vacancies would be generated in ZnO during crystallization to show visible-light
luminescence.

Concentration of ethylenediamine was increased twice to [ethylenediamine] / [Zn] = (b) 2 :
1. ZnO particles with long ellipse shape were deposited homogeneously from the solution
(Fig. 4b). ZnO particles were about 100-200 nm in diameter and about 500 nm in length, and
were similar to those of hexagonal cylinder shape. XRD showed the deposition to be well
crystallized ZnO (Fig. 5b). Relative intensity of (10-10) diffraction is much stronger than that
of (0002), indicating that mainly ZnO particles with long ellipse shape were laid on the
silicon substrate. This was also observed in SEM micrographs (Fig. 4b). Deposition speed of
ZnO with long ellipse shape was slightly faster than that of ZnO with hexagonal cylinder
shape because of the high concentration of ethylenediamine. Ethylenediamine accelerates
the crystallization of ZnO. In other words, supersaturation degree of the solution was
increased by increasing the ethylenediamine concentration. As a result, ZnO grew slightly
faster and formed not sharp hexagonal facets but rounded hexagonal cylinders, i.e., long
ellipse shape. The photoluminescence spectrum of ZnO with long ellipse shape (Fig. 6b) was
similar to that of ZnO with hexagonal cylinder shape (Fig. 6a). The luminescence property
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was clearly shown to be stable and not influenced by the synthesis conditions in the range of
[ethylenediamine] / [Zn] = 1 : 1 to 2 : 1. High repeatability and stability of the
photoluminescence property without being affected by the deposition conditions are major
advantages of this system for large-scale production.
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Fig. 6. Photoluminescence spectra of (a) ZnO hexagonal cylinder particles, (b) ZnO long
ellipse particles and (c) ZnO hexagonal symmetry radial whiskers. Reprinted with
permission from Ref.19, Y. Masuda, N. Kinoshita and K. Koumoto, J. Nanosci. Nanotechnol., in
press. Copyright @American Scientific Publisher

Further control the morphology was attempted by increasing the supersaturation degree.
Ethylenediamine was added to the solution to be [ethylenediamine] / [Zn] = (c) 3 : 1 in the
deposition process. ZnO whiskers were successfully grown and deposited from the solution.
The morphology was drastically changed by the precise investigation and control of
solution conditions. The whiskers were about 10-100 nm in diameter and about 1000-2000
nm in length (Fig. 4c1). A high aspect ratio was realized by high crystal growth rate of end
faces to elongate the whiskers. Details of morphology were further evaluated. They were
dispersed in water and dropped on a silicon substrate. Whiskers were connected to form
hexagonal symmetry radial whiskers (Fig. 4c2). Six whiskers connected to form one particle.
They had hexagonal symmetry. Tips of whiskers were finer than that at center of the
particles. XRD showed the whiskers to be well crystallized ZnO (Fig. 5c). The relative
intensity of (10-10) diffraction is much stronger than that of (0002), showing that mainly
ZnO whiskers were laid on the substrate. This was also observed in SEM micrographs (Fig 4
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c). Deposition of ZnO whiskers having high aspect ratio on the substrate would provide a
ZnO network film having a high specific surface area. These whisker films can be applied to
gas sensors?>24or solar cells?> which require high specific surface area. The whisker films
also have high conductivity per unit volume26 compared to conventional particulate films or
mesoporous materials because the whiskers carry an electric current for a long distance
without grain boundaries. Photoluminescence intensity in the visible light region was quite
different from that of ZnO with hexagonal cylinder shape or long ellipse shape (Fig. 5c). The
large change of morphology indicates that the crystal growth mechanism differs greatly
between ZnO particles having hexagonal cylinder or long ellipse shape and ZnO whiskers.
Basically, ethylenediamine increased crystal growth rate to generate oxygen vacancies. The
oxygen vacancies increased photoluminescence intensity in visible light region. However,
hexagonal symmetry radial whiskers prepared in the solution of [ethylenediamine] / [Zn] =
(c) 3 : 1 showed very weak photoluminescence intensity in visible light region compared to
hexagonal cylinders or long ellipse particles. Excess ethylenediamine would decrease
photoluminescence intensity in visible light region. Ion concentration of the solution of
[ethylenediamine] / [Zn] = (c) 3 : 1 would drastically change at the initial stage. The
solutions of [ethylenediamine] / [Zn] = (a) 1: 1 and (b) 2 : 1 became turbid shortly after
adding ethylenediamine and they changed to transparent gradually. The solutions of
[ethylenediamine] / [Zn] = (c) 3 : 1 also became turbid shortly after adding ethylenediamine,
however, they changed to transparent rapidly compared to that of [ethylenediamine] / [Zn]
=(a)1:1and (b) 2: 1. It indicated that ions were consumed to form particles rapidly in the
solution of [ethylenediamine] / [Zn] = (c) 3 : 1 and ion concentration would decrease
drastically with color change. It can be assumed that high concentration of ethylenediamine
increased crystal growth rate to form ZnO particles at the first stage. The particles generated
in the first stage would not be whiskers but small ZnO particles. Ion concentration
decreased rapidly to make solution transparent by formation of small particles because Zn
ions were consumed in formation of the particles. ZnO whiskers would grow slowly on the
small particles in dilute solutions at second stage. Consequently, hexagonal symmetry radial
whiskers were formed in the solution of [ethylenediamine] / [Zn] = (c) 3 : 1. This
phenomenon was consistent with reported ZnO whiskers which had high crystallinity, high
photoluminescence intensity in UV region and low photoluminescence intensity in visible
light region. Novel properties such as unique morphology, high specific surface area, high
conductivity per unit volume, low photoluminescence intensity in visible light region and
high photoluminescence intensity in UV region may pave the way to a new age of ZnO
devices. Furthermore, they can be fabricated on low heat resistant materials such as
polymers, paper or organic materials for flexible devices.

4. Mog;)hology control of multi-needle ZnO particles and their particulate
films

ZnO has attracted much attention as a next-generation gas sensor for CO28-30, NH331, NO»32,
HS33, Hy2934, ethanol34%, SF34, C4Hio®* or gasoline®* and dye-sensitized solar cells26.36-39,
Sensitivity directly depends on the specific surface area of the sensing material. ZnO
particles, particulate films or mesoporous material having high specific surface area were
thus strongly required.

ZnO has been crystallized to a hexagonal cylinder shape for gas sensors or solar cells in
many studies?¢ by using the hexagonal crystal structure of ZnO at low supersaturation
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degree. However, strategic morphology design and precise morphology control for high
specific surface area should be developed to improve the properties. ZnO particles should
be controlled to have multi-needles or high surface asperity to increase the specific surface
area by the crystallization at high supersaturation degree.

Recently, morphology control204042 and nano/micro manufacturing?*-4¢ of oxide materials
were proposed in solution systems. Solution systems have the advantage of adjustment of
supersaturation degree and high uniformity in the system for particle morphology control.
However, many factors affect the system compared to gas phase systems or solid state
reactions. Solution chemistry for oxide materials is therefore being developed and many
areas remain to be explored.

Morphology control of ZnO particles to hexagonal cylinder shape, ellipse shape and multi-
needle shape was recently developed?. Photoluminescence property was improved by
changing the morphology and oxygen vacancy volume in this system. Morphology control
of ZnO has also been proposed based on control of crystal growth#”-50. W. Q. Peng et al.
reported flower-like bunches synthesized on indium-doped tin oxide glass substrates
through a chemical bath deposition process*”. Y. R. Lin et al. fabricated nanowires on a ZnO-
buffered silicon substrate by a hydrothermal method4s. H. Zhang et al. prepared flowerlike,
disklike, and dumbbell-like ZnO microcrystals by a capping-molecule-assisted
hydrothermal process®. K. H. Liu et al. reported a hierarchical polygon prismatic Zn-ZnO
core-shell structure grown on silicon by combining liquid-solution colloidals together with
the vapor-gas growth processs. These studies showed high morphology controllability of
ZnO, however, morphology should be optimized to have high specific surface area to apply
to solar cells or gas sensors.

In this study, the morphology design of ZnO particles was proposed for solar cells or gas
sensors in which high specific surface area, high electrical conductivity and high mechanical
strength are required. Multi-needle ZnO particles having ultrafine surface relief structure, as
well as particulate films constructed from multi-needle particles and thin sheets were
fabricated?”. Morphology control was realized based on a new idea inspired from the
morphology change in our former study?. High supersaturation degree of the solution was
used for fast crystal growth which induces the formation of multi-needle particles and low
super saturation was used for the formation of ZnO thin sheets.

Zinc nitrate hexahydrate (Zn(NO3)2 - 6H2O, > 99.0%, MW 297.49, Kanto Chemical Co., Inc.)
and ethylenediamine (H2NCH>CHoNHp, > 99.0%, MW 60.10, Kanto Chemical Co., Inc.) were
used as received. Glass (5-1225, Matsunami Glass Ind., Ltd.) was used as a substrate. Zinc
nitrate hexahydrate (15 mM) was dissolved in distilled water at 60 °C and ethylenediamine
(15 mM) was added to the solution to induce the formation of ZnO. Glass substrate was
immersed in the middle of the solution at an angle and the solution was kept at 60 °C using
a water bath for 80 min with no stirring. The solution became clouded shortly after the
addition of ethylenediamine. Ethylenediamine plays an essential role in the formation of
crystalline ZnO. ZnO was homogeneously nucleated and grown to form a large amount of
particles to make the solution clouded. ZnO particles were gradually deposited and further
grown on a substrate. Homogeneously nucleated particles precipitated gradually and the
solution became light white after 80 min. The supersaturation degree of the solution was
high at the initial stage of the reaction for the first 1 h and decreased as the color of the
solution changed.

ZnO particulate films constructed from ZnO particles and thin sheets were fabricated by
immersion for 48 h. The glass substrate was immersed in the middle of the solution at an
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angle and the solution was kept at 60 °C using a water bath for 6 h with no stirring. The
solution was then left to cool for 42 h in the bath. The solution became clouded shortly after
the addition of ethylenediamine and clear after 6 h. The bottom of the solution was covered
with white precipitate after 6 h. The supersaturation degree of the solution was high at the
initial stage of the reaction for the first 1 h and then decreased as the color of the solution
changed.

Morphology of ZnO particles and particulate films was observed by a field emission
scanning electron microscope (FE-SEM; JSM-6335FM, JEOL Ltd.) after heating at 150 °C for
30 min in vacuum for drying of carbon paste (Vacuum oven, VOS-201SD, EYELA, Tokyo
Rikakikai. Co., Ltd.) and Pt coating for 3 nm (Quick cool coater, SC-70IMCY, Sanyu
Electronic Company). Crystal phases were evaluated by an X-ray diffractometer (XRD;
RINT-2100V, Rigaku) with CuKa radiation (40 kV, 40 mA).

Morphology design of ZnO particles and particulate films. The morphology of ZnO
particles was designed to increase the specific surface area, electrical conductivity and
mechanical strength of the base material of solar cells and sensors (Fig. 7). Typical ZnO
particles grown at low supersaturation degree are shown in Fig. 7a2. The particles show
edged hexagonal faces and elongate parallel to the c-axis. ZnO particles grow to have a
hexagonal cylinder shape by slow crystal growth due to the hexagonal crystal structure of
ZnO. The morphology of ZnO particles was controlled to have a multi-needle shape in an
aqueous solution (Fig. 7b)20. Multi-needle particles have a high specific surface area
compared to hexagonal cylinder particles, but particulate films constructed from small
particles have many grain boundaries which reduce the electrical conductivity (Fig. 7c).
Particles should thus have large grain size to decrease grain boundaries and increase
electrical conductivity (Fig. 7d). Furthermore, the specific surface area of ZnO particles
should be increased to improve the sensing performance of sensors or generating efficiency
of solar cells (Fig. 7e). An ultrafine surface relief structure on ZnO particles is a candidate

(a) (b) (f)
‘ —
[
hexagonal multi-needle
cylinder

(c) (d) decrease of grain boundary  (e) relief structure {f) thin sheets
=» high electrical conductivity =% high specific surface area =¥ high structural strength

Fig. 7. Design and morphology control of ZnO particles and particulate films for high
specific surface area, high electrical conductivity and high mechanical strength. Reprinted
with permission from Ref.?”, Masuda, Y. and Kato, K., 2008, Cryst. Growth Des., 8, 2633.
Copyright @American Chemical Society
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morphology for increasing the specific surface area. Additionally, particles should be
connected to each other and with a substrate by a combined member such as ZnO thin
sheets (Fig. 7f). The thin sheets increase the mechanical strength of particulate films and help
raise the electrical conductivity and specific surface area. Morphology control of ZnO
particles was attempted based on the strategic morphology design for application to
Sensors.

Morphology control of ZnO particles. After having been immersed in the solution for 80
min, the substrate covered with ZnO particles was evaluated by SEM and XRD. ZnO
particles were shown to be multi-needle shape in which many needles were grown from the
center of the particles (Fig. 8). The particles have more needles compared with the particles
previously reported which were constructed from two large needles and several small
needles?. The size of particles was in the range from 1 - 5 pm which is larger than the
particles prepared previously? (Fig. 7b). Needles were constructed from an assembly of
narrow acicular crystals and thus the side surfaces of needles were covered with arrays of
pleats. The tips of the needles were rounded V-shape with many asperities. Edged
hexagonal shapes were observed at the tips of needles, thus clearly showing high
crystallinity and the direction of the c-axis. The c-axis would be the long direction of multi-
needles and narrow acicular crystals. Elongation of the c-axis observed by SEM is consistent
with high diffraction intensity of 0002 (Fig. 9). The 0002 diffraction intensity of multi-needle
ZnO particles was much stronger than 1010 or 1011 peaks though 0002 diffraction is weaker
than 1010 or 1011 diffractions in randomly orientated ZnO particles (JCPDS No. 36-1451).
High diffraction intensity from (0002) planes which are perpendicular to the c-axis would be
caused from the crystalline ZnO particles which grew to elongate the c-axis. The particles
have more stacks of (0002) crystal planes compared to that of (1010) planes which are
parallel to the c-axis or (1011) planes and hence the intensity from (0002) planes was
stronger than that from (1010) or (1011) planes.

1um B X = 10pum &

Fig. 8. SEM micrograph (a-d) of multi-needle ZnO particles having ultrafine surface relief
structure. Reprinted with permission from Ref.?7, Masuda, Y. and Kato, K., 2008, Cryst.
Growth Des., 8, 2633. Copyright @ American Chemical Society
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ZnO grows to a hexagonal cylinder shape at low supersaturation degree because of its
hexagonal crystal structure, however, ZnO grows to a multi-needle shape at high
supersaturation degree which induces fast crystal growth. ZnO was thus grown to a multi-
needle shape in our solution in spite of its hexagonal crystal structure. The growth of ZnO
was halted by a rapid decrease of supersaturation degree and removal of particles from the
solution to obtain ZnO multi-needle particles having an ultrafine surface relief structure.
The morphology of the ZnO particles was controlled by the fast crystal growth due to high
supersaturation degree and by the suppression of crystal growth due to the rapid decrease
of supersaturation degree and removal of particles from the solution.

Intensity (a.u.)

JCPDS No. 36-1451

10 20 30 40 50 60 70 80 90 100
20/6 deg.(CuKo)
Fig. 9. XRD diffraction pattern of multi-needle ZnO particles having ultrafine surface relief

structure. Reprinted with permission from Ref.?7, Masuda, Y. and Kato, K., 2008, Cryst.
Growth Des., 8, 2633. Copyright @ American Chemical Society

Morphology control of ZnO particulate films. ZnO particulate films showed a multi-needle
shape and were connected to each other by thin sheets (Fig. 10a-c). The morphology of the
particles was similar to that of the particles prepared by immersion for 80 min to have a high
specific surface area. Thin sheets had a thickness of 10 - 50 nm and width of 1 - 10 pm and
were connected to particles closely with no clearance. The particulate films had continuous
open pores ranging from several nm to 10 pm in diameter. The particulate films showed x-
ray diffraction patterns of ZnO crystal with no additional phase (Fig. 11). Diffraction peaks
were very sharp, showing high crystallinity of the particulate films. The high intensity of
0002 would be caused by elongation of multi-needle particles in the c-axis direction which
increases the stacks of (0002) crystal planes.

ZnO multi-needle particles having an ultrafine surface relief structure were prepared at 60
°C in the white solution during the initial 80 min (Fig. 7e). The supersaturation degree was
high at the initial stage of the reaction due to the high concentration of ions. ZnO particles
were then precipitated, making the bottom of the solution white and the solution itself clear.
Ions were consumed to form ZnO particles and thus the ion concentration of the solution
decreased rapidly. Thin sheets were formed at 25 °C in the clear solution after the formation
of multi-needle particles (Fig. 7f). Solution temperature and supersaturation degree would
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influence on precipitates. Consequently, the particulate films constructed from multi-needle
particles and thin sheets were successfully fabricated by the two-step growth (Fig. 7f).

Fig. 10. SEM micrograph (a-d) of ZnO particulate films constructed from ZnO multi-needle
particles and thin sheets. Reprinted with permission from Ref.?”, Masuda, Y. and Kato, K.,
2008, Cryst. Growth Des., 8, 2633. Copyright @ American Chemical Society
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Fig. 11. XRD diffraction pattern of ZnO particulate films constructed from ZnO multi-needle

particles and thin sheets. Reprinted with permission from Ref.2?, Masuda, Y. and Kato, K,
2008, Cryst. Growth Des., 8, 2633. Copyright @ American Chemical Society

For comparison, assemblies of thin sheets were prepared at air-liquid interfaces of the same
solution we used in this study>l. XRD patterns of the sheets were assigned to ZnO. The
sheets had c-axis orientation parallel to the sheets, i.e., in-plane c-axis orientation. TEM
observations showed the sheets were dense polycrystals consisted of nano-sized ZnO
crystals. Electron diffraction pattern showed strong isotropic diffraction ring from (0002)
planes. It suggested in-plane c-axis orientation of ZnO crystals which was consistent with
XRD evaluations. Mechanical strength and electrical property would be affected by crystal
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orientation and microstructures. The sheets would have stronger mechanical strength
compared to porous sheets because of their dense structure. They would have different
electrical properties from randomly oriented sheets due to in-plane c-axis orientation,
because ZnO has anisotropic electrical properties caused from anisotropic hexagonal crystal
structure. The sheets prepared at air-liquid interfaces5! would be similar to that prepared in
the solutions (Fig. 10) because both of them were prepared from the same solution and
showed XRD patterns assigned to ZnO5! (Fig. 11). The sheets prepared in this study (Fig. 4,
5) would have similar mechanical and electrical properties to the sheets prepared at air-
liquid interfaces5!.

Thin sheets were transformed to particles and porous particulate films by annealing at 500
°C for 1 h in air. The sheets did not maintain their thin sheet shape due to high slimness
and/or phase transformation. Thin sheets would be inorganic films containing Zn ions such
as crystalline ZnO, amorphous ZnO or zinc hydroxide and were transformed to porous ZnO
particulate films by the annealing. Further investigation of the thin sheets would contribute
to more precise morphology control of ZnO structure and further improvement of specific
surface area. Additionally, precise evaluation of mechanical strength and electrical
properties should be performed to clarify the potential of ZnO particulate films for sensors
or solar cells and to produce guidelines for improving their properties.

Multi-needle ZnO particles having an ultrafine surface relief structure were successfully
fabricated by the precise control of crystal growth in an aqueous solution. The morphology
of ZnO was further controlled for ZnO particulate films constructed from ZnO multi-needle
particles and thin sheets. The thin sheets connected particles to each other and with a
substrate. The morphology design and morphology control described here will facilitate the
progress of crystal science for developing future advanced materials and devices.

5. Morphology control of high c-axis oriented stand-alone ZnO self-
assembled film*'

Recently, crystalline ZnO202647-5052-59 have been synthesized to utilize the high potential of
the solution process for future devices and to realize green chemistry for a sustainable
society. For instance, ZnO nanowire arrays have been synthesized using seed layers in
aqueous solutions for dye-sensitized solar cell?652. Full sun efficiency of 1.5% is
demonstrated in this study. O’Brien et al. prepared specular ZnO films consisting of clumps
of elongated triangular crystals>?, small ZnO spherical clumps consisting of particles of ca.
100 nm3, ZnO films consisting of randomly rod-shaped particles of up to 1000 nm in
length33, ZnO films consisting of very thin random rod-shaped particles of ca. 1000 nm3 and
specular films consisting of flowers with well-formed triangle features® in aqueous
solutions.

However, ZnO films have usually been prepared on substrates5457.60-76, and in particular
crystalline ZnO films having high c-axis orientation require expensive substrates such as
single crystals or highly-functional substrates. A simple and low-cost process for self-
supporting crystalline ZnO films is expected to be used for a wide range of applications
such as windows of optical devices or low-value-added products. Self-supporting
crystalline ZnO films can also be applied by being pasting on a desired substrate such as
low heat-resistant polymer films, glasses, metals or papers.

In this section, high c-axis oriented stand-alone ZnO self-assembled films was fabricated
using an air-liquid interface>l. ZnO was crystallized from an aqueous solution without heat
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treatment or catalyst. The ZnO film was fabricated at the air-liquid interface without using
ammonia vapor.

Zinc nitrate hexahydrate (Zn(NO3)2 - 6H2O, > 99.0%, MW 297.49, Kanto Chemical Co., Inc.)
and ethylenediamine (H2NCH>CHoNHp, > 99.0%, MW 60.10, Kanto Chemical Co., Inc.) were
used as received. Zinc nitrate hexahydrate (15 mM) was dissolved in distilled water at 60°C
and ethylenediamine (15 mM) was added to the solution to induce the formation of ZnO.
The solution was kept at 60°C using a water bath for 6 h with no stirring. The solution was
then left to cool for 42 h in the bath. Polyethylene terephthalate (PET) film, glass (5-1225,
Matsunami Glass Ind., Ltd.) and an Si wafer (p-type Si [100], NK Platz Co., Ltd.) were used
as substrates.

Morphology of ZnO film was observed by a field emission scanning electron microscope
(FE-SEM; JSM-6335FM, JEOL Ltd.) and a transmission electron microscope (TEM; H-
9000UHR, 300 kV, Hitachi). Crystal phase was evaluated by an X-ray diffractometer (XRD;
RINT-2100V, Rigaku) with CuKa radiation (40 kV, 40 mA). Si wafer was used as a substrate
for XRD evaluation. The crystal structure model and diffraction pattern of ZnO were
calculated from ICSD (Inorganic Crystal Structure Database) data No. 26170 (FIZ Karlsruhe,
Germany and NIST, USA) using FindIt and ATOMS (Hulinks Inc.).

The solution became clouded shortly after the addition of ethylenediamine by the
homogeneous nucleation and growth of ZnO particles. ZnO particles were gradually
deposited to cover the bottom of the vessel, and the solution became light white after 1 h
and clear after 6 h. The supersaturation degree of the solution was high at the initial stage of
the reaction for the first 1 h and decreased as the color of the solution changed.

White films were formed at the air-liquid interface and they grew to large films. The films had
sufficiently high strength to be obtained as stand-alone films. Additionally, a film was scooped
to past onto a desired substrate such PET film, Si wafer, glass plate or paper, and the pasted
ZnO film was then dried to bond it to the substrate. Both sides of the film can be pasted on
substrate. The film physically adhered to the substrate. The film maintained its adhesion
during immersion in lightly ultrasonicated water, however, it can be easily peeled off again by
strong ultrasonication. The film can be handled easily from substrate to other substrate. It also
can be attached strongly to substrate by annealing or addition of chemical regents such as
silane coupling agent to form chemical bonds between the film and the substrate

The film grew to a thickness of about 5 um after 48 h, i.e., 60°C for 6 h, and was left to cool
for 42 h.

The air side of the stand-alone film had a smooth surface over a wide area due to the flat air-
liquid interface (Fig. 12-al), whereas the liquid side of the film had a rough surface (Fig. 12-
b1). The films consisted of ZnO nano-sheets were clearly observed from the liquid side (Fig.
12-b2) and the fracture edge-on profile of the film (Fig. 12-c1, 12-c2). The nano-sheets had a
thickness of 5-10 nm and were 1-5 um in size. They mainly grew forward to the bottom of
the solution, i.e., perpendicular to the air-liquid interface, such that the sheets stood
perpendicular to the air-liquid interface. Thus, the liquid side of the film had many ultra-
fine spaces surrounded by nano-sheet and had a high specific surface area. The air side of
the film, on the other hand, had a flat surface that followed the flat shape of the air-liquid
interface. The air-liquid interface was thus effectively utilized to form the flat surface of the
film. This flatness would contribute to the strong adhesion strength to substrates for pasting
of the film. The air-side surface prepared for 48 h had holes of 100-500 nm in diameter (Fig.
12-a2), and were hexagonal, rounded hexagonal or round in shape. The air-side surface
prepared for 6 h, in contrast, had no holes on the surface. The air-side surface was well
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crystallized to form a dense surface and ZnO crystals would partially grow to a hexagonal
shape because of the hexagonal crystal structure. Well-crystallized ZnO hexagons were then
etched to form holes on the surface by decrease in pH. The growth face of the film would be
liquid side. ZnO nano-sheets would grow to form a large ZnO film by Zn ion supply from
the aqueous solution. Further investigation of the formation mechanism would contribute to
the development of crystallography in the solution system and the creation of novel ZnO
fine structures.

'

I — 1o
Fig. 12. SEM micrographs of high c-axis oriented stand-alone ZnO self-assembled film. (al)
Air-side surface of ZnO film. (a2) Magnified area of (al). (b1) Liquid-side surface of ZnO
film. (b2) Magnified area of (b2). (c1) Fracture cross section of ZnO film from air side. (c2)
Magnified area of (c1). Reprinted with permission from Ref51, Masuda, Y. and Kato, K.,
2008, Cryst. Growth Des., 8, 275. Copyright @ American Chemical Society

The film showed a very strong 0002 x-ray diffraction peak of hexagonal ZnO at 20 = 34.04°
and weak 0004 diffraction peak at 20 = 72.16° with no other diffractions of ZnO (Fig. 13).
(0002) planes and (0004) planes were perpendicular to the c-axis, and the diffraction peak
only from (0002) and (0004) planes indicates high c-axis orientation of ZnO film. The inset
figure shows that the crystal structure of hexagonal ZnO stands on a substrate to make the c-
axis perpendicular to the substrate. Crystallite size parallel to (0002) planes was estimated
from the half-maximum full-width of the 0002 peak to 43 nm. This is similar to the threshold
limit value of our XRD equipment and thus the crystallite size parallel to (0002) planes is
estimated to be greater than or equal to 43 nm. Diffraction peaks from a silicon substrate
were observed at 20 = 68.9° and 20 = 32.43°. Weak diffractions at 20 = 12.5°, 24.0°, 27.6°,
30.5°, 32.4° and 57.6° were assigned to co-precipitated zinc carbonate hydroxide
(Zn5(CO3)2(OH)s, JCPDS No. 19-1458).
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Fig. 13. XRD diffraction pattern of high c-axis oriented stand-alone ZnO self-assembled film.
Reprinted with permission from Ref.51, Masuda, Y. and Kato, K., 2008, Cryst. Growth Des., 8,
275. Copyright @American Chemical Society

Stand-alone ZnO film was further evaluated by TEM and electron diffraction. The film was
crushed to sheets and dispersed in an acetone. The sheets at the air-liquid interface were
skimmed by a cupper grid with a carbon supporting film. The sheets were shown to have
uniform thickness (Fig. 14a). They were dense polycrystalline films constructed of ZnO
nanoparticles (Fig. 14b). Lattice image was clearly observed to show high crystallinity of the
particles. The film was shown to be single phase of ZnO by electron diffraction pattern.
These observations were consistent with XRD and SEM evaluations.

The film pasted on a silicon wafer was annealed at 500°C for 1 h in air to evaluate the details
of the films. ZnO film maintained its structure during the annealing (Fig. 15). The air side of
the film showed a smooth surface (Fig. 15-al) and the liquid side showed a relief structure
having a high specific surface area (Fig. 15-b1, 15-b2). The air side showed the film consisted
of dense packing of small ZnO nanosheets and the size of sheets increased toward the
liquid-side surface (Fig. 15-a2). ZnO sheets would grow from the air side to the liquid side,
i.e,, the sheets would nucleate at the liquid-air interface and grow down toward the bottom
of the solution by the supply of Zn ions from the solution. Annealed film showed X-ray
diffractions of ZnO and Si substrate with no additional phases. As-deposited ZnO nano-
sheets were shown to be crystalline ZnO because the sheets maintained their fine structure
during the annealing without any phase transition. High c-axis orientation was also
maintained during the annealing, showing a very strong 0002 diffraction peak.
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Fig. 14. (a) TEM micrograph of ZnO nano-sheets. (b) Magnified area of (a). (Insertion)
Electron diffraction pattern of ZnO. Reprinted with permission from Ref.51, Masuda, Y. and
Kato, K., 2008, Cryst. Growth Des., 8, 275. Copyright @ American Chemical Society

annealed at 500°C for 1 h in air. (al) Fracture edge-on profile of ZnO film from air side. (a2)
Cross-section profile of ZnO film from air side. (b1) Fracture edge-on profile of ZnO film
from liquid side. (b2) Cross-section profile of ZnO film from liquid side. Reprinted with
permission from Ref.51, Masuda, Y. and Kato, K., 2008, Cryst. Growth Des., 8, 275. Copyright
@American Chemical Society
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The solution was further kept at 25°C for 1 month to evaluate the details of the deposition
mechanism. The film prepared at the air-liquid interface for 1 month was not hexagonal
ZnO. The film showed strong X-ray diffractions of zinc carbonate hydroxide single phase.
ZnO would be dissolved by decrease in pH. ZnO would be crystallized at the initial reaction
stage for the first 48 h. ZnO was then gradually etched and dissolved by nitric acid and zinc
carbonate hydroxide was crystallized using Zn ions which were supplied by the dissolution
of crystalline ZnO.

High c-axis oriented stand-alone ZnO self-assembled film was fabricated using a simple
solution process. The film consisted of ZnO nanosheets was crystallized at air-liquid
interface. The nanosheets grew perpendicular to the film. The film had high c-axis
orientation and showed a strong 0002 diffraction peak and weak 0004 peak. The air side of
the film had a flat surface, whereas the liquid side had a rough surface having many ultra-
fine spaces surrounded by ZnO nano-sheets. The rough surface of the liquid side can be
utilized for sensors or dye-sensitized solar cells. The ZnO film was also pasted on a desired
substrate such as PET films, Si substrate or glass plates. The surface of low heat-resistant
flexible polymer film was modified with high c-axis oriented crystalline ZnO film without
heat treatment. This low-cost, low-temperature technique can be used for a wide range of
applications including sensors, solar cells, electrical devices and optical devices using the
various properties of high c-axis oriented crystalline ZnO.

6. Morphology control of nanocrystal assembled TiO, particles’’

Anatase TiO; particles, 100-200 nm in diameter, were developed in aqueous solution at
50°C. The particles were assemblies of nano TiO; crystals covered with nanorelief surface
structures. The crystals grew anisotropically along the c-axis to form acicular crystals. The
particles showed c-axis orientation due to high-intensity X-ray diffraction from the (004)
planes. The particles had a BET specific surface area of 270 m2/g. BJH and DFT/Monte-
Carlo analysis of adsorption isotherm indicated the existence of pores ~3 nm and ~1 nm in
diameter. Crystallization and self-assembly of nano TiO, were effectively utilized to
fabricate nanocrystal assembled TiO, particles having high surface area and nanorelief
surface structure.

Nanoporous TiO» architecture with micropores (<2 nm), mesopores (2-50 nm) and/or
macropores (>50 nm) is of considerable interest for both scientific and technical applications.
The latter include cosmetics, catalysts’, photocatalysts7982, gas sensors$384, lithium
batteriess587, biomolecular sensors®® and dye-sensitized solar cells®9%. Crystalline anatase
generally exhibits higher properties than rutile in photocatalysts, biomolecular sensors and
dye-sensitized solar cells. Electrons are obtained from dyes adsorbed on TiO; electrodes in
sensors and solar cells. Photoelectric conversion efficiency strongly depends on dye
adsorption volume and surface area of TiO.. High surface area is required to achieve high
efficiency and sensitivity of the devices. Additionally, the surface of TiO, should be covered
with nano/microrelief structures to adsorb large amounts of dye, molecules and DNA for
biomolecular sensors and dye-sensitized solar cells.

TiO, nanoparticles have been prepared by flame synthesis?.92, ultrasonic irradiation?3%,
chemical vapor synthesis%, sol-gel methods?99-100, sonochemical method!® and liquid phase
deposition of amorphous TiO,102105. High temperature in the treatment processes, however,
causes aggregation of nanoparticles and decreased surface area. Formation of nanorelief
structures on the surface of the particles is difficult to achieve in these processes.
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Highly porous materials have been prepared via template-based methods, including soft
templates (surfactants, chelating agents, block polymers, etc.)106-109 and hard templates
(porous anionic alumina, porous silica, polystyrene spheres, carbon nanotubes, etc.)110111,
However, the nanostructures of these materials usually change due to amorphous-phase
crystallization to anatase TiO, during annealing. This decreases the surface area and
damages the surface nanostructures.

In this section, porous anatase TiO; particles were developed in aqueous solution. Nano
TiO, was crystallized in the solution to assemble into particles 100-200 nm in diameter. The
surface of the particles was covered with nanorelief structures. The particles showed c-axis
orientation due to anisotropic crystal growth of TiO along the c-axis. BET surface area of the
particles was estimated to be 270 m2/g!12. BJH and DFT/Monte-Carlo analysis of adsorption
isotherm indicated the existence of pores ~2.8 nm and ~3.6 nm in diameter, respectively.
The existence of micropores ~1 nm was also indicated. Crystallization and self-assembly of
acicular TiO, were effectively utilized to fabricate nanocrystal assembled TiO, particles
having high surface area and nanorelief surface structure.

Ammonium hexafluorotitanate ([NH4].TiFs) (Morita Chemical Industries Co., Ltd., FW:
197.95, purity 96.0%) and boric acid (H3BOs) (Kishida Chemical Co., Ltd., FW: 61.83, purity
99.5%) were used as received. Ammonium hexafluorotitanate (12.372 g) and boric acid
(11.1852 g) were separately dissolved in deionized water (600 mL) at 50°C. Boric acid
solution was added to ammonium hexafluorotitanate solution at a concentration of 0.15 and
0.05 M, respectively.

The solution was kept at 50°C for 30 min using a water bath with no stirring, after which it
was centrifuged at 4000 rpm for 10 min (Model 8920, Kubota Corp.). Preparation for
centrifugation, centrifugation at 4000 rpm, deceleration from 4000 to O rpm and preparation
for removal of supernatant solution took 4 min, 10 min, 10 min and 8 min, respectively. The
particles contacted with the solution, the temperature of which was gradually lowered for
32 min after maintaining 50°C for 30 min. Precipitates were dried at 60°C for 12 h after
removal of supernatant solution.

The crystal phase of the particles was evaluated by X-ray diffractometer (XRD; RINT-2100V,
Rigaku) with CuKa radiation (40 kV, 30 mA). Diffraction patterns were evaluated using
JCPDS, ICSD (Inorganic Crystal Structure Database) data (FIZ Karlsruhe, Germany and
NIST, USA) and FindIt. Morphology of TiO, was observed by transmission electron
microscopy (TEM; JEM2010, 200 kV, JEOL). Zeta potential and particle size distribution
were measured by electrophoretic light-scattering spectrophotometer (ELS-Z2, Otsuka
Electronics Co., Ltd.) with automatic pH titrator. Samples of 0.01 g were dispersed in
distilled water (100 g) and ultrasonicated for 30 min prior to measurement. The pH of
colloidal solutions was controlled by the addition of HCI (0.1 M) or NaOH (0.1 M). Zeta
potential and particle size distribution were evaluated at 25°C and integrated 5 and 70
times, respectively.

Nitrogen adsorption-desorption isotherms were obtained using Autosorb-1 (Quantachrome
Instruments) and samples of 0.137 g were outgassed at 110°C under 102 mmHg for 6 h prior
to measurement. Specific surface area was calculated by BET (Brunauer-Emmett-Teller)
method using adsorption isotherms. Pore size distribution was calculated by BJH (Barrett-
Joyner-Halenda) method using adsorption isotherms because an artificial peak was
observed from BJH size distribution calculated from desorption branches. Pore size
distribution was further calculated by DFT/Monte-Carlo method (N> at 77 K on silica
(cylinder/sphere, pore, NLDFT ads. model), adsorbent: oxygen) using adsorption branches.
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Total pore volume (V) and average pore diameter (4V/A) were estimated from pores
smaller than 230 nm (diameter) at P/Po = 0.99 through the use of BET surface area (A).
However, adsorption volume increased drastically at high relative pressure in isotherms,
indicating a large data error at high relative pressure. Therefore, total pore volume and
average pore diameter estimated from pores smaller than 11 nm at P/Po = 0.80 would
provide useful information. Relative pressure P/Po = 0.80 was selected for estimations
because it was lower than the drastic adsorption increase and higher than adsorption
hysteresis. The data can be compared to that of TiO, having similar morphology with small
errors. Total pore volume (cumulative pore volume) was also estimated by BJH method
from pores smaller than 154 nm. This usually has a small error compared to that estimated
from isotherm data including high relative pressure such as P/Po = 0.99 because estimation
by BJH method is not effected by adsorption volume errors at high relative pressure.

Liquid phase crystal deposition of anatase TiO,. The solution became clouded about 10
min after mixing ammonium hexafluorotitanate solution and boric acid solution. The
particles were homogeneously nucleated in the solution, turning the solution white.
Deposition of anatase TiO, proceeds by the following mechanisms43113,114:

TiFZ + 2H:0 = TiCy + 4H" + 6F (@

BO# + 4F + 6H' —=  BEs + 3H0 (b)

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

TE 2 nF,  (OHA +oF —H miom i +6FT ©
TiOH) & ——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). The increase of F- concentration displaces Egs.
(a) and (c) to the left; however, the produced F- can be scavenged by H3BO3 (BO33) as shown
in Eq. (b) to displace Egs. (a) and (c) to the right. Anatase TiO: is formed from titanium
hydroxide complex ions (Ti(OH)s%) in Eq. (d).

Crystal phase of TiO: particles. X-ray diffraction peaks for the particles were observed at 26
=251, 37.9,47.6, 54.2, 62.4, 69.3, 75.1, 82.5 and 94.0° after evaluation of N adsorption. They
were assigned to the 101, 004, 200, 105 + 211, 204, 116 + 220, 215, 303 + 224 + 312 and 305 +
321 diffraction peaks of anatase TiO» (JCPSD No. 21-1272, ICSD No. 9852) (Fig. 16).

The 004 diffraction intensity of randomly oriented particles is usually 0.2 times the 101
diffraction intensity as shown in JCPDS data (No. 21-1272). However, the 004 diffraction
intensity of the particles deposited in our process was 0.36 times the 101 diffraction
intensity. Additionally, the integral intensity of the 004 diffraction was 0.18 times the 101
diffraction intensity, indicating the c-axis orientation of the particles. Particles were not
oriented on the glass holder for XRD measurement. Therefore, TiO, crystals would be an
anisotropic shape in which the crystals were elongated along the c-axis. The crystals would
have a large number of stacks of ¢ planes such as (001) planes compared to stacks of (101)
planes. The diffraction intensity from the (004) planes would be enhanced compared to that
from the (101) planes.
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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 3.9 nm or 6.3 nm, respectively. Elongation of
crystals in the c-axis direction was also suggested by the difference in crystallite size.
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Fig. 16. XRD diffraction pattern of anatase TiO particles. Reprinted with permission from

Ref.”7, Masuda, Y. and Kato, K., 2008, Cryst. Growth Des., 8, 3213. Copyright @ American
Chemical Society

TEM observation of TiO; particles. The particles were shown to be assemblies of nano TiO»
crystals (Fig. 17a). Particle diameter was estimated to be 100-200 nm. Relief structures had
formed on the surfaces and open pores had formed inside because the particles were porous
assemblies of nanocrystals.

Nanocrystals were shown to have acicular shapes (Fig. 17b). They were about 5-10 nm in
length. The longer direction of acicular TiO; is indicated by the black arrow. The inserted
FFT image shows the 101 and 004 diffractions of anatase TiO,. Nanocrystals are assigned to
the single phase of anatase TiO». It is notable that the diffraction from the (101) planes has a
ring shape due to random orientation but that from the (004) planes was observed only in
the upper right region and lower left region in the FFT image. Anisotropic 004 diffractions
indicated the direction of the c-axis, which was perpendicular to the (004) planes, as shown
by the white arrow. It was roughly parallel to the longer direction of acicular TiO,. These
results suggest that acicular TiO» grew along the c-axis to enhance the diffraction intensity
from the (004) planes. Crystal growth of anatase TiO, along the c-axis was previously
observed in TiO» films!13. Anisotropic crystal growth is one of the features of liquid phase
crystal deposition.

Acicular nanocrystals showed lattice images of anatase TiO. (Fig. 17c). They were
constructed of anatase TiO, crystals without amorphous or additional phases. Anatase
crystals were not covered with amorphous or additional phases even at the tips. Bare
anatase crystal with nanosized structure is important to achieve high performance for
catalysts and devices.
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Crystallization of TiO, was effectively utilized to form assemblies of acicular nanocrystals in
the process. Open pores and surface relief structures were successfully formed on the
particles.

100nm w ﬁﬁ |

Fig. 17. (a): TEM micrograph of anatase TiO; particles. (b): Magnified area of (a) showing
morphology of acicular crystals. Insertion in (b): FFT image of (b) anatase TiOx. (c):
Magnified area of (a) showing lattice images of anatase TiO,.

Reprinted with permission from Ref.”7, Masuda, Y. and Kato, K., 2008, Cryst. Growth Des., 8,
3213. Copyright @ American Chemical Society

Zeta potential and particle size distribution. The dried particles were dispersed in water to
evaluate zeta potential and particle size distribution after evaluation of N, adsorption. The
particles had positive zeta potential of 30.2 mV at pH 3.1, which decreased to 5.0, -0.6, -11.3
and —36.3 mV at pH 5.0, 7.0, 9.0 and 11.1, respectively (Fig. 18). The isoelectric point was
estimated to be pH 6.7, slightly higher than that of anatase TiO, (pH 2.7-6.0)115. Zeta
potential is very sensitive to the particle surface conditions, ions adsorbed on the particle
surfaces, and the kind and concentration of ions in the solution. The variations in zeta
potential were likely caused by the difference in the surface conditions of TiO, particles,
affected by the interaction between particles and ions in the solution.
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Fig. 18. Zeta potential of anatase TiO» particles as a function of pH. Reprinted with

permission from Ref.”7, Masuda, Y. and Kato, K., 2008, Cryst. Growth Des., 8, 3213. Copyright
@American Chemical Society
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Mean particle size was estimated to be ~550 nm in diameter with a standard deviation (STD)
of 220 nm at pH3.1 (Fig. 19a). This was larger than that observed by TEM. Slight
aggregation occurred at pH 3 because the particles were dried completely prior to
measurement. Particle size increased with pH and showed a maximum of near the
isoelectric point (550 nm at pH 3.1, 3150 nm at pH 5, 4300 nm at pH 7, 5500 nm at pH 9 or
2400 nm at pH 11.1) (Fig. 19b). Strong aggregation resulted from the lack of repulsion force
between particles near the isoelectric point.

The particles were generated in the solution at pH 3.8 in this study. It would be suitable to
obtain repulsion force between particles for crystallization without strong aggregation.
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Fig. 19. (a): Particle size distribution of anatase TiO, particles at pH 3.1. (b): Particle size of

anatase TiO» particles as a function of pH. Reprinted with permission from Ref.”7, Masuda,

Y. and Kato, K., 2008, Cryst. Growth Des., 8, 3213. Copyright @American Chemical Society

N, adsorption characteristics of TiO; particles. TiO, particles exhibited N, adsorption-
desorption isotherms of Type IV (Fig. 20a). The desorption isotherm differed from adsorption
isotherm in the relative pressure (P/Pg) range from 0.4 to 0.7, showing mesopores in the
particles. BET surface area of the particles was estimated to be 270 m2/g (Fig. 20b). This is
higher than that of TiO, nanoparticles such as Aeroxide P25 (BET 50 m2/g, 21 nm in diameter,
anatase 80% + rutile 20%, Degussa), Aeroxide P90 (BET 90-100 m2?/g, 14 nm in diameter,
anatase 90% + rutile 10%, Degussa), MT-01 (BET 60 m2/g, 10 nm in diameter, rutile, Tayca
Corp.) and Altair TiNano (BET 50 m2/g, 30-50 nm in diameter, Altair Nanotechnologies
Inc.)116. A high BET surface area cannot be obtained from particles having a smooth surface
even if the particle size is less than 100 nm. A high BET surface area would be realized by the
unique morphology of TiO, particles constructed of nanocrystal assemblies.
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Total pore volume and average pore diameter were estimated from pores smaller than 230
nm at P/Po = 0.99-0.431 cc/g and 6.4 nm, respectively. They were estimated to be 0.212
cc/g and 3.1 nm, respectively, from pores smaller than 11 nm at P/Po = 0.80. Total pore
volume was also estimated by the BJH method from pores smaller than 154 nm to be 0.428
cc/g. Average pore diameter was estimated to be 6.3 nm using BET surface area.
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Fig. 20. (a): N2 adsorption-desorption isotherm of anatase TiO; particles. (b): BET surface
area of anatase TiO; particles. (c): Pore size distribution calculated from N> adsorption data
of anatase TiO, particles using BJH equation. (d): N> adsorption-desorption isotherm and
DFT/Monte-Carlo fitting curve of anatase TiO; particles. (e): Pore size distribution
calculated from N> adsorption data of anatase TiO, particles using DFT/Monte-Carlo
equation. Reprinted with permission from Ref.”7, Masuda, Y. and Kato, K., 2008, Cryst.
Growth Des., 8, 3213. Copyright @ American Chemical Society
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Pore size distribution was calculated by the BJH method using adsorption isotherms (Fig.
20c). It showed a pore size distribution curve having a peak at ~2.8 nm and pores larger
than 10 nm. TiO, particles would have mesopores of ~2.8 nm surrounded by nanocrystals.
Pores larger than 10 nm are considered to be interparticle spaces. The pore size distribution
also suggested the existence of micropores smaller than 1 nm.

Pore size distribution was further calculated by the DFT/Monte-Carlo method. The model
was in fair agreement with adsorption isotherms (Fig. 20d). Pore size distribution showed a
peak at ~3.6 nm that indicated the existence of mesopores of ~3.6 nm (Fig. 20e). The pore
size calculated by the DFT/Monte-Carlo method was slightly larger than that calculated
from the BJH method because the latter method is considered to have produced an
underestimation!7-119, The pore size distribution also suggested the existence of micropores
of ~1 nm, probably resulting from microspaces surrounded by nanocrystals and the uneven
surface structure of nanocrystals.

The particles were shown to have a large surface area as well as micropores of ~1 nm,
mesopores of ~2.8-3.6 nm and pores larger than 10 nm, by N, adsorption characteristics.
Assembly of acicular nanocrystals resulted in unique features and high surface area.

TiO, particles were generated in the solutions at 90°C for 1h using an oil bath with no
stirring for comparison. The solutions became clouded after the addition of boric acid
solutions into ammonium hexafluorotitanate solutions. High temperature accelerated
crystal growth of TiO. Hydrogen chloride of 0.6 ml was added into the solutions of 200ml
to decrease crystallization speed of TiO.. The pH of the solutions was 2.4 one hour after
mixing the solutions. BET surface area of the particles was estimated to 18 m2/g. This is
much lower than that of the particles prepared at 50°C and slightly lower than that prepared
at 90°C for 8 min in our previous work (44 m2/g)!20. Formation of TiO, was accelerated at
high temperature and it decreased surface area. The particles grew in the solutions to
decrease surface area as function of time. Crystallization of TiO, was shown to be strongly
affected by growth conditions such as solution temperature and growth time.

Anatase TiO; particles, 100-200 nm in diameter, were successfully fabricated in aqueous
solution. They were assemblies of nanocrystals 5-10 nm that grew anisotropically along the
c-axis to form acicular shapes. The particles thus had nanorelief surface structures constructed
of acicular crystals. They showed c-axis orientation due to high-intensity X-ray diffraction from
the (004) crystal planes. The particles had a high BET surface area of 270 m2/g. Total pore
volume and average pore diameter were estimated from pores smaller than 230 nm at P/Po =
0.99-0.43 cc/g and 6.4 nm, respectively. They were also estimated from pores smaller than 11
nm at P/Po = 0.80-0.21 cc/g and 3.1 nm, respectively. BJH and DFT/Monte-Carlo analysis of
adsorption isotherm indicated the existence of pores ~2.8 and ~3.6 nm, respectively.
Additionally, the analyses suggested the existence of micropores of ~1 nm. Crystallization and
self-assembly of nano TiO, were effectively utilized to fabricate nanocrystal assembled TiO»
particles having high surface area and nanorelief surface structure.

7. Morphology control of multi-needle TiO, particles '’

Flower-like multi-needle anatase TiO; particles were developed in aqueous solutions. They
were pure anatase TiO. crystals containing no cores, organic binders or solvents.
Furthermore, micro-structured silicon wafers were covered with the TiO, particles
uniformly in the solutions. Their unique crystals growth and physicochemical profiles were
precisely evaluated and discussed.
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Micro-structured silicon wafers and their surface modification to super-hydrophilic
surfaces

Silicon wafers were modified to have micro-structures on the surfaces with cutting work.
They were cut using a precise diamond cutter under running water. Width and height of
salient lines were 200 ym and 150 pum, respectively. They were formed at 500 ym intervals.
They were blown by air to remove dust and were exposed to vacuum-ultraviolet light (VUV
light, low-pressure mercury lamp PL16-110, air flow, 100 V, 200 W, SEN Lights Co., 14
mW/cm? for 184.9 nm at a distance of 10 mm from the lamp, 18 mW/cm? for 253.7 nm at a
distance of 10 mm from the lamp) for 10 min in air. Bare silicon surfaces were covered with
small amount of surface contamination. The VUV irradiation modified them to clean
surfaces that showed super hydrophilic surfaces of water contact angle about 0-1 °.

Morphology control of anatase TiO,

Ammonium hexafluorotitanate (206.20 mg) and boric acid (186.42 mg) were separately
dissolved in deionized hot water (100 mL) at 50°C. Boric acid solution was added to
ammonium hexafluorotitanate solution at concentrations of 15 mM and 5 mM, respectively.
The silicon wafers having patterned surfaces were immersed in the middle of the solutions
with the bottom up at an angle. They were tilted at 15 degrees to the upright. The solutions
were kept at 50°C for 19 hours or 7 days using a drying oven (Yamato Scientific Co., Ltd.,
DKN402) with no stirring. The substrates were washed with running water and dried by air
blow. The solutions were centrifuged at 4000 rpm for 10 min (Model 8920, Kubota Corp.).
Precipitated particles were dried at 60°C for 12 h after removal of supernatant solutions. The
particles were dispersed in distilled water. They were centrifuged and dried again for
purification.

1. Morphology control of multi-needle TiO; particles
TEM observation of multi-needle TiO; particles

Flower-like multi-needle TiO, particles were successfully formed in aqueous solutions (Fig.
21a, b). Needle shaped crystals grew from the center of the particles. Especially, the needles
grew parallel to TEM observation direction from the center of the particles as shown in red
circles. They clearly showed that needles radiated in all directions to form flower-like
morphology. Each particle had about 6-10 taper needles. Width and length of them were
about 200 nm and 100 nm, respectively. Aspect ratio was about 2 (200 nm / 100 nm). Width
of the needles became smaller as growth direction to have tips. The particles had no core or
pore at the center of their bodies. Nucleation and crystal growth were well controlled to
have flower-like multi-needle morphology.

Electron diffraction pattern showed that the particles were single phase of anatase TiO
crystals (Fig. 21c). Interplanar spacing of (004), (200), and (204) planes were estimated to
0.243 nm, 0.201 nm and 0.151 nm. Diffractions from (004), (200), and (204) planes were clear
single spots (Fig. 21c). Needle shaped crystal was shown to single crystal of anatase TiO..
Long direction of the needle shaped crystals was perpendicular to (004) crystal faces (Fig.
21c). It indicated that anatase TiO. crystals grew along c-axis to form needle shape
morphology. They were thus surrounded by a-faces of anatase TiO; crystals.

Surfaces of the needle crystals were observed carefully (Fig. 21c, d). There were no
amorphous layers or second phase layers on the surfaces. The particles had pure and bare
anatase TiO; surfaces.
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Fig. 21. Transmission electron microscope images of the multi-needle TiO, particles. (a, b)
Low magnification images of the particles. (c) High resolution image of the needles grew
from the center of the particle showing taper shape of the needle. (d) High resolution image
of surface of the needles showing bare TiO; surface. (c) and (d) are magnified area of (a) and
(b). Insert in (c) is electron diffraction pattern indicating crystal phase and interplanar
spacing. Red circles indicate typical images of the multi-needle TiO, particles. Reprinted
with permission from Ref.121, Masuda, Y., Ohji, T. and Kato, K., 2010, Cryst. Growth Des., 10,
913. Copyright @ American Chemical Society

XRD analysis of multi-needle TiO; particles

XRD analysis showed that the particles were single phase of anatse TiO,. X-ray diffraction
peaks were observed at 20 = 25.12, 36.8, 37.7, 47.7, 53.7, 54.7, 62.4, 68.5, 69.8, 74.7, 82.2, 93.7
and 94.4 °. Pure anatase TiO, particles were obtained from the aqueous solutions in this
study. Anatase phase have been prepared using high temperature annealing in many
reports. It caused deformation of nano/micro-structures, aggregation of the particles and
decrease of surface area. However, crystallization of anatase TiO, was realized at 50 °C in
this study to avoid degradation of the properties.
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Crystallite size perpendicular to the (101), (004) or (200) planes was estimated from the full-
width half-maximum of the 101, 004 or 200 peak to be 18.2, 29.8 or 19.2 nm, respectively.
Crystallite size perpendicular to (004) was larger than that of others. Difference in crystallite
size indicated anisotropic crystal growth along c-axis.

For comparison, nanocrystal assembled TiO, particles were prepared in aqueous solutions
at 50°C for 30 min in previous report”’. Crystallite size perpendicular to the (101), (004) or
(200) planes was estimated to be 3.9, 6.3 or 4.9 nm, respectively. The crystalline degree of the
multi-needle TiO; nanostructures was much improved compared with that of the previous
nanocrystal”Z. The key to achieve highly crystalline degree even at low-temperature, i.e.,
50°C, was slow and long-term growth. It was achieved by low super saturation degree of the
solutions. Concentration of ammonium hexafluorotitanate and boric acid were one-tenth of
the previous nanocrystal”’. Synthesis parameters of multi-needle TiO, nanostructures were
developed based on previous reports as follows. Acicular nanocrystals were homogeneously
formed immediately after mixing of two solutions in previous report””. They aggregated
into nanocrystal assembled particles. The particles were removed from the solutions 30
minutes after the mixing to prevent further crystal growth. The crystallite size was thus
small and it contributed to high specific surface area. On the other hand, TiO, films were
prepared in the same solutions at 50°C for several hours!14122123, The films were consisted of
two layers. Under layer was consisted of small nanocrystals. They were formed at an early
stage of immersion period in high ion concentration solutions. Ions were consumed
gradually to form the crystals. Upper layer of acicular crystal assembly was then formed.
They grew in the solutions with low ion concentrations. It indicated that low ion
concentration and low super saturation degree realized formation of acicular TiO; crystals.
Additionally, size of acicular crystals was much larger than initially deposited nanocrystals.
We tried to form multi-needle particles consisted of large acicular crystals on the basis of
these results. Crystal growth in the solution with low ion concentration and low super
saturation degree was utilized for anisotropic crystal growth. They were grown to large
crystals with long period such as 7 days. Slow growth rate caused formation of euhedral
crystals that were affected by crystal structure of tetragonal anatase.

Raman spectroscopy of multi-needle TiO; particles

The particles showed Raman peaks at 157 cm, 412 cm?, 506 cm and 628 cml. It was
typical of anatase TiO» phase. They were assigned to Eg (v6) mode (157 cm-!), Blg mode (412
cm?), doublet of the Alg and Blg modes (506 cm<?), and Eg (vl) mode (628 cm?),
respectively. Additional peaks indicating rutile TiO, or other phases were not observed. It
was notable that Eg (v6) mode shifted with respect to those of bulk crystals or sintered
powders. For the single crystal, Ohsaka et al. determined following allowed bands: 144 cm-!
(Eg), 197 cm (Eg), 399 cm (Blg), 513 cm! (Alg), 519 cm (Blg) and 639 cm! (Eg)!24. TiO,
particles (P25, Degussa) showed peaks at 143.3 cm-! (Eg), 196 cm-! (Eg), 396 cm-! (Blg), 516
cm? (Alg+Blg) and 638 cm-! (Eg). Raman peak of Eg (v6) mode (144 cm1) has been reported
to shift due to several factors such as effect of crystalline size (quantum size confinement
effect)125126, temperaturel?> or pressurel?”. Additionally, nitrogen doped anatase TiO»
particles of 8.40-9.80 nm in diameter were reported to have Eg (v6) mode at 151 cm-112. The
multi-needle particles showed large peak shift of Eg (v6) mode from 144 cm! to 157 cm-!
because of fluorine doping effect and size effect. The large shift of Eg (v6) mode was one of
the characteristics of the multi-needle TiO; particles.
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FT-IR absorbance of multi-needle TiO; particles

The particles showed absorption spectra in infrared light region. The absorption bands
related to TiO, were observed at 907 cm? and 773 cml. They were assigned to stretching
vibrations of Ti=O and -Ti-O-Ti-, respectively. They were consistent with TEM, XRD and
Raman analyses. The bands observed in the range of 1400-1750 cm were attributed to
bending vibrations of O-H!2. Absorption band in frequency range 600-450 cm were
reported to be attributed to stretching vibrations of Ti-F bonds in TiO, latticel29130. The
bands were observed at 513, 532, 540, 558 or 568 cm-! from xTiOF; - yBaF, - zMnF; glasses!?9.
They indicated that F ions were partially replaced to O ions in the latticel?d. Actually,
absorption bands were observed at 455, 488, 505, 520, 552 and 567 cm! in the spectra of the
multi-needle TiO; particles. Additionally, absorption band at 1080 cm! was reported to be
assigned to surface fluorinated Ti-F species!3!. Absorption band was observed at about 1058
cm? from the multi-needle TiO; particles. These analyses suggested that F ions were
partially doped into TiO; crystals to replace O ions.

UV-Vis spectroscopy and band gap of multi-needle TiO; particles

Optical property of the particles was evaluated with UV-Vis spectroscopy. Transparency
gradually decreased as decrease of wavelength. The bulk band gap structures are known as
direct-transition for anatase and indirect-transition for rutile in titania, respectively. Band
gap of the particles was estimated to 3.20 eV (388 nm) by assuming the direct-transition. It
was similar to that of anatase TiO. nanostructures such as anatase TiO; nanorods (3.2 eV
(388 nm))132, anatase TiO, nanowalls (3.2 eV (388 nm))132, anatase TiO, nanotubes (3.2 eV
(388 nm))133, single-layered TiO, nano-sheet with a thickness less than 1 nm (3.15 eV (394
nm))!34, stacked TiO; nano-sheets (3.15 eV (394 nm))13 and anatase TiO; films (3.2 eV (388
nm))13. It was higher than that of rutile TiO; films (2.9eV (428 nm))135, rutile TiO, nanorods
(3.0 eV (414 nm))132, rutile TiO; single crystal (3.0 eV (414 nm), SHINKOSHA Co., Ltd.), and
lower than that of amorphous TiOs films (3.5 eV (355 nm))1%5.

N adsorption characteristics of multi-needle TiO; particles

BET surface area of the particles was estimated to be 178 m2/g from an adsorption branch in
the range of P/Po= 0.1-0.29. Average pore diameter was estimated to be 11.1 nm using BET
surface area. They were estimated to 166 m2/g and 11.9 nm, 151 m2?/g and 17.6 nm from
P/Po=0.05-0.1 or P/Po=0.02-0.07, respectively. BET surface area was higher than that of
TiO, nanoparticles such as Aeroxide P25 (BET 50 m2?/g, 21 nm in diameter, anatase 80% +
rutile 20%, Degussa), Aeroxide P90 (BET 90-100 m2/g, 14 nm in diameter, anatase 90% +
rutile 10%, Degussa), MT-01 (BET 60 m2/g, 10 nm in diameter, rutile, Tayca Corp.) and
Altair TiNano (BET 50 m2/g, 30-50 nm in diameter, Altair Nanotechnologies Inc.)116. Pore
size distribution calculated by BJH method indicated that spaces of 2-3 nm were existed in
the particles. DFT/Monte-Carlo analysis showed several types of mesopores in the range of
3-10 nm (3.5 nm, 4.9 nm, 6.3 nm and 10 nm) and micropores of ~0.8 nm. Total pore volume
and average pore diameter were estimated from pores smaller than 241 nm at P/Po = 0.99 to
be 0.493 cc/g and 13 nm, respectively. They were estimated to be 0.158 cc/g and 4.2 nm,
respectively, from pores smaller than 11 nm at P/Po = 0.81. Total pore volume was also
estimated by the BJH method from pores smaller than 156 nm to be 0.505 cc/g using
desorption isotherm. Total pore volume was also estimated by the BJH method from pores
smaller than 160 nm to be 0.628 cc/g using adsorption isotherm.
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2. Surface coating of micro-structured substrates with multi-needle TiO; particles
SEM observation of the surface coatings

Micro-structured silicon wafers were immersed in the aqueous solutions at 50°C for 7 days.
The substrates were successfully covered with multi-needle TiO, particles (Fig. 22-a). Both
of salient regions and concave regions were modified with the particles uniformly (Fig. 22-
b1, c1). The original micro-structure of silicon wafers were well maintained because the TiO»
surface coatings were uniform thin layers of about 200-600 nm in thickness (Fig. 22-b2, c2).
The coating layers were consisted of flower-like multi-needle TiO, particles of about 200-400
nm in diameter (Fig. 22-b3, 3, red circles). The particles had several needles which grew
from the center of the particles. The needles had taper shape along growth direction. The
particle in red circle of Fig. 22-b3 clearly indicated that tetragonal crystal phase of anatase
TiO; caused fourfold symmetry crystal growth of four needles parallel to the substrate. The
a-axis and c-axis of the particle were parallel and perpendicular to the substrate,
respectively. This shape was basic morphology of the particles in this system. Other needles
also grew from the center to form multi-needle shape as shown in red circles in Fig. 22-c3.
Salient regions were slightly trapezoidal geometry (Fig. 22-a, bl). TiO, particles were
deposited on walls of them. The area between the salient and concave regions was thus
white in SEM images.

For comparison, micro-structured silicon wafers were immersed in the aqueous solutions at
50°C for 19 hours. The multi-needle TiO, particles were formed on both of salient regions
and concave regions (Fig. 23-a). The micro-structures of the substrates were maintained
because the surface coatings were uniform thin layers (Fig. 23-b1, c1). However, coverage of
the surfaces was different from that immersed for 7 d. The TiO, particles covered
approximately half of the salient regions and one third of concave regions (Fig. 23-b2, c2).
Coverage of the salient regions was higher than that of concave regions because concave
regions set back far from the salient region surfaces. The particles and ions were not well
supplied to concave regions. The particles had several needles grown from the center (Fig.
23-b3, c3). The morphology of them was similar to that immersed for 7d, in contrast, their
size was slightly smaller to be about 100-300 nm. These observations indicated growth
mechanism as follows. The particles were homogeneously nucleated from ions in the
solutions. They were then adhered on the substrates to form surface coatings. The particles
further grew to increase number and size of the needles.

XPS analysis of the surface coatings

Surfaces of the TiO coatings were analyzed with XPS. Titanium, oxygen, carbon, silicon and
fluorine were observed from the surface before (Fig. 24-l1a) and after (Fig. 24-1b) Ar*
sputtering. Ti 2ps 2 spectrum was observed at 458.6 eV (Fig. 24-2a). The binding energy was
higher than that of Ti metal (454.0 eV), TiC (454.6 eV), TiO (455.0 eV), TiN (455.7 eV) and
Ti,O; (456.7 eV), and similar to that of TiO, (458.4-458.7 eV)136-138, This suggested that the
titanium atoms in the particles were positively charged relative to that of titanium metal by
formation of direct bonds with oxygen. Ti 2p spectrum changed its shape by the sputtering
due to the decrease of cation valence (Fig. 24-2b). The phenomenon was often observed in
sputtering of titanium oxide!?. The spectrum after sputtering was not suitable for
estimation of chemical ratio because the ratio was slightly changed by decrease of titanium
cation valence. The chemical ratio of Ti to O was thus estimated from the spectra before the
sputtering.
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Fig. 22. (a) SEM micrograph of a micro-structured substrate coated with the multi-needle
TiO; particles deposited for 7 d. (b1) Salient region coated with the multi-needle TiO,
particles. (b2) Magnified area of (bl) showing uniform surface coating. (b3) Magnified area
of (b2) showing morphology of the multi-needle TiO; particles. (c1) Concave region coated
with the multi-needle TiO; particles. (c2) Magnified area of (c1) showing uniform surface
coating. (c3) Magnified area of (c2) showing morphology of the multi-needle TiO, particles.
Black arrows show salient regions. White arrows show concave regions. Red circles indicate
typical images of the multi-needle TiO, particles. Reprinted with permission from Ref.121,
Masuda, Y., Ohji, T. and Kato, K., 2010, Cryst. Growth Des., 10, 913. Copyright @ American
Chemical Society
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Fig. 23. (a) SEM micrograph of a micro-structured substrate coated with the multi-needle
TiO; particles deposited for 19 h. (b1) Salient region coated with the multi-needle TiO,
particles. (b2) Magnified area of (bl) showing uniform surface coating. (b3) Magnified area
of (b2) showing morphology of the multi-needle TiO; particles. (c1) Concave region coated
with the multi-needle TiO; particles. (c2) Magnified area of (c1) showing uniform surface
coating. (c3) Magnified area of (c2) showing morphology of the multi-needle TiO; particles.
Black arrows show salient regions. White arrows show concave regions. Red circles indicate
typical images of the multi-needle TiO; particles. Reprinted with permission from Ref.121,
Masuda, Y., Ohji, T. and Kato, K., 2010, Cryst. Growth Des., 10, 913. Copyright @ American
Chemical Society
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O 1s spectrum was decomposed into two Gaussian curves after removal of background (Fig.
24-3a). The integral intensity ratio of O 1s peak at 532.12 eV to O 1s peak at 529.85 eV was
0.662 : 0.338. The binding energy of O 1s peak at 529.85 eV was similar to that of TiO» (529.9
eV138, 530.1 eV136.137) showing that oxygen was negatively charged compared to neutral
oxygen molecules (531.0 eV) through the formation of direct bonds with Ti. High binding
energy component at 532.12 eV was assigned to oxygen atoms combined to carbon atoms as
C-O or C=0 (532.8 eV). It was decreased by the sputtering for 10 sec (Fig. 24-3b). It was
included in surface contaminations. Drastic decreasing of C 1s spectrum by the sputtering
supported this ascription (Fig. 24-4a, 4b). Chemical ratio of Ti to O was estimated to 1: 1.76
using Ti 2p at 458.6 eV (Fig. 24-2a) and O 1s at 529.85 eV (Fig. 24-3a). It was slightly smaller
than that expected from TiO,. Oxygen vacancy and doping of fluorine ions would decrease
oxygen volume. Fluorine was, in fact, observed from the surfaces at 684.5 eV (Fig. 24-5a).
Chemical ratio was estimated to Ti : O : F =1 :1.76 : 0.18. Sum of oxygen and fluorine was
1.94 which was similar to 2 expected from TiO,. Fluorine spectrum intensity was not
decreased by the sputtering to be Ti : F =1 : 0.16 (Fig. 24-5b). These indicated that fluorine
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Fig. 24. XPS spectra of (1) wide scan, (2) Ti 2p, (3) O 1s, (4) C1s, (5) F 1s and (6) Si 2p for a
micro-structured substrate coated with the multi-needle TiO; particles deposited for 7d (a)
before and (b) after Ar* sputtering. (3a) Ols spectra decomposed to two peaks after removal
of background. Reprinted with permission from Ref.121, Masuda, Y., Ohji, T. and Kato, K.,
2010, Cryst. Growth Des., 10, 913. Copyright @ American Chemical Society
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would not be included in surface contaminations but in the TiO, particles. Fluorine has been
reported to improve properties of TiO,. Fluorination of TiO; increased surface acidity due to
the strongest electronegativity of fluorine'®. Fluorine doping into TiO; increased the surface
OH radicals that were suitable for photocatalytic reactions and improved photocorrosion
resistancel40-145. These properties expand application area of TiO,.

Si 2p3/2 was observed at 98.6 eV and 102.7 eV (Fig. 24-6a). It was detected from silicon
regions uncovered with TiO,. The binding energies were similar to those in silicon wafers
(99.6 eV) and SiO; (103.4 eV). The latter component was decreased by the sputtering because
surface native oxide layer of amorphous SiO; was removed (Fig. 24-6b).

In this section, Multi-needle TiO; nanostructures having high surface area, fluorine doping
and novel physicochemical characteristics were successfully fabricated. Unique aqueous
synthesis realized their distinct morphologies and properties. The needle crystals grew
along c-axis from the center of the particles. They were surrounded by a-faces of anatase
TiO; crystals. Width and length of needles were about 200 nm and 100 nm. Aspect ratio was
about 2 (200 nm / 100 nm). Diffraction patterns showed that the particles were single phase
of anatase TiO,. Interparticle spaces and micro/meso pores of 1-10 nm allowed us to realize
high surface area of 178 m?/g. Large Raman peak shift of Eg (v6) mode suggested fluorine
doping and size effect. Band gap was estimated to 3.20 eV (388 nm) with UV-Vis. These
were characteristics of the multi-needle TiO, particles. Furthermore, self-assembly surface
coating of micro-structured substrates was successfully realized. The coating layers were
consisted of multi-needle TiO; particles of about 200-400 in diameter. XPS analyses indicated
chemical bonds between Ti and O. Chemical ratio was estimated to Ti: O: F=1:1.76 : 0.18
suggesting fluorine doping in TiO»,. The multi-needle particles and the surface coating with
the particles having nano/micro structures would contribute to future metal oxide devices
of solar cells, photo catalysts and high sensitive sensors.

8. Morphology control of nano-sheet assembled tin oxide'*®

Tin oxide particles were synthesized in aqueous solutions. They were consisted of
nanosheets of tin oxide crystals. The sheets were about 50-100 nm in size and 5-10 nm
thickness. X-ray diffraction analysis revealed that the particles were crystals of SnO, and
SnO. The particles had BET surface area of 85 m2?/g estimated with N, adsorption
characteristics. BJH analysis indicated that mesopores of 3.9 nm in size contributed to
increase surface area.

Tin dioxide (SnO»), with a rutile-type crystalline structure, is an n-type wide band gap (3.5
eV) semiconductor. It is an oxide of great interest for gas sensors[1-3], optical devicel#,
lithium batteries!48-151, white pigments for conducting coatings, transparent conducting
coatings for furnaces and electrodes [9], surge arrestors (varistors)!52153, catalysts!54155, opto-
conducting coatings for solar cells'%, dye-sensitized molecular sensors, etc. Transparency,
semiconductivity and surfaced properties of tin oxide are suitable for these applications.
Nanoparticles of tin dioxide have been synthesized by several methods such as
precipitation151.157, hydrothermal synthesis!®15, sol-gellé0.161, hydrolyticl62, carbothermal
reduction!63 and polymeric precursorlé methods. A variety of SnO. nanostructures
including nanowires, nanobelts!65, nanotubes!50.166167, nanorods!68169, spirals, nanorings!?o,
zigzag nanobelts!?!, grains!7?, flakes!72, plates!’2, meshes!”® and columnar thin film!49 were
synthesized.
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Tin chlorides (SnCl> or SnCly) were commonly used in many reports. However, chlorine
ions were difficult to remove from the systems and it seriously altered superficial and
electrical properties. For instance, chlorine ions caused sensitivity degradation of gas
sensors'’4, aggregation of particles'?”> and increasing of sintering temperatures!76. Chloride
problems can be avoided through usage of organic tin compounds, such as alkoxides.
However, these reagents were costly which makes industrial syntheses implementation
hardly attainable. Additionally, sol-gel processes using alkoxides formed amorphous
phases. High temperature annealing which increased cost, energy consumption and CO»
emission was necessary to obtain tin oxide crystals.

Recently, aqueous syntheses of metal oxide crystals including tin oxide were
developed20177. Morphology control of metal oxide crystals were realized by anisotropic
crystal growth. They were induced by crystal growth control or organic additives.
Thermodynamically stable crystal faces, for instance, depend on crystal growth conditions.
Organic molecules adsorbed on typical crystal faces suppress crystal growth perpendicular
to the faces. Morphology control realized improvement of properties of metal oxide devices.
In this study, tin oxide particles were prepared in aqueous solutions!46. They were assembly
of nanosheets. Morphology, crystal phases and N adsorption characteristics were
evaluated. Specific surface area and size distribution of pores were analyzed using
isotherms.

Aqueous synthesis of nano-sheet assembled tin oxide particles. SnF> (Wako Pure
Chemical Industries, Ltd., No. 202-05485, FW: 156.71, purity 90.0%) was used as received.
Distilled water in polypropylene vessels (200 mL) were capped with polymer films and kept
at 90°C. SnF, (870.6 mg) was dissolved in the distilled water at 90°C to be 5 mM. The
solutions were kept at 90°C for 30 min using a drying oven (Yamato Scientific Co., Ltd.,
DKN402) with no stirring. The solutions became clouded shortly after the addition of SnF».
The bottoms of the vessels were covered with white precipitates. The solutions were
centrifuged at 4000 rpm for 10 min (Model 8920, Kubota Corp.). Precipitated particles were
dried at 60°C for 12 h after removal of supernatant solutions.

The solutions became clouded shortly after the addition of SnF, because of the
homogeneous nucleation and growth of tin oxide particles. SnO, and SnO are formed in the
aqueous solutions as follows:

SnF, —2"5SnF(OH) + F-—2 5 Sn(OH), + F~ ()
Sn(OH), ——>SnO + H,0 (b)

Sn(OH), ——SnO, + H, ()

SnO + H,0——Sn0, +H, 178179(d)

The particles were gradually deposited to cover the bottom of the vessels. The
supersaturation degree of the solutions was high at the initial stage and decreased as the
color of the solutions changed.

Precipitated particles showed broad X-ray diffraction peaks at 20 = 27, 34, 38, 52 and 57.5.
They were assigned to SnO; (JDPDS No. 41-1445. The peaks had large width due to small
crystallite size of SnO».
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Morphology of nano-sheet assembled tin oxide particles. Nano-sheet assembled tin oxide
particles were successfully fabricated. Crystallization of tin oxide nanosheets in aqueous
solutions allowed us to obtain unique morphology of tin oxide. The particles with 300-800
nm in diameter were observed with FE-SEM (Fig. 25). They were not dense particles but
assemblies of tin oxide nanosheets. The sheets were about 50-100 nm in size and 5-10 nm
thickness. Aspect ratio was estimated to about 10. They were randomly aggregated to form
the particles. The particles had thus continuous open pores inside. It contributed to increase
surface area of the particles.

The nanosheets would be generated in the solutions homogeneously. They were aggregated
to form particles which made solutions cloudy. They were then precipitated to cover
bottoms of vessels. These were consistent with color change observation of solutions.

Fig. 25. SEM micrographs of (a) tin oxide particles and (b) magnified area of (a). Reprinted
with permission from Ref.146, Masuda, Y. and Kato, K., 2009, J. Cryst. Growth, 311, 593.
Copyright @Elsevier

N; adsorption characteristics of nano-sheet assembled tin oxide particles. The particles
exhibited N adsorption-desorption isotherms of Type IV. The desorption isotherm differed
from adsorption isotherm in the relative pressure (P/Pp) range from 0.45 to 0.97, showing
mesopores in the particles. BET surface area of the particles was estimated to be 85 m2/g.
This is higher than that of SnO, nanoparticles such as SnO, (BET 47.2 m2/g, 18.3nm in
diameter, No. 549657-25G, Aldrich), SnO, (BET 25.9 m?/g, 34nm in diameter, Yamanaka &
Co., Ltd)), SnO; (BET 23 m2?/g, 26nm in diameter, No. 37314-13, NanoTek, C. I. Kasei
Co. Ltd.) and In;O3-SnO; (BET 3-6m2/g, 100-300nm in diameter, Sumitomo Chemical Co.,
Ltd.). The particles were assembly of nanosheets. Unique morphologies of the sheets
contributed to increase surface area of the particles.

Total pore volume and average pore diameter were estimated to 0.343 cc/g and 16.1 nm,
respectively from pores smaller than 259 nm at P/Po = 0.9925. They were estimated to be
0.088 cc/g and 4.1 nm, respectively, from pores smaller than 10.6 nm at P/Po = 0.7994. Total
pore volume was also estimated by the BJH method from pores smaller than 174 nm to be
0.354 cc/g.

Pore size distribution was calculated by the BJH method using desorption braches. It
showed a pore size distribution curve having a strong peak at ~3.9 nm and a broad peak
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from 25 nm to 175 nm. The particles would have a large amount of mesopores with ~3.9 nm
in diameter and mesopores with 25-175 nm in diameter. The pores were spaces surrounded
by nanosheets and interparticle spaces. Micropores smaller than 2 nm were not suggested
by BJH pore size distribution.

In this section, nanosheet assembled tin oxide particles were fabricated by aqueous solution
synthesis. Anisotropic crystal growth of tin oxide was effectively utilized to form nanosheet
assembled structure. They were crystallized at ordinary temperature without annealing,. It
allowed us to avoid aggregation of the particles and decrease of surface area. The particles
were 300-800 nm in diameter and were crystals of SnO, and SnO. The sheets were about 50-
100 nm in size and 5-10 nm thickness. The particles had BET surface area of 85 m2/g
estimated with N> adsorption characteristics. BJH analysis indicated that mesopores of 3.9
nm in size contributed to increase surface area. The particles were prepared by
environmentally friendly process. The system had advantages on low cost, low energy
consumption and low CO; emission.

9. Enhancement of surface area of tin oxide'®’

Tin oxide nano-crystals with high surface area were firstly synthesized in aqueous
solutions at 50°C. BET surface area was successfully reached to 194 m2/g180. It was much
higher than that of SnO; (BET 47.2 m2/g, Aldrich), SnO, (BET 25.9 m2/g, Yamanaka & Co.,
Ltd.), SnO; (BET 23 m2/g, C. I. Kasei Co.,Ltd.) and InyO3-SnO, (BET 3-6m2/g, Sumitomo
Chemical Co., Ltd.). N> adsorption characteristics revealed that they had pores of 1-3 nm
which contributed high surface area. TEM, ED and XRD indicated morphology, crystal
structure and chemical composition of nano-crystals. Novel process allowed us to avoid
sintering and deformation of the crystals and hence, realized high surface area and unique
morphology.

In this study, tin oxide nanosheets were formed in the solutions. BET surface area was
successfully reached to 194 m2/g. Origin of high surface area was discussed with pore size
distribution and morphology observations.

Synthesis of Tin Oxide Nanosheets. SnF, (870.6 mg) was dissolved in distilled water (200
mL) of 50°C to be 5 mM. The solutions were kept at 50°C for 20 min and then at 28°C for 3
days without stirring. The nanocrystals precipitated to cover bottom of the vessels. For
comparison, the solutions were centrifuged at 4000 rpm for 10 minafter keeping at 50°C for
20 min. Precipitated particles were dried at 60°C for 12 h after removal of supernatant
solutions.

Morphology and crystal phase of tin oxide nanosheets.

The nanosheets synthesized at 50°C for 20min and at 28°C for 3 days were mixture of SnO»
main phase and SnO additional phase (Fig. 26a). X-ray diffraction peaks at 20 = 26.5, 33,
51.4, 62, 64.5, 80 and 89 were assigned to 110, 101, 211, etc. of SnO, (JDPDS No. 41-1445). 101,
110 and 002 diffraction peaks of SnO (JDPDS No. 06—0395) were over lapped to peaks of
SnO». For comparison, diffraction pattern of the nanosheets synthesized at 50°C for 20min
was shown in Fig. 26b. Half maximum full-width of the peaks was smaller than that in Fig.
26a. Lower SnO content resulted sharp peaks of SnO; in Fig. 26b. These observations
indicated that SnO was mainly formed at 28°C rather than at 50°C.
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Fig. 26. XRD patterns of (a) tin oxide nanosheets fabricated at 50°C for 20min and at 28°C for 3
days, and (b) tin oxide nanosheets fabricated at 50°C for 20min. Reprinted with permission from
Ref.180, Masuda, Y., Ohji, T. and Kato, K., 2010, ]. Am. Ceram. Soc., 93(8), 2140. Copyright @Wiley

The nanosheets were well dispersed in ethanol. The nanosheets in supernatant solutions
were skimmed with Cu grids for TEM observations. They were 20-50 nm in diameter having
uniform thickness (Fig. 27A). Similar structures were observed from many areas. We
observed that they curled up during long-term observation. It indicated that they had sheet
structure. Electron beams damaged them to transform the structures. Some of them tightly
connected each other (Fig. 27B). They had clear interfaces without pores or small grains. The
nanosheet showed electron diffractions (Fig. 27B, Insert). Lattice spacing calculated from
spots indicated with a red line and a yellow line were 0.283 nm and 0.154 nm, respectively.
They can be assigned to SnO, and/or SnO. The former one can be assigned to101 crystal
plane of SnO, (0.264 nm) or 110 crystal plane of SnO (0.269 nm). The later one can be
assigned to 310 crystal plane of SnO; (0.149 nm), 221 crystal plane of SnO, (0.148 nm), 202
crystal plane of SnO (0.149 nm) or 103 crystal plane of SnO (0.148 nm). Additionally,
diffraction spots related to lattice spacing of 0.283 nm were observed at upper part. They
were shown with two white circles and a red line in Fig. 27B Insert. The double spots
indicated that the area shown in a white circle in Fig. 27B was consisted of two crystals, i.e.,
stacked two nanosheets. High magnification image was also obtained from other
observation area (Fig. 27C). The structure was thinner than that in Fig.27A and 27B. Clear
image was not obtained in low magnification images due to low contrast. However, it
showed clear high magnification image and lattice fringe (Fig. 27C). Electron diffraction
patterns showed lattice spacing of 0.277 nm (red line), 0.279 nm (green line) and 0.196 nm
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(yellow line). They were assigned to 110, 1-10 and 200 crystal planes of SnO, respectively.
Lattice spacing and their angles were well matched to that of SnO. Chemical composition
was estimated from several points of tightly-packed area. The area included nanosheets and
spherical crystals. Chemical composition varied among each positions in the range of Sn : O
=1:1.7-2.7 which was similar to that of SnO; rather than SnO. These observations indicated
that the crystals were mixture of SnO; and SnO.

Fig. 27. TEM micrographs and electron diffraction patterns of tin oxide nanosheets. (b): high
magnification image of (a). (c): high magnification image of other area. Reprinted with
permission from Ref.180, Masuda, Y., Ohji, T. and Kato, K., 2010, ]. Am. Ceram. Soc., 93(8),
2140. Copyright @Wiley

N; adsorption characteristics of tin oxide nanosheets.

BET surface area of the nanosheets was estimated from N adsorption isotherm (Fig. 28a).
The nanosheets had successfully high surface area of 194 m2/g (Fig. 28b). It was much
higher than that of SnO, nanoparticles such as SnO, (BET 47.2 m2/g, 18.3nm in diameter,
No. 549657-25G, Aldrich), SnO, (BET 25.9 m2/g, 34nm in diameter, Yamanaka & Co., Ltd.,
Osaka, Japan), SnO, (BET 23 m2/g, 26nm in diameter, No. 37314-13, NanoTek, C. I. Kasei
Co. Ltd., Tokyo, Japan) and In;O3-SnO; (BET 3-6m2/g, 100-300nm in diameter, Sumitomo
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Chemical Co., Ltd.). Additionally, it was more than double higher than that of previous
report (85 m2/g)18L. Pore size distribution was analyzed with BJH method using adsorption
isotherm (Fig. 28c). It indicated that the nanosheets included pores of 1-2 nm. Micropore
analysis was performed with DFT/Monte-Carlo Fitting which was completely-consistent
with isotherms (Fig. 28d). Pores of 1-3 nm were shown to be in the nanosheets (Fig. 28e). The
micro and meso-pores contributed high surface area of 194 m2/g in this system. For
comparison, BET surface area of the nanosheets synthesized at 50°C for 20min was
estimated to 146 m2/g. It was also higher than that of nanoparticles in former studies.
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Fig. 28. (a): N2 adsorption-desorption isotherm of tin oxide nanosheets. (b): BET surface area
of tin oxide nanosheets. (c): Pore size distribution calculated from N> adsorption data of tin
oxide nanosheets using BJH equation. (d): N2 adsorption-desorption isotherm and
DFT/Monte-Carlo fitting curve of tin oxide nanosheets. (e): Pore size distribution calculated
from N adsorption data of tin oxide nanosheets using DFT/Monte-Carlo equation.
Reprinted with permission from Ref.180, Masuda, Y., Ohji, T. and Kato, K., 2010, |. Am.
Ceram. Soc., 93(8), 2140. Copyright @Wiley
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In this section, nanosheets of tin oxides were fabricated in aqueous solutions at ordinary
temperature. BET surface area successfully reached to 194 m2/g. It was much higher than
that of nanoparticles in former studies. 2-dimensional sheet structure was one of ideal
structures for high surface area per unit weight. Nano sized thickness directly contributed
high surface area. Crystalline nanosheets were prepared without high temperature
annealing which degraded surface area and nanostructures. High surface area and unique
nanostructures of the sheets can be applied to gas sensors, dye-sensitized solar cells and
molecular sensors.

10. Tin oxide coating on polytetrafluoroethylene films in aqueous solutions'®

Tin Polytetrafluoroethylene(PTFE) films were successfully coated with tin oxide in aqueous
solutions. Tin oxide was crystallized in the solution and formed nanocrystal coatings on the
polymer films. The coatings were consisted of SnO» and SnO crystals. They were assemblies
of tin oxide nanosheet of about 10 nm to 50 nm in size and about 5 nm in thickness. The
nanocrystal films can be exfoliated from the PTFE substrates. Tin oxide nanocrystal films
had a rough liquid-surface and a dense substrate-side surface. Transparency of PTFE films
coated with tin oxide was same to that of bare PTFE films in the range from 400 nm to 800
nm. Tin oxide decreased transparency about 25 % at 320 nm. The PTFE films coated with tin
oxide nanocrystals can be pasted on desired substrates.

Organic-inorganic hybrid materials such as metal oxide electronics on polymer flexible films
have received considerable attention in recent years for light-weight flexible sensors,
displays, dye-sensitized solar cells, etc. The polymer films offer the advantages of flexibility,
light-weight, low-cost and impact resistance.

Tin oxide (SnO;) is an important semiconductor with a wide band gap of 3.6 eV at room
temperature. They have been widely used in gas sensors'¢7.183, optical devices'¥, lithium
batteries!48-150, etc. A novel type of bio-sensor was proposed to detect environmental toxins
such as bisphenol-A or dioxin®184. Tin oxide is a candidate material for the sensor because
of its suitable band gap, surface characteristics, and high transparency.

Metal oxides including tin oxide have been synthesized with high temperature processes at
several hundred degrees for many years. Recently, the aqueous syntheses of metal oxides
have attracted much attention as a next generation science and technology!51114177, Aqueous
systems are environmentally friendly and have advantages of low energy consumption, low
cost and an organic solvent free process.

In recent years, metal oxide films and their microstructures were fabricated on organic
surfaces such as polyethylene terephthalate (PET) films!8518 or self-assembled
monolayers20113187.188, However, metal oxide formation on polytetrafluoroethylene (PTFE)
was difficult compared to PET films. PTFE films are widely used in electronic applications
because of low chemical reactivity, low coefficient of friction, high melting point (327 °C),
high-corrosion resistance, a high dielectric strength over many different frequencies, a low
dissipation factor, and a high surface resistivity. They were selected as substrates in this
study.

In this section, tin oxide nanocrystals were prepared on PTFE films in aqueous
solutions!82184, They were crystallized in the solution containing tin ions to form films
consisted of nanosheets. The process realized tin oxide film formation without high
temperature annealing and unique morphology of tin oxide crystals.
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1. Aqueous synthesis of tin oxide nanocrystals on PTFE films

SnF; (870.6 mg) was dissolved in the distilled water (200 mL) at 90°C to be 5 mM. PTFE
films (thickness: 50 pm, ASF-110, Chukoh) with silicone adhesive (thickness: 30 pm) were
pasted on quarts substrates (25 x 50 x 1 mm). They were immersed in the middle of the
solutions with the bottom up at an angle or with the top up at an angle. They were tilted at
15 degrees to the upright. The solutions were kept at 90°C using a drying oven (Yamato
Scientific Co., Ltd., DKN402) for 2 h with no stirring. The solutions became lightly clouded
after 2 h. The as-deposited nanocrystals on substrates were rinsed under running water and
dried by a strong air spray. Additionally, the solutions kept at 90°C for 2 h were centrifuged
at 4000 rpm for 10 min (Model 8920, Kubota Corp.). Precipitated particles were dried at 20°C
for 12 h after the removal of supernatant solutions.

2.  Morphology of tin oxide nanocrystals on PTFE films

Bare PTFE films pasted on quarts substrates had cracks of about 50 nm to 200 nm in length
(Fig. 29). Longer directions of cracks were perpendicular to the extensional direction. They
were formed during adhesive processes. The quarts substrates and the PTFE films were
transparent or slightly white, respectively. The PTFE films can be pasted on desired
substrates such as quarts, metals and polymers with silicone adhesive.

Fig. 29. SEM micrograph of a bare PTFE film. Reprinted with permission from Ref.182,
Masuda, Y. and Kato, K., 2010, Polym. Adv. Technol., 21(3), 211. Copyright @Wiley

The surface of PTFE films was completely covered with assemblies of nanosheets (Fig. 30a).
Uniform formation of tin oxide coatings is one of the advantages of solution processes.
Large sheets were also observed from the surfaces (Fig. 30b). They were about 200 nm to 300
nm in size and about 10 nm in thickness (Fig. 30b). Some of them stood perpendicular to the
PTFE films at an angle. They had an angular outline, which was connected by straight lines.
They were caused from anisotropic crystal growth of tin oxide reflected in their crystal
structure. The large sheets connected in a cross shape were also observed at the lower right
(Fig. 30b). Nanosheets were roughly estimated to about 10 nm to 50 nm in size and about 5
nm in thickness (Fig. 30c). They connected to each other to form continuous films on the
PTFE surfaces. The tin oxide films were exfoliated from PTFE films by scratch using a metal
spatula. Exfoliated tin oxide films were placed on a substrate for SEM observation. Three
exfoliated tin oxide films were observed to be partially-overlapping (Fig. 30d). The top film
and bottom film showed their liquid-side surfaces. They were similar to that observed in
Fig. 30a-c. The middle film showed a substrate-side surface, which was contacted with PTFE
film during the immersion period. Substrate-side surface of the middle film was indicated
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by a white arrow. It had a dense surface, which consisted of nanocrystals of about 5 nm to
10 nm in size. These observations indicated that dense films consisted of nanocrystals of
about 5 nm to 10 nm in size were formed on the PTFE films at first stage of tin oxide film
formation. Tin oxide then grew to sheet-shapes to form assemblies of nanosheets.
Additionally, large sheet crystals grew on the tin oxide dense films.

Fig. 30. SEM micrographs of (a) tin oxide nanocrystals on a PTFE film and (b, ¢) magnified
area of (a) showing morphology of nanocrystals and (d) exfoliated tin oxide nanocrystal
films showing liquid-side surface and substrate-side surface. Substrate-side surface is
indicated by a white arrow. Reprinted with permission from Ref.182, Masuda, Y. and Kato,
K., 2010, Polym. Adv. Technol., 21(3), 211. Copyright @Wiley

3. Crystal phase of tin oxide nanocrystals on PTFE films

X-ray diffraction pattern obtained from a PTFE film coated with tin oxide was similar to
that from a bare PTFE film. Diffraction peaks assigned to tin oxide were not observed
because of thin film thickness.

Precipitated particles were evaluated after drying. They showed broad X-ray diffraction
peaks at 20 = 27, 34, 38 and 52. They were assigned to 110, 101, 200 or 211 diffraction peaks
from SnO2 (JDPDS No. 41-1445) (Fig. 3c). The peaks were wide in width due to the small
crystallite size of SnO,. Peaks were also observed 20 = 29.5, 32.0, 37.4, 48.0, 50.4 and 57.4.
They were assigned to 101, 110, 002, 200, 112 or 211 diffraction peaks from SnO (JDPDS No.
06-0395).

XRD analysis indicated that the particles obtained from the solutions consisted of SnO;
crystals and SnO crystals.

4. XPS analysis of tin oxide nanocrystals on PTFE films

Carbon, fluorine and oxygen were detected from bare PTFE films (Fig. 31b). Chemical ratio
of them was estimated to C : F : O = 1 : 2.05 : 0.02. It was consistent with chemical
composition of polytetrafluoroethylene (PTFE, C : F =1 : 2). Small amount of oxygen was
detected from surface contamination. PTFE films coated with tin oxide showed spectra of
tin, oxygen, fluorine and carbon (Fig. 31a). Spectral peak corresponding to Sn 3ds/> was
observed at 487.2 eV (Fig. 31c1). The binding energy was similar to that of SnO (486.3 eV189,
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486.5 eV1%, 486.6 eV191, 487.3 eV) and higher than that of Sn metal (484.8 eV, 484.85 eV,
484.87 eV, 484.9 eV, 485.0 eV), which suggested tin atoms in surface coatings were positively
charged by forming direct bonds with oxygen. Binding energy of O 1s centered at about
531.2 eV corresponds to that of SnO, (Fig. 31c2). Chemical ratio of the coatings was
estimated toSn: O:F:C=1:1.88:7.25:3.82and C:F =1:1.90. It was indicated that the
surface coatings consisted mainly of SnO, (Sn : 1 : 2). They were formed on
polytetrafluoroethylene films (PTFE, C : F = 1 : 2). Difference and similarity between XPS
analyses and XRD analyses suggested deposition mechanism of tin oxides. Crystal phases
and chemical compositions of the surface coatings were different from those of the
precipitated particles. SnO; crystallized on the films to form surface coatings, on the other
hand, SnO, and SnO homogeneously crystallized to form particles in the solutions. Pure
SnO; coatings were thus successfully formed on the PTFE films.

(a) Tin oxide on PTFE E (b) PTFE film (1) Tin oxide on PTFE| | (c2) Tin exide on PTFE.
Snadsiz O1s
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Fig. 31. XPS spectra of (a) tin oxide nanocrystals on a PTFE film and (b) a bare PTFE film.
(c1) Sn 3ds/2 spectrum and (c2) O 1s spectrum of tin oxide nanocrystals on a PTFE film.
Reprinted with permission from Ref.182, Masuda, Y. and Kato, K., 2010, Polym. Adv. Technol.,
21(3), 211. Copyright @Wiley

5. Optical property of tin oxide nanocrystals on PTFE films

Quarts substrates had high transparency in the range from 200 nm to 850 nm (Fig. 32, black
line). PTFE films pasted on quarts substrates were visually observed to be slight white. Their
transparency was lower than that of quarts (Fig. 32, red line). Especially, it decreased as
decrease of wavelength below 350 nm. PTFE films coated with tin oxide showed the same
transparency as bare PTFE films in the range from 400 nm to 850 nm (Fig. 32, blue line).
They decreased transparency about 25 % at 320 nm. Tin oxide particles precipitated from the
solution were evaluated for comparison. They had absorption peak centered at 320 nm. This
absorption was caused by tin oxide. These analyses indicated that tin oxide was deposited
on PTFE films immersed in the solutions and they decrease transparency at 320 nm.
Polytetrafluoroethylene (PTFE) films were successfully coated with tin oxide nanocrystals.
Tin oxide was crystallized in aqueous solutions to form nanosheet-assembled films. They
were about 10 nm to 50 nm in size and about 5 nm in thickness. Large sheets of about 200
nm to 300 nm in size and about 10 nm in thickness were also crystallized on the surfaces. X-
ray diffraction analysis indicated that tin oxide was a mixture of SnO; and SnO. PTFE films
coated with tin oxide were transparent in the range from 400 nm to 850 nm. Tin oxide on the
films had absorption centered at 320 nm. Tin oxide coated PTFE films can be pasted on
desired substrates. Hybrid tin oxide-PTFE composites may be useful for increasing the
potential application of tin oxide film as flexible electronics.
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Fig. 32. UV-Vis spectra of (a) a quarts substrate (black line), (b) a PTFE film pasted on a

quarts substrate (red line) and (c) tin oxide nanocrystals on a PTFE film pasted on a quarts

substrate (blue line). UV-Vis spectrum of tin oxide particles. Reprinted with permission

from Ref.182, Masuda, Y. and Kato, K., 2010, Polym. Adv. Technol., 21(3), 211. Copyright

@Wiley

11. Summary

Liquid phase morphology control of metal oxide was developed by precise control of crystal
growth in this study. Various nano/micro-structures of them were fabricated in solution
systems. These would contribute to development of future metal oxide devices and develop
new academic fields.
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1. Introduction

Two-dimensional (2D) nanosheets obtained via exfoliation of layered compounds have
attracted intensive research in recent years, opening up new fields in the science and
technology of 2D nanomaterials.!-¢ These 2D nanosheets, which possess atomic or molecular
thickness and infinite planar dimensions, are emerging as important new materials due to
their unique properties. Research in such exotic 2D systems recently intensified as a result of
emerging progress in graphene (carbon nanosheet)l 2 and novel functionalities in oxide
nanosheets.35 In particular, oxide nanosheets are exceptionally rich in both structural
diversity and electronic properties, with potential application in areas ranging from catalysis
to electronics. Now, by using the exfoliation approach, it is possible to investigate dozens of
different 2D oxide nanosheets in search of new phenomena and applications.

One of the important and attractive aspects of the exfoliated nanosheets is that various
nanostructures can be fabricated using them as 2D building blocks.718 It is even possible to
tailor superlattice-like assemblies, incorporating into the nanosheet galleries a wide range of
materials such as organic molecules, polymers, and inorganic and metal nanoparticles.
Sophisticated functionalities or nanodevices may be designed through the selection of
nanosheets and combining materials, and precise control over their arrangement at the
molecular scale.

In this chapter, we review the current research on oxide nanosheets. Our particular focus is
placed on recent progress that has been made in the synthesis and properties of oxide
nanosheets, highlighting emerging functionalities in electronic applications.

2. Synthesis of oxide nanosheets

Various nanosheets based on transition-metal oxides have been synthesized by
delaminating the precursor crystals of layered oxide into their elemental layers (Table 1).

Chemical exfoliation is the most facile route for making isolation of single layers (oxide
nanosheets) separately from thicker layered compounds (Fig. 1). These procedures have
attracted much attention as an efficient method for preparing single layers with lateral sizes
of up to several micrometers. Pioneering works in this line appeared in the 1990s by Sasaki
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Ti oxide Ti()‘9102, Tio‘8702, TioAgCOOQOz, TioAaFe()AOz, Ti(s.z_zx) Semiconducting,
/6Mnx/202 (0 <x< 0.4) Tio{s_x/z;Fex/2C00,2.x/402 (0 <x< 0.8) Photocatalytic,
Dielectric,
Ferromagnetic
Mn oixde MnO; Redoxable
Nb/Ti and NbgO17, NbsOsg, TiNbOs, TioNbO7, TisNbO14, TaOs3 Photocatalytic,
Ta oxide Dielectric
Perovksite Gd1.4Fu6Ti3010, BisTi3012, LaNb>O7, LagoEug0sNb>O7, Photocatalytic,
SrTa207, Lao‘7Tbo,3Ta207, EuO,saTazoz Casz3010, Dielectric,
SroNb3019, CarTazO1g, SroTazOq9 Photoluminescence
Mo oxide MoO: Conducting
Ru oxide RuO31, RuO, Redoxable,
Conducting
W oxide W20y, Cs4W11036 Redoxable
Photochromic

Table 1. Library of oxide nanosheets

et al.,1% 20 reporting the successful delamination of layered titanates into single titanate
nanosheets. Prompted by the findings related to functional oxide nanosheets, several
strategies on functional oxides can be found in the literature.

Layer Compound Colloidal Suspension

o Bulky Guest
A4 \—
y : /Nanosheet

N

Exfoliation \ = Single Layer
&

Fig. 1. Schematic illustration for the exfoliation of a layer compound into nanosheets.

In the case of metal oxides, protonation usually resulted in electrostatic repulsions that
facilitated exfoliation. By this procedure, single layers of Ti oxides,!9-22 Mn oxides,?? Nb/Ta
oxides,24#26 Mo oxides,?” Ru oxides,2 and W oxides,2?® as well as sheets of several
perovskites?. 93035 have been separated from bulk samples (Fig. 2).

In these cases, a chemical intercalator that assists the separation of layers and hampers the
reassembly of the bulk lamellar material is always required. Tetrabutylammonium (TBA) is
the most commonly used intercalator, but also tetrametylammonium and ethylammonium
have been used successfully for these purposes. Layered transition-metal oxides such as
Cso7Ti1.825Y017504 (Y: vacancy), KossMnO,, and KCaxNb3Ojg can be used as the starting
material for the nanosheet.1% 20. 23,31 A common feature of these host compounds is cation-
exchange properties involving interlayer alkali metal ions, which are a key to facilitating
exfoliation. As the first step to delamination, these layered materials are acid-exchanged
into protonated forms such as HosTi1s5Y017504°H20, Ho1s3MnO,0.7H,O, and
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HCa;Nb3O10°1.5H,0, in which the interlayer alkali metal ions can be completely removed
under suitable conditions while maintaining the layered structure. The resulting protonic
oxides are subsequently delaminated through reaction with a solution containing TBA ions,
producing turbid colloidal suspensions of Tip9102, MnO,, and Ca;NbzO1p nanosheets. Such
an exfoliation process is quite general: exfoliation of the other layered host compounds
proceeds in a similar fashion.

(a) Tig9102 (b) MnO, (c) TiNbOg5

NP WP
N\
A R A

(Ti/NB)Og

A
SR

Fig. 2. Strucutres of selected oxide nanosheets. (a) Tip9102, (b) MnO,, (c) TiNbOs, (d)
Casz;:,Ow, (e) CS4W11036.

These materials have prompted many efforts to elucidate their structural properties. The
formation of unilamellar nanosheets was confirmed by direct observation with atomic force
microscopy (AFM), x-ray diffraction (XRD), and transmission electron microscopy (TEM).36-
40 Fig. 3 depicts an AFM image for Tiog702 nanosheets. The AFM data clearly reveals a sheet-
like morphology, which is inherent to the host layer in the parent compounds. The average
thickness was 0.93 + 0.1 nm. This value is nearly comparable to the crystallographic
thickness of the host layer in the corresponding parent compound, supporting the formation
of unilamellar nanosheets. On the other hand, the lateral size depends on the choice of
starting materials. For nanosheets derived from polycrystalline powder samples, the lateral
size ranges from submicrometers to several tens of micrometers. After tuning the exfoliation
conditions by using flux-grown single crystals, the technique provides high-quality
nanosheet crystallites up to ~100 um in size, which is suitable for electronic applications.?!

Fig. 3. AFM image of TigsyO2 nanosheets dispersed on a Si substrate.
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3. Chemical nanomanipulation of oxide nanosheets

Oxide nanosheets are an important and promising component for creating new materials.
Oxide nanosheets have a high 2D anisotropy of the crystallites: thickness is ~1 nm wheras
lateral size ranges from submicrometers to ~100 pm. In addition, these nanosheets are
obtained as negatively charged crystallites that are dispersed in a colloidal suspension.
These aspects make the nanosheets a suitable building block for designing nanostructured
films. In practice, colloidal nanosheets can be organized into various nanostructures or
combined with a range of foreign materials at the nanometer scale by applying wet-process
synthetic techniques involving flocculation and layer-by-layer (LbL) self-assembly. Through
these processes, oxide nanosheets can be combined with a wide range of polyions such as
organic polyelectrolytes, metal complexes, clusters and even oppositely charged nanosheets,
which is a major advantage of this approach. Furthermore, control of particulate shape as
thin flakes and hollow spheres has been achieved through freeze- or spray-drying
techniques.

One of the highlights is the fabrication of nanocomposite films of organic
polymer/nanosheet materials that exhibit useful properties. Several groups have
demonstrated that the electrostatic LbL self-assembly via sequential adsorption and
Langmuir-Blodgett (LB) procedure are effective for this purpose (Fig. 4).

(a) Electrostatic Sequential Deposition
Polycation Nanosheet
s

—
=
S — [

—
—

- (b) Langmuir-Blodgett Deposition
Colloidal Nanosheet

E Nanosheet
Suspension

Fig. 4. Schematic illustration for chemical nanomanipulation of oxide nanosheets. (a)
Electrostatic sequential deposition and (b) Langmuir-Blodgett deposition.

Electrostatic sequential deposition is one of the most powerful methods of fabricating
nanostructured multilayer films with precisely controlled composition, thickness and
architecture on a nanometer scale [Fig. 4(a)]. This technique, often called “molecular beaker
epitaxy”, has been first developed by Decher#! and applied to various charged materials. In
this LbL process, a multilayer assembly can be built up by alternately dipping the substrate
in a colloidal suspension of nanosheets and an aqueous solution of suitable polyelectroytes.
Polycations such as poly (diallyldimethylammonium chloride) (PDDA) and poly
(ethylenimine) are usually used as a counterpart of the oxide nanosheets. Fig. 5(a) depicts an
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example of the multilayer film of (PDDA/Tip9102)10 on a quartz glass substrate, showing
UV-visible absorption spectra in the fabrication process. The absorption peak at 265 nm,
attributable to the Tip91O, nanosheets, was progressively enhanced as the number of
deposition cycles increased, clearly indicating the repeated adsorption of nearly equal
amounts of nanosheets. XRD data provides further evidence for the formation of multilayer
films by the evolution of Bragg peaks and their progressive enhancement. Other
characterizations by ellipsometry, FT-IR and AFM all support the growth of multilayer
nanocomposite films. Multilayer films of other nanosheets were fabricated by similar
procedures.

15
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Fig. 5. UV-visible absorption spectra in the multilayer buildup processes for
(Tio.9102/PDDA)g (a) and (PDDA/Tig9102/PDDA/MnOy)10 (b). The insets indicate the
designed stacked structures of the nanosheets.

Such LbL assembly of various nanosheets also allows us to tailor superlattices or
heterostructures by tuning the number of nanosheets and their stacking sequences. Fig. 5(b)
shows UV-visible absorption spectra for the superlattice assembly composed of MnO, and
Tip9102 nanosheets. The observed spectral changes clearly indicate that the films grew as
designed. The superlattice approach makes it possible to design complex functions that
cannot be achieved using a single material.

LB deposition has been proved much simple and effective as another approach for
organizing 2D nanosheets [Fig. 4(b)].4245 LB film deposition, the formation of a floating
monolayer on water surface in a Langmuir trough followed by an appropriate level of
compression, is preferable for achieving dense packing or neat tiling. Through vertical-
dipping/lifting, the monolayer is deposited onto a flat substrate in LbL fashion. Pioneering
work#2 has demonstrated that exfoliated nanosheets could float by adhering to amphiphilic
ammonium cations at the air/water interface through electrostatic interaction, and thus the
ordinary LB procedure is applicable for fabricating nanosheet films. Although LB technique
has been used for decades, its application for nanoparticles and nanorods is often frustrated
by defects ranging from pinholes to larger reorganization of the layers. In the case of
nanosheets, the LB technique provides nearly perfect mono- and multilayer films with
atomically flat surfaces. The LB-based LbL approach with the use of an atomically flat
substrate is effective for fabricating atomically uniform and highly dense nanofilms of oxide
nanosheets. Fig. 6 shows a cross-sectional high-resolution TEM image of a 5-layer (7.5 nm
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thick) CaaNbsOyp film on a SrRuOj3 substrate.46 The image clearly reveals a stacking structure
corresponding to the LbL assembly of nanosheets. Such LB-deposited nanofilms are very
suitable for a number of applications in electronic devices.
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Fig. 6. Cross-sectional high-resolution TEM image of a 5-layer (7.5 nm thick) Ca;Nb3O1o film
on a SrRuOs substrate. Note that the film/substrate interface is atomically flat without an
interfacial layer between Ca;NbzO19 and SrRuOs substrate. The nanofilms of this quality
show an excellent dielectric property as will be discussed in section 4.1.

A clear benefit of these LbL approaches is the engineering of the clean interface, which
appears to be a key step in the design of film properties. Currently, physical depositions
such as vapor deposition and laser ablation are the main methods of fabricating oxide films.
These techniques, however, usually require a complex and difficult deposition process
involving high-temperature postannealing (> 600°C), which can cause degradation in the
film-substrate interface arising from both nonstoichiometry and thermal stress. In that
scence, the solution-based bottom-up fabrication using oxide nanosheets provides new
opportunities for room-temperature fabrication of oxide nanoelectronics, while eliminating
integration problems encountered in current film-growth techniques.

4. Electronic applications

The development of a wide range of nanosheets with various properties is very important in
the design of nanodevices with sophisticated functionality. Currently, extensive effort is
being made to develop oxide nanosheets with new physical and chemical properties. The
range of applications of nanoassemblies could therefore be widened significantly. Here, we
describe the current status of researches on oxide nanosheets, highlighting emerging
functionalities in electronic applications.

4.1 Electronic devices

In nanosheets, 2D structures created by lateral confinement can potentially lead to not only
the modification of electronic structures but also the modulation of electron-transport
phenomena that arise from the quantum confinement effect. Research in such exotic 2D
systems recently intensified as a result of emerging progress in graphene and its novel
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functionalities.l 2 47 In graphene, a number of unique conducting phenomena have already
been found, such as anomalous quantum Hall effect, bipolar supercurrent, etc.

Despite the similar 2D structural nature, oxide nanosheets are quite different electronically
(Table 1). Most oxide nanosheets synthesized to date are d° transition metal oxides (with
Ti4+, Nb5+, Ta5*, Wé+), where the empty d orbitals of metal mix with the filled p orbitals of the
ligands.#¢ Such d4° materials are not electronically interesting, but semiconducting or
insulating materials. In current research on oxide nanosheets, experimental efforts have thus
focused on their use as a semiconducting host or dielectric.

Tio9102 nanosheets possess semiconducting properties similar to those of bulk TiO,, such as
rutile and anatase except for some modifications due to size quantization.®® Tip01O:
nanosheets generate anodic photocurrent by band gap excitation under light irradiation
with wavelengths shorter than 320 nm, corresponding to wider band gap energy of 3.8 eV.50
In contrast, MnO, nanosheets have a broad absorption peak centered at 372 nm, which
results from d-d transitions in the MnO; nanosheets.’® Various interesting and useful
properties have also been developed by organizing or assembling these oxide nanosheets
into composite materials or multilayer films. Tip.9102 nanosheets flocculated with lanthanide
cations emitted intense photoluminescence at room temperature through effective energy
transfer from the semiconducting nanosheet host.’ 51 Highly stable photoinduced charge
separation was attained in a composite film of restacked Tip91O» nanosheets and
mesoporous silica or clay minerals, in which electron donors and acceptors are spatially
separated at a distance of micrometers.

Another enticing possibility is the use of oxide nanosheets in high-x dielectrics, a key
material for future semiconducting technology. For example, Tios7O2 and CaxNb3Oqg
nanosheets act as high-«x nanoblocks, and their multilayer assemblies exhibit low leakage
current density (<107 Acm2) with a high dielectric constant of >100 even for thicknesses as
low as 10 nm.#3 46, 5255 Fig. 7 summarizes the & values for oxide nanosheets and various
high-x oxides. In the ultrathin region (< 20 nm), the &, values of Tipg7O2 and CaxNbzOso
nanosheets are larger than the values reported for any other high-x materials. It should be
noted that the high ¢, values of Tips70> and Ca;NbsOqo nanosheets persist even in the < 10
nm region, which is in sharp contrast to a size-induced dielectric collapse in (Ba1Sry)TiO3.5
57 These results suggest that Tigs;O, and Ca;NbsOyp are a very promising candidate for high-
x applications such as high-density capacitors and gate dielectrics.

Oxide nanosheets are reported to be an excellent material for electric batteries. In particular,
owing to their unique 2D morphology, it is expected that laterally confined 2D nanosheet
crystals can significantly enhance the host capabilities of active electrode materials. RuO21
nanosheets showed high performance as electrochemical supercapacitors.28 Reassembled
Tio9102 or MnO» nanosheets, either with or without carbon, are reported to have as large a
capacity as Li-ion batteries.14 58-60 Multilayer films of MnO, nanosheets prepared on ITO
substrate also exhibited electrochromic behavior associated with the electrochemical redox
process between Mn3* and Mn#*.61 This electrochromic efficiency is estimated to be
64.2 cm? C1 at 385 nm, which is a relatively high value among manganese oxides.

An alternative route to nanosheet-based electronics is to consider oxide nanosheet not as an
active component for nanodevices but as a seed layer, in which 1-nm-thick monolayer films
can be used for design and orientation control of crystal films.6264 The idea is to exploit the
advantage of oxide nanosheets having high thermal stability even in ultrathin form. Such a
technique is expected to have great potential for advances in thin-film technology.
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Fig. 7. The ¢, values for oxide nanosheets and various high-x oxides.

4.2 Spin-electronic devices

Recent interest in room-temperature (RT) ferromagnetic semiconductors and low-
dimensional magnetic nanostructures (motivated by possible application in spin-electronic
devices) has stimulated research in the synthesis and characterization of TiO, nanosheet
based materials. Titania nanosheets substituted with magnetic elements (Co, Fe, Mn) are
ferromagnetic at room temperature.6> The magnetization of TipsCo020> nanosheets is
anisotropic due to the 2D nature, and a maximum magnetic moment of 1.4 pg/Co for H //
film is obtained, which is greater than the spin moment of 1yp/Co theoretically expected for
low-spin Co?* as well as that in Co-doped anatase with semiconducting (0.3 yg/Co) and
insulating (1.1 up/Co) grounds.65 6 Similar ferromagnetic properties have also been
reported in a series of substituted and co-substituted titania nanosheets, including
Tio8C00.202, TiosFeo402,57 Tiog.x/4Fer/2C002./402 (0 < x < 0.8)68, and Ti.2.2¢/6Mnx /202 (0 < x <
0.4)%, and Co1/3Alz/3(OH)2. Spin-glass behavior was recently observed in the dried
aggregate of tetramethylammonium (TMA)/MnO; nanosheets, in which the geometrical
frustration was caused by the triangular arrangement of the mixed-valence Mn#*/Mn 3+ ions
in the MnO; layer.70

Concerning applications, ferromagnetic nanosheets have become a pivotal architectural
element in magneto-optical (MO) and magneto-electronic devices, because low-dimensional
nanostructures make use of the advantage offered by spin-polarized electrons and realize
the integration of ferromagnetic materials into nanoelectronics. Indeed, the 2D nature of the
electronic state of ferromagnetic nanosheets leads to a gigantic MO response, superior to
that of bulk systems (Fig. 8). Multilayer films of Tip8C00202 and TipsFeo.4Os nanosheets
exhibited a robust MO effect (~10¢ deg cm!) near the absorption edge at 280 nm, the shortest
operating wavelength attained so far.” More interestingly, alternating stacking
(Ti0.8Co00202/ TiosFe4O2)s caused a strong enhancement in MO response (~3 x 105 deg cm-?)
at 400-550 nm, which stems from the interlayer d-d transitions (Co2*-Fe3*) between adjacent
nanosheets.¢” A similar MO response (~2x105 deg cm-1) at 400-750 nm was also observed in
(Co/Fe)-cosubstituted titania nanosheets, Tips.x/sFeyr/2C002-x/402 (x = 0.2, 0.4, 0.6).68 These
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MO materials are also important from a practical viewpoint as a key component for optical
isolators in optical communication and data storage devices. In particular, such a large MO
response including the blue light region offers potential for short-wavelength MO
applications.

(b)
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Fig. 8. (a) Magneto-optical spectra for multilayer assemblies of (Tio.sC00202)10 and
(Tio.sFeo.4O2)10. (b) Magneto-optical spectra for (Tio8C00202/ Tio.cFeo4O2)s superlattice and
(Tio75Fe0.1C00.1502)10. We used magnetic circular dichroism (MCD) spectroscopy for the
characterization of nanosheets. The MCD spectra were measured at RT on the basis of the
difference in the absorption of right and left circularly polarized light. 1° of MCD
corresponds to a 7% difference of optical absorption.

These ferromagnetic nanosheets are also a model experimental system for future spintronics
studies, and their assembly has great potential for the rational design and construction of
complex nanodevices, even combined with transparent electronics and molecular devices.
Although we focus here only on MO devices, the assembled structure is naturally viewed as
a tunnel junction, which could obviously be used in novel devices such as spin-tunneling
switches, spin valves and optical interconnectors.

5. Conclusion

The current status of research on oxide nanosheets was reviewed. A variety of physical and
chemical properties of oxide nanosheets have been developed to functionalize nanosheets
for electronic and spin-electronic applications, and further studies will yield new
information on their physics.

2D nanosheets also teach us how to handle and process 2D nanomaterials and develop
nanotechnology in general. Although we have focused here only on high-« properties in
oxide nanosheets, 2D nanosheets exist in a whole class of functional materials, including
metals, semiconductors, ferromagnetic, redox-active, photoluminescence, photochromic etc.
2D nanosheets with having regulated 2D would create the unconventional interactions of
electrons as well as the confinements of electrons and ions inside the 2D nanospace or
quantum well. Through new chemical design of 2D nanosheets, we can expect new or
unprecedented functionalities in the 2D confined system. Furthermore, we can utilize
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nanosheet-based LbL technology as a new tool to develop advanced fusion functions by
promoting the cooperative interaction between organized components, which are difficult to
attain with the current synthetic techniques and thin-film technologies.

Oxide nanosheets provide an ideal model to study phenomena in 2D systems. Previously
restricted to theoretical study, 2D nanomaterials with their exotic properties are now open
to experimentation using the individual 2D system. Graphene has already been found to
exhibit a number of unique phenomena such as anomalous quantum Hall effect, bipolar
supercurrent, half-metallic, etc. Although current experimental and theoretical efforts
mainly focus on graphene, similar properties may be available with oxide nanosheets. We
hope that all aspects described here demonstrate the great potential of oxide nanosheets,
introducing more exciting physics and wide-ranging applications.
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1. Introduction

Energy conservation has directed a global trend towards sustainable development. Due to
global warming, air conditioning systems have been widely used in daily life, thus inducing
a series of problems,! including increases in electricity consumption and carbon dioxide
emissions along with the formation of other atmospheric pollutants from the electricity-
generation process. Air conditioning in China accounts for 40-60% of a building’s energy
consumption (the exact figure depends on the area of the building), and overall, uses 28% of
the total available primary energy. These figures will grow rapidly with urban
development, as the case of China. One effective way to reduce the amount of electricity
consumed by cooling is to apply solar-control coatings to glass windows, or so-called
“energy-efficient windows” or “smart windows”. Because lighting demands transparency,
most of the smart windows are designed to intelligently control the amount of light and heat
(mainly in the near infrared region) passing through in response to an external stimulus
such as light (photochromic), heat (thermochromic) or electricity (electrochromic).27 In this
regard, the thermochromic smart window, typically based on a vanadium dioxide (VOy)
functional layer, has received particular interests due to two aspects. First, it can respond to
environmental temperatures, making reversible structural changes from an infrared-
transparent semiconductive crystalline phase to an infrared-blocking metallic crystalline
phase. Second, the visible transparency remains almost unchangeable.

VO,, which undergoes a metal-insulator transition (MIT) at a critical temperature T. (68 °C
for bulk VO,),8 has attracted much attention as a thermochromic material for smart
windows.? Owing to the MIT, VO, transforms between the monoclinic (P2;/c, M) and the
tetragonal (P4;/mnm, R) phase, inducing a severe change in optical properties. VO, is
transparent to near infrared (NIR) light at temperatures below T, but NIR-light reflective
above T.. The MIT is simply determined by environmental temperature and occurs fast,
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usually within 10-12 s (1 ps).10-14 This character can be employed to intelligently control the
NIR-light radiation which carries appropriate 45% heat energy of solar light, and makes VO,
a promising material for smart windows. Though VO, single crystals cannot withstand the
structural distortions associated with the MIT and break after a few cycles of the phase
transition, VO; films can survive stress changes above 108 cycles!>17 and thus is suitable for
applications in smart windows.

However, an expensive fabrication method, low visible transparency and insufficient
energy-saving efficiency limit the application of VO, smart windows to certain architectures.
The difficulties in the VO, synthesis are due partially to the existence of abundant oxide
forms and polymorphous of the vanadium-oxygen system. From the vanadium-oxygen
phase-diagram, there are nearly 15 to 20 other stable vanadium oxide phases besides VO,,
such as VO, V¢Oi3, and V;013. The formation of VO, occurs only at a very narrow oxygen
partial pressure of 2 (+ 0.2) %.1819

Additionally, more than ten kinds of crystalline phases of vanadium dioxide have been
reported, including tetragonal rutile-type VO (R) (P4/mmm),20 monoclinic rutile-type VO,
(M) (P21/¢),2 triclinic VO, (P*(2),22 tetragonal VO, (A) (P42/nmc),2-25 monoclinic VO, (B)
(C2/m),26 (C) VO, orthorhombic VO, HO (P222),28 tetragonal VO, 0.5H,O (I4/mmm),?
monoclinic V204 (P21/¢,), and V204 2H0. Only the rutile-type VO, (R/M) undergoes a
fully reversible metal-semiconductor phase transition (MST) at approximately 68 °C.

The low visible transmittance originates from the strong inner-band and inter-band
absorptions in the short-wavelength range for both the metallic and semiconductive
states.3031 The transmittance values in the visible region (380-780 nm) reported for VO, thin
films are quite low (~50%,3233 42-45 %,3435 or less than 40%19363). However, for films
suitable for use in architectural windows, the visible transmittance should exceed 60%.4041
Energy-saving efficiency is one of limits that drawback the application of this material. For
smart window applications, the optical characteristics of VO, films in the wavelength
ranging from near-infrared (NIR) to mid-infrared are usually concerned.34384245 The change
in NIR transmittance before and after the MIT is defined as NIR switching efficiency (AT) of
VO, films (typically referred to the transmission difference at a wavelength of 2000 nm), and
this value is affected by several factors, for example film thickness,4546 doping,3647
microstructure44849 and stoichiometry.5051 Of these factors, the thickness usually affects the
switching efficiency most dramatically, but increases in the thickness are usually
accompanied by great losses in the visible transmittance.46 For example, when the NIR
switching efficiency reached 50%, the visible transmittance maxima were lowered to <43%,52
<40%,% ~33%,% and ~21%,% respectively. Furthermore, to our knowledge, a NIR switching
efficiency of 50% cannot even be achieved by increasing the film thickness.3651 The film
becomes a static absorber if the thickness exceeds a threshold, without significant benefits
on the NIR switching efficiency. In addition, the optical performance in the mid-infrared
region, e.g., the contrast of both reflectance and emissivity before and after the MIT, is also
highly concerned.4245

The main preparation methods for VO, films are based on gas-phase reactions such as
sputtering deposition,*> chemical vapour deposition,3254 pulsed laser deposition® and ion
implantation.5 These methods are superior in terms of precise control of process parameters
such as oxygen partial pressure (typically in the range of 0.06-0.13 Pa) and film features,
including thickness and microstructure.5”.58 They are, however, restricted by expensive
equipment. The low visible transmittance (integral transmittance<40%) of VO films
originates from strong absorption and high reflectance.3659 Switching efficiency (ATso1) refers
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to a difference in the solar energy transmittance across metal-insulator transition (MIT) and
is used to characterize the thermochromic properties of VO, films. This value is usually
below 10% for a single layered VO; film.+5

In the past several years, we have worked to develop a solution-based process for VO»-
based thin films with a special emphasis on their preparation, thermochromic property
study and application to smart windows.434460-72 Polymer-assisted deposition (PAD) process
was realized for the preparation of VO, and VO,-based multilayered films. The method
enables us to facially control over the film thickness, morphology and optical constants. By
combining clever control of the optical parameters and/or their thickness and
microstructural regulation, we obtained VO films with high visible transmittance (40-84%),
controllable Mott phase transition temperatures and high switching efficiencies (max.
15.1%). The results show that the current solution process is a powerful competitor towards
practical applications of this material.

2. Polymer-assisted deposition of VO, films

2.1 The method

The process was started with vanadium oxides or inorganic salts, as shown in Figure 1.
These raw materials were treated to make an aqueous transparent solution. To the above
solution the selected, weighed soluble polymers and doping agents were added. Then the
precursor VO, film was prepared by traditional solution methods, such as spinning coating
or dip coating. After drying at 80 °C in air, the precursor film was annealed at 300- 600 °C in
Nb>. Readers can read references for details.4344

It is also found that precursor solution without polyvinylpyrrolidone (PVP) was unstable
and a large amount of precipitates formed after aging for several days. Whereas, PVP-
employing solution stayed stable for several months with only a little precipitates
suspending in the solution, indicating that PVP improved stability of the precursor solution,
probably because the negatively charged carbonyl groups bound with aqua vanadium ions
to form a relatively stable precursor solution.

To examine the interactions between PVP and aqua vanadium ions, Fourier transform
infrared spectroscopy (FTIR) was employed to characterize the precursor solution with or
without PVP. The results were shown in Figure 2. To compare, FTIR spectra of PVP (Figure
2a) and PVP in the presence of HoSO, (Figure 2b) were also included. Generally, the strong
and sharp peak at 1654 cm-! was assigned to the stretching vibration of -C=0, and the peak
at 1292 cm! was attributed to -C-N (Figure 2a).”? When H,SO; was added to PVP (Figure
2b), the stretching vibration of -C=O shifted to low wavenumber of 1635 cm?, which
originates from the loosening of the -C=O double bond by coordinating between negatively
charged carbonyl groups and H*.7* For precursor solution with PVP (Figure 2c), the
frequency of -C=O stretching vibration became lower (1620 cm?) due to the influence of
aqua vanadium ions. The coordination interactions between the carboxyl group of PVP and
metal ions (Li, Ca, Co, Ag) were also reported in PVP-DMF-MCI, systems’> as well as
polymer/silver salt complex membranes.”6-78 Although the vibration at 1624 cm in the
spectrum for a PVP-free precursor solution was poorly identified (Figure 2d), the vibration
of ~C-N kept almost unchanged (Figure 2a, b and c) for all these films, indicating that there
were no interactions between amine groups and aqua vanadium ions. According to above
discussion, the effects of PVP on stabilizing precursor solution were due to the interactions
of the negatively charged carbonyl groups in PVP with qua vanadium ions. Furthermore, it
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is reported that the interactions between metal ions and the carbonyl groups from different
PVP molecules increased the apparent viscosity of the PVP-DMF-MCI, solution (M = Li,
Ca, Co),”> where metal ions act as cross-linking points between different PVP molecular
chains,”s improving the film formability.
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Fig. 1. Polymer-assisted deposition process for VO; films.
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Fig. 2. FTIR spectra of PVP (a), PVP with H,SOj (b), precursor solution with PVP (c) and
PVP-free vanadium solution (d). pH values of (b, c and d) were adjusted to the same.432
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Fig. 3. Simultaneous TG, DTA and evolved gas analytical curves of 7.6 mg precursor gel
containing K90 PVP with nitrogen flow of 30 mL-min, heating rate of 10 °C-min in an
open AL,Oj3 crucible.43b
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Fig. 4. DTG curves of precursor gel containing K90 (the dot line) and K30 PVP (the solid
line) with nitrogen flow of 30 mL-min-, heating rate of 10 °C-min-! in open AlO3
crucibles.43b

The simultaneous TG, DTA, DTG and evolved gas analytical curves of the gel contain K90

PVP in a nitrogen atmosphere are presented in Figure 3 and Figure 4 (the dot line). On the
basis of MS (mass spectrum) signals, the evolution of HO and CO; was detected (Figure 3).
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At temperatures up to 250 °C, adsorbed and chemisorbed H>O was released, indicating by
MS and DTG changes centered at 185 - 190 °C (a continuous weight loss from 100 to 250 °C
in TG) along with an endothermic peak in DTA. After the evaporation of water, there is a
plat stage in both MS and TG curves from 250 to 300 °C.

At 300 - 450 °C, both H>O and CO; were released, as observed distinct peaks in MS curves at
345 °C, implying the oxidization of PVP with a trace amount of oxygen in the nitrogen flow.
CO is formed when oxygen is insufficient, although the MS signals for CO were failed to be
detected due to the similar molecular weight of CO and N. This conclusion also can be
drawn from the DTA /DTG results, in which an endothermic peak appeared at 360°C in the
DTA curve (a corresponding shoulder at 371°C in the DTG curve). In the range of 450 - 650
°C, no obvious reactions occurred. Above 650 °C, a gradual weight loss in the TG curve was
observed, implying that the residual carbon (which had been confirmed by Raman analysis)
can further reduce VO, to V203 (from XRD results).

Further DTG analysis on precursor gels containing PVP of different molecular weights
reveals that the decomposition sequence is related to the molecular weight of the polymer.
As show in Figure 4, both DTG peaks for water desorption and polymer decomposition
shifted to lower temperatures for the low molecular weight PVP (K30 vs K90). However, in
both cases, heating temperatures > 450 °C are needed to decompose the polymer. Therefore,
the thermal analyses suggest that the appropriate annealing temperature for crystallization
to thermochromic VO, should be in the range of 450 - 650 °C.
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Fig. 5. Dependence of thermochromic properties on annealing parameters for VO; films
from K30 PVP by annealing at a heating rate of 10 °C-min-! in N.43b

Subsequently, a series of annealing experiments were performed and the results are
summarized in Figure 5. It was shown that at 450 °C a relatively longer annealing time was
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required to crystallize VO, with thermochromic properties. At 500 °C and above, the
annealing time could be significantly shortened, and holding time was even unnecessary.
These results are coincident with those of thermal analyses, and are very profitable for scale-
up mass manufacturing.

Interestingly, when K30 PVP was replaced by K90 PVP, the annealing time at 500 °C should
be prolonged to exceeding 20 min to achieve the thermochromic properties. This result
shows that the degradation process of polymers effectively influences the formation of
thermochromic VO,, probably due to interactions between PVP and VO?2* at the atomic
scale. This conclusion supports the film-forming mechanism that we proposed in the
previous work.43a Furthermore, these interactions ensure the formation of homogeneous
hybrid precursor films after solvent evaporation.43 Thereby, the morphologies of final films
could be easily controlled via adjusting the degradation rate of polymers.

Figure 6 (a) shows the TEM image for precursor gel. PVP aggregates, inorganic clusters and
their aggregates were clearly identified. Using this precursor solution, a homogeneous film
was obtained, as show in Figure 6 (b). After crystallization, both PVP-free and PVP-
employing films were particulate, porous, while the particle size of PVP-employing films
(~100 nm in diameter) was much smaller than PVP-free ones (over ~100 nm) that showed a
broad size distribution. The porosity of PVP-free films was obviously larger than PVP-
employing films, typically about 63.5 % (Figure 7a and b) vs 17 % (Figure 7c and d) when it
was analyzed by the software image-pro plus 5.0.

Fig. 6. (a) TEM images of precursor gel and (b) SEM image of precursor gel film.43a

A schematic illustration of film-forming mechanism was given in Figure 8. The interactions
among polymer molecules via the oppositely charged groups along with that between the
carbonyl groups and the metal ions ensured the formation of cross-linked high-quality gel
films after the solvent evaporation. In addition, steric entangling of the polymer chains
assists in the enhancement of cross linking.



174 Nanofabrication

Fig. 7. SEM images of a PVP-free film (a and b) and a PVP-employing film (c and d) on fused
silica substrates.43a
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Fig. 8. A schematic illustration of the interactions between aqua vanadium ions (M*) and
PVP as well as the formation mechanism of precursor films.43a
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2.2 The fundamental properties of single-layered VO, films

Figure 9 shows that the VO film prepared by polymer-assisted deposition process had a
relatively pure crystalline phase. For the film obtained by a PVP-free solution, only limited
peak were detected, which were assigned to the characteristic peak of M-phase VO, (JCPDS
Card No. 72-0514, P21/c, a = 0.5743 nm, b = 0.4517 nm, ¢ = 0.5375, p = 122.61°), but two
weak diffraction peaks at 9.36 ° and 12.24° were also detected, which were too skimpy to be
determinately identified. For the film prepared by the PAD process, only M-phase VO,
characteristic peaks (011) was detected, which suggested that the film was in a preferential
orientation.

The formation of M-phase VO, was further confirmed by Raman spectra. At an output
power of 1 mW (Figure 10, curve a) for a pure film, an almost complete set of Raman bands
of M-phase VO, were observed. The bands agree well with references® 79-80 for M phase VO,
with centers at 192, 222, 261, 308, 337, 391, 440, 497 and 615 and 816 cm-1. There is at least
one corresponding band for every Raman band of our film and the positions of the bands
are agreed well with each other, meaning that every Raman bands we collected here can be
assigned to M-phase VO,. A Raman spectrum for a 1 at % W-doped VO; film (Figure 10,
curve b) at 1 mW showed only weak bands, suggesting that the film was at the phase
transition point due to the reduction effect of the W-doping on the transition temperature.
No Raman bands appeared at output power of 20 mW for both of the films (Figure 10,
curves ¢ and d), indicating that complete phase transition from M-phase VO, to R-phase
VO, occurred under this output power condition. The contribution of a fused quartz
substrate has also been included (Figure 10, curve e) for the sake of comparison. Although
an overlap of Raman bands of fused quartz and WOs at 807 cm? makes it difficult to
determine the presence of WO3 from the enlarged Raman spectra of W-doped films, other
strong Raman bands located at 716, 275 cm-! were not observed, excluding the absence of
WOs. Meanwhile, no obvious Raman bands for impure phases were found after the phase
transition, indicating that there were no obvious impure vanadium oxides.
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Fig. 9. XRD patterns of VO film prepared by using a PVP-employing aqueous solution (a)
and a PVP-free solution (b) on fused silica substrates.43
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Fig. 10. Output power-dependent Raman spectra for PVP-employing VO; films on fused
silica substrates (a-d) and a substrate only (e). (a) 1 mW (b) 1 mW and 1 at % W-doped film
(c, ) 20 mW (d) 20 mW and 1 at % W-doped film. 432
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Fig. 11. Temperature dependence of optical transmittance at a fixed wavelength (2000 nm)
for a pure (a) and a 1 at % W-doped (b) PVP-employing VO, film. The inset shows the
Wifs5,» and WA4f5/» spectra for a pure (bottom) and a 1 at % W-doped (top) VO film.43a

The 1 at % W-doped VO: film exhibits a hysteresis loop centered at 54 °C with a width of 16
°C (Figure 11b), implying a decrease in phase transition temperature of about 15 °C. This
decreasing efficiency is less than other reports.3638 Significantly, the decreasing efficiency of
phase transition temperature for 1 at % W-doped film was lower than the average
efficiencies of other doping doses in references, which employed similar doping process to
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prepare VO particles,8! probably because the tungsten ion was not completely incorporated
into the final VO, films. W4fs,, and W4f7,, XPS peaks with a binding energy of 37.7 and 35.3
eV, respectively, are clearly seen in Figure 11b inset for the W-doped thin films and the
tungsten ion in these films is Wé* according to the standard binding energy. The width
narrowing of the hysteresis loop can be explained by the martensitic transformation model
for VO,.82 W-doping increases the density of structural defects, which is a power function of
the driving force, and relatively reduces the activation energy of the coordinated jumps of V
cations (phase transitions take place at a certain defect density for size-fixed crystal grainss).
Activation energy further influences the widths of hysteresis loops via degrees of
supercooling or superheating. This deduction of martensitic transformation model is in
agreement with various experiment results.2>39.83

2.3 Optimized thermochromic hysteresis properties of single-layered films
Thermochromic properties are important parameters for the practical application of this
material. These parameters include phase transition temperature, thermochromic hysteresis
and energy-saving efficiency. Figure 12 shows a schematic description of phase transition
temperature and thermochromic hysteresis. From the transmittance (Tr) - temperature (T)
data, a plot of d(Tr)/d(T) - T is obtained, yielding one or two peaks with well-defined
maxima (see Figure 12). Each of the d(T7)/d(T) - T curves has been fitted with a Gaussian
function using the peak fitting module of Originpro 7.5 software. The temperature
corresponding to the maximum d(Tr)/d(T) is defined as the phase transition temperature
(T.) of the branch (T, and T, represent T. of heating and cooling branches, respectively).
For cooling branches, the appearance of steps introduces two peaks in the d(Tr)/d(T) - T
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Fig. 12. A schematic description of the definition of the S-M transition parameters for
heating and cooling branches using the d(Tr)/d(T) - T plot. T and Tr represent temperature
and transmittance at wavelength of 2000 nm. The resulting parameters T, T., AT and
FWHM of peaks are employed to express phase transition temperature of heating, cooling
branches, the width of the hysteresis loop, and the slope of the transition, respectively.4
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curves. The T, values of these branches are determined by the main peaks. The slope of the
transition is expressed by the full width at half maximum (FWHM) of the peak. The width
of the hysteresis loop, AT, is defined as the temperature difference of T, - Tk

Figure 13 shows typical SEM photos of VO, films heated at 600 °C for different times with a
heating rate of 30 °C-min-. All the films are porous, consisting of irregular particles. The
pore formation is attributed to the degradation of PVP and the shrinkage of the gel film
during annealing. Grain boundaries change from clear (Figure 13a, b, c) to fuzzy (inset in
Figure 13d) as the annealing time is prolonged. Meanwhile, the particle size varies
dramatically, associated with distinct change of porosity and pore shape. To evaluate the
differences of particle size among samples, the distributions of particle sizes was measured.
The corresponding size distribution scatter graph as well as fitting curves with Gaussian
distribution is shown in Figure 14. The scatter graphs were plotted by randomly measuring
the dimensions of 300 grains in a given micrograph. The particle size distribution scatter
graphs of Figure 13d failed to be obtained due to fuzzy grain boundaries. The results
showed that the grain size of Sample I complied with Gaussian distribution, while the

Fig. 13. SEM photos of Sample I (a), Sample II (b), Sample III (c) and Sample IV (d). Samples
were obtained by annealing at 600 °C for different times, 5 min (a), 20 min (b), 60 min (c) and
180 min (d) with heating rate of 30 °C-min-!. The inset of photo (d) is a high resolution SEM
photo of sample IV. 4
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distributions for Samples II and III distinctly exhibited two maxima. The size distribution
scatter graphs indicated that when annealing time increases from 5 to 20 min, the particle
size increases rapidly (Figure 13a, b and Figure 14a, b). However, the VO, particles shrink
noticeably for the long time annealing samples (Figure 13c and Figure 14c, d), resulting in
few large particles and a broad distribution of particle sizes. The shrinkage of particle size
(which is also observed in the 500 °C annealed films) and change of grain boundaries are
tentatively attributed to the mass transport via surface diffusion during annealing. This
mass transport has been reported as the main reason for morphology evolution of VO; films
during the heat treatment of pre-deposited amorphous ones at 450 °C.83
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Fig. 14. Scatter graphs showing the particle size distributions in Sample I (a), Sample II (b)
and Sample III (c). The solid curves are those after fitting by Gaussian distribution. Samples
were obtained by annealing at 600 °C for different times, 5 min (a), 20 min (b) and 60 min (c)
with heating rate of 30 °C-min1.44

Significantly, obvious steps were observed at the cooling branches for Samples I, IT and III
(insets of Figure 15a, b, ¢, annealing for 5, 20 and 60 min, respectively). The appearance of
steps suggests another loop width. The steps are resulted from a difference in temperature
of inhomogeneous occurrence of phase transition in the films due to the two-humped grain
size distributions (Figure 14b, c)8¢ or the site-selective nucleation of product phase, as
observed in literature.85 However, there are also some contradictions. First, this deduction is
difficult to explain the step appearing in Sample I, which manifests a Gaussian distribution
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with one maximum in grain size. Second, this deduction suggests that the temperatures of
the d(Tr)/d(T) - T peaks should vary as the size distribution changes. For Sample II and III,
however, although the size distribution curves are quite different (Figure 14b, c), the step
appears at similar temperatures on the cooling branch of the d(Tr)/d(T) - T curves.
Therefore, it seems that these experiment results don’t agree to the model suggested by
Klimov, V. A et al.8 In fact, the propagation of the phase transition through grain
boundaries may possibly counteract inhomogeneous distribution of T. in the VO, films.
Therefore, there is usually no step observed in relatively narrow hysteresis loops.86-87 It is
believed that any models related to the steps in the hysteresis loops should take the
influence of grain boundary into account.
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Fig. 15. Optical transmittance spectra and temperature dependence of optical transmittance
(insets) at a fixed wavelength (2000 nm) for Sample I (a), Sample II (b), Sample III (c) and
Sample IV (d). Samples were obtained by annealing at 600 °C for different times, 5 min (a),
20 min (b), 60 min (c) and 180 min (d) with heating rate of 30 °C-min-1. 4
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For Sample IV (annealed for 180 min), the step seems to be depressed (inset of Figure 15d).
This result could be explained by the coalescence of grain boundaries and the improvement
of phase transition propagation through grain boundaries, which would push the step
upward. The appearance of the step in only one of the two branches is associated with the
asymmetry of the elementary hysteresis loops (i.e., the loops assigned to individual grains)
with respect to the phase equilibrium temperature.8¢ The asymmetry of the elementary
hysteresis loops, in turn, is attributed to a transition temperature shift accompanying with a
decrease in grain size,88-8% or with stress at the substrate/film interface.86 %

To further clarify the effects of grain size on the widths of hysteresis loops, films with
similar morphologies and relatively homogeneous size distribution are needed. The current
solution process enables us to achieve widely morphology control. In previous research, we
have revealed that the precursor solution is in a state of solution rather than sol. After the
solvent evaporation, the interactions among polymer molecules, along with those between
the carbonyl groups and the metal ions, ensure the formation of cross-linked high quality
gel films.4% In these films, the metal ions are bonded with the polymer through electrostatic
interactions, forming a uniform organic-inorganic hybrid precursor film. The formation of
metal oxide occurs after degradation of polymer begins.% 91 Therefore, the morphologies of
final films could be easily controlled via adjusting the degradation rate of polymers.
Meanwhile, for crystallization in a solid-state reaction, the dependence of nucleation and
growth rate on temperature is usually different.9 Thus, it is expected that the morphologies
of VO; films could be tailored by variations of heat treatments. Accordingly, the films have
been prepared under the same synthesis conditions as Samples I - IV, but at an annealing
temperature of 500 °C. And the typical SEM photos and optical transmittance spectra, along
with the hysteresis loops, are shown in Figure 16.

The sample obtained by annealing at 500 °C for 5 min showed a bluish color, but almost no
thermochromic properties, and is excluded. Films produced at this annealing temperature
have similar morphologies (Figure 16a, b, c¢). Compared to films obtained by annealing at
600 °C, in which many quasi-isolated grains appear, all of these films show grains tightly
connected across boundaries. The grain sizes are smaller than those treated at 600 °C. The
film obtained by annealing for 20 min (Sample V) consists of connected, irregular particles
(Figure 16a). Typically, the largest dimension of each particle is around 100 nm. These
particles possess flat surfaces, indicating that the mass transport during annealing is feeble
for a short annealing time. The film produced by annealing for 60 min (Sample VI) shows
similar granular morphologies with a relatively large roughness, and the particle size is
reduced notably (Figure 16b). Prolonging the annealing time to 180 min (Sample VII) results
in increases in porosity and surface roughness (Figure 16c), indicating the enhancement in
mass transport that changes the surface morphology of these particles.s3 92

To further verify our discussion on grain boundaries, two films (Sample I and Sample VIII)
were scraped off from their substrates and observed by TEM (Figure 17). Figure 17a, b and ¢
present TEM photos of Sample I. It is shown that the sample is assembled from irregular
particles. Distinct grain boundaries are observed in high resolution TEM photos (Figure 17a,
b and c), indicating that the grain boundaries are very loose in this film. The Fourier
transform (FFT) patterns of corresponding crystal grains (Figure 17 insets) reveal diffraction
spots, verifying the crystallinity. Significantly, the diffraction spots in the FFT patterns
become hazy or disordered in the vicinity of grain boundaries. This experimental
phenomenon can be ascribed to the poor crystallization of VO, under short annealing time
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Fig. 16. SEM photos and optical transmittance spectra of Samples V (a and d), VI (b and e)
and VII (c and f). Insets show corresponding hysteresis loops at 2000 nm. Samples were
obtained by annealing at 500 °C for different times, 20 min (a and d), 60 min (b and e) and
180 min (c and f). Heating rate is the same, 30 °C-min-1. 4
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(600 °C, 5 min). Generally, spaces about 2-5 nm in width were observed between grains, and
they were attributed to poorly crystallized phases and/or voids. It is widely reported that
VO, films with second or amorphous phases at grain boundaries demonstrate a broadened
hysteresis,$2 9. 94 which is definitely consistent with our experiments.

Sample VIII, on the other hand, consisted of smooth connected particles and interconnected
pores among particles (Figure 17d, e). This morphology should be a result of mass transport
and aggregation of the primary VO, crystals during annealing.83 The high magnification
TEM photo clearly demonstrates that the grain boundaries are very sharp (Figure 17f). In
fact, it seems that the lattice fringes pass through grain boundaries. The FFT patterns (Figure
17f insets) of the corresponding crystal grains are composed of two groups of bright
diffraction spots, confirming the existence of boundaries and the high crystallinity of these
crystals. The TEM photos are fully consistent with the SEM results (Figure 13a and Figure
16a) and the deductions from optical measurements (Figure 15a inset and Figure 16b inset).

Fig. 17. TEM photos of Sample I (a, b and c) and Sample VIII (d, e and f). The insets of
photos c and f are FFT patterns of corresponding crystal grains. Samples were obtained by
annealing at 600 °C for 5 min (a, b and c) with a heating rate of 30 °C-min!, and 500 °C for
180 min (d, e and f) with a heating rate of 3 °C-min-l, respectively. 4

To evaluate the optical and thermochromic properties of the samples, the integral
transmittances of films annealed with heating rate of 30 °C-min?! were calculated in the
visible region (380 - 780 nm), so were the integral infrared transmittance reductions before
and after the S-M phase transition in the wavelength of 1500 - 2500 nm. The results are
shown in Figure 18. According to the theory suggested by J. Narayan and V. M. Bhosle,*” the
amplitude of the transition should deteriorate as the defect content increases. It is expected
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that the 500 °C annealed samples should be less crystallized and thus contain high defect
content. Accordingly, they should exhibit deteriorated infrared transmittance reduction
compared with the 600 °C annealed samples. This phenomenon was not obviously detected
in our films, even though the hysteresis widths of the films vary considerably. In fact, it is
clearly revealed that the 500 °C annealed samples show better visible transmittance than
those annealed at 600 °C, while the infrared transmittance reduction remains comparable.
For instance, the infrared transmittance reduction of sample VI (53.8%, 500 °C, 60 min
annealed sample) is a little larger than that of sample II (51.2%, 600 °C, 20 min annealed
sample). Meanwhile, the integral visible transmittance of sample VI (34.5%) is much higher
than that of sample II (20.2%).

The difference in the microstructure and crystallinity had effects on the optical properties of
these films. Hemispherical reflectance spectra of Sample II and VI were collected from 240 to
2600 nm (Figure 19). It was found that the integral hemispherical reflectance of Sample VI
(18.7%) was 3.5% larger than that of Sample II (15.2%) in the visible region. Because both of
the integral transmittance and integral reflectance for Sample II are smaller than those of
Sample VI in the visible region, one can conclude that the absorption and/or scattering of
Sample II are much larger. The hemispherical transmittance of the sample was recorded, in
order to eliminating the influence of scattering. It was still shown that both the
hemispherical transmittance and the hemispherical reflectance of Sample II are less than
those of Sample VI in the visible region, indicating that the absorption of Sample II is larger
than that of Sample VI.
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Fig. 18. Integral visible transmittance (in a region of 380 - 780 nm, filled polygons) and
integral infrared transmittance reduction (in a region of 1500 - 2500 nm, open polygons) of
films annealed at 600 °C (squares, Samples I - IV) and 500 °C (triangles, Samples V - VII)
with heating rate of 30 °C-min-1. 44



Solution Processing of Nanoceramic VO, Thin Films for Application to Smart Windows 185

40

(%)
>

Reflectance (%)
S

[
<
[

Antireflection valley

0 1 | 1 | 1 | 1 | 1 |
500 1000 1500 2000 2500
Wavelength (nm)

Fig. 19. Reflectance spectra of Sample II (a) and Sample VI (b). Samples were obtained by
annealing at 600 °C for 20 min (a), 500 °C for 60 min (b) with heating rate of 30 °C-min-1. 4

2.4 Optimized visible transmittance of single-layered films

For the practical application of VO>-based smart windows, a low luminous transmittance
(Thum) and solar modulating ability (ATs,) are two major drawbacks. The Ty, and T values
were obtained from

Tlum,sol(r) = J.@um,sol(;t)’r(;t'f)dﬂ / I(/)lum,sul(ﬂ“)dl ’,

where @, is the spectral sensitivity of the light-adapted eye and ¢sa is the solar irradiance
spectrum for an air mass of 1.5 (corresponding to the sun standing 37° above the horizon).
ATy, is obtained from

T.

sol,h 7

ATsol =T.

sol,I —

where [ and & denote low- and high-temperature, respectively.

Strategies to improve Ti,, and AT,y have been investigated, including Mg- or F-doping,3 %
multilayer-stack design,35% and composite film construction.% Besides a depression in
transition temperature, Mg- or F-doping causes a blueshift in the absorption edge of VO,
films (from around 445 to 415 nm).% This change results in a significant increase of the
luminous transmittance at the expense of infrared modulating ability (wavelength > 1000
nm).3 Similar trade-offs between the luminous transmittance and thermochromic properties
have also been observed in VO,-based multilayer films.3> A VO»-S5iO, composite film shows
a high visible transmittance but weak infrared regulation ability.%” Five-layered
TiO2/VO,/TiO,/VO,/TiO; films with optically optimized structures have a relatively
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higher luminous transmittance and solar modulating ability.”® However, incorporating
dielectric layers with a certain refractive index and thickness into complicated stack
structures is a difficult technological challenge. Optical calculations suggest that VO
nanoparticles distributed in a dielectric matrix have higher Tj; and AT than pure VO,
films.% This study further predicts that a limit for noticeable solar energy modulation is
Tum = 40%, and ATy < 10%.9 We have recently confirmed experimentally the effects of
composite matrix.88 VO,-ZrV,O; composite films with similar thickness of about 95 nm
showed decreased particle sizes and significantly enhanced luminous transmittances (from
32.3% at Zr/V=0to 53.4% at Zr/V=0.12) with increasing Zr/V rations.

However, the influence of porosity on optical properties of single-layered VO, films, which
should have priority over the stack structure of VO»-based multilayers, is seldom reported.
Pores with air in VO, films can be considered as a secondary component that should have
similar effects on improving Ti., and ATsy. In this study, calculations confirm that optical
constants and film thickness have important effects on the thermochromic properties of
these films. An optical-admittance recursive method was used to simulate the spectral
transmittance using the optical constants of VO, and a fused-silica-glass substrate. The
optical constant is assumed to be linearly dependent on the volume fraction.1% Figure 20
shows the computed luminous transmittance and solar modulation of VO, films with
different thicknesses and porosities. The results indicate that AT,y could be increased

without decreasing Ti,, by increasing the porosity, which is derived from the depression of
the reflection.

81% 72% 63% 54% 45%  36% 27% 18%
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Fig. 20. Computed luminous transmittance in an insulator state (T, red dot lines) and
solar modulation between MIT (AT, black solid lines) as a function of the thickness and
porosity of the VO, films.®
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To validate the above prediction, we prepared VO, films by PAD. X-ray diffraction and
Raman spectra confirmed the formation of a monoclinic (M) phase with a trace amount of
V20s. Figure 21a shows a top-down SEM image of VO, films, which reveals that the sample
consisted of interconnected VO, particles and irregular nano-pores. The size of particle and
pore ranges from 20-70 and 15-80 nm with a mean value of 38 and 28 nm, respectively. The
feature size of the film is well below the wavelength of visible and infrared light, favoring
the improvement of optical quality. The nano-porous feature of the films is observable (inset
of Figure 21a), which is also supported by the low n and k values of ellipsometry results
compared with those in the literature (Figure 21b).46 For example, the value of n is 2.2 for
our VO; film, which is around 3 in the literature.46 The result also shows that Tj,, in the
current research is much higher (by 212%) than that in the literature with comparable AT
due to the different optical constants (Figure 21b).4¢ These results are attributed to the
degradation of PVP and the shrinkage of the gel film during annealing.4%
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Fig. 21. Part (a) shows a SEM image of a 147-nm-thick VO; films on quartz glass. The inset of
(a) is a cross-sectional SEM image. Part (b) shows the experimental (solid lines) and
reference (dotted lines) optical constants at 20 °C as well as experimental (Exp. Tp») and
reference (Ref. Ti,,) integral luminous transmittance of the film at 20 (solid symbols) and 90
°C (open symbols), respectively. The reference data are redrawn from Reference 46. ¢

Figure 22 shows the transmittance and reflectance spectra of typical VO, films. The MIT
transition is clearly observed as a dramatic infrared-transmittance change with temperature
(Figure 22a). Ty, reduces steadily with increasing film thickness, which is ascribed to the
strong absorption of VO in this region.44 % The change in the infrared transmittance of VO,
films at 90 °C with different film thicknesses shows a similar behavior. Nevertheless, the
infrared transmittance at 20 °C for a 428-nm-thick film is obviously higher than that of a 215-
nm-thick film after 1700 nm (Figure 22a). These changes in the transmittance spectra
correspond to reflectance valleys in Figure 22b, suggesting the existence of a self-
antireflection effect in these thicknesses due to the destructive interference of light reflected
from the film-substrate and the air-film interfaces.
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Fig. 22. Thickness dependence of transmittance (a) and reflectance (b) spectra for typical
samples with different thicknesses (43, 102, 215 and 428 nm corresponding to the black
squares, the red triangles, the blue pentagrams and the green circles, respectively). The
transmittance was measured at both 20 °C (lines with solid symbols) and 90 °C (lines with
open symbols) and the reflectance was measured at only 20 °C.®9

The change of the optical constants of VO, across the MIT can effectively modulate the
infrared transmittance and shift the position of the reflectance valley at 20 °C, leading to a
significant enhancement of the IR modulating ability at a certain wavelength. This
phenomenon could be harnessed to boost the thermochromic properties of a single-layer
film in selected wavelength ranges. For instance, a 215-nm film shows a transmittance
change of 50% (from 61.1% to 11.1%) at 1350 nm across the MIT, the highest value at this
wavelength to our knowledge. Furthermore, the enhancement of the IR modulating ability
could be adjusted to longer wavelengths by a simple regulation of the film thickness. A 428-
nm-thick VO film exhibits a IR transmittance change of 76.5% (from 83% to 6.5%) at 2500
nm, even prior to the optimized result of sputtering films (74%).19
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Another interesting phenomenon is that the changes in luminous transmittance (ATjn)
across the MIT are thickness dependent. For thin films, the visible transmittance at 20 °C is
generally lower than that at 90 °C (Figure 22 and Table 1) and, vice versa. The visible
transmittance at 20 °C for the above 100-nm-thick films exceeds that at 90 °C (Figure 22b
and Table 1). This reversion in AT}, is ascribed to interference effects and was also reported
by Xu et al.46

In view of the fact that solar energy is mainly in the visible region with a peak at 550 nm, the
ATy reversion across the MIT effectively influences ATs,. For instance, AT, increased by
only 0.6% (from 6.4% to 7.0%) as the film thickness increased from 43 nm to 77 nm.
Nevertheless, compared with the 77-nm-thick film, AT,y largely increased from 7.0% to
14.1% for the 102-nm-thick film. Meanwhile, the Ty, remained almost unchangeable (45.3%
and 43.3% for the 77- and 102-nm-thick films, respectively). Further increasing the film
thickness to 147 and 215 nm increased AT, gently to 16.6% and 18.6%, accompanied by an
evident depression in Ty, Both Tiu, and AT,y were reduced for the 428-nm-thick film.
Therefore, the optimized thickness for films prepared by this system to balance Ty, and
AT is 100 nm. The single-layer film of this thickness shows comparable Tj, and ATy
values to those of five-layered TiO,/VO,/TiO,/VO,/TiO; films with optically optimized
structures (Thm: = 45%, Tiumn = 42% and ATs = 12%, from Tse; = 52% to Teern = 40%).100

Sample Thickness Tsol,l Tsnl,h AT Tlum,l Tlum,h AT
(nm) (%) (%) (%) (%) (%) (%)
I 43 62.1 55.7 6.4 59.2 61.1 -1.9
II 77 48.1 41.1 7.0 45.3 47.2 -1.9
I 102 429 28.8 14.1 433 39.9 34
v 147 39.4 22.8 16.6 33.7 294 4.3
A% 215 329 14.3 18.6 28.7 19.2 9.5
VI 428 23.0 9.2 13.8 11.5 12.6 -1.1

Table 1. Optical properties of typical samples with different thicknesses; I and i mean low-
temperature (20 °C) and high-temperature (90 °C), respectively.t®

In summary, nanoporous thermochromic VO; films with low optical constants and tunable
thicknesses have been prepared by polymer-assisted deposition. The film porosity and
thickness change the interference relationship of light reflected from the film-substrate and
the air-film interfaces, strongly influencing the optical properties of these VO, films. Our
optimized single-layered VO, films exhibit high integrated luminous transmittance (Tim, =
43.3%, Tumn = 39.9%) and solar modulation (AT = 14.1%, from Ter; = 42.9% to Teun =
28.8%), which are comparable to those of five-layered TiO,/VO,/TiO2/VO,/TiO; films
(Thum = 45%, Trmn = 42% and AT = 12%, from Teo = 52% to Tson = 40%, from Phys. Status
Solidi A-Appl. Mat. 2009, 206, 2155-2160.). Optical calculations suggest that the performance
could be further improved by increasing the porosity.

2.5 Optimized optical properties of VO;-based double or multi-layered films

The current techniques used to improve visible transparency mainly include Mg doping,%
formation of mixtures (VO»/SiOy),%” regulation of the thickness of VO, films® and
deposition of antireflective layers.35529% Among these techniques, VO»-based multi-layered
structures containing antireflection layers show better optical performance, especially a
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balance between luminous transmittance (Tium) and switching efficiency (ATso1). Moreover,
the antireflective layer can protect VO, from oxidation and add new functions such as
photocatalysis.101102 ATy, represents the improvement of Tium after antireflecion. An
integrated improvement of 23 % (from 32 to 55 %) in Tium can be achieved for VO,/ZrO,
double layers using ZrO; as an antireflective layer.52 A TiO,/VO,/TiO; three layer shows
ATso1 =2.9 % and ATum = 27% (increased from 31 to 58%).35 A TiO,/VO,/TiO2/VO,/TiO,
five layers can improve AT, to 12.1% (6.7 % for the single VO, film).98 All of these films
were prepared by gas-phase deposition. And, it seems difficult to improve ATjum and ATy
simultaneously at a higher ATiym level for VO, films. The ATs of the TiO,/VO,/TiO; three
layer decreased from 3.9 to 2.9 %, while the Tium of the TiO»/VO,/TiO,/VO,/TiO; five layer
just increased by 4 % (from 41 to 45 %).

The present work was conducted to develop an all-solution preparation process for VO,-
based double-layered films. The study began with the optical optimization of the structure
of the double-layered films by combining basic interference principles with spectral
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Fig. 23. Simulation and experimental results for various structured VO, films. (a) single
VO,(55 nm); (b) VO»(55 nm)/TiO»(210 nm) quarter-3-quarter-waved double-layer; (c)
VO,(55 nm)/SiO,(100 nm)/ TiO2(70 nm) quarter-quarter-quarter triple-layer; (d) VO2(55
nm)/TiO>(210 nm)/SiO»(100 nm) quarter-3-quarter-quarter-waved triple-layer. Data used
for simulation: RI of TiO; and SiO, were 2.5 and 1.45; the thickness for VO,, quarter-waved
TiO;, 3-quarter-waved TiO,, and SiO, was 45, 56, 168, and 98 nm.”!
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simulation, followed by all-solution preparation and investigation of the improvement in
Tium and ATy to confirm the computational predictions. By adding a quarter-waved optical
thickness TiO; film on VO, the integrated luminous reflectance (Rium) of VO, was reduced
dramatically from 31.2 % to 3.0 %, and Tium is close to that of the TiO,/VO,/TiO; layer
films.102 These results are comparable to the films prepared by gas-phase deposition, 102 but
AT is slightly higher (6.9 % vs. 6.0 %). In addition, methods to improve ATy, while
maintaining a high ATium were explored; the highest ATs, was 15.1 % for optimised double-
layered films, which still showed Tium = 49.5 % at 20 °C and 44.8 % at 90 °C.

The simulation results in Figure 23 show that the changing trend of wavelength-dependent
transmittance agrees well with the experimental results, and are also similar to the results in
the reference.” These results suggest that although veracity is not high enough by using
optical constants of gas-phase-derived VO films, the simulation still can give a trend
prediction on the optical properties.

To improve T, the value and position of reflection minima are two key factors. The
simulation results show that VO, can be simplified as a RI-fixed dielectric film. For a double-

801 1vo,sio, Zoh 20°C 80r 1vo,Tio,
2vo, | |
9 ey i =
< 60 Si0, o 60F
§ sn cooling B g 4
g 40/ \, heating E
E 404 : { E a0t =
g 20{ T 2 % 60 80 100
c 40 50 60 70 80 90 100 o Temperature (°C)
E Temperature (°C) :
= 90°C |
20+ Ty ggeg 20-}
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Wavelength /Inm Wavelength /nm
T . T : . .
30- #L (c) 1V0,-8i0, 30} - 2 (d) 1VO0,-TiO,
Iy 2vo, ] 2vo,
o
‘: 20 > 20}
E g
3 s o 4
2 | 2 Ty,
g 10 % 10 i
'3 4 ]
| 2.0
0 T T T T T 0 L L L . .
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Wavelength /nm Wavelength /nm

Fig. 24. Transmittance (at 20 and 90 °C) and reflectance (20 °C) spectra before (blue, dotted
lines) and after (red, solid lines) adding SiO» films (a, c: transmittance and reflectance
spectra for sample B2, using SiO: as antireflection layer) or TiO; films (b, d: transmittance
and reflectance spectra for sample B1, using TiO- as antireflection layer) on VO; films. Insets
(a) and (b) are hysteresis loops. 7!
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layered film containing two dielectric layers, reflectance minima can be achieved by
adjusting the thickness and RI.10 Figure 24 shows the transmittance and reflectance spectra
of VO,/SiO, (B2) and VO,/TiO, (B1) double-layered films. Hysteresis loops at 2000 nm
before and after coating show that the antireflective coatings have little effects on the
thermochromism of VO, films. TiO; films had a better antireflection efficiency than SiO»
because the RI of TiO; is closer to an ideal value for VO,.10¢ For the simplified VO»-based
double-layered structure, the ideal n; should be 2.14 to achieve a reflection minimum, 7,
(2.6) is the RI of VO, in the middle of the visible wavelength range measured by
ellipsometry, and ns (1.45) is the RI of quartz glass. Theoretical simulation results by optical
admittance recursive method showed the minimum reflection at 20 °C appearing at n,=2.10
due to the influence of the extinction coefficient, whereas the minimum Rim (2.8 %,
representing luminous reflection) appears at n,=2.04. For TiO,, n=1.94, the minimum
reflectance is 0.5 %, and Ryum is 3.0 %; for SiO,, n:=1.43, the minimum reflectance is 8.4 %,
and Rium is 13.6 %. Experiments results show a reflectance minimum of sample B2 is 7.9 %,
and antireflection peaks appeared at 610 nm (20 °C) and 560 nm (90 °C). The minimum
reflectance of sample Bl was about 2 % and 4.2 % with antireflection peaks appearing at 560
nm (20 °C) and 520 nm (90 °C). Note that the reflectance is a sum of the values for the film
side and the backside of the substrate, actually, the minimum reflectance of the sample on
the film side is about 1 % and Ryum is about 3.0 %, close to the prediction. Rium of Bl is even
lower than that of TiO,/VO,/TiO, three-layer structure sample. A VO,/SiO; double-layered
film (sample D, VO, thickness is 30 nm) showed enhanced performance (Tium of 78.1 and
76.1 % at 20 and 90 °C, respectively). The highest Tium was shown for a VO,/TiO, double-
layered sample, which had Tium of 84.8 %, but ATl (0.9 %) is too small to practically apply.

The switching efficiency (ATso1) is not only a function of transmittance but also solar energy.
Most of the solar energy is distributed in the visible (380-780 nm) and short-wave near-
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Fig. 25. Transmittance at 20 (1and 2) and 90 °C (1" and 2), and reflectance spectra (20 °C) of

sample A, (95 nm in thickness) without (blue, dotted lines) and with TiO, antireflection
layer (red, solid lines). 71
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infrared (780-1100 nm) regions. Visible transmittance is almost constant across MIT of VO,
films, so the transmittance difference in the short-wave near-infrared region makes a major
contribution to AT

One attempt to improve the performance difference at short-wave near-infrared
wavelengths is to shift the reflectance minima toward longer wavelengths by regulation of
the thickness of antireflective layers. ATium is caused by the different RI of VO, films at 20
and 90 °C, which influences the value and position of reflectance minima. The half-quarter-
waved structure has two reflection minima with one minimum at longer wavelengths,
which can improve AT The VO; film (sample A, 95nm) with a 73nm TiO; antireflective
layer gave two antireflection peaks at 20 °C at about 475 nm and 685 nm (Figure 25) and led
to an increase in ATs of 2.0 %. ATso could be further improved by shifting antireflection
peaks to longer wavelengths, but this treatment sacrifices ATium (reflective minimum
departure from the middle of visible wavelength range).

To simultaneously increase Tium and AT, one way is to design an antireflective layer that
can form two antireflection peaks both in the visible wavelength range and the short-wave
near-infrared wavelength range. For this purpose, a 3-times quarter-waved thick TiO, (210
nm) film was prepared. Based on the simplified model (using the optical constants of VO; at
560 nm at 20 °C) two antireflection peaks (correspondingly, two transmittance maxima)
should appear at 1680 nm and 560 nm at 20 °C. Experimentally, because the optical
constants of VO, films are wavelength-dependent and existence of extinction coefficient, the
first antireflection peak shifted to 1250 nm (20 °C) and 2400 nm (90 °C) (Figure 26).
However, the second antireflection peak fell in the middle of the visible range (570 and 540
nm for 20 and 90 °C, respectively), and the transmittance difference in the short-wave near-
infrared is enlarged due to different ATjum at 20 and 90 °C. High ATjum values close to those
of the quarter-waved samples (17.3 and 11.8 % at 20 and 90 °C) and an improvement of 3.7
% (7.2t0 10.9 %) for AT, were achieved.
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Fig. 26. Transmittance spectra at 20 °C (1, 2) and 90 °C (1’, 2') of VO film (sample B3) after
adding a 3 times quarter-wave thick TiO, (3\/4) film (1 and 17).7!
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This work reveals an impressive improvement on the visible transmittance and switching
efficiency, and is an important technical breakthrough toward the practical application of
VOs,-based smart windows. For a double-layered system, luminous transmittance and
switch efficiency could be greatly improved by regulation of the RI and thickness of the
films. Single quarter-waved TiO; films on VO, could reduce Rim from 31.2 to 4.2 %,
improving Tium up to 21.2 % at 20 °C (from 40.3 to 61.5 %). Sample with Tium of 78.1 % was
further obtained by optimising the thickness of a VO, film and adding an antireflective
coating, which still had AT, of 7.5 %. The highest AT, achieved was 15.1 %. Films with
balanced luminous transmittance (Tium=58.0 and 53.9 % at 20 and 90 °C, respectively) and
switching efficiency (10.9 %) were prepared.

3. Summary remarks and outlook

This chapter introduces a solution method, polymer assisted deposition process, for the
preparation of VO, and VO»-based multilayered films. The method enables us to facially
control over the film thickness, morphology and optical constants. By combining the optical
design in respect to the materials selection and/or their thickness and microstructural
control, we obtained VO, films with high visible transmittance (40-84%), controllable Mott
phase transition temperatures and high switching efficiencies (max. 15.1%). The results
show that the current solution process is a powerful competitor towards practical
applications of this material.
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Self-Organization of Mesoscopically-Ordered
Parallel Rare-Eath Silicide Nanowire
Arrays on Si(110)-16x2 Surface
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Department of Electrophysics, National Chiayi University, Chiayi,
Taiwan

1. Introduction

One-dimensional nanowires have attracted significant attention due to their exotic physical
properties and potential applications in nanoelectronic, nanophotonic, molecular-electronic,
and magnetoelectronic devices (Agarawal, 2008; Gambardella et al., 2002; Melosh et al., 2003;
Segovia et al., 1999; Snijders, & Weitering, 2010; Yeom ef al., 2005; Zeng et al., 2008). In
particular, rare-earth metal silicide nanowires are excellent candidates as low-resistance
interconnections or as fully-silicided nanoelectrodes for attaching electrically active
nanostructures within a nanodevice because of their high conductivity and extremely low
Schottky barrier height on n-type silicon and their compatibility with current silicon-based
integrated circuit technology. As the continuing miniaturization encounters the
lithographical limits, self-assembly (Shchukin & Bimberg, 1999) is being regarded as an
effective bottom-up approach for growing one-dimensional nanowires because of its
potential advantages of low cost, simplicity and high throughput. Moreover, it is believed
that the basic building blocks for future complementary metal-oxide-semiconductor (CMOS)
architectures will feature the integration of nanostructures based on self-assembly (Lu &
Lieber, 2007; Zhirnov & Herr, 2001). In this regard, the self-assembly of epitaxial rare-earth
silicide nanowires on silicon surfaces is the subject of numerous studies. It has been shown
that Gd, Dy, Er, Y, and Ho can self-assemble into epitaxial silicide nanowires on a planar
Si(001)-2x1 surface with large aspect ratios (length > 1 pm, width < 10 nm) by utilizing the
anisotropic lattice mismatch between the rare-earth metal silicides and the Si substrate; these
rare-earth silicide nanowires grow to arbitrary length in the direction of small (<1%)
mismatch and are limited in the lateral direction of large (~8%) mismatch (Chen et al., 2000,
2002; Iancu et al., 2009; Lee & Kim, 2003; Liu & Nogami, 2003a; Nogami et al., 2001; Ohbuchi
& Nogami, 2006; Ye et al., 2009; Zeng et al., 2008; Zhang et al., 2009; Zhou et al., 2006).

However, due to the alternating domains of 2x1 and 1x2 reconstruction on the neighboring
single-height atomic terraces of the nominally flat Si(001) surface, rare-earth silicide
nanowire always grow in two orthogonal directions on the planar Si(001) substrate. These
silicide nanowires formed with two perpendicular orientations will intercept each another
to terminate further growth of these orthogonal nanowires. Consequently, it is difficult to
obtain parallel-aligned and long nanowires for the application in nanoelectronic devices.
Therefore, several studies have attempted to use a single-domain vicinal Si(001) surface as a
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template to grow a large array of unidirectional rare-earth silicide nanowires (Lee et
al.,2006; Liu & Nogami, 2003b; Preinesberger, 2005; Yeom et al., 2005). Although a
massively parallel array of straightly-aligned nanowires can be produced by such an
approach, the resulting nanowires are randomly-distributed, and different in size. Even an
attempt to use a highly-anisotropic vicinal Si(557) surface as a nanotemplate fails to self-
organize a highly-regular parallel rare-earth silicide nanowire array over mesoscopic areas
of Si(557) surface (Wanke et al., 2008). For practical applications of rare-earth silicide
nanowires in nanoelectronic architectures, it is of paramount importance to self-organize a
massively periodic array of parallel-aligned silicide nanowires with uniform distribution,
single orientation and identical size over a macroscopic area on silicon surfaces.

We have recently demonstrated that the most straightforward bottom-up approach for
growing a well-ordered, highly-integrated two-dimensional networks and one-dimensional
parallel arrays is to use a Si(110)-16x2 surface as a nanopatterned template (Hong et al.,
2009a, 2009b, 2011a, 2011b, 2011c). Because the 16x2 reconstruction consists of a unique
periodic up-and-down sequence of terraces with a perfect periodicity of 5 nm and an equal
width of 2.5 nm (An et al,, 2000), this naturally-patterned nanotemplate is thus very
promising for the self-ordered growth of extremely-regular parallel nanowire arrays with
high nanowire density and good uniformity over mesoscopic areas. Moreover, 5i(110) wafer
has been recognized as an ideal substrate for next-generation CMOS nanodevices (Yang ef
al., 2006; Mizuno et al., 2005), because CMOS transistors fabricated on Si(110) wafers exhibit
both higher hole mobility and ultra-dense spatial integration than ones fabricated on Si(100)
wafers (Cheng et al., 2006). Thus, a larger-area self-organization of highly-integrated, well-
regular, parallel epitaxial nanowire arrays on Si(110) surface can provide an efficient wafer-
scale integration for the construction of future nanowire-based CMOS nanodevices.

In this chapter, we present that a large-scale self-organization of highly-regular, parallel
arrays of epitaxial rare-earth metal silicide nanowires, covering a mesoscopic area exceeding
1x1 pm2, can be realized through the heteroepitaxial growth of rare-earth metal silicides
along the periodic terraces of a Si(110)-16x2 surface. Here, we chose Gd, Ce and Er metals to
self-form massively highly-ordered rare-earth silicide nanowire arrays on Si(110)-16x2
surface, based on the following reasons: (1) The half-filled 4f electronic state of Gd atom
contains seven spin-up electrons, Gd atoms can act as a source of spin-polarized electrons
injected into silicon and create spin chains via the magnetic coupling between the large
magnetic moments of 4f electrons in the adjacent atomic chaisn (McChesney et al.,; Zuti¢,
2006). Also, GdSiyy epilayers exhibit magnetic ordering below 44 K (Hogg et al., 2002) and
Gds(Si1-«Gex)s has a giant magnetoresistance within the range from 270 K to 290 K
(Pecharsky & Gschneidner, 2001). (2) CeSix (where 1.0 < x < 2.0) compounds have been
reported to have many intriguing physical properties, such as intermediate valence, Kondo
lattice, heavy-fermion superconductivity and giant magnetoresistance (Miinzenberg et al.,
2007; Shaheen & Mendoza, 1999; Smith et al., 2005; Yokota et al., 2002); however, so far no
Ce-silicide nanowires can be formed by using the anisotropic lattice-mismatched growth
because of the poor lattice mismatches between silicides of the light rare-earth metal Ce and
Si(001) substrate along two orthogonal crystalline directions. (3) Er silicides not only possess
the lowest resistance of all rare earth metal silicides, but also exhibit anomalous Hall effect
below 60 K (Pierre et al., 1994) and present strong magnetic dichroism due to the large
magnetocrystalline anisotropy at room temperature (Castrucci et al., 1995).

Our results demonstrate the fact that our developed template-directed self-organization
process based on the nanotemplate of Si(110)-16x2 superstructure can be applicable for the
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spontaneous formation of massively well-regular parallel arrays of other epitaxial rare-earth
metal silicide nanowires, and open up the possibility for self-ordered, large-area, parallel
arrays of magnetic atomically-precise rare-earth metal silicide nanowires on Si(110)-16x2
surface, which could be integrated into high-density magnetoelectronic or spintronic
nanodevices. Moreover, the excellent regularity of our fabricated well-ordered parallel rare-
earth silicide nanowire arrays is comparable to that fabricated lithographically (Melosh et al.,
2003), and is much better than that produced by the anisotropic lattice mismatch growth.
This advantage allows us to further carry out detailed investigations of electronic, chemical
and magnetic properties of such massive self-ordered parallel rare-earth silicide nanowire
arrays by means of photoemission spectroscopy (Segovia et al., 1999; Yeom et al., 2005) and
magnetic circular dichroism (Gambardella ef al., 2002).

2. Experimental methods

The experiments were performed in a commercial, ultrahigh vacuum, variable-temperature
STM system with a base pressure of ~5x10-1t mbar. The device-quality flat Si(110) substrates
(n-type, ~10 Qcm) were used as one-dimensional nanotemplates for the self-organization of
parallel rare-earth silicide nanowire arrays. Atomically clean Si(110)-16%2 surface was
prepared by well-established annealing procedures (Hong et al., 2009a, 2009b), and was
confirmed by STM observation of the long-range 16x2 superstructure, as shown in Fig. 1.
Parallel Gd-silicide nanowire arrays were produced by depositing ~6 A of high purity
(99.95%) Gd onto Si(110) surface at 750 °C at a deposition rate of ~0.1 A/min and
subsequently quenching to room temperature. Parallel Ce-silicide nanowire arrays were
produced by depositing ~8 A of high-purity (99.95%) Ce metals onto Si(110) surface at 400

°C at a deposition rate of ~0.2 A/min and subsequently annealing at 700 °C for 20 minutes,
then slowly cooling down to room temperature. Parallel Er-silicide nanowire arrays were
produced by depositing ~10 A of high-purity (99.95%) Er metals onto Si(110) surface at 650

°C at a deposition rate of ~0.2 A/min and subsequently annealing at 750 °C for 30 minutes.
Gd, Ce and Er metals were evaporated individually from a water-cooled electron-beam
evaporator with an internal flux meter; their deposition coverages were determined in situ
using a quartz-crystal thickness monitor. During the deposition of these rare-earth metals,
the system pressure was maintained below 1 x 10 mbar. The STM measurements were
acquired in the constant current mode with the atomic-resolution electrochemically etched
nickel tips. The I-V curve was performed by recording the tunneling current (I}) while
ramping the sample bias (Vi) at a specific location on the nanowire; and was then
numerically differentiated to obtain the dI/dV curve (i.e., STS spectrum).

3. Results and discussion

3.1 One-dimensional naturally-patterned nanotemplate of Si(110)-16x2 surface

3.1.1 Atomically clean Si(110)-16x2 surface

Figure 1 represents typical STM topographic images of the atomically clean Si(110)-16x2
surface at different magnifications. As visibly seen in Figs. 1(a) and 1(b), the parallel-aligned
up-and-down terraces of the 16x2 superstructure extending over a wide area exhibit a
mesoscopic ordering and clearly reveal a unique highly-anisotropic character of this
reconstruction. Such uniform grating-like terraces are very suitable to be used as a novel
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nanotemplate for the large-scale nanofabrication of well-ordered, high-density, parallel-
aligned nanowires covering macroscopic areas. A magnified image (50 x 50 nm?) of a part of
Fig. 1(b) is shown in Fig. 1(c). It obviously shows that zigzag chains appear in the grating-
like up-and-down terraces. An atomic-resolution image (12 x 12 nm?) of Fig. 1(d), magnified
from Fig. 1(c), shows a pair of Si pentagons forming zigzag chains on the upper terraces of
16x2 reconstruction are clearly resolved, consistent with the pervious result (An et al., 2001;
Stekolnikov et al., 2004). Figure 2 displays the cross-sectional profile across the up-and-down
terraces of 16x2 reconstruction along the line scans C in Fig. 1(c). The typical width and
average height of these periodic upper terraces are 2.2 £ 0.1 nm and 0.29 + 0.01 nm,
respectively, and the regular periodicity is 5.0 + 0.1 nm. These measurements are consistent
with the previous results (An et al., 2001; Yamamoto et al., 2000).
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Fig. 1. (a)—(c) STM topographic images of the atomically clean Si(110)-16x2 surface taken at
different magnifications: (a) 500 x 500 nm2 (Vs=+3 V, I;= 30 pA), (b) 125 x 125 nm?2, (c) 50 x
50 nm?, and (c) 15 x 15 nm2 (Vs=+1.5V and I;= 10 pA).
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Fig. 2. Cross-sectional profile across the up-and-down terraces of 16x2 reconstruction along

the white line indicated in Fig. 1(c).



Self-Organization of Mesoscopically-Ordered Parallel
Rare-Eath Silicide Nanowire Arrays on Si(110)-16x2 Surface 203

3.1.2 Parallel silicon nanowire array grown naturally on Si(110) surface

Since both the width and height of these upper terraces of Si(110)-16x2 surface are nearly
close to those of silicon nanowires formed on Ag(110) surface (Sahaf et al., 2007; Padova et
al., 2008), the long-range, parallel-aligned upper terraces of 16x2 reconstruction can be
recognized as massively-parallel silicon nanowires grown naturally on Si(110) surface. The
identification of the upper Si(110) terraces as silicon nanowires formed on Si(110) surface is
similar to the self-formation of massive Si atomic lines on the Si-terminated £SiC(100)-3x2
surface (Soukiassian et al., 1997). Silicon nanowires has been regarded as the most promising
basic building blocks for the bottom-up assembly of integrated electronic and photonic
nanodevices because they have the advantage of easy integration into the existing silicon-
based semiconductor industry (Agarawal, 2008; Lu & Lieber, 2007).

3.2 Parallel Gd-silicide nanowire array self-organized on Si(110)-16x2 surface

Figures 3(a)-3(e) show the representative STM topographic images of parallel Gd-silicide
nanowire array at different magnifications. As clearly observed in Figs. 3(a)-3(e), these
parallel-aligned, straight and nearly defect-free nanowires cover a mesoscopic area with a

typical lateral separation beyond 1.0 pm and are most elongated along the [1 1 2 ] direction.
In Fig. 3(d), each Gd-silicide nanowire consists of double bead chains separated by a bean
chain. The double bead chains are higher than the bean chain by a difference of ~25 pm, as
shown in the cross-sectional profile of Fig. 4. Each bead chain is composed of rounded
protrusions marked by the red circles of ~1.5 nm in diameter, which are too large to be
interpreted as individual atoms. Additionally, the adjacent substrate between the
neighboring nanowires still shows a zigzag chain structure. All individual nanowires are
atomically precise nanostructures, essentially identical to one another over the entire
macroscopic area of Si(110) surface. Their width remains atomically precise along the
nanowire and is typically 4.0 £ 0.1 nm [see Fig. 4]. Therefore, these nanowires possess an
extraordinarily high aspect ratio of greater than 250. Moreover, this massively parallel array
shows a regular periodicity of 7.2 + 0.2 nm [see Fig. 4]. Such a perfect one-dimensional self-
organized parallel nanowire array with good uniformity and alignment over a mesoscopic
area represents a well-established long-range spatial ordering. This large-area Gd-silicide
nanowire array also exhibits a high nanowire density and thus can be applied for the wafer-
scale integration of high-density nanoelectronic devices. The growth mechanism of such a
highly-regular parallel array of uniformly-spaced Gd-silicide nanowires on Si(110)-16x2
surface is driven by the heteroepitaxial growth of Gd silicides on these periodic grating-like
upper terraces of Si(110)-16x2 superstructure, as explained in detail in our previous
publication (Hong et al., 2009a). This perfect self-organization of a large-area parallel array
consisting of atomically-precise Gd-silicide nanowires with regular periodicity is observed
for the first time.

Figures 3(e) and 3(f) show an enlarged part of the STM image in Fig. 3(d), recorded at the
sample bias V; = +2.0 V and -2.0 V, respectively. We note that both empty-state and filled-
state STM images [i.e., Figs. 3(e) and 3(f)] represent the same area of the sample. In dual-bias
images, the parallel, registry-aligned nanowires are well resolved. The empty-state image
[Fig. 3(e)] clearly shows that the rounded protrusions of the double bead chains in Fig. 3(d)
converts to pentagons; however, the pentagons in the left and right bead chains are
oppositely oriented, which is the same as the pair of Si pentagons of Si(110)-16x2
superstructure [see Fig. 1(d)]. Moreover, the bean chain disappears and instead becomes to a
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trench. This result strongly suggests that the Si pentagon pair on the upper terraces of 16x2
reconstruction was split into two individual Si pentagons due to a strong reaction of Si and
Gd upon the adsorption of Gd on the upper terraces. Consequently, a trench was formed in
the middle of Gd-silicide nanowires and Gd atoms were embedded in the trench (i.e., Gd
atoms were adsorbed in the bean chain of Fig. 3(d)), similar to the Si-deficient structural
model (Lee & Kim, 2003). The width of Gd-silicide nanowire thus becomes to be ~4 nm from
the Si terrace width of ~2.2 nm. In the filled-state image [Fig. 3(f)], each Gd-silicide nanowire
appears to consist of two sawtooth rows of distinct atomic arrangements on both sides and a
pair of double linear chains with an up-down buckling configuration in the middle of
nanowire; moreover, the contrast of these two sawtooth rows is much lower than that of
double linear chains. Notice that the dark trench between the double bead chains in Fig. 3(e)
inverts to the bright double linear chains in Fig. 3(f) when the bias polarity is reversed.
Considering the charge transfer from Si to Gd atoms by electronegativity, the bright double
linear chains in Fig. 3(f) are primarily contributed from the electronic states localized on Gd
atoms, suggesting that Gd atoms are located on the bean chain in Fig. 3(d). That is, the two
sawtooth rows and the double linear atomic chains consist mainly of Si and Gd atoms,
respectively. The appearance of the well-ordered internal structures in Gd-silicide
nanowires strongly verifies that these straightly-aligned, long Gd-silicide nanowires grow
epitaxially on Si(110) surface.

Fig. 3. (a)—(d) STM topographic images of parallel Gd-silicide nanowire array on Si(110)-
16x2 surface taken at different magnifications: (a) 0.8 x 0.8 pm?2 (V;=+3V, I;= 30 pA), (b) 250
x 250 nm2, (c) 110 x 110 nm2, and (d) 50 x 50 nma2. (e), (f) Dual-polarity images (25 x 25 nm?)
of parallel Gd-silicide nanowire array acquired at +2 V and -2 V, respectively, and at I;= 10
PA.
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As seen in Figs. 3(e) and 3(f), the two bead chains of empty orbitals on both sides of
nanowire are in antiphase with the double linear chains of filled orbitals in the middle of
nanowire. This polarity dependence of STM images clearly reveals that each Gd-silicide
nanowire really consists of a bundle of chain-like structures with a peculiar charge
arrangement of alternating filled and empty orbitals. These dual-polarity STM images
clearly show that these parallel-aligned Gd-silicide nanowires are well-defined and
periodically arranged in both filled-state and empty-state images. The periodic intensity
modulation exhibited by this parallel array in dual-bias images clearly reveals a perfect
spatial-organization of the charge distribution. Such a well-regular charge modulation of
this parallel Gd-silicide nanowire array could be exploited in nanoelectronic devices.

Figure 4 displays the cross-sectional profiles of the line scan A across the parallel Gd-silicide
nanowire array in Fig. 3(d). This cross-sectional profiles show clearly that the shape
distribution of the parallel Gd-silicide nanowire array is well-defined and uniformly-spaced.
The unprecedented uniformity exhibited by this parallel array reflects a perfect spatial-
organization characteristic of our performed one-dimensional self-assembling process. As
shown in the topographic profile in Fig. 4, the nanowires are typically 4.0 £ 0.1 nm in width
and have an average periodicity of 7.2 £ 0.2 nm; the heights observed in the empty-state
image and the filled-state image are, respectively, 270 = 10 pm and 250 + 10 pm, similar to
the height obtained by Lee et al (Lee & Kim, 2003). It is noted that the nanowire height is
nearly equal to that of Si upper terraces on Si(110)-16x2 surface, which suggests that Gd
atoms may incorporate into Si upper terraces to form one-dimensional Gd-silicide
nanowires, similar to the proposed structure of Si-deficient rare-earth metal silicide
nanowires (Chen et al., 2002; Eames et al., 2010).
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Fig. 4. Cross-sectional profile A across the parallel Gd-silicide nanowire array along the
white line indicated in Fig. 3(d)

To gain insight into the local electronic structure of Gd-silicide nanowires, STS spectra (i.e.,
dI/dV curves) were measured on top of the individual Gd-silicide nanowires and the
adjacent substrate between neighboring nanowires, as displayed in Fig. 5. A third dI/dV
curve taken on clean Si(110) surface is also shown for reference. Each dI/dV curve is
laterally averaged over 20 individual spectra taken within the corresponding region. These
STS spectra allow us to compare the surface conductivity and local density of states (LDOS)
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in the areas selected on the surface. Curve I measured on the self-organized parallel Gd-
silicide nanowires show non-zero conductance near the zero bias, indicating that Gd-silicide
nanowires have one-dimensional metallic character along their length. As clearly revealed in
Curve I, the Gd-silicide nanowires are characterized by a set of the discrete, distinct
electronic states.
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Fig. 5. Averaged dI/dV curves of the parallel Gd-silicide nanowires (Curve I), the adjacent
substrate (Curve II), and the clean Si(110) surface (Curve III). Each dI/dV curve was
laterally averaged over their corresponding areas in the inserted STM image (15 x 10 nm?).

These sharp peaks in the STS spectrum of individual Gd-silicide nanowire are characteristic
of the Van Hope singularities expected for the LDOS of one-dimensional materials (Iancu et
al., 2009; Zeng et al., 2008). Curve II taken over the adjacent substrate shows semiconducting
behavior with a band gap of ~0.5 eV, significantly smaller than ~1.2 eV for clean Si(110)
surface [see Curves III]. The reduced gap opening of the substrate together with the zigzag
chain structure suggests that Si(110)-16x2 surface is reconstructed with Gd.

3.3 Parallel Ce-silicide nanowire arrays self-organized on Si(110)-16x2 surface

Figure 6 shows the STM topographic images of the parallel Ce-silicide nanowire array at
different magnifications. As visibly observed in Figs. 6(a)—6(e), these parallel-aligned,
straight and nearly defect-free nanowires cover a mesoscopic area with a typical lateral

distance exceeding 1.3 pm and are elongated along the [1 1 2 ] direction. These nanowires
thus possess an extraordinarily high aspect ratio. Also, this massively parallel nanowire
array shows a regular periodicity and a high integration density. Moreover, these parallel
nanowires are essentially identical to one another over the entire macroscopic area of the
Si(110) surface. This result clearly reveals that these parallel nanowires grew along the
periodic terraces of Si(110)-16x2 superstructure. Such large-area parallel Ce-silicide
nanowire array could be applied in the wafer-scale integration of high-density
nanoelectronic architectures on Si(110) surface. As clearly seen in Fig. 6(e), each Ce-silicide
nanowire consists of double zigzag chains with distinct morphologies. In the atomic-
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resolution image of Fig. 6(f), we can visibly find that the elemental structures of the double
zigzag chains in the Ce-silicide nanowire are completely different from those of up-and-
down terraces on Si(110)-16x2 surface; moreover, the width of all individual nanowires
remains atomically precise along their lengths. This perfect one-dimensional self-organized
parallel array with good uniformity and alignment over a mesoscopic area of 1.3x1.3 pm?
reveals a well-established long-range spatial ordering. The spontaneous formation of such a
large-area, highly-ordered parallel array consisting of atomically-precise Ce-silicide
nanowires with a regular periodicity has never been reported before.

Fig. 6. A series of different magnified STM topographic images of the parallel Ce-silicide
nanowire array: (a) 1.3 x 1.3 pm2 (Vs = 2.0 V, I;= 0.1 nA); (b) 850 x 850 nm?; (c) 250 x 250 nm?;
(d) 125 x 125 nm?; (e) 50 x 50 nm?2 (Vs=2.0 V, I;= 20 pA); and (f) 35 x 35 nm?2.

Figures 7(a) and 7(b) show dual-polarity STM images of an enlarged area of the parallel Ce-
silicide nanowire array in Fig. 6(e), recorded at the sample bias Vs = +1.5 V and —-1.5 V. The
empty-state image [Fig. 7(a)] at +1.5 V clearly shows a set of double zigzag chains on each
Ce-silicide nanowire and the right zigzag chain appears much brighter than the left chain. In
the filled-state image [Fig. 7(b)] at —1.5 V, the Ce-silicide nanowires consist of two linear
rows of distinct atomic arrangements and the right linear row is also brighter than the left
row. These dual-bias STM images evidently show that Ce-silicide nanowires are registry-
aligned and really consist of a bundle of double chain-like structures with different
morphologies. Figure 7(c) plots the superposition of the cross-sectional profiles of both line
scans E and F across the empty-state and filled-state images of parallel Ce-silicide nanowires
in Figs. 7(a) and 7(b), respectively. The section profiles of both lines E and F clearly show
that these parallel Ce-silicide nanowires are well defined and periodically positioned. The
unprecedented regularity exhibited by this parallel array in dual-bias images also reflects a
perfect spatial-ordering of the charge distribution.
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As clearly revealed in Fig. 7(c), these parallel-aligned nanowires are identical to 5.0 + 0.2 nm
in width and have an equal periodicity of 6.0 £ 0.2 nm. Moreover, the topographic maxima
of the double zigzag chains in the empty-state image and the double linear rows in the
filled-state image are spatially coincident; indicating that the height difference between the
right chains and left chains is due to the topographic effect, not the electronic effect. The
left-right asymmetry observed in the dual-polarity images of each Ce-silicide nanowire
indicates that the building blocks for Ce-silicide nanowires are asymmetrically composed.
Additionally, the widths of the left and right zigzag chains are 2.0 + 0.2 and 3.0 + 0.2 nm,
respectively; while the double linear rows are equal to 2.5 £ 0.1 nm in width, similar to the
width (2.2 £ 0.1 nm) of Si terraces of the Si(110)-16x2 reconstruction [see Fig. 2].
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Fig. 7. Dual polarity STM images (45 x 35 nm2) of the parallel Ce-silicide nanowires acquired
at +1.5V (a) and -1.5 V (b), respectively, and at 20 pA. (c) Cross-sectional profiles E and F
across parallel-aligned Ce-silicide nanowires of the empty- and filled-state images along the
white lines indicated in (a), respectively.

These results strongly suggest that Ce atoms nucleated concurrently along the upper and
lower terraces of Si(110)-16x2 surface to form the one-dimensional Ce-silicide nanowires
consisting of double chain row structures with different heights. The Ce-silicide nanowires
are characterized by a well-defined shape indicating epitaxial growth, which is promising
for the basic building block of nanoelectronic devices.

It is very interesting to explore the local electronic structures of the parallel Ce-silicide
nanowire array. STS spectra (i.e.,, dI/dV curves) were measured on the individual Ce-
silicide nanowires and also on the adjacent substrate between the neighboring nanowires, as
displayed in Fig. 8. A third dI/dV curve taken on clean Si(110) surface is also shown for
comparison. Each dI/dV curve was laterally averaged over 30 individual spectra taken
within the corresponding areas indicated in the inserted STM image (20 x 10 nm?). Curve I
for the left chain shows an energy gap of ~0.68 eV, suggesting a semiconducting property
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along its length. These results clearly reveal that self-organized parallel Ce-silicide
nanowires are semiconducting. Curve II for the adjacent substrate shows a lager energy gap
of ~0.9 eV, smaller than the gap of ~1.2 eV obtained for the clean Si(110)-16x2 substrate [see
Curve III].
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Fig. 8. Averaged STS spectra of the right zigzag chain taken on the individual Ce-silicide
nanowires (Curve I), the adjacent substrate between neighboring nanowires (Curve II), and
the clean Si(110) surface (Curve III).

The reduced gap opening of the substrate and the featureless LDOS means that the Si(110)
surface was covered with a small amount of Ce. The semiconducting behavior of Ce-silicide
nanowires is in contrast to the metallic character of other rare-earth silicide nanowires
(Hong et al., 2011a; Lee & Kim, 2003; Yeom et al., 2005; Zeng et al., 2008) and CeSix Kondo
compounds (Malterre et al., 1993; Mimura et al., 2005). The suppression of LDOS near the
Fermi energy (i.e., zero bias) can be ascribed to the formation of a Mott-Hubbard insulating
states at these Ce-silicide nanowires (Hong ef al., 2011c).

3.4 Parallel Er-silicide nanowire arrays self-organized on Si(110)-16x2 surface

Figure 9 shows a series of different magnified STM topographic images of parallel Er-
silicide nanowire arrays. As clearly observed in Fig. 9, these parallel-aligned, straight
andnearly defect-free nanowires cover a mesoscopic area with a typical length beyond 1.0

pm and are most elongated along the [112] direction. In Fig. 9(e), each Er-silicide
nanowire consists of double bead chains, but unlike to the morphology of Gd-silicide
nanowire with the bean chain in the middle of nanowire. Each bead chain is composed of
round protrusions with a typical diameter of ~2.0 nm. Additionally, the adjacent substrate
between the neighboring nanowires still shows a zigzag chain structure. All individual
nanowires are atomically precise nanostructures, essentially identical to one another over
the entire macroscopic area of Si(110) surface.Their width remains atomically precise along
the nanowire and is typically 4.2 + 0.1 nm [see Fig. 10].Therefore, these nanowires possess
an extraordinarily high aspect ratio of greater than 250. Moreover, this massively parallel
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array shows a regular periodicity of 8.0 + 0.2 nm [see Fig. 10]. Such a perfect one-
dimensional self-organized parallel nanowire array with good uniformity and alignment
over a mesoscopic area represents a well-established long-range spatial ordering. This large-
area Er-silicide nanowire array also exhibits a high nanowire density and thus can be
applied for the wafer-scale integration of high-density nanoelectronic devices.
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Fig. 9. (a)—(d) STM topographic images of parallel Er-silicide nanowire array on Si(110)-16x2
surface taken at different magnifications: (a) 1 x 1 pum2 (V,=+3V, I;= 30 pA), (b) 500 x 500
nm?, (c) 200 x 200 nm?, (d) 110 x 110 nm?, (e) 60 x 60 nm?2 (Vs=+3 V, [;= 10 pA), and (f) 36 x
36 nm2 (Vs=+2V, ;=10 pA).

Figure 10 displays the cross-sectional profiles of the line scan B across the parallel Er-silicide
nanowire array in Fig. 9(e). This cross-sectional profiles show clearly that the shape
distribution of the parallel Er-silicide nanowire array is well-defined and uniformly-spaced.
The unprecedented uniformity exhibited by this parallel array reflects a perfect spatial-
organization characteristic of our performed one-dimensional self-assembling process. As
shown in the topographic profile in Fig. 10, the nanowires are typically 4.2 £ 0.1 nm in width
and have a representative periodicity of 8.0 + 0.2 nm; the average heights is 230 + 20 pm,
similar to the height obtained by Chen et al. (Chen et al., 2002) The growth mechanism of
such a highly-regular parallel array of uniformly-spaced Er-silicide nanowires on Si(110)-
16x2 surface is also driven by the heteroepitaxial growth of Er silicides along the perfect
grating-like upper terraces of Si(110)-16x2 superstructure, similar to the self-organized
growth of Gd-silicide nanowires on Si(110)-16x2 surface.
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Fig. 10. Cross-sectional profile B across the parallel Er-silicide nanowire array along the
white line indicated in Fig. 9(e)

Figure 11 displays the representative STS spectra of the self-organized Er-silicide nanowires
(Curve I) and the adjacent substrate between neighboring nanowires (Curve II). Each dI/dV
curve is laterally averaged over 30 individual spectra taken within the corresponding region
of the inserted STM image. Curves I shows non-zero conductance near the zero bias,
indicating that Er-silicide nanowires exhibit metallic nature along their length. Curve II
depicts metallic-like behavior with a narrower band gap of ~0.12 eV, significantly smaller than
~1.2 eV for the clean Si(110) surface [see Curves III]. The metallic-like character of the substrate
together with the zigzag chain structure suggests that Si(110) surface is reconstructed with Er.
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Fig. 11. Averaged dI/dV curves of the parallel Er-silicide nanowires (Curve I), the adjacent
substrate (Curve II), and the clean Si(110) surface (Curve III). Each dI/dV curve was
laterally averaged over their corresponding areas in the inserted STM image (25x 12 nm?).

3.5 Parallel transition metal silicide nanowires self-assembled on Si(110)-16x2 surface
As clearly demonstrated in Figs. 3-11, the massively parallel arrays of various epitaxial rare-
earth metal silicide nanowires on Si(110)-16x2 surface always grow along a unidirectional
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orientation of [Il 2 Jwith uniform distribution and identical size. However, the growth
mode of rare-earth metal silicide nanowires on Si(110) surface is completely different from
that of the transition-metal silicide nanowires on Si(110) surface. As shown in Fig. 12, the
parallel-aligned Ni-silicide and Fe-silicide nanowires can not form well-ordered parallel
nanowire arrays with a regular periodicity and identical dimensions on Si(110) surface, as
reported in the previous results (He et al., 2004; Liang et al., 2006). The difference can be
attributed to the fact that transition-metal silicide nanowires prefer to grow into the Si(110)
substrate along the [1 1 0 ] direction via an “endotaxial” growth mechanism (He et al., 2004)
and do not favor to nucleate along the [l 1 2 ]-oriented terraces of Si(110)-16x2
reconstruction.

Fig. 12. STM topographic images of parallel Ni-silicide nanowires on Si(110) surface [(a)—(c)]
and parallel Fe-silicide nanowires on Si(110) surface [(d)—(f)] at different magnifications: (a)
7 x 7 pm2, (b) 1x 1 um?2, (c) 500 x 500 nm?2, (d) 800 x 800 nm?, (e) 125 x 125 nm?, and (f) 45 x 45
nm?2.

4. Conclusion

We have successfully developed a simple and efficient bottom-up nanofabrication for the
self-organization of mesoscopically-ordered parallel arrays, consisting of uniformly-spaced
identical-size epitaxial rare-earth metal silicide nanowires over a mesoscopic area on Si(110)-
16%2 surface. Three perfectly-ordered parallel arrays of atomically-precise Gd-silicide
nanowires, Ce-silicide nanowires, and Er-silicide nanowires are presented to demonstrate
the versatility of this novel approach. These massively parallel rare-earth silicide nanowire
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arrays were self-organized with widths and pitches (center-to-center distances) as small as
4~5 nm and 6~8 nm, respectively, and lengths exceeding 1 pm, which were achieved
through the heteroepitaxial growth of rare-earth metal silicides along the periodic terraces of
the Si(110)-16x2 surface. The ability to form such large-area, highly-ordered parallel arrays
of epitaxial rare-earth metal silicide nanowires on the Si(110) nanotemplate represents a
simple step towards the bottom-up nanofabrication of high-density, well-defined
interconnections and functional nanowire-based CMOS nanodevices in a straightforward,
cost-effective and high-throughput process. As they have the advantage of easy integration
into the existing silicon-based integrated-circuit technology, we believe that our developed
large-scale self-organization of epitaxial rare-earth metal silicide nanowire arrays on Si(110)-
16%2 surface will be an important Si-compatible nanofabrication process for highly-
integrated, well-defined parallel active nanoarchitectures with diverse functions over
mesoscopic areas, which could be used to realize the future innovations in Si-based
nanoelectronics.
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1. Introduction

Increasing attention has been paid to the control over surface chemical property of bare
metals, semiconductors, ceramics, and polymers in the development of nanoscience and
nanotechnology. The appropriate functionalization has a potential to lead to the appearance
of new function. Organic monolayers, i.e., self-assembled monolayers (SAMs), are simple
monomolecular system, convenient, and flexible to tailor the substrate’s surface chemical
and physical properties including wetting property, conductivity, and thermal, chemical,
photochemical stabilities, etc. In the following molecular diagram of organic monolayers, its
molecular anatomy and characteristics are highlighted as shown in Figure 1. Such
monolayer structures are formed by chemisorption of organic constituents onto the specific
solid substrate through liquid or gas phase. A headgroup of the organic constituent reacts to
the outermost atoms on the substrate to give a chemical linkage. The chemisorbates organize
epitaxially to form crystalline monomolecular film structures. As shown in the molecular

Surtace

Jerminal group
CHs, CF3, OH

NH,, CHO, COOH
SO,H, CN, PEG, efc.

OH, NH,, CHO, COCH
OCH,3, OC,Hg, SH
C=C, etc

Substrate

Fig. 1. Schematic diagram of organic monolayers formed on solid substrates



218 Nanofabrication

diagram, there is a number of headgroups which can recognize the outermost chemical
groups of substrates, resulting in a chemical bond. In contrast, there is no limitation in the
selection of terminal functional groups. A wide variety of functionalities or reactivities are
applicable. A lateral molecular space, which is controlled by hydrophobic molecular
interaction between hydrocarbon chains, allows the control of the film crystallinity and
electron transferring behavior between the terminal group and substrate surface. Thus,
programmed surface can be designed by careful control of monolayer attachment. Since the
finding of siloxane SAM structure in 1980, a number of research efforts have been
performed. In this review article, organic monolayer systems on polymer and silicon
substrates are focused, and their potential applications is also demonstrated.

2. Chemical modification of a polymer surface

2.1 Motivation

Recently, the deposition of inorganic materials, e.g., ceramics, metals, and semiconductors,
has interestingly attracted attention in the development of mechanically-flexible device
applications including OLED, flexible flat panel and wearable displays, electronic papers,
biomedical tools. These technological developments take advantage of polymer’s excellent
properties including mechanical flexibility, lightweight, ease-of-design and coloring, low-
cost and good impact resistance. In order to fabricate such flexible device applications, it is a
key to control chemical properties of polymer’s surface that induce the nucleus formation of
inorganic crystals, and accelerates subsequent crystalline growth or film growth.
Organosilane SAMs have been frequently employed to modify surface chemically properties
of inorganic substrates [1-5]. The resultant surfaces play important roles in molecular
recognition events. For example, some of functional groups induce the nucleus formation of
inorganic crystals, and accelerates subsequent crystalline growth or film growth. This
section describes the preparation of well-ordered SAM structures on polymer sheet, and
then the deposition of metal and ceramics films on the SAM-covered polymer sheets
through solution processes.

2.2 SAM formation

When silane molecules are treated directly on as-received polymer sheet, they cannot form a
monomolecular structure. Similar can be seen even on photochemically treated polymer
sheet. In other words, when silane precursors are directly treated on surface-activated
polymer substrates, well-ordered SAM formation cannot effectively proceed, since the
polar-functional groups formed on a polymer surface through surface modification methods
using plasma or UV light are generally inhomogeneous and randomly distributed [5]. Such
a heterogeneous surface cannot provide adequate support for the preparation of a well-
ordered SAM. As an example, Table 1 summarizes the contact angles and surface free
energies of polyimide surfaces covered with NH,- and CFs-terminated SAMs, and their
values are compared with those of SAM-covered silicon substrates used as standards. The
formation of the SAMs is performed on photooxidized polyimide and silica-covered silicon
substrates, respectively. The details of the SAM preparation method are described in
elsewhere [5], but the surface energies of each sample are calculated using the following
equation:

'YL(1+COSSSL) = 2[(st . YLd)l/z + (Ysp . YLP)UZ + (Ysh . YLh)l/Z]
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where 1 is the liquid’s surface energy, and 6sl is its contact angle on the solid surface. The
superscripts d, p, and h indicate the dispersion, polar and hydrogen bonding forces,
respectively. Since the y, yd, yiF, and yih values of the three liquids are known (i.e., for
water, yp = 72.8 mN/m, yrd= 29.1 mN/m, i = 1.3 mN/m, and yih = 424 mN/m; for
methylene iodide, y. = 50.8 mN/m, yd= 46.8 mN/m, y.F = 4.0 mN/m, and yi» = 0 mN/m;
and for n-decane, y. = 23.9 mN/m, y 4= 23.9 mN/m, y;F = 0 mN/m, and y.h = 0 mN/m), the
surface free energy (ys) of the sample is estimated to be the sum of the calculated ysd, ys?, and
ysh values.

| SAM on Si0,/Si | | samon Polyimide (P1,,) |
FAS-SAM: CF,4(CF,),(CH,),Si(OCH,),
6, =115 6, =107°
¥s = 11.9mN/m Ys= 27.4 mN/m
7= 11.7 mN/m y@=13.2mNim
YsP= 0.1 mN/m Y <P =14.2 mN/m
¥s"= 0.1 mN/m rs"= 0.0 mN/m
AHAPS-SAM: H,N(CH,){NH(CH,);Si(OCH,),
g, =60.0° 6, =69.6°
Ys = 61.9 mN/m s = 45.2 mN/m
¥ 4= 23.9 mNim ¥ 9= 23.9mN/m
¥ sP = 26.2 mN/m ¥ s =13.1 mN/m
"= 11.8 mN/m yo= 82mNim

Table 1. Surface free energies of SAM-covered photooxidized polyimide (PI), i.e., Ploy, and
are compared with those of standard, i.e., SAM-covered SiO,/Si.

Let's see the impact direct formation of FAS-SAM onto Pl i.e., photooxidized polyimide,
will have its intermolecular structure. The water contact angle of the FAS/PI surface is
somewhat smaller than that of the standard sample, that is, FAS-SAM/SiO,/Si, but high
hydrophobic character can be seen even on it. However, this small difference in surface
hydrophobicity influences strongly on the crystal growth behavior of metal oxide film, as
described later. The reason why small difference in wetting property occurs between the
surfaces can be well understood by comparison of surface free energy of the sample with
that of the standard. As shown in Table 1, the ys value of the FAS/PIL, substrate (27.4
mN/m) is twice larger than that of a FAS/SiO,/Si substrate (11.9 mN/m). This indicates
that the molecular density of the FAS-SAM attached to the Pl surface is considerably low
compared to the reference substrate. In particular, the ys? value of the FAS/PI,, substrate
(14.2 mN/m) is much larger than that of the FAS/SiO,/Si substrate (0.1 mN/m). This
clearly demonstrates that the Plo surface underneath the FAS layer is probably exposed to
air to some extent. It can be concluded that the degree of surface coverage by the FAS
molecules differ greatly between the Plox and SiO,/Si substrates. In the sample covered with
an amine group, its static-water contact angle is estimated about 69.6° which is slightly
larger than that of the reference sample. This small increase can be also discussed comparing
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surface free energies between sample and reference. The ys value (452 mN/m) is
approximately three-fourths of that calculated for the standard, and , is slightly larger than
that of a surface terminated with CH, groups (36 mN/m). Both ys¢ and ysh values are
consistent with those of standard, but the ysP value of the AHAPS/Pl, substrate (13.1
mN/m) is almost half of those obtained for the AHAPS/SiO,/Si substrates (26.2 mN/m).
These experimental results suggest that the degree of surface molecular coverage is much
less than those on the reference surfaces. As a result, such heterogeneous surfaces cannot
provide adequate support for the preparation of well-ordered SAMs. Chemical templates
consisting of such disordered SAMs are considered to be unfavorable for the deposition of
inorganic materials on polymer substrates. Furthermore, after a relatively short time, such
disordered moieties will lose their functionalities, resulting in a decrease of surface activity
on the modified polymeric surface. Thus, to avoid hydrophobic recovery, SAM fabrication
must be conducted immediately after surface photooxidation. Otherwise it is difficult to
form covalent bonds between the SAM and the polymer surface, resulting in weak adhesion.
Thus, in spite of polymer substrates offering the attractive advantages described above, such
obstacles may prevent the preparation of high quality SAMs.

To overcome this shortcoming, this section demonstrates the formation of a well-ordered
SAMs on PI sheets through the chemisorption of organosilane molecules at the solid/vapor
interface. PI has been utilized primarily as a substrate for printed circuit boards due to its
excellent thermal stability, mechanical strength and insulating properties. In the present
study, in order to give silica-like properties to the PI surface, we fabricated an ultrathin
buffer layer on the substrates using a either one of precursor vapors of tetraethoxysilane
(TEOS) or 1,3,5,7-tetramethylcyclotetrasiloxane (TMCTS) prior to forming the SAM. Let’s
focus on the effects of this buffer layer on the quality of the obtained SAMs. Well-ordered
SAM structures are formed on PI surfaces according to the process illustrated in Figure 2. In
the first step Figure 8a), a commercial PI sheet is photochemically hydrophilized to give a
PlL,x surface. Due to this photoirradiation, the PI surface becomes completely hydrophilic
with its water-contact angle dropping from about 71° to 5° or less. In the next step (Figure
2b), either one of organosilane molecules is chemisorbed onto the Pl surface. The Ploy sheet
is placed together with a glass cup filled with 0.2 cm3 TMCTS (or TEOS) into a 65 cm3
Teflonty container in a dry N atmosphere with less than 10% relative humidity. The
container is sealed with a cap and heated in an oven maintained at 80°C for 3 h. Next, in
order to convert the chemisorbed TMCTS (or TEOS) molecule into an ultrathin SiO; layer,
the sample is again irradiated for 30 min in a manner similar to the PI surface modification
mentioned above. Finally, a SAM is formed on the SiO»-covered Pl surface through a
vapor phase (Figure 2e). The thickness of the SiO; nanolayer formed on the Pl,. substrate is
estimated from a cross-sectional image acquired by HR-TEM, as shown in Figure 3. As
clearly indicated by the arrows, an extremely thin layer is found to form on the Pl
substrate, as a black contrasted image. Two important things can be seen in this cross-
sectional view. One is that the ultrathin layer uniformly deposits over the entire surface of
the PlL,.. There are no defects such as a void and a pinhole. The other is an actual thickness of
this layer which is estimated from this image to be only 1 nm or less. As confirmed by XPS,
the binding energy of the Si2p spectrum for this sample is located at 103.6 eV, the value of
which is consistent with that of a Si substrate covered with native oxide (5iO,/Si, 103.6 eV).
Therefore, the nanolayer undoubtedly formed on the Pl,« substrate. Due to this SiO»
nanolayer coating, the surface chemical properties of the PI substrate are expected to be the
same as those of SiO,/Si substrates, as evidenced in Table 2. In the case of the
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SAM/nanolayer/Plo sample, a highly oriented SAM is expected to have grown similarly on
the substrate. Unlike SAM sample without SiO, nanolayer (see Table 1), the ys values of the
SAM-covered Plox samples (124 mN/m for FAS and 62.8 mN/m for AHAPS) are almost
consistent with those of the standard substrate (11.9 mN/m for FAS and 61.9 mN/m for
AHAPS). Specifically, the SAM formation on the nanolayer leads to the ysP which nearly
corresponds to the value on the reference sample. As a result, this nanolayer opens SAM

chemistry even on polymer sheet [5,6].

| samonsioysi

‘ SAM/Nanolayer/Pl,,

FAS-SAM: CF4(CFy)7(CH,),Si(OCH,),

8 =115

Ys = 11.9 mN/m
¥ s?=11.7 mN/m
<P = 0.1 mN/m

rs"= 0.1 mN/m

8. =115°

¥s = 124 mN/m
¥s®=12.2mN/m
¥sP= 0.1 mN/m

¥s"= 0.1 mN/m

AHAPS-SAM: HN(CH,)gNH(CH,),Si(OCHS),

g, =60.0°

Ys = 61.9mN/m
¥ s¢=23.9 mN/m
¥ s" =26.2 mN/m

rs"=11.8 mN/m

g, =614°

Ys = 62.8 mN/m
¥ s¢=23.9 mN/m
¥ P = 28.5 mN/m

¥ " =10.4 mN/m

Table 2. Surface free energies of SAMs on SiO; nanolayer/ Pl substrates, and are compared
with those of standard, i.e., SAM-covered SiO,/Si.

(a) UV irradiation (b) 80°C (c) UV irradiation
Vapor II I l
— Bl =
L/ 7o
Heater
e . . T™C
Hydrophilization Chemisorption of TEOS
of PI (PI ) substrate or TMCTS molecules Conversion into SiO, nanolayer
@ (e) ®

= om0
_/ Heater

Chemisorption of silane precursor SAM formation
Fig. 2. Schematic diagram for SAM formation on Pl substrate with a 1 nm thick SiO, buffer

layer.
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Fig. 3. A cross-sectional HR-TEM image of TEOS-covered Pl substrate after

photooxidation. The TEOS layer is converted into 1 nm thick silica layer as a consequence of
the photooxidation with vacuum UV light at 10° Pa.

2.3 Attachment of ceramics film on polyimide

This subsection describes the potentials as chemical templates of SAMs formed on
nanolayers in the deposition of metal and ceramics from liquid phase. To achieve a better
understanding of the potentials, SAM-covered samples with and without silica nanolayer
are micropatterned by photoirradiation with UV lamp through photomasks.

Among the various types of reactive functional groups, amino groups are of particular
interest owing to their chemical reactivities. Palladium colloid is particularly important as a
catalyst for the fabrication of metal micropatterns on non-conductive substrates like a
polymer. Figure 4 illustrates a deposition process of copper microlines on polymer
sheets with and without a silica nanoalyer. Each of SAM-covered Pl.x sheets are
photolithographically micropatterned (Figure 4a). The micropatterned sample substrates are
activated for 20~30 min by immersion in a Pd(II) solution containing PdCl, and HCl
(adjusted to pH 5.0 by adding aq-NaOH solution), followed by gentle rinsing with Milli-Q
water (Figure 4c). These activated substrates are then immediately immersed in a
commercial plating bath containing formaldehyde as a reducing agent (Figure 4d). The pH
value of this solution is 12.5. As a result, copper microlines are deposited on the AHAPS
chemical templates, as shown in Figure 4e. The comparison of LFM images (a) with (b) in
Figure 5 shows the significant difference in a quality of SAMs formed on Pl.x with (b) and
without (a) nanolayer. In these LFM images, bright and dark areas correspond to
photoirradiated and unirradiated regions, respectively. As can be seen in Figure 5b, the 10-
um-wide micropatterns are clearly imaged through the friction force contrast between the
photoirradiated and masked regions of the AHAPS/nanolayer/Pl.x substrate. The
photoirradiated regions exhibit stronger friction forces than the unirradiated AHAPS-
covered regions. Due to UV irradiation, an AHAPS-SAM is removed through oxidation with
UV-activated oxygen species. Accordingly, in the UV-irradiated regions of the sample, the
bottom part of the AHAPS layer, which consisted of a 0.2~0.27 nm-thick SiO, monolayer,
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remains on the ONS/PI, substrate surface. This SiO, monolayer-covered nanolayer/Plo
surface is highly hydrophilic with a water-contact angle of 5° or less. It therefore adheres
more strongly to the Si probe surface, which is also covered with a hydrophilic native SiO»
layer. The friction force contrast on the UV-irradiated regions is thus greater than that on the
AHAPS-covered areas. Although it can be expected that this SiO> monolayer would
similarly remain on the UV-irradiated regions of the AHAPS/PI. substrate, the friction
force contrast in its LFM image (Figure 5a) is relatively small compared to that of the
AHAPS/nanolayer/Ploy substrate. In addition, several dark areas can be observed, even in
the SiO, monolayer-covered regions. This reveals that areas of weak friction exist on the

(a) Photoirradiation (b) (c)
Microstructured AHAPS-SAM

(e)Micropatterned Cu film

Rinse

o Patterning Patterning

AHAPS-SAM/nanolayer/PI

Fig. 4. Schematic illustration showing the fabrication of copper microlines on Pl substrate.

[um] [um]

Fig. 5. LFM images of micropatterned Pl,x substrates covered with (a) AHAPS-SAM and (b)
AHAPS-SAM/nanolayer, and AFM images and their cross-sectional views of copper
microlines area-selectively electroless plated on the micropatterned (c) AHAPS-SAM/Plox
and (d) AHAPS-SAM/nanolayer /Pl substrates.
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SiO, monolayer-covered regions. These are believed to be due to incomplete termination
with AHAPS molecules. As mentioned in the previous section, since the packing density of
the AHAPS molecules on the Pl substrate is considered to be low, parts of the Pl
substrate surface which does not react with AHAPS molecule probably remain even after its
SAM formation. However, the polar-functional groups terminating such a surface are
unstable and gradually lose their polarity due to hydrophobic recovery, resulting in a
decrease in hydrophilicity of the Pl surface. The dark regions are considered to be
hydrophobic areas regenerated by this hydrophobic recovery.

Copper films are deposited on both micropatterned samples, since both the amount of Pd
catalyst adsorbed and the subsequent growth of Cu through electroless plating are thought
to be related to the termination states of the NH; groups in the AHAPS molecules. Typical
AFM images of the electroless-plated copper microlines and their schematic cross-sections
on both micropatterned AHAPS/Pl,x and AHAPS/nanolayer/Plo substrates are shown in
Figures 5c and d, respectively. In both images, continuous film-like deposits of Cu can be
seen on the masked regions, while the surrounding photoirradiated regions remain free of
deposits. 10-um-wide Cu microlines are successfully formed in a 10x10 um? area on both
substrates. The film thicknesses as estimated from these images are about 37 and 165 nm for
Figures 5c and d, respectively. Accordingly, the growth rate of each is calculated to be about
3.7 and 16.5 nm/min, respectively, because of the deposition time of a 10 min in both cases.
It is clear that the electroless Cu plating proceeded more efficiently on the
AHAPS/nanolayer/Plox substrate. Its Cu growth rate is roughly consistent with that
observed on an AHAPS/SiO,/Si substrate (20 nm/min or less). In spite of the fact that
immersion time is identical, the growth rate on the AHAPS/PI, substrate without the silica
buffer layer is only about one-fifth of that on the AHAPS/nanolayer/Pl,. substrate, offering
further proof that the degree of surface coverage by Pd catalyst particles is much higher on
the AHAPS/nanolayer/Plox substrate than on the AHAPS/Pl,x substrate. As with the
plating rate, the pattern resolution also depends on the quality of the AHAPS-SAM. As
clearly seen in the cross-section of the Cu microlines on the AHAPS/nanolayer/Plox
substrate (Figure 5d), the edge regions are relatively sharp. On the contrary, the microlines’
edge sharpness is low on the AHAPS/PI, substrate (Figure 5c). These results agree well
with the LFM results described above. It is thus concluded that the silica interlayer proves
effective in fabricating a well-defined AHAPS-SAM even on a polymer substrate, in a
manner similar to that seen on a SiO,/Si substrate. In addition, the micropatterned substrate
prepared by the present approach serves as an ideal template for spatially defined
electroless Cu plating on nonconductive polymer substrate.

Next, the role of a high quality chemical template for depositing ceramics film, i.e., tin oxide,
is demonstrated. The FAS-covered samples with and without silica nanolayer are
photolithographycally micropatterned as shown in Figure 6a. Each patterned samples is
immersed into a 1 M HCI solution containing 0.05 mol/1 of SnCl>-2H>O (see Figure 6b).
After immersion, the substrates are immediately washed with Milli-Q water several times,
blown dry with N> gas, and subsequently sonicated for 0.5~2.0 h in absolute toluene (Figure
6¢c) to remove the deposits from FAS-covered regions. We named this “solution
lithography” [1]. As a result, a microstructured tin oxide film is obtained (Figure 6d).
Typical optical micrographs of the films deposited on both the micropatterned
FAS/nanolayer/Plox and FAS/Pl,. substrates (deposition time of 24 h; sonication time of 2 h)
are shown in Figures 7a and 7b, respectively. As can be seen in Figure 7a, tin oxide deposits
with continuous film-like features remain on the photoirradiated regions, while the
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UV irradiatios

(a) (b) (c
Silanol area  FAS area Solution Lithography
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Deposition of SnO, Film  Sonication in absolute toluene Microstructured SnO, Film

(d)

FAS-SAM template

Fig. 6. Schematic illustration showing the microfabrication process of metal oxide film on
PILx substrate.

Fig. 7. Optical (a and b) and DFM images (c and d) of tin oxide film microstructured on two
different substrates: (a), (c) on FAS/nanolayer/Plox substrate, while (b), (d) on FAS/Plx
substrate, directly.

surrounding regions, which are not photoirradiated and are thus FAS-covered, are free of
deposits. This clearly indicates that the deposits grown on the UV-irradiated regions stay
tightly fix to the surface, while the deposits on the FAS-covered regions have been
completely eliminated. On the other hand, no microstructured features can be seen on the
micropatterned FAS/PI. substrate shown in Figure 7b. Both sample surfaces are observed
in detail by DFM. As clearly seen in the DFM image in Figure 7c, highly resolved
micropatterns composed of tin oxide film grow site-selectively on the photoirradiated
regions of the micropatterned FAS/nanolayer/Plo substrate. In contrast, it is difficult to
achieve clear micropatterns on the FAS/PI, substrate, as shown by Figure 7d. This sample
has been treated in absolute toluene for 30 min. As can be clearly seen, the tin oxide remains
deposited relatively evenly on the FAS-covered regions and there is marked distortion of the
deposits on the UV-irradiated regions. When sonication is prolonged up to 2 h (image not
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shown), the micropattern becomes hardly recognizable by DFM. This significant difference
in surface morphology between the samples must be considered in terms of the surface
chemical properties of the UV-irradiated and the unirradiated regions on both samples.
However, since it is difficult to determine the actual surface properties of these regions
selectivity, both FAS/nanolayer/Pl,x and FAS/Pl,« substrates before and after VUV
irradiation without micropatterning are characterized.

Figure 8 shows the variation in the C-potential with the pH of UV-irradiated
FAS/nanolayer/Pl,,, (i.e., SML (silica monolayer)/ONS/Pl..) and FAS/Pl,,, (i.e., SML/PL)
substrates (indicated by the open and solid circles, respectively). As a control experiment, an
observation of a SiO,/Si substrate is also performed in the same manner (indicated by the
solid triangles). Over the pH range from 3 to 11, the SiO,/Si surface shows negative (-
potentials from ca. -22 to -82 mV due to the partial ionization of surface silanol (Si-OH)
groups. The isoelectric point (IEP) of this surface is estimated to pH 2.0. It is noteworthy that
the C-potential vs pH curves for the SML/ONS/PL,x and SiO,/Si substrates are nearly
identical in shape and magnitude over the entire pH range. Thus, it can be concluded that
the UV-irradiated FAS/nanolayer/Pl,« surface shows chemical properties very similar to
the SiO,/Si substrate, and that the oxide layers (i.e., the SML and nanolayer) has covered the
PI substrate almost completely. On the other hand, the UV-irradiated FAS/PI, surface is
found to 15-39% less charged than the SML/nanolayer/Pl,« and SiO./Si substrates. In
addition, the IEP of this sample, observed to be around pH 3.5, is higher than those of the
SML/nanolayer/Plox and SiO»/Si substrates. This clearly indicates that the SML
insufficiently covered the Pl surface. Since the density of the FAS molecules is considered
to have been low, a very small part of the hydrophilic Pl,. surface is probably exposed to air.
As a result, the molecules at the bottom of the FAS comprising SML are loosely packed. This
marked difference in surface properties must account for both the final morphology and the
adhesion properties of the deposits on the UV-irradiated regions.

0 1 1
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Fig. 8. Comparison of {-potentials as a function of pH for an irradiated FAS/nanolayer/Plox
(open circles), an irradiated FAS/ Pl (solid circles), and a silicon covered with native oxide
(solid triangles), respectively. SML means siloxane monolayer.
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SAM formation technique demonstrated here offers the advantage that, by selecting an
organosilane precursor, a well-ordered SAM with a wide variety of terminal-end groups can
be fabricated on a mechanically-flexible polymer sheet (not only PI) without any marked
change in surface morphology or bulk properties. Thus I expect this technique to be readily
and widely applicable to novel polymer surface modification based on organosilane SAM
chemistry. In addition, patterned SAM-covered polymer substrates could be applied as
microtemplates for the site-selective immobilization of various kinds of materials including
biomolecules, semiconductors and other functional molecules to fabricate novel polymer-
based flexible devices.

3. Parallel detection of biomolecular recognition event on a microarray of
monolayers

Direct-writing using molecular ink plays a leading role in the development of bottom-up
nanofabrication, due to its unparalleled, lithography-free properties, that allow precise
positioning of the ink on a predefined surface site to obtain a high-resolution pattern on a
substrate. To date, a number of direct-writing methods including microcontact printing, dip-
pen nanolithography (DPN), microfluidic devices, nanoscale pipetting, and inkjet printing
have been developed. A combination with either one of the molecular inks including SAMs,
oligonucleotides, proteins, carbohydrates, nanoparticles, and polymers leads to the
fabrication of its fine pattern. Many works in SAM chemistry have used the high resolution
SAM patterns in particular, as chemical templates that serve as prospective candidates to
miniaturize and simplify traditional laboratory techniques, bioassays, cell culture
experiments, and multifunctional gas-sensing array. Achieving these goals requires the
production of a chemical template in which different varieties of SAMs are precisely
positioned on predefined surface sites on a given substrate. Thus far, a SAM system using a
combination of thiol-ink and gold-substrate, i.e., ink-paper chemistry, has already satisfied
this requirement. Actually, Mirkin and co-workers produced a microarray of four different
alkanethiol SAMs by DPN [7]. The chemical functionalization of the gold surface allows the
use of surface plasmon resonance and an oxidation-reduction potentiometer to detect the
chemical or biomolecular interaction on thiol-template. However, its high-conductivity and
optical inflexibility in the visible region has often limited the enviable versatility of SAM
microarrays. This section thus describes the novel methodology to produce SAM
microarrays on other substrates including glass, oxidized silicon, OH-terminated diamond,
metal oxides, and polymers. The transparency in the visible region of glass is particularly
essential to study biomolecular interactions under the microscope. Moreover, using a
substrate diamond having both transparency and conductivity facilitates the electrochemical
detection of specific biomolecular events.

The lithography-free method for oxide-based microarrays starts with the transfer of an
alkoxysilane ink to the predefined surface position on an oxidized substrate under ambient
conditions, as shown in Figure 9. A wide variety of pens including syringe and AFM tips
can be lined up as candidates for painting with molecular inks. To verify the methodological
potential, three different types of trialkoxysilanes, that is, triethoxysilylundecanal (TESUD),
N-(6-aminohexyl)-3-aminopropyltrimethoxysilane (AHAPS), and octadecyltrimethoxysilane
(OTS), are selected as model molecular inks. As shown in Figure 9, these organosilane inks
are respectively transferred from the tips of syringes onto the predefined surface positions.
At each deposit, silanization occurs during hydrolysis of the alkoxy groups by physisorbed
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Direct-writi

Microarrays of
different precursors

Fig. 9. Schematic illustration showing ink-paper chemistry on oxide substrate to fabricate a
siloxane-based SAM microarray.

water on the hydrated surface, followed by a condensation reaction to give an interfacial
covalent linkage between the silane molecule atom and the substrate. All of the analyses
shown in Table 3 suggest that the alkoxysilane molecules form their one-molecular thick
structures by the SAM formation process. The measurement of the water-contact angle is
still a facile and useful method for estimating SAM formation. A high value of the water-
contact angle for the OTS-treated sample is comparable to that of OTS-SAM prepared by
chemical vapor deposition. A correspondence in the surface wetting property is observed
between the AHAPS-treated sample and amine-terminated SAMs. The prepared OTS- and
AHAPS-treated samples are then analyzed using atomic force microscopy (AFM) and
ellipsometry. Although the ellipsometrical thickness of the AHAPS-treated sample is fairly
in good agreement with that of AHAPS-SAM structure, the OTS-treated film is slightly
thinner than its ideal thickness, that is, 25-28 A. As expected in the case of small water-
contact angle hysteresis A8, which is defined as A6 = 6, — 0,, both the samples’ surface
roughnesses measured by AFM at angstrom level are small, resulting in the successful
formation of SAMs with or without less defective surfaces. On the other hand, the water-
contact angle of TESUD-treated samples is substantially lower than that of the non-
orientated TESUD-SAMs (e.g., 0./r = 78.1°/76.2°). In order to elucidate the lower water
contact-angles for this TESUD-treated sample, attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectroscopy, which is a convenient and well-established method of
examining a SAM in surface chemical composition and intermolecular packing structure, is
used. The frequencies of antisymmetric and symmetric methylene stretching modes are
important indicators for exploring in-plane structures, including molecular ordering of
alkane chains. The appearance of the v,(CH) at 2925-2930 cm™! and the vs(CH) at
2855-2858 cm™! suggests that the hydrocarbon chains in a SAM structure are disordered,
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resulting in a liquid alkane or an amorphous film. In contrast, shifts from their vibrational
peak positions to the frequencies of vo(CH) and vs(CH;) centered at 2917 cm! and 2950
cm™! indicate the formation of a highly crystalline ordered SAM structure due to the strong
hydrophobic interactions between adjacent alkyl chains. On the basis of this common
monomolecular packing theory, the methylene stretching vibrations observed at 2916 cm™!
for vo(CH,) and at 2849 cm™ for vs(CH,) in the sample, indicate that the internal
hydrocarbon chains are completely ordered to produce the solid TESUD-SAM structure.
Due to this well-ordering, the TESUD-SAM has a higher hydrophilic surface property, and
is slightly thicker than the disordered structures (demips = 1.2-1.4 nm). The frequencies of
va(CH>) and vs(CHy) for the OTS-SAM are respectively observed at 2922 cm~! and 2852 cm™1,
which suggests that this monolayer is relatively ordered when compared with its
amorphous film. In Table 3, the ATR-FTIR measurement indicates that the molecular
structure of the AHAPS-treated sample is akin to a non-crystalline film, but its molecular
thickness and surface wetting properties correspond approximately to the reported values
(dettips = 1.1-1.3 nm, 04/ = 62.0£3°/58.0£2°). Due to the limited early reports about AHAPS-
SAM, further comparison is restricted, but the measurements shown in Table 1 yield
conclusive evidences about the formation of a single-molecule thick structure of AHAPS.

Reactants Water contact-  Thickness asymmetric stretch
angle 6, (deg.) duy,; (M) v,pPel (cm-1) v sPel (cm-1)
oTS
. 108°/97° 196 +0.1 2922 2852
CH4(CH,),Si(OCH3)4
TESUD o /mm0
CHO(CH,),oSi(OC,Hs), 69°/62 144 £ 01 2916 2849
AHAPS 58°/50° 129+02 2925 2855

NH,(CH,)sNH(CH,),Si(OCH,),

Table 3. Surface characterization of OTS-, TESUD-, and AHAPS-treated films.

Fig. 10. KPFM and cross-sectional images of the microstructured OTS-, TESU-, and AHAPS-
SAMs formed on SiO,/Si substrate

As shown in Figure 10, SAMs’ structures shown in Table 3 are microfabricated, and are
analyzed using Kelvin probe force microscopy (KPFM), which promotes a better
understanding of the difference in chemical properties between the SAM-covered and
—uncovered surfaces. As expected, the coplanar microstructures of OTS/SiO,, TESUD/SiO»,
and AHAPS/SiO; are clearly imaged through the difference in surface potential between the
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SAM-covered and -uncovered regions, respectively. In the images, the round-shaped
features, as well as their frictional contrast images are highly resolved. Besides, the surface
potential of the surrounding SiO. surfaces is consistently lower in magnitude than those of
every SAM-covered region. Depth distribution profiles acquired from those KPFM images
show potential difference between the SAM-modified and -unmodified surfaces of about 6
mV (for TESUD/SiO;), 18 mV (for ODS/SiO,) and 37 mV (for AHAPS/SiO,), respectively.
A surface potential distribution between the SAM-covered and -uncovered regions is given
by following equation [8-10]:

AVsam.sion = 1L / Agsameo

where p is the actual molecular-dipole moment normal to the substrate, esam and g are the
permittivity of the SAM and the free space, respectively, and A is the area occupied by the
molecule. Accordingly, a comparison of the theoretical dipole moment between two
different surfaces leads to the identification of the terminal functional-group of the SAM, in
addition to its molecular packing density. In order to calculate the dipole moments of the
SAMs’ precursors used here, their simplified molecular models are assumed, as shown in
Figure 11. In the model SAMs, the molecules lie perpendicular to the substrate, and the
terminal silicon atoms in their head-groups are replaced with hydrogen atoms. Since the
directional vector of a dipole moment points from the positive charge source to the negative
charge source, the three types of SAM-covered surfaces shown in KPFM images must have a
positive potential contrast when compared with the surrounding SiO; surface. In Figure 11,
the theoretical dipole moment of the AHAPS-model is 29.91 Debye, oriented to the substrate
with a 0° of tilt angle to its alkyl chain. The amorphous-like molecular structure of AHAPS-
SAM does not allow the estimation of its tilt-angle by ATR-FTIR, but the direction of its
theoretical dipole moment is consistently toward the substrate, regardless of the actual
molecular tilt angle. The dipole moment of the OTS-model is equal to 0.85 Debye, and is
tilted at 150.0° from the surface normal. This indicates that the OTS-SAM has a positive
surface potential higher than the surrounding SiO, surface. On the other hand, the dipole
moment of the TESUD-model is tilted at 90° to the surface normal. The component of its
dipole moment vertical to the substrate is thus almost zero. In order to explain the surface
potential in contrast to TESUD/SiO,, the most probable dipole moment is determined as
follows. Prior to the calculation of the molecular dipole moment, ATR-FTIR is used to
estimate the tilt angle of the TESUD-SAM by measuring its dichroic ratio, given the strong
dependence between the molecular orientation and the direction of dipole moment. The
dichroic ratio, which is defined as the ratio of peak-intensity of the s-polarized absorbance,
Aspol, to p-polarized absorbance, Apr-rol, gives information on the molecular tilt angle of a
SAM. The dichroic ratio of the asymmetric methylene stretch observed in the TESUD-SAM
has a value of 1.05, which is in fairly good agreement with those of the ordered OTS-SAMs
prepared by Sagiv (D = 1.03 and 1.09) and Ulman (D = 1.04) [11,12]. Using the IR dichroism
data, a tilt angle, By, is estimated to be 27°, with respect to the surface normal. When the
TESUD-SAM is tilted at 27° with respect to the surface normal, the vertical component of the
dipole moment is equal to 1.05 Debye oriented towards the substrate. As a result, the
positively-charged surface potential of the TESUS-SAM on the SiO; matrix is verified. These
KPFM observations indicate that the microscale features of SAM surfaces shows chemical
properties very similar to OTS-, TESUD-, and AHAPS-SAMs, respectively.
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Fig. 11. Molecular structures and dipole moments of the model molecules for OTS, TESUD,
and AHAPS-SAMs.
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A SAM microarray is produced by combining the non-lithographical method and two
different alkoxysilane inks. In a manner similar to that shown in Figure 9, two different
molecular inks, TESUD and AHAPS, are respectively positioned under ambient conditions
to create a microarray of two silane inks, as shown in Figure 12a. This sample is then treated
in a manner very similar to the above-mentioned SAM formation process. Figure 12b shows
a KPFM image of the resultant sample. In this surface potential image, well-defined
microstructures composed of round-shaped 20 pm features are observed in contrast to the
SiO, matrix. The surface potential contrasts between SAM-covered and -uncovered regions
are +6 mV for TESUD/SiO; and +38 mV for AHAPS/SiO,, respectively. The magnitude of
each surface potential contrast approximately corresponds to the values observed in the
single microarrays of TESUD- and AHAPS-SAMs in Figure 10. As a result, the successful
fabrication of the SAM microarray, in which two different types of SAMs are positioned on
each predefined surface site, is confirmed. Next, the potentiality of this SAM microarray as
single-molecule thick platform for protein array is examined using protein G, which is an
immunoglobulin-binding protein. An amine in protein G reacts with the outermost
aldehyde group of the TESUD region on the microarray to give corresponding schiff base,
which is reduced to the secondary amine by sodium cyanoborohydride. Throughout this
reaction, protein G is covalently immobilized onto the TESUD-SAM surface. Due to the use
of protein primarily labeled with Alexa 488, its presence on the sample surface is observed
under a fluorescence microscope. As shown in Figure 12¢, a strong fluorescence signal is
detected with area-selectively on the TESUD-covered region. This successful detection, even
after strong surface-cleaning, implies that protein G is not simply physisorbed, but is
covalently bound to the aldehyde-terminated SAM surface. In contrast, the dark areas in
Figure 12c correspond to the regions covered with AHAPS-SAM. This indicates that the
AHAPS-SAM surface strongly prevents even nonspecific adsorption of protein G from the
contacting buffer when compared with that on SiO, matrix. Accordingly, the fluorescence
signal from the Alexa-labeled protein is the highest in magnitude on the TESUD-SAM
region of the microarray.

(a TESUD

)
o

Fig. 12. (a) Optical image of a microarray having droplets of AHAPS and TESUD molecules,
(b) KPFM image of TESUD/ AHAPS-SAMs microarray, (c) Fluorescence microscopic image
of TESUD/ AHAPS-SAMs microarray after treated with Alexa-labeled Protein G. Scale bar:
20 pm.

As demonstrated here, the use of SAM microarray allows the parallel detection of different
protein-behaviors on one platform surface under same experimental conditions. Although
the two different kinds of SAMs are microstructured in this case, further increase in varieties
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will allows the parallel detection of many host-guest molecular interactions. Thus, such
parallel observation of different variations in chemical reaction and biomolecular interaction
on the same platform, where a number of different functional SAMs are integrated at
predefined positions, will be able to lead to the achievement of facile and fast medical
screening, or miniaturizations of traditional laboratory techniques, bioassays, and cell
culture experiments.

4. Highly luminescent silicon nanoparticles

4.1 Background

Si is one of the most common chemical elements; it can be found everywhere and makes up
28% of Earth’s crust by mass. Bulk Si wafers, which provide a platform for large-scale
integrated circuits in modern microelectronics, are essential in consumer electronics, but
have not attracted interest in the fields of optics and optoelectronics. This is because of its
indirect bandgap nature due to which the minimal-energy state in the conduction band
differs in a k-vector of the Brillouin zone from the maximal-energy state in the valence band.
Therefore, in 1990, the discovery of red light emission from porous Si with a quantum yield
(QY) of 1%, which was 10,000 times higher than that of bulk Si, created a sensation. As a
result, many researchers recognized other features of Si that are useful in functional
applications, including illumination sources. Free-standing nanoparticles provide much
higher QYs than do porous Si. The emission color can be tuned in an astonishingly wide
range from near-UV through visible to near-IR wavelengths, but the direct relationship
between size and optical properties is still poorly understood, and thus inhibiting
reproducible synthesis of luminescent Si nanoparticles with distinct emission spectra. In this
section, I provide a brief overview of recent progress in this field, and highlight some of the
most pertinent parameters to improve luminescence quality from Si nanoparticles. To
achieve the color tunability, interfacial configuration formed between monolayers and
nanoparticles is one of keys [14]. The difference in the interfacial chemical property affects
on the optical absorption and emission properties of Si nanoparticles. Perhaps, the most
obvious model for this demonstration is a colloidal form of nanoparticles. Furthermore, a
high chemical affinity of Si has the potential to produce unlimited variations in the
derivatives of the nanoparticles that can be mounted on optical and optoelectronic
applications.

4.2 Synthesis of Si nanoparticles

A hydrogen-terminated silicon surface, which is habitually used as in semiconductor
processing, is used as a basal plane in a chemical modification, as demonstrated in this
study. Many methods have been developed for H-terminated silicon nanocrystal synthesis,
as listed in Table 4. Among these methods, the most widely used ones are the mechanical
fracturing of H-terminated silicon wafers and the gas-phase decomposition of silane or
organosilane gas. Mechanical fracturing is further classified into two types: electrochemical
anodization and pulsed laser ablation. Electrochemical etching, which is a well-known
method for porous silicon production, is normally performed by anodic oxidation of H-
terminated silicon wafers with a mixture of hydrofluoric acid (HF) and hydrogen peroxide.
Therefore, nanocrystals can be obtained from the anodically etched wafer, i.e. porous silicon.
Although their size distributions are broad, a relatively large quantity of luminescent



234 Nanofabrication

Methods References
Electrochemical anodization 15—19
Pulsed laser ablation 20—23
(Gas-phase decomposition 24—30
Liquid phase solution synthesis 31—33

Table 4. A list of representative methods for the preparation of silicon nanoparticles

crystals can be produced. On the other hand, pulsed laser ablation, generates extremely
narrow size distribution of silicon nanocrystals. In a typical experimental setting, an H-
terminated wafer of silicon is placed on a rotating target holder in a vacuum chamber, and
then is ablated at the focal point of a laser beam. The ablation generates large quantities of
vapors of elemental silicon. The vapors then assemble to form mnanostructured
configurations, such as nanoparticles and/or nanoparticles. The successful preparation of
such nanosized configurations requires careful control in the experimental process. A wide
variety of lasers, such as YAG, CO,, Ny, KrF and ArF, have been hitherto employed for the
ablation. An inert gas such as helium, introduced into the chamber, prevents unfavourable
reactions with small amounts of oxygen that exists even in vacuum conditions. The
background gas pressure influences the particle size distribution. In addition, the laser
irradiation density affects the particle sizes and their distribution. The laser ablation method
utilizes the homogeneous vaporization and subsequent rapid condensation to achieve high
monodispersity. Generally speaking the drawback of the use of laser ablation method is
lower yield of the nanoparticles. Since the early investigation by Brus [24], the gas-phase
decomposition of silane or organosilane molecules has been studied. In general, such silane-
based gases together with helium and hydrogen are introduced into the reaction field within
the vacuum chamber, and are pyrolytically decomposed at high temperature, typically
950°C, which results in a silicon nanoparticle. In addition to CO; lasers, microwave plasmas
are also effective for similar thermal decomposition. Both methods, i.e.,, mechanical
fracturing and gas-phase decomposition, are technically practicable for producing large
amounts of silicon nanoparticles; however, subsequent chemical etching caused by the
acidic system, composed of HNOs/HF or HF, is definitely required for the complete
passivation of outermost silicon layer with hydrogen atom. The first report about successful
liquid phase solution synthesis was achieved by Hearth [31]. Since then, several methods for
producing H-terminated silicon nanoparticles have been reported, as listed in Table 1.
Hydrogen reduction of silicon halides, i.e. SiXy where X = Cl, Br or I, by metal hydrides such
as lithium aluminium hydride (LiAlHs;, LAH) is the most common synthesis route.
Moreover, the reductive reaction is basically performed in a non-polar aliphatic solvent with
complete absence of oxygen and water molecules in an inert atmosphere. The LAH reduces
Si(IV) to Si(0). Next, the neutral Si(0) assembles to form nanoparticles with a passivation
layer of Si-H (318-351 kJ/mol), as schematically illustrated in Figure 13. In the hydride
reduction process, the additional use of an inverse micelle such as tetraoctylammonium
bromide leads to remarkable improvement in size monodispersity because the nanoscale
gauge formed by the inverse micelle controls the final crystal size. Unlike mechanical
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fracturing and gas-phase decomposition, hydride reduction enables complete passivation of
the crystalline surface. Therefore, this method does not require subsequent HF treatment.
The use of a metal silicide promises large quantity synthesis of silicon nanoparticles even by
a liquid phase solution process. For example, Kauzlarich and co-workers successfully
produced more than a decamilligram of silicon nanoparticles by the following chemical
reaction [33]:

NaSi + NH;Br — Si/H + NaBr + NH; 1)

Fig. 13. Hydrogen reduction process for H-terminated silicon nanoparticles.

Identification of the chemical bonding states of a nanoparticle’s surface has been frequently
performed by Fourier transform infrared spectroscopy (FT-IR). Absorption at around 2100
cm~! indicates the presence of the Si-Hj stretch. On the other hand, the relatively broad peak
observed at 1000-1100 cm™! can be attributed to the Si-O-Si linkage, which indicates that the
silicon surface is oxidised. More than 99% of the outermost silicon atoms can be hydrogen
terminated; however, complete absence of oxygen is a difficult-to-achieve goal on a
nanoparticle. As a clear-cut example, some samples were prepared by laser pyrolysis of
gaseous silane, and then were etched with a mixture of HF (48 wt%) and HNOj3 (69 wt%). In
a FT-IR spectrum of the sample, strong peaks were visible at around 1087 cm-! and 2105
cm~L In contrast, acidic treatment with HF/HNOs (10/1, v/v) was expected to result in
non-oxidised surfaces. However, the presence of oxygen, i.e. Si-O-Si, was seen in FT-IR
spectrum, although its intensity in absorbance was relatively weak when compared with the
first model sample. Therefore, the etching chemistry on a nanoparticle is considerably
different from that on a wafer. In fact, the etching rate of native oxide on a wafer is
thousands times larger than that of oxidized nanoparticle.

In current microelectronics, halide-terminated surfaces are less used when compared to H-
terminated ones; however, they are extremely useful as the starting stages in wet chemistry
on silicon nanoparticles. Due to their relatively high reactivity, it is imperative to treat the
halogenated surfaces in an inert condition. Following the first demonstration by Heath [31],
a series of solution syntheses that use the combination of Zintl salts (KSi, NaSi and Mg»Si)
and SiCly have been developed by Kauzlarich and co-workers. In the case of KSi, Si
nanoparticles can be obtained through the following reaction:
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4nKSi + nSiCly — Si nanoparticle + 4nKCl 2)

The synthesis utilising Zintl salts presumably produces a chloride-terminated silicon
surface, which is very sensitive to oxygen and moisture. For the evaluation of the intra-
particle structure FT-IR, solid-state Nuclear Magnetic Resonance (NMR) and High-
Resolution Transmission Electron Microscopy (HR-TEM) has been used. A combination of
HR-TEM and selected-area diffraction (SAD) has showed the presence of crystalline silicon
in a product synthesized by the reaction of Zintl salts with SiCly; however, macroscopic
observation based on 2951 MAS-NMR revealed that the product was composed of a mixture
of crystalline and amorphous phases. Unlike X-ray powder diffraction, NMR allows
acquisition of structural information even from a small quantity of fluid specimen. In many
cases, the Zintl salts are generally synthesized via the reaction of explosively reactive alkali
metals with silicon at high temperatures of more than 600°C. Recent technical advancements
in wet chemistry have achieved room temperature solution synthesis of Cl-capped silicon
nanoparticles using alkali naphthalides as reducing agents. The synthesis of alkali
naphthalides is very simple. In particular, alkali naphthalides can be easily prepared at
room temperature by the reaction of alkali metals, such as lithium or sodium, with
naphthalide. As this reaction requires a moisture-free environment, the use of a dehydrated
solvent, such as THF, glyme or diglyme, is necessary. If the reaction is correctly processed,
the resultant solution turns dark green in colour. Unlike the reductant sodium naphthalide,
it was reported that lithium naphthalide gives only amorphous nanoparticle.
Bromine-terminated silicon nanoparticles can be synthesised by the oxidation of magnesium
silicide with bromine, according to the following equation.

nMg»Si + 2.5nBr, — Si,Br + 2nMgBr» 3)

The reaction with Br, requires careful selection of the solvents. Molecular bromine is a
strong oxidant capable to decompose ether solvents such as glyme. One possible solution is
the use of inert solvents, such as alkanes, for bromine. A halogenated surface shows high
reactivity to various functional molecules, such as alcohol, amine, aldehyde, alkyllithium
and Grignard reagents, as demonstrated in the following sections.

Structural analysis is performed by combining HR-TEM and either one of XRD, XPS and
Raman spectroscopy. It has been widely recognized that the energy position of Si2p
spectrum in XPS profile is far from the known position for Si-Si bond, i.e., 99.5 eV because of
the presence of charge trapping which arises from monolayer-shells covering NCs. Raman
spectrum, which is a powerful macroscopic observation tool, is sensitive to the size and
crystallinity of nanoparticles. The relationship between size and Raman peak maxima is
summarized in Figure 14. Raman spectrum for crystalline bulk Si exhibits a single distinct
peak at 520 cm-! whereas that of amorphous Si is composed of a broad peak at around 476-
480 cm . Interestingly, a blueshift in the Raman spectrum appears with decreasing physical
size, as shown in Figure 14. In particular, a relatively broad Raman peak appears at about
503 cm, whereas vibrational features are absent in the 510-517 cm! region and at around
476 cm, suggesting that the majority of the product is constructed of crystalline structures
<2.5 nm [35]. This was consistent with HR-TEM study [35]. Raman spectroscopy is one of
powerful tools to perform macroscopic observation, while microscopic observation requires
HR-TEM. According to the careful observation with HR-TEM, a true atomic arrangement is
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revealed, as shown in Figure 15. These nanoparticles were prepared at room temperature by
sodium biphenylide reduction of SiCly in the presence of surfactant, i.e., dimethyldioctyl
ammonium bromide (DMDOAB) [35]. In every high-resolution image, periodic
arrangements of channel structures surrounded by Si tetrahedrons are clearly visible. The
nanoparticles having diameter d > 1.5 nm have diamond cubic lattice structures. The same is
true for 1.5-nm nanoparticles; thus, a 1.5-nm nanoparticle is large enough to form a diamond
cubic lattice. Interestingly, a 1.1-nm nanoparticle, unlike other nanoparticles, cannot have a
diamond cubic lattice. At 1.1 nm, about 30 atoms are required to produce a diamond cubic
lattice. Although a complementary simulation study is needed to determine the real atomic
geometry, the minimum size that allows the formation of a diamond cubic lattice may be
found to lie in the 1.2-1.5-nm size regime.
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Fig. 14. Comparison of our results with the Raman resonances published by others
(refs. 34-41).
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Fig. 15. HR-TEM images showing lattice fringes of the different size of Si nanoparticles
synthesized by inverse micelle method [35].

4.3 Surface modification of nanoparticles

An elemental Si exhibits a high chemical affinity for carbon, oxygen, nitrogen and sulfur.
The first three elements form covalent bonds with Si and provide the differences in polarity.
On the other hand, sulfar can interact specifically with Si as well as gold, yielding a S-Si
linkage. Such a range of options in mode of binding creates variations in the organic
derivatives of Si nanoparticles hybridized at the molecular level. As shown in Figure 16,
various chemical routes are available for modifying the surface of Si nanoparticles as in to
the case with wafer chemistry [14,43]. Interestingly, a molecular attachment to the surface of
nanoparticles yields the change in physical nature from solid products to viscous liquid,
because the organics possibly dominate the physical nature in such nanoparticle systems
[42]. Therefore, surface modified nanoparticles are easily soluble in any solvents without
severe sonication. The most comprehensive and accessible are the use of luminescent
nanoparticles as fluorophors for biomolecular imaging and monitoring. To give water-
solubility, the end groups of monolayer-capped nanoparticles are modified into either one
of hydrophilic groups including amine, carboxyl, aldehyde, ester, oligonucleotides, and
carbohydrate [14]. As shown in Figure 16a, water-soluble luminescent Si nanoparticles
exhibit the superior stability against photobleaching when compared to conventional
organic dyes. Furthermore, the presence of surface monolayers gives nanoparticles an
exceptional stability over a wide pH range (pH=1-13) and high temperatures (120°C), and
influences on a cytotoxicity of NCs [44,45]. Therefore, their use allows the prolonged
monitoring of specific biomolecular interaction events and a parallel detection of different
molecular recognitions. A recent investigation for bioimaging is demonstrated in Figure
16b [46]. In this fluorescence observation, a two-photon microscopic image of microphage
cell when excited with a 780 nm of laser is presented. As clearly seen in inter-comparison
experiment of (c) and (d), the presence of the luminescent nanoparticles in the cytoplasm
of the incubated cell is visible, indicating the endocytic mode of internalization. In order
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to avoid the photodamage, the use of low photon energy as an excitation source is
suitable for applications in dense tissue imaging. These fluorescence images verify the
successful in-vitro imaging using a multiphoton microscopy. Thus, organic derivatives of
Si nanoparticles have a great potential to be used in a wide variety of optical and
optoelectronic applications.
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Fig. 16. Representative modification routes for monolayer attachment to the surfaces of
hydrogen- and chloride-terminated silicon nanoparticles.

5. Summary

In this article, some of programmed surfaces are demonstrated as models using organic
monolayers. Organic films including self-assembled monolayers, which works as a
prototypical chemical template and linkers, plays an important role in the development of
bioinspired inorganic materials. Due to SAMs’ high ability to assemble onto the surfaces of
any geometry, size, and component, their employments allow a general and highly flexible
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industrial uses. SAMs enable the control of various surface functions including wettability,
electrochemistry, magnetism, friction, biofunctionality, and others. The notable advance of
top-down lithography approach will be able to produce fine structures in tens of nanoscale
resolution, but real nanostructures (or parts) must require to be produced by self-assembly
processing. Silicon is one of the few nontoxic, abundant, and environmentally friendly
elements, and it has dominated the microelectronics industry owing to its impressive
performance as an electronic material. Therefore, the optical use of Si could rapidly gain
popularity for its ability to help build a sustainable society by turning indirect bandgap
semiconductors like Si and Ge into efficient light emitters. Another great attraction of
luminescent Si is the potential ability to tune the emission photon energy over a very wide
range from 1.1 eV (for bulk) to 4.0 eV, if high efficiencies of light emissions at each wavelength
in the ranging from near-IR to near-UV region are achieved. Furthermore, Si exhibits high
chemical affinity for covalent linkages with carbon, oxygen, and nitrogen, which can produce a
variety of organic derivatives hybridized at the molecular level. A well-designed ligand
working as a molecular wire is expected to decrease a potential energy barrier between
nanoparticles and monolayers, leading to the efficient electronic conduction. In addition to the
use as fluorescent material for molecular labeling, the chemical compatibility could generate
further vitality in its optical use even for fragile items which have direct contact with our skin,
such as textile fabrics, cosmetics and paints. Rigorous control of size distribution,
surface/interface chemistry and structural phase of Si nanoparticles provides a readily
accessible range of color with high purity, and direct grafting of molecular chains on the
nanoparticles creates unlimited variations in sophisticated architectures in which Si islands are
positioned in a molecular networking matrix.
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1. Introduction

The nanofabrication processes can be divided into two well defined approaches: 1) ‘top-
down’ and 2) ‘bottom-up’. The ‘top-down” approach uses traditional methods to guide the
synthesis of nanoscale materials. The paradigm proper of its definition generally dictates
that in the “top-down’ approach it all begins from a bulk piece of material, which is then
gradually or step-by-step removed to form objects in the regime of nanometer-size scale.
Well known techniques such as photo lithography, electron beam lithography, anodization,
and ion- and plasma-etching, that will be later described, all belong to this type of approach.
The top-down approach for nanofabrication is the method firstly suggested by Feynman in
his famous American Physical Society lecture in 1959.

Top down fabrication can be likened to sculpting from a block of stone. A piece of the base
material is gradually eroded until the desired shape is achieved. That is, you start at the top
of the blank piece and work your way down removing material from where it is not
required. Nanotechnology techniques for top down fabrication vary but can be split into
mechanical and chemical fabrication techniques. The most top down fabrication technique is
nanolithography. In this process, required material is protected by a mask and the exposed
material is etched away. Depending upon the level of resolution required for features in the
final product, etching of the base material can be done chemically using acids or
mechanically using ultraviolet light, and x-rays or electron beams. This is the technique
applied to the manufacture of computer chips.

Bottom up fabrication can be described as building a brick house. Instead of placing bricks
one-by-one at a time to produce a house from bottom, bottom up fabrication technology
places atoms or molecules one-by-on at a time to build the desired nanostructure. Such
processes are time consuming and so self assembly techniques appeared where the atoms
arrange themselves as required. Self assembling nanomachines are regularly mentioned by
science fiction writers but significant obstacles including the laws of physics will need to be
overcome or circumvented before this becomes a reality. Other areas involving bottom up
fabrication are already quite successful. Manufacturing quantum dots by self-assembly
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quantum dots has rendered the top down lithographic approach to semiconductor quantum

dot fabrication virtually obsolete. One of the basic ‘bottom-up’ techniques is chemical

precipitation by which nanoparticles of metals, alloys, and oxides etc. are prepared in

aqueous or organic solutions. There are several ways to obtain nanoscale precipitates. They

can be derived by

1. A controlled phase transformation (i.e., liquid state diffusion) guided by the free energy
diagrams or

2. By controlling the solid state diffusion: following a composite route approach mixing,
e.g., two different materials and stirring them mechanically.

3. Other approaches can be found in exploiting internal oxidation of materials or thin film
deposition of coatings or sputtering.

For fabrication of plasmonic nanostructures, the most commonly used methods are self-

assembly of nanoparticles or monomer/polymer molecules and electrochemical deposition

(includes electroplating and electro-deposition). This chapter involves both top-down and

bottom-up technologies which are being used for fabrication of plasmonic nanostructures

and devices.

2. Nanofabrication of plasmonic structures

In this chapter, we targeted two commonly used top-down approaches for fabrication of
subwavelength metallic structures: focused ion beam (FIB) technology and laser interference
photolithography. The former can realized fine nanofabrication over a local tiny area in one-
step only. But it is a technique with high expenditure and small localized fabrication area.
The latter can realize large area fabrication and cost effective. But it needs pattern
transformation from photoresist into substrate. As a typical bottom-up technique, self-
assembly monolayer is introduced for nanofabrication of metallic particles array.

Some fabrication examples were presented. Problems existing in the fabrication processes
were addressed as well.

2.1 Focused ion beam technology
A. Metallic nanoparticles array

As well known, LSPR-enhanced transmission plays a crucial role for the spectrum during
detection. The LSPR effect modifies electromagnetic (EM) fields and indirectly affects the
spectrum width which determines detection resolution for biosensing. Therefore,
investigating the EM fields is necessary while design the metallic nanoparticles arrays. A
few reports were found for design of the metallic nanoaprticles arrays in EM fields analysis
points of view. In this paper, we proposed an approach for design of the metallic
nanostructure arrays with E-field enhancements through the EM fields calculation. To
calculate the EM fields of the metallic nanoaprticles array, we need to consider resonance
wavelength Aspp firstly because the LSPR can only be excited in monochromatic incident
light with linear polarization (TM mode for asymmetric structures). However, currently,
besides Mie theory for sphere and ellipse particles, there is no theoretical model can be used
to directly calculate the resonance wavelength for the metallic nanoparticles array with
complicated shapes such as triangular, rhombic, star, and prolate etc. A computational
numerical analysis must be employed to calculate the resonant wavelength Aspp.
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Considering this, our approach is that firstly calculate the spectrum (extinction efficiency) of
the array using FDTD algorithm. Then peak wavelength of the spectrum is regards as the
resonant wavelength Aspp. After that, we use the resonant wavelength Aspp as the incident
light to calculate the corresponding EM fields of the particles array. In order to fully
understand the propagation properties and EM fields distribution, three-dimensional (3D)
computational numerical calculation is carried out on the basis of the FDTD algorithm.
Focused ion beam (FIB) direct milling technique has advantages of one-step fabrication
process, no material selectivity, and locally tiny area milling. Two-dimensional patterns
with arbitrary shapes can be fabricated. Therefore, FIB technique provides large design
freedom for the nanoparticles designing that is incomparable for the chemistry-based
techniques. The milling experiments were carried out by our FIB machine (FEI Nova 200)
with a liquid gallium ion source. This FIB machine is integrated with a scanning electron
microscope (SEM) and a gas-assistant etching (GAE) functions. This machine used a focused
Ga* ion beam with energy of 30 keV, a probe current of 1pA~20 nA. For the smallest beam
currents, the beam was focused down to 7 nm in diameter at full width and half maximum
(FWHM). Using a computer program the milling process is carried out by means of varying
the ion dose for different relief depths. The defined area for the FIB with bitmap function
and zero-overlap scanning was 1.5x1.5 pm?2. Processing parameters in our FIB experiment is
30 keV ion energy, 10 pA beam current, and 5 ps dwell time. Considering the inherent ion
beam broadening effect, firstly, a bow-tie structure was fabricated using the FIB direct
milling for optimization of the process parameters. Figure 1 is the FIB fabricated rhombic
particles array. It can be seen that the bow-tie-shaped nanoparticles array was well etched
with sharp corners and apexes.

Figure 2 (a) shows the X-Y cross-section and three dimensional (3D) plot of a single cross-

shaped gold nanoparticle. Along the x-axis direction, the distance along the external vertices

is denoted as long axis 4, and the distance along the internal vertices is denoted as short axis

b, h=60 nm. Our previous theoretical study revealed that the nanoparticles with such shape

can generate significant SPPs enhanced E-field intensity with coupled “hot-spots” which is a

key factor for SERS.

Using a computer program the milling process is carried out by means of varying the ion

dose for different relief depths. The defined area for the FIB with bitmap function and zero-

overlap scanning was 4x4 pm2. Processing parameters in our FIB experiment is 30 keV ion
energy, 10 pA beam current, and 5 us dwell time. Figure 2 (b) is SEM micrograph of the FIB
fabricated particles array. It can be seen from the inset image that the adjacent spatial gap is

29.2 nm. The cross-shaped nanoparticles array was well etched with sharp corners and

apexes.

A hybrid spider-web-like rhombic nanoparticles array was designed, as shown in Figs. 3 (a)

and (b). We adopted this specific pattern based on the following considerations:

1. Ensure interconnections of metallic nanowires for each rhombic particle.

2. Leave extra space for FIB fabrication due to its inherent line broadening effect in
horizontal direction, and the web lines themselves having tip features from which “hot
spots” can be formed.

3. The lines with two different sizes were designed so as to form irregular web lines in
which some lines are broken and the others are connected with the rhombic particles
because of the FIB broadening effect.
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Fig. 1. (a) Symmetrical two-dimensional infinite rhombic silver nanostructures. (b) SEM

micrograph of the FIB fabricated rhombic nanoparticles array. Inset image is zoom-in of the
array
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Fig. 2. (a) Schematic diagram of three-dimensional distribution of the cross-shaped array. (b)
Figure 3 SEM micrograph of the FIB fabricated cross-star nanoparticles array. Inset image is
zoom in of the array with measured adjacent apex-to-apex space size of 29.2 nm
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Fig. 3. Schematic drawing of the nanohole arrays with (a) rhombus, (b) cross star, and (c)
butterfly nanostructures.

Height of the Au rhombic particles is 60 nm supported on a glass substrate. The FIB
fabricated array area is 20x20 um?2. Using a computer program the milling process is carried
out by means of varying the ion dose for different relief depths. The defined area for the FIB
with bitmap function and zero-overlap scanning was 20x20 pm2. Processing parameters in
our FIB experiment is 30 keV ion energy, 10 pA beam current, and 5 pus dwell time.
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B. Metallic nanoholes array

Since the extraordinary optical transmission phenomenon was investigated in 1998 [1],
nanoholes array have attracted great interest for its unique properties, as well as its potential
practical significance for photonic devices and the applications including sensor, optical
filtering and lithography [2-10]. The extraordinary optical transmission phenomenon is
generally attributed to the excitation of localized Surface Plasmon Polaritons (SPPs) at the
edge of the noble metal, and is strongly influenced by the edge shapes of the metal [6]. There
are two main surface plasmon modes excited on the metal film. One is the extended surface
mode depending on the periodicity; the other is the localized waveguide mode depending
on the structure of the hole. The enhanced transmission intensity through the hole is due to
the coupling of the two kinds of surface plasmon modes [7, 11]. In comparison to the
metallic nanoparticles that behave as radiation, the metallic nanoholes act as surface wave
propagation. The extraordinary transmission properties of the cylindrical, rectangular and
square hole nanostructure based on simulation and experiment was reported before [8, 12].

In this chapter, we experimentally investigated the near field optical properties of three
different shaped gold nanoholes arrays which were corrugated through an Au film
supported on quartz substrate. The near optical transmission properties is obtained using a
near-field scanning optical microscope (NSOM), and it is observed that the experimental
results are in agreement with the Finite Difference Time Domain (FDTD) calculation results.
Using a computer program the milling process is carried out by means of varying the ion
dose for different relief depths. The defined area for the FIB with bitmap function and zero-

0| mag HV | curr |det| WD | HFW
232115 000 x| 5.00 kv | 98 pA|ETD]| 4.9 mm |8.53 um

Fig. 4. Scanning electron microscope image of the butterfly nanohole arrays.
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Fig. 6. Scanning electron microscope image of the rhombus nanohole arrays.
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overlap scanning was 25x25 pma2. Processing parameters in our FIB experiment is 30 keV ion
energy, 10 pA beam current, and 5 pus dwell time. Figure 3 is a schematic drawing of the
nanoholes arrays with (a) rhombus, (b) cross star, and (c) butterfly nanostructures. Figure 4,
5 and 6 is SEM micrograph of the FIB fabricated nanoholes array with different shapes of
bow-tie, cross-star, and rhombic, respectively.[13]

C. Plasmonic lenses

A novel structure called plasmonic micro-zone plate-like (PMZP) or plasmonic lens with
chirped slits is put forth to realize superfocusing. It was proposed by our group [14, 15].
Unlike conventional Fresnel zone plate (CFZP), a plasmonic structure was used and
combined with a CFZP. Configuration of the PMZP is an asymmetric structure with variant
periods in which a thin film of Ag is sandwiched between air and glass. The PMZP is a
device that a quartz substrate coated with Ag thin film which is embedded with a zone plate
structure with the zone number N < 10. Figure 7 (a) is an example of schematic diagram of
the structure. Fabrication and characterization of the plasmonic lens was done, as shown in
Figs. 7 (a)-(d) [16]. The Au thin film of 200 nm in thickness was coated on quart substrate
using e-beam evaporation technique. The lens was fabricated using focused ion beam (FEI
Quanta 200 3D dual beam system) direct milling technique, as shown in Fig. 7 (b).
Geometrical characterization was performed using an atomic force microscope (Nanoscope
2000 from DI company). Figure 7 (c) shows topography of the FIB fabricated plasmonic lens.
The optical measurement was performed with a near-field optical microscope (MultiView
20007s from Nanonics Inc. in Israel) where a tapered single mode fiber probe, with an
aperture diameter of 100 nm, was used working in collection mode. The fiber tip was raster
scanned at a discrete constant height of 500 nm, 1.0 um, 1.5 pm, 2.0 um, 2.5 um, 3.0 um, 3.2
pm, 3.5 pm, 3.7 pm, 4 pm, 4.5 pm, and 5 um, respectively, above the sample surface, and
allowing us to map the optical intensity distribution over a grid of 256x256 points spanning
an area of 20x20 um2. Working wavelength of the light source is 532 nm (Nd: YAG laser
with power of 20 mW).

Additionally, a typical lock-in amplifier and optical chopper were utilized to maximize the
signal-to-noise ratio. Figure 7 (d) shows the measured three-dimensional (3D) electric field
intensity distribution of the lens at propagation distance of 2.5 um.

To further improve focusing quality of the circular holes-based plasmonic lens, an elliptical
nanoholes-based plasmonic lens was put forth, as shown in Fig. 8 (a) [17]. The plasmonic
lens is composed of elliptical pinholes with different sizes distributed in different rings with
variant periods. Long-axis of the ellipse is defined as a,=3w,, whereas w, is width of the
corresponding ring width, and 7 is the number of rings. A thin film of Ag coated on the
glass substrate is perforated by the pinholes. The numbers of w, and radius for different
rings are listed in Tablel.

Ring No. 1 3 3 4 5 6 7 8
Ring 141 | 211 | 278 | 343 | 408 | 473 | 537 | 6.01
radius(pum)

w, (nm) 245 | 155 | 116 | 93 | 78 | 67 | 59 | 53

Table 1. The numbers of wy, for different rings with orders from inner to outer (designed
f=1 um)
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Fig. 7. (a) Schematic diagram of the sandwiched plasmonic lens with chirped circular slits
corrugated on Au film. Width of the outmost circular slit is 95 nm. Lens dimension (outer
diameter) is 12 pm. (b) Scanning electron microscope image of the lens fabricated using
focused ion beam milling technique. The scale bar is 4 pm. (c) AFM measurement result:
topography of the fabricated lens. (d) NSOM characterization result of the lens: 2D E-field
intensity distribution at propagation distance of 2.5 pm
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Fig. 8. (a) Schematization of the pinhole array with focal length f. Lateral central distance L
determines of wave coupling between the neighbored holes. The pinholes are uniformly
distributed along the zones. It is illuminated by various waves with 633 nm incident
wavelength. And we have different polarization states such as TM, EP and RP. (b) layout of
elliptical pinholes with total 8 rings 6 = 0.6 being used in our computational numerical
calculation.
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Fig. 9. (a) Top view of SEM micrograph of the elliptical nanopinholes-based plasmonic lens.
(b) Bird view of SEM image of the elliptical nanopinholes.
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As an example, the authors studied the case of 200 nm thickness Au film coated on quartz
substrate and designed a nanostructure with 8 rings on the metal film (see Fig. 8 (b)). The
pinholes are completely penetrated through the Au film. The number of pinholes from inner
to outer rings is 8, 20, 36, 55, 70, 96, 107, and 140, respectively. Outer diameter of the ring is
12.05 um. Radius of the rings can be calculated by the formula 7 = 2nf\ 4+ n*\?, where f is
the focal length for working wavelength of A =633 nm which we used in our works. For
simplicity, we define a ratio of short-axis to long-axis = b/a (where a is the length of long-
axis of the elliptical pinholes, and b the short-axis). The used metal here is Ag with dielectric
constant of ¢, =—17.24410.498 at A =633 nm, and £4=1.243 for glass. The incident angle ¢
is 0° (normal incidence). In our analysis, we simulated the cases of the ratios: 6 = 0.1, 0.2, and
0.4, respectively. The ultra-enhanced lasing effect disappears when the ratio —1 (circular
pinholes). Orientation of the pinholes is along radial direction. The pinholes symmetrically
distribute in different rings with variant periods. It can generate ultra-enhanced lasing effect
and realize a long focal length in free space accordingly with extraordinarily elongated
depth of focus (DOF) of as long as 13 pm under illumination of plane wave in linear y-
polarization.

The lens was fabricated using focused ion beam directly milling technique using beam
current of 10 pA and ion energy of 30 keV, as shown in Figs. 9 (a) and (b).[18]

2.2 Laser interference photolithography

A Lloyd’s mirror interferometer system was built, as shown in Fig. 10. [19] Light source is
He-Cd laser with 442 nm working wavelength. The laser beam is filtered and expanded by a
spatial filter which is composed of Lens 1 and a pinhole. The expanded beam is collimated
by Lens 2. A part of the incident beam is reflected back by the mirror which is positioned in
normal to the substrate and interferes with the other non-reflection beam to form the
interference patterns. Since the beam is only split with a short path length near the substrate,
this setup is very insensitive to the mechanical vibration caused instabilities. Hence no extra
feedback control system is required to stabilize the interference fringe patterns [20].
Exposure time is controlled by a shutter. If the light intensity of the collimated beam is I, the
radiation on the surface is given by

Ly poam = 215[1+ cos(2kxsin )] @)

where k=27/X, here § is the half angle between the two beams. The grating period d is
given by

d=X/(2sinf) 2)

After the first time exposure, the substrate is rotated over 90° and exposed again with the
same exposure time. The distributed intensity on the surface is written as

Lioupte—op = 21[2 + cos(2kx sin 0) + cos(2ky sin §)] ©)]

The period of the interference pattern generated by this method can be easily tuned by
means of changing the incidence angle on the mirror as well as wavelength of the light
source.
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Fig. 10. Experimental setup of the Lloyd’s mirror laser interference lithography

The photoresist was exposed by the collimated beam from the Lloyd’s mirror interferometer
system. A 1D grating pattern of the photoresist layer was formed after the first time
exposure and development. Exposure dose was measured to be 1.5 mW/cm? in normal
incidence. The developer adopted in our experiments is AR 300-35 (Allresist Co.). AFM
measurement results after the exposure can be seen in Fig. 11 (a). In order to obtain a 2D
grid pattern with the dots array in different sizes on the resist, second exposure with varied
exposure time can be performed. The diameter of the holes in the photoresist depends on
the exposure time. The dependence gives a possible tool to tune the microhole size at a
constant space. Corresponding AFM micrograph is shown in Fig. 11 (b) and (c) respectively.
In order to analyze the pattern period, an AFM measurement was carried out, which shows
that the period is ~400 nm.

2.3 Self-assembly monolayer

An extended nanosphere lithography (NSL) technique was used to create the surface-
confined rhombic Ag nanoparticles supported on a glass substrate, as shown in Fig. 12
(a).[21] Figure 13 shows the fabrication process of the nanoparticles. Firstly, the glass
substrate was cleaned. Then the self-assembly of size-monodisperse (the sphere size of the
chemical solutions which is spin-coated as a monolayer in which the sphere size determines
the generated rhombic particle size.)) polystyrene nanospheres (500 nm, 2%), glass
nanospheres (200 nm, 1%), and distilled water were mixed in 5:1:50 and applied to form a
monolayer (see Fig. 12 (b)), and followed by hydrofluoric acid to etch off the glass
nanospheres, and PS nanospheres are remained on the substrate (see Fig. 13 (c)). After that,
the Ag particles were deposited through the nanosphere masks using thermal or electron
beam evaporation technique. After removal of the polystyrene nanospheres by sonication in
absolute ethanol for 3 min., well ordered two-dimensional rhombic nanoparticle arrays were
finally obtained on the substrates. By changing the nanosphere diameter and the deposited
metal thickness, the nanoparticles with different in-plane width, out-of-plane height and
interparticle space can be derived.
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(rum)

N

Fig. 11. AFM micrograph of the photoresist layer that remains after exposure and
development in the laser interference setup (a) 1D grating structure after first exposure, (b)
2D grid pattern after second exposure with short exposure time of 8 s., (c) 2D dots array
after second exposure with longer exposure time of 13 s.
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Fig. 12. (a) The progress of the nanoparticle preparation. (1) glass substrates cleaned, (2)
monodisperse polystyrene nanospheres and glass nanospheres were drop coated and dried,
(3) hydrofluoric acid was used to etch off the glass nanospheres, (4) Ag metal was vapor
deposited onto the sample, (5) lift out the polystyrene nanospheres, (6) representative
scanning electron microscope image of substrate. Micrographs of SEM for (b) monolayer
consisted of PS nanospheres and glass nanospheres; (c) polystyrene nanospheres being used
as a template for next step: Ag metallization.
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Fig. 13. NSOM probed E-field intensity distribution along different propagation distance Z
(shown as the lines in the images), working in sample scan mode. (a) Z=10 nm; (b) Z=0.5
pm; (c) Z=1.5 pm; (d) Z=2.0 pm. The straight lines here indicate positions of cross-section
profiles.

We measured the surface modality of the samples by using JSM-5900LV Scanning Electron
Microscope (SEM). The Ag nanorhombus have in-plane widths of ~140 nm as measured by
the SEM and out-of-plane heights of ~40 nm as measured by sidestep apparatus. We can see
that the size of the Ag rhombic nanoparticles fabricated is not identical as the limit of the
SAM method, which accounts for the errors in our following experiment.

The fabricated Ag rhombic nanoparticles have larger surface area than that of the Ag
triangular nanoparticles [16] when we used the same diameter polystyrene spheres to
fabricate them. The surface area of Ag rhombic nanoparticles is 2.5 times larger than the
triangular structure. As mentioned above, Ag rhombic nanoparticles lead to a stronger
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enhancement of the localized surface plasmon resonance, and thus result in the
improvement of the detection sensitivity and efficiency of the binding reaction between the
antigen and antibody.

3. Characterization of plasmonic structures

Normally, characterization of plasmonic nanostructures and nanophotonic devices includes
geometrical and optical characterizations. Currently, scanning probe microscope (SPM) is a
key approach for the geometrical characterization. SPM is a general name for the probe
scanning technology-based point-to-point measurement method. It involves atomic force
microscope (AFM), scanning tunneling microscope (STM), and near-field scanning optical
microscope (NSOM) or scanning near-field optical microscope (SNOM). Amongst, AFM is a
most commonly used tool for the geometrical characterization. Optical characterization
technology includes NSOM, surface enhanced Raman spectroscopy (SERS), confocal
microscopy, and multiphoton microscopy. NSOM and SERS are the most popular tools for
the optical characterization. The following sections will describe them one-by-one in detail
combining with corresponding experimental results of the relevant plasmonic structures
and devices.

3.1 Near-field scanning optical microscopy

A near-field scanning optical microscope (NSOM) has been adopted for the purpose of
evaluating optical performance of the lens. The theoretical calculation-based analyses were
completed for the plasmonic lens consisting of the Au film in Ref. [16]. To obtain the field
distribution across planes of different heights slightly above the structure, we used NSOM
(MutiView20007s, from Nanonics Inc.) working in collection mode, namely, the lens is
excited by laser beam from far-field and the transmitted light is detected by the fiber probe
in near-field region. Light source is a pumped YAG laser with 532 nm working wavelength.
The light is focused to a spot at the surface of the lens through an optical microsope. Thus it
is strong enough to be detected at surface of the exit side of the lens. We manually set height
of the probe so as to keep the probe scans at a constant working distance. The NSOM probe
used in this experiment is 200 nm in diameter. As a consequence, image resolution of the
AFM scanning is limited especially for probing the topography of the FIB fabricated
structure. But the image is still clear, as shown in Fig. 7 (b). Considering the radius of the
lens and resolution limits, scanning region was defined as 15x15 pm, and 256 points per
scan line. Both tip scan mode and sample scan (moving stage) modes were used to probe the
lens respectively.

In our experimental study, we found that the two scan modes, fiber tip/probe scan and
sample scan of the NSOM system have different characteristics for probing our plasmonic
lenses. Our NSOM system illuminates the sample with Gaussian beam from laser source
through an objective lens (10x, and NA=0.25). For the tip scan mode, the focused beam
region is formed in free space already once the incident Gaussian beam illuminates the
pinholes structure. Meanwhile, the fiber probe collects the optical signal originating from
the whole structure of the lens while scans after exit plane of the lens in free space. Thus in
this case, it functions like a dark-field optical microscope to pick-up the optical signal from
dark background. But for the sample scan mode, the sample moves together with the stage
for scanning while the fiber probe is fixed to collect optical signal transmitted from the lens.
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It means that the whole structured lens area can be fully illuminated by the Gaussian beam.
The sample moves relevant to the probe step-by-step or point-by-point. Therefore, central
spot of the Gaussian beam at each scan position will be modulated by the pinholes structure
while the sample and stage driven by the step-motors. The final scan image will be like
an image from a bright-field optical microscope with uniform illumination. Thus the
signal intensity collected by the probe is higher for the sample scan mode in comparison
to that of the tip scan mode. Considering these features, we can use sample scan for
probing transmission property of the lens and tip scan for characterization of focusing
performance.

The experiment was carried out for the purpose of revealing focusing phenomenon of the
novel lens. Firstly, we verified the focusing effect using NSOM with sample scan mode to
collect focusing signal of the incident light from the lens. Figures 13 (a)-(d) are NSOM
probed E-field intensity distributions along different propagation distances at z=10 nm, 0.5
pm, 1 pm, and 2 pm, respectively. As can be seen, a clear near-field image was obtained at
z=10 nm (see Fig. 13 (a)). A focusing area is gradually formed at z=2 um (see Fig. 13 (d)).

It is worthy to pint that for the near-field characterization of the plasmonic structures using
NSOM, coupling between optical fiber probe and metallic surface of the plasmonic
structures will play a negative role. The coupling directly influences accuracy of the NSOM
probed near-field intensity distribution. A possible approach to solve the problem is that use
near-field phase measurement by means of interference. Then we use the measured near-
field phase distribution to restore the corresponding intensity distribution which is the real
result without influence of the coupling on the real intensity distribution because the
coupling does not influence the phase distribution.

3.2 Spectrometry of metallic nanoparticles and nanoholes

3.2.1 Optical spectroscopy

In order to observe the sensor characteristic of this kind of biochips, the extinction spectrum

was measured by a Sciencetech 9055 spectrophotometer. To obtain Visible-IR transmittance

spectrum, a white light source (400~700 nm) was employed in the experimental system.

Incident light was transmitted through a multimode optical fiber and reached collimating

lens firstly, and then illuminated onto the biochip. The transmitted light beam through the

sample was collected with an identical focus lens which is attached to the multimode fiber.

Then a monochromator was used to separate the light from the multimode fiber to be

monochromatic light beam. After that, the signal was sent to a personal computer which is

integrated with an analog photomultiplier. The transmittance spectra were directly

displayed on the screen of the computer. The measuring process was divided into three

steps:

1. Measuring of the background light without any input sources and samples;

2. Measuring the light source intensity;

3. Collecting the transmitted light with the presence of the sample which is placed
perpendicular to the incident light.

The transmittance T can be written as T=(s-b)/(r-b), where s, r, and b denote the intensity of

the sample, reference, and background, respectively. The extinction spectra E for each step

were achieved by equation E=-logT. In addition, the transmittance spectra can be directly

plotted and displayed in computer without further data processing.
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The LSPR spectra of the Ag nanochips in each processing step is presented in Fig. 14 with
incidence wavelength ranging from 400 nm to 700 nm, the resulting extinction spectrum of
the bare Ag nanoparticles is depicted in Fig. 14 case a, where the LSPR Amax was measured to
be 558.5 nm. Similarly, Fig. 14 case b shows the extinction spectrum after modification of the
Ag nanoparticles with 1 mM 1:3 11-MUA/1-OT. To ensure a well-ordered SAM on the Ag
nanoparticles, the sample was incubated in the thiol solution for 24 h. After carefully rinsing
and thoroughly drying with N gas, the corresponding peak transmission with LSPR
wavelength Anax was measured to be 572 nm. Compared to the bare Ag nanoparticles, Amax
in this surface functionalization step is red-shifted by approximately 13.5 nm. Next, 1 mM
biotin was covalently attached via amide bond formation with a two-unit poly (ethylene
glycol) linker to the carboxylated surface sites. Obtained LSPR spectrum is indicated in Fig.
14 case ¢, which shows that the peak transmission occurs at site of 594.5 nm. It corresponds
to an additional 22.5 nm redshift from the second peak (red line). We finally plotted the
extinction spectrum in Figs. 14 after the reaction between 100 nM streptavidin and 1 mM
biotin. It is found that the maximum wavelength have a 16.5 nm redshift from 594.5 nm up
to 611 nm. In contrast, using the same diameter PS spheres, the uniform height of the Ag
nanoparticles, under the same metrical condition and processing time, we fabricated the
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Fig. 14. LSPR spectra of each step in the surface modification of NSL-derived Ag
nanoparticles to form a biotinylated Ag nanobiosensor and the specific binding of SA. (a) Ag
nanoparticles before chemical modification, Amax = 558.5 nm. (b) Ag nanoparticles after
modification with 1 mM 1:3 11-MUA /1-OT, Amax = 572 nm. (c) Ag nanoparticles after
modification with 1 mM biotin, Amax =594.5 nm. (d) Ag nanoparticles after modification with
100 nM SA, Amax = 611 nm. All extinction measurements were collected in air environment.
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traditional Ag triangular nanosensor, and measured the extinction spectrum. However, in
our experiments, for the traditional Ag triangular nanosensor, a 7.5 nm redshift in the
reaction between 100 nM SA and 1 mM biotin is observed. The shift of 16.5 nm mainly
attributed to the “hot spot” of the rhombic particles mentioned before which plays a
dominant role for improving detection sensitivity here.

By analyzing the obtained results, we apparently found that the extinction spectrum varies
with each step of the surface functionalization for the Ag nanoparticles. The spectral shifting
in those cases can be explained by the change of the local effective refractive index
originating from the surface modification in each step.

3.2.2 Surface enhanced Raman spectroscopy
After nanofabrication, the sample was cleaned using deionized water. Then two samples
were dipped with time of 24 h and 36 h respectively in the chemical solution of Rhodamine
6G with concentration of 10 pM/L. A Raman spectroscopy with model of Renishaw Invia
2000 from UK was employed for Raman spectrum measurement. Working wavelength of
laser source (Ar* laser with power of 10 mW) is 800 nm.
Figure 15 (a) is measured Raman spectra of the rhombic nanoparticles array with SERS
enhancement for the samples were dipped in 10 pMI/L Rhodamine 6G. In order to verify
influence of the dipping time on Raman intensity and SERS enhancement, we prepared two
samples which were dipped in the Rhodamine 6G with different time of 24h and 36h,
respectively. Then they were cleaned using deionized water. The following conclusions
regarding rhombic particles can be drawn in terms of the Raman spectra:

1. The rhombic particles array can distinguish the peaks of Raman spectrum with
apparent positions at 611cm, 1184 cm, 1310 cm-, 1360 cm-1, 1509 cm-!, 1597 cm-1, and
1650 cm-, respectively.

2. Background noise exists in the measured SERS signal. It may attribute to the purity of
chemical solution and defects from ambient while tests the samples. But the drawbacks
caused influence on SERS enhancement is a little.

3. Considering that the samples were cleaned using deionized water, remained
Rhodamine 6G molecule are far lower than the previous concentration of 10 pMI/L. It is
reasonable to believe that sensitivity of the rhombic particles is high for the SERS
enhancement-based detection.

4. Dipping time is relevant to the Raman spectrum. It can affect both Raman intensity and
peak position/Raman shift.

Figures 15 (a) and (b) are measured Raman spectra for Au rhombic nanoparticles array, and

cross-star-like nanoparticles array, respectively. It can be seen that the pure spider-web-like

nanostructure and the hybrid array have extraordinary Raman enhancement in comparison
to the other two Au nanoparticles arrays. The Raman shifts of 611cm-1, 1184 cm-1, 1310 cm-1,

1364 cm! and 1509 cm?! can be clearly observed from Fig. 15 (b). It may attribute to the

significant contribution from the spider-web-like nanostructure with numerous Au

nanowires and “nano-probes” (the broken wires with sharp tips) whereas the SPPs
enhanced E-field and numerous “hot-spots” can be formed. In addition, the rhombic Au
particles array with designed “bow-tie”-like apex-to-apex structures in horizontal direction
whereas numerous hot-spots can be formed is another reason for the extreme enhanced
Raman intensity.



264 Nanofabrication

16000+

15000+

14000+

13000+

Eaman Intensity (au.)

12000+

10000

500 700 a0a 1100 1300 1500 17a0 1900
Rarman Shift (cm )

@)
50000+

1509

u.)

S 40000

300004

Eaman Intensity {a

20000+

400 00 00 1ao0 1200 1400 1600
Raman Shift (cm)
(b)

Fig. 15. Measured Raman spectra for (a) rhombic nanoparticles array (see Fig. 1(b))); (b)
hybrid spider-web-like rhombic Au nanoparticles array.
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Wave Resonations
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1. Introduction

Photonic crystals with periodic arrangement of dielectric media can exhibit forbidden gaps
in electromagnetic wave bands through Bragg diffraction (Ohtaka; 1979, Yablonovitch; 1987,
John; 1987, Temelkuran; 2000). The prohibited frequency ranges are especially called
photonic band gaps. If the periodicity is changed locally by introducing a defect, localized
modes appear in the band gap (Ho; 1990, Soukoulis; 1999, Noda; 1999, Kirihara; 2002a,
Kanehira; 2005). Such localization function of electromagnetic waves can be applied to
various devices, for example resonators, waveguides, and antennas. Three dimensional
photonic crystals with a diamond structure are regarded as the ideal photonic crystal since
they can prohibit the propagation of electromagnetic waves for any directions in the band
gap (Ho; 1990, Kirihara; 2002b). However, due to the complex structure, they are difficult to
fabricate. In our previous investigations, we have succeeded in fabricating micrometer order
diamond structures by using stereolithography method of a computer aided design and
manufacturing (CAD/CAM) processes (Chen; 2007a, 2007b, 2007c, 2008, Kanaoka; 2008,
Miyamoto; 2008). Subsequently, structural modifications of the diamond lattice structures to
control the terahertz wave propagations were investigated by using the CAD/CAM process
practically (Takano; 2005, Kirihara; 2009, 2008a, 2008b). In near future industries,
electromagnetic waves in a terahertz frequency range with micrometer order wavelength
will be expected to apply for various types of novel sensors which can detect gun powders,
drugs, bacteria in foods, micro cracks in electric devices, cancer cells in human skin and
other physical, chemical and living events (Kirihara; 2009b, Exter; 1989, Clery; 2002, Kawase;
2003, Woodward; 2003, Wallace; 2004, Oyama; 2008). In this chapter, the novel
stereolithography process to fabricate the micro diamond photonic crystals by using the
ceramic slurry with the nanoparticles will be introduced. And, the resonation and
localization properties of the terahertz waves into various types of the structural defects
introduced according to theoretical electromagnetic simulations will be demonstrated.

2. Photonic crystals

2.1 Band gap formation
Photonic crystals composed of dielectric lattices form band gaps for electromagnetic waves.
These artificial crystals can totally reflect light or microwave at a wavelength comparable to
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the lattice spacings by Bragg deflection as shown in Fig. 1. Two different standing waves
oscillating in the air and dielectric matrix form higher and lower frequency bands in the first
and second Brillouin zones, respectively. The band gap width can be controlled by varying
structure, filling ratio, and dielectric constant of the lattice. Structural modifications by
introducing defects or varying the lattice spacing can control the propagation of light or
microwaves. The band diagram of the photonic crystal along symmetry lines in the Brillouin
zone is drawn theoretically. The Maxwell’s equations (1) and (2) can be solved by means of
plane wave propagation (PWE) method (Haus; 1994), where @ and c denote frequency and
light velocity, respectively. Electronic and magnetic field Eo (r) and Ho(r) are described
with the following plane wave equations (3) and (4), respectively. The periodic arrangement
of dielectric constant £(r) can be obtained as equation (5) from the crystal structure. G and k
are reciprocal vector and wave vector, respectively.
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Fig. 1. Principles of photnic band gap formations in periodic arrangements of dielectric
materials. Two different standing waves with higher and lower frequencies are formed in a
photonic crystal, and a forbidden gap is formed between these frequencies.
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2.2 Artificial crystal geometries

Typical photonic crystal structures were shown in Fig. 2. A woodpile structure (a) with
simple structure of stacked rods can form the perfect photonic band gap. Photonic crystals
composed of GaAs or InP were fabricated by using semiconductor process techniques
(Noda; 2000). A light wave circuit (b) in the periodic structure of arranged AlGaAs pins is
processed by using electron beam lithography and etching techniques (Baba; 2001). A
layered structure (c) composed of Si and SiO, with the different dielectric constants realize
light wave polarization and super prism effects (Kosaka; 1999). These layers are stacked by
using self-organized growing in alternate spattering and etching. An inverse opal structure
(d) is composed of air spheres with FCC structure in TiO,, Si, Ge or CdS matrix (Cregan;
1999). At first, polystyrene spheres are arranged by using self-organization in colloidal
solutions. Then, the slurry of these dielectric media is infiltrated into the periodic structure
and sintered. The optical fiber (e) with photonic crystal structure can guide light efficiently
along the central core (Vos; 1996). Silica fibers and glass capillaries were bundled by wire
drawing at high temperature. Diamond type photonic crystals (f) composed of TiO,, SiO; or
AlO3 can be fabricated by using stereolithography and successive sintering process. The
wider perfect band gap is obtained in microwave and terahertz wave frequency ranges.

(d) (e) ®

Fig. 2. Typical periodic structures of the photonic crystals with woodpile structure (a),
patterned substrate (b), stacked layer (c), inverse opal structure (d), bundled fiber (e), and
diamond structure (f).

2.3 Utility applications
Figure 3 shows expected applications of photonic crystal for light and electromagnetic wave
control in various wavelength ranges (Kawakami; 2002). Air guides formed in a photonic
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crystal with nanometer order size will be used as the light wave circuit in the perfect
reflective structure. When a light emitting diode is placed in an air cavity formed in a
photonic crystal, an efficient laser emission can be enhanced due to the high coherent
resonance in the micro cavity. While, millimeter order periodic structures can control
microwaves effectively. Directional antennas and filters composed of photonic crystals can
be applied to millimeter wave radar devices for intelligent traffic system (ITS) and wireless
communication system. The perfect reflection of millimeter wave by photonic crystal will be
useful for barriers to prevent wave interference. Terahertz waves with micrometer order
wavelength are expected to apply for various types of sensors to detect gun powders, drugs,
bacteria in foods, micro cracks in electric devices, cancer cells in human skin and other
physical, chemical and living events. The micrometer order photonic crystals can be applied
for the terahertz wave cavities, filters and antennas.

< Light Wave ><Terahertz Wave><Millimeter Wav

Wave Guide

Directional Antennas

Laser Emission Devices . .
Wide Range Filter

Emission Devices Radar Antennas

Optical Fiber

Teraherts Sensor Filter Devices

Electromagnetic Barrier
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Microwave Lens

Polarization Filter
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Fig. 3. Expected applications of the photonic crystal in various electromagnetic wavelengths.

3. Terahertz wave

3.1 Novel usefulness

The terahertz waves have received extensive attentions and investigations since they have a
lot of interesting and applicable features in various fields such as materials, communication,
medicine, and biology (Yamaguchi; 2005, Fischer; 2002, Oyama; 2009, Wallace; 2004, Hineno;
1974). It is possible to detect high explosives and ceramic blades hidden in bags, clothes, and
envelopes by using terahertz waves since they can penetrate plastic, paper, and clothes
without radiation damage to living bodies. It is also possible to identify toxic drugs because
they have spectral fingerprints or absorption spectra. Moreover, they can distinguish
cancerous areas from healthy areas due to the different absorption rates. In recent years, the
terahertz waves have attracted considerable attentions as novel analytical light sources.
Because the electromagnetic wave frequencies from 0.1 to 10 THz can be synchronized with
collective vibration modes of saccharide or protein molecules, the terahertz wave
spectroscopy are expected to be applied to various types of sensors for detecting harmful
substances in human bloods, cancer cells in the skins and micro bacteria in vegetables.
Moreover, the terahertz sensing technologies for aqueous phase environments in nature
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fields to detecting dissolved matters directly are extremely interesting topics. However, the
terahertz waves are difficult to transmit into the water solvents with millimeter order
thickness corresponding to the several wavelengths due to electromagnetic absorptions
(Kutteruf; 2003).

3.2 Effective control

In the previous investigations of other research groups, Fabry-perot cavities have been
applied for terahertz wave resonators. However, it is theoretically unfeasible to achieve the
effective single mode operation in the micro Fabry-perot resonators since electromagnetic
losses of the increasing in inverse proportion to the cavity size (Akahane; 2003). Compare
with this, photonic crystals can realize the single mode resonation without the
electromagnetic losses through the appropriate structural design. Especially, the three
dimensional diamond lattices are regarded as the ideal photonic crystal structures. Figure 4-
(@) and (b) show a unit cell of the diamond photonic crystal and a electromagnetic band
diagram calculated by using plane wave expansion method simulator (RSOFT Design
Group Co. Ltd., USA, BandSOLVE), respectively. The artificial crystal can totally reflect the
terahertz wave with the corresponding wavelength to the lattice spacing through the Bragg
diffraction. The complete photonic band gap is formed to prohibit electromagnetic wave
expansions for all crystal directions. In the recent investigations, the diamond structures
introduced a point or plane defect were formed successfully, and localized modes with
several wavelengths were observed in the cavity regions. From these obtained results, the
diamond photonic crystals can be applied to low loss terahertz wave resonator.
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Fig. 4. A graphic image of a unit cell of the diamond structure (a), and a photonic band
diagram of diamond lattice structure calculated by plane wave expansion (PWE) method (b).

3.3 Device concepts
In our investigation group, we designed and fabricated the terahertz wave resonators
composed of the defects introduced photonic crystals. The micrometer order alumina
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lattices with the diamond structures can resonate and localized the terahertz waves strongly
into the water solvents in order to realize the higher analytical precisions. In the photonic
crystal resonator, a micro glass cell including the water solvent was put between two
diamond lattice structures as a plane defect. The micro structures of the dielectric lattice and
resonation cavity were modelled theoretically. Subsequently, the real resonator module was
fabricated successfully by using the micro stereolithographic procedure. The incident
terahertz wave was reflected multiply to achieve longer optical distance in the liquid region
and localized to amplify the sensing signal in the transmission spectrum. The terahertz
wave properties of the resonation profiles in the transmission spectra and the localized
modes in the plane defects through fabricated resonators were observed and visualized
successfully by using a time domain spectroscopy and a finite difference time domain
simulator, respectively.

4. Geometric design

4.1 Diffraction lattices

The electromagnetic band properties of the diamond photonic crystals were calculated
theoretically to determine the geometric parameters by using the plane wave expansion
method [16]. Figure 5 shows the variations of complete band gap widths as the function of
aspect ratio in the dielectric lattice. In the calculation, the alumina ceramics of 9.8 in
dielectric constant was assumed as the lattice material. The aspect ratio was optimized as 1.5
to create the wider band gap. Subsequently, the gap frequency can be shifted for the lower
range according in inverse proportion to the lattice spacing as shown in Fig. 6. To open the
band gapes in the terahertz frequencies, micro scale structural periods need to be created.
The lattice constant was designed as 375 pm corresponding to the band gap frequencies
from 0.3 to 0.6 THz.
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Fig. 5. Definition of aspect ratio of diamond structure (a), and the band gap width as a
function of aspect of aspect ratio (b).
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Fig. 6. Variations of electromagnetic bands as functions of lattice constants in the photonic
crystals with the diamond structures.

4.2 Resonation cavity

Resonance efficiencies of the terahertz wave resonator with the diamond lattices were
optimized by using transmission line modelling simulator (Flomerics Co. Ltd., UK, Micro-
Stripes Ver. 7.5) of a finite difference time domain method. Figure 7 shows a computer graphic
model of the terahertz wave resonator. The micro glass cell including the water was
sandwiched as the plane defect between two alumina photonic crystals with the diamond
lattice. The defect thickness of the resonator and the period numbers of the diamond units
were selected as the principle parameters to control the resonance characteristics. The defect
thickness enables to tune the resonance frequencies in the band gap as shown in Fig. 8. The
plane defect was designed as the water cell of 470 pm in thickness composed of two quartz
plates of 160 pm and an aqueous cavity of 150 pm. The period numbers of the diamond lattices
enables to adjust the resonance qualities as shown in Fig. 9 The resonance qualities can be
enhanced by increasing the period numbers, however, the localized mode of the transmission
peak becomes lower through the perfect confinement of the electromagnetic wave in the defect
domain. The diamond lattices composed of two units in period number were optimized and
designed in order to detect the sharp localized mode peak in the transmission spectrum.

Glass Cell
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/ 500 4 m
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Fig. 7. A computer graphic model of a terahertz wave micro reactor.
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Fig. 9. Calculated peak profiles of multiple resonation modes in water cells of plane defects
put between photonic crystals with various layer numbers.

5. Smart processing

5.1 Dielectric components

The photonic crystal resonators of the terahertz wave were fabricated by using computer
aided design and manufacturing of smart processing. The diamond lattices were designed
by using a computer graphic software (Toyota Caelum Co. Ltd., Japan, Think-Design Ver.
9.0). The lattice constant of the diamond structure and the aspect ratio of the dielectric lattice
were 500 pm and 1.5, respectively. The whole size of the crystal component was 5x5x1 mm
consisting of 10x10%2 unit cells. The designed model was converted into stereolithographic
files of a rapid prototyping format and sliced into a series of two dimensional cross sectional
data of 15 pm in layer thickness. These data were transferred into a micro stereolithographic
equipment (D-MEC Co. Ltd., Japan, SI-C 1000). Figure 10 shows a schematic illustration of
the micro stereolithography system. Photosensitive acrylic resins including alumina
particles of 170 nm in average diameter at 40 % in volume content were supplied on a glass
substrate from a dispenser nozzle by the air pressure. This paste was spread uniformly by
using a mechanically controlled knife edge. The thickness of each layer was set at 15 pm.
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Two dimensional solid patterns are obtained by a light induced photo polymerization. High
resolution image has been achieved by using a digital micro mirror device. In this optical
device, micro aluminium mirrors of 14 pm in edge length were assembled with 1024x768 in
numbers. Each mirror can be tilted independently by piezoelectric actuating. Through the
layer by layer stacking under the computer control, the acrylic resin component with the
alumina particles dispersion was obtained. The composite precursor was dewaxed at 600 °C
for 2 hs and sintered at 1500 °C for 2 hs in the air atmosphere. Subsequently, in order to
obtain a plane defect between the two diamond structures, a micro glass cell was also
fabricated by using the micro stereolithography.

Digital
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Fig. 10. A schematically illustrated free forming system of a micro stereolithography
machine by using computer aided design and manufacturing (CAD/CAM) processes.

5.2 Device assembling

Figure 11-(a) shows the schematically illustrated components of the resonance cells. The
quartz plates of 160 pm in thickness were inserted into the photosensitive acrylic resins in
the stacking and exposing process. Finally, the micro resonators cell was put between the
diamond photonic crystals, and the terahertz wave resonator was integrated successfully by
using acrylic resin flames as shown in Figure 11-(b). These flames were glued together by
using the photo sensitive liquid resin and the ultraviolet exposure solidification. Water
solutions were infused through catheters connected on the top side of the resonance cell.
The transmission properties of incident terahertz waves were analyzed by using the
terahertz spectroscopy. The distributions of electric field intensities in the resonator were
simulated and visualized at the localized frequency by using the transmission line
modelling.
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Fig. 11. A schematic illustration of the parts of the resonance cells (a), and fabricated THz
wave resonator (b). The resonator was successfully created by integrating the diamond
structures into the cells to realize multiple resonations of the THz wave in aqueous phase.

5.3 Spectroscopic evaluations

A terahertz wave attenuation of transmission amplitudes through the diamond photonic
crystals were measured by using a terahertz time domain spectrometer (TDS) apparatus
(Advanced Infrared Spectroscopy Co. Ltd., Japan, Pulse-IRS 1000). Figure 12 shows the
schematic illustration of the measurement system. Femto second laser beams were irradiated
into a micro emission antenna formed on a semiconductor substrate to generate the terahertz
wave pulses. The terahertz waves were transmitted through the micro patterned samples
perpendicularly. The dielectric constant of the bulk samples were measured through a phase
shift counting. Diffraction and resonation behaviours in the dielectric pattern were calculated
theoretically by using a transmission line modelling (TLM) simulator (Flomerics, UK,
Microstripes Ver. 7.5) of a finite difference time domain (FDTD) method.
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Fig. 12. The schematically illustrated measuring system of a terahertz wave analyzer by
using a time domain spectroscopic (TDS) detect method.
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6. Electromagnetic behaviours

6.1 Diamond structures

An alumina dispersed resin precursor fabricated by the micro stereolithography is shown in
Fig. 13. The lattice constant of the formed diamond structure was 500 pm. The spatial
resolution was approximately 0.5 %. The weight and color changes as a function of

(a)

250pum

(b)

500nm

Fig. 13. The photonic crystal with the diamond structure composed of acrylic lattices with
nano alumina particles dispersion formed by the micro stereolithography.
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Fig. 14. The weight change as a function of temperature and the lattice color after dewaxing
at 400 and 600°C in heating temperatures.
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temperature are shown in Fig. 14. The sample color changed into black at 400°C due to
carbonizing of resin. It became white at 600°C suggesting burning out of resin. Thus, the
dewaxing process is considered to start at 200°C and complete at 600°C. The dewaxing
temperature was optimized to be 600°C. Through the dewaxing and sintering processes,
ceramic diamond structures were successfully obtained. Figure 15 shows (111), (100) and
(110) planes of the sintered diamond structure composed of the micrometer order alumina
lattice. The lattice constant was measured as 375 pm. The deformation and cracking were
not observed. The linear shrinkage on the horizontal axis was 23.8 % and that on the vertical
axis was 24.6 %. It is possible to obtain the uniform shrinkage by designing an appropriate
elongated structure in the vertical direction for compensation to the gravity effect. The
relative density reached 97.5 %. Dense alumina microstructure was formed, and the average
grain size was approximately 2 pm. The measured dielectric constant of the lattice was
about 10.

(111)

(110)

h e 200pm

Fig. 15. Crystal planes of (111), (100) and (110) in alumina photonic crystals with the
diamond structure fabricated by using the micro stereolithography. Sintering density of
alumina lattices is 98.5 %. Dielectric constant of the lattice is 10.
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6.2 Band structures

The terahertz wave attenuations of the transmission amplitudes through the alumina diamond
structures for I'-L <111>, I'-X <100> and I'-K <110> crystal directions are shown in Fig. 16. The
forbidden gaps are formed at the frequency rages of 0.32 - 0.49, 0.35 - 0.53 and 0.35 - 0.52 THz
I-L <111>, T-X <100> and I'-K <110> directions, respectively. A
common band gap was observed in every direction at the frequency range from 0.35 to 0.50
THz, where the electromagnetic wave cannot transmit through the crystal and is totally

in transmission spectra for
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Fig. 16. Terahertz wave attenuations of transmission amplitude for I'-L <111>, I-X <100>
the alumina photonic crystal with the diamond structure by
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Fig. 17. A photonic band diagram calculated by plane wave expansion (PWE) method.
Opened circles are measured edge frequencies of photonic band gaps. The dielectric
constant of the lattice was 10. The frequency range with gray color indicates the perfect band
gap in common for all directions.

reflected in all directions. The measured band gap frequencies were compared with calculation
results by the plane wave expansion method as shown in Fig. 17. The band diagram of the
photonic crystal along symmetry lines in the Brillouin zone is drawn theoretically by the PWE
method. The opened circles mean the higher and lower edges of the measured band gaps.
These frequency ranges of opaque regions corresponded to the calculation. According to the
photonic band diagram, it was demonstrated that a complete photonic band gap opened
between 0.35 and 0.49 THz. When a gap is formed, there are two types of the standing wave
modes with the wavelength corresponding to periodicity of the dielectric lattices at the
frequencies of the each band edges. The lower frequency mode concentrates the wave energy
in the dielectric region, whereas the higher frequency mode concentrates in the air region.

6.3 Localized modes

The integrated terahertz wave resonator is shown in Fig. 18. The two diamond lattice
components were attached on the quartz glasses, and these two glass plates were arranged
with 150 pm in parallel interval. The tolerance for the transmission direction of the
electromagnetic wave was converged within 5 pm. The cell capacity was 0.02 ml. Figure 19-
(a) shows the measured transmission spectra for the resonators. Distilled water or ethanol
was infused into the micro cells. In the case of distilled water, two localized modes of
transmission peaks were observed at 0.410 and 0.491 THz in frequencies in the photonic
band gap. In the case of ethanol, an amplification peak was observed at 0.430 THz. The
measured band gap ranges and the localized mode frequencies have good agreement with
the simulated results by the transmission line modelling as shown in Fig. 19-(b). In the
transmission spectrum through the photonic crystal resonator including the water, the
localized modes of the higher and lower peak frequencies are defined mode A and B,
respectively. And, the localized mode peak in the transmission spectrum through the
ethanol is defined mode C. The cross sectional profiles of the electric field intensity
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Fig. 18. A terahertz wave resonator with micro liquid cell sandwiched between diamond
photonic crystals. Distilled water and ethanol were infused through the catheters implanting
in the top side of the cells respectively.
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Fig. 19. Transmission spectra for the resonators infusing distilled water and ethanol. The
spectra (a) and (b) are measured and calculated properties by using the terahertz wave time
domain spectroscopy and a transmission line modeling methods, respectively.

corresponding to the localized mode A, B and C were simulated and visualized theoretically
as shown in Fig. 20-(a), (b) and (c), respectively. The terahertz wave was propagated from
the left to the right side. The white and black areas show that the electric field intensity is
high and low, respectively. The incident terahertz waves were resonated and localized
strongly through the multiple reflections in the liquid cell between two diffraction lattices
with the diamond structures. Concerning with the localized mode A as shown in Fig. 20-(a),
the standing wave with five nodes was observed in the vicinity area of the glass cell. And,
the localized mode B with the lower frequency and the longer wavelength is composed of
the standing wave with four nodes between the diffraction lattices as shown in Fig. 20-(b).
Concerning with the localized mode C in the ethanol as shown in Fig. 20-(c), the standing
wave with four nodes has the similar resonance profiles between the diffraction lattices as
the localized mode B in the water. Figure 20-(d) shows the dielectric constants and
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Fig. 20. Electric field distributions of localized modes simulated by transmission line
modeling (TLM) method of a finite difference time domain (FDTD). The localized mode A, B
and C, are shown in (a) , (b) and (c), respectively. Dielectric constants and composite
dimensions of the photonic crystal resonator are shown in (d).
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composite dimensions of the photonic crystal resonator. The dielectric constants of water
and ethanol are 4.7 and 2.6 in the terahertz wave frequency range [17,18]. By using the
terahertz wave time domain spectroscopy, the dielectric constants of alumina and quartz
grass were measured as 9.8 and 3.8. In comparison with the resonance areas of the localized
mode B and C, the effective dielectric constants decrease from 3.02 to 2.59, and the optical
lengths decrease from 1.13 to 1.05 mm, respectively. Therefore, the resonance peak
frequencies of the localized mode B and C with the similar standing wave profiles are
shifted clearly from 0.410 to 0.430 THz by replacing the water with ethanol in the resonator.
Form these results, the fabricated phonic crystal resonator is considered to be a promising
candidate as the novel analytical device to determine the dissolved components in the
aqueous solution by using the terahertz spectroscopy.

7. Conclusions

Terahertz wave resonators of a micro glass cell put between two photonic crystals composed
of alumina lattices with a diamond structure were fabricated successfully by using micro
stereolithography. Transmission spectra were measured through the photonic crystal
resonators including pure water or ethanol. Localized modes of sharp transmission peaks
were observed in the photonic band gaps. In a distribution profile of electric field intensity
simulated by using transmission line modelling, the strong localized modes were formed
through multiple reflections in the liquid regions between the diffraction lattices. Moreover,
the localized mode peak was shifted clearly from higher to lower frequencies through
replacing the pure water with the ethanol. The fabricated photonic crystal resonator is
considered to be a promising candidate for novel analytical devices to detect the
compositional variations in natural aqueous phase environments.
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1. Introduction

Demands for the nanofabrication of the precision surfaces, which have three- dimensional
(BD) structures to add specific functions, are continuously increasing. For the
nanofabrication on machining tools such as an ultra-precision turning, an ultra-precision
diamond cutting tool is generally employed because of its sharp edge and durability. Figure
1(a) shows the illustrations of a chip of the diamond cutting tool. The diamond chip is
mounted on the tip of the cutting tool. Figure 1(b) and (c) show a top view from the rake-
face side and a side view of the chip, respectively. The chip has a certain nose (corner)
radius R at its edge top as shown in Fig. 1(b). The rake angle, radius of the cutting edge,
wedge angle and clearance angle are determined as shown in Fig. 1(c).

In the nanofabrication, a quality of the fabricated surface will be dominated by the accuracy
of the cutting edge profile. Although the design of the cutting edge profile has some
tolerances for its shape, the allowed tolerances for ultra-precision machining are so tight that
the highly-accurate measurement technique would be required for assuring the accuracy of
the cutting edge profile.

Moreover, a wear of the tool edge should also be taken into consideration for the
nanofabrication. Basically, the amount of the wear is very small because the diamond is a
hard material. However, a slight wear of the tool edge cannot be avoided even though target
materials are the non-steel alloys; namely, the cutting edge profile could change every short
periods of the use. The slight change of the cutting edge profile could affect the accuracy of
the fabricated surfaces. Therefore, the cutting edge profile should be checked periodically.
Generally, the accurate measurement of the cutting edge profile is a time-consuming task.
That is why, not only the accuracy but also the easiness of the measurement setting will be
required for the nanometer-level evaluation of the cutting edge profile.

Based on such a background described above, in this chapter, the authors describe a method
to evaluate the nanometer cutting tool edge by using AFM, including not only a
measurement theory but also experimental setup and some results of the tool edge
measurement.



288 Nanofabrication

I Diamond chip
- of'a cutting tool

y _
1~ Cutting edge
-

e

(a) Bird view

~

Nose (Comer) radius: R *‘5
,l‘

Edge top
Included angle

(b) Top view (from the race face side)

Rake face L
Rake angl‘% ¥ Edgetop
Cuthing edge mM
Wedge angle R Flank {clearance) 1

Clearance angle
(c) Side view

Fig. 1. Illustrations of a diamond cutting tool chip

2. A method for compensation of the AFM tip geometry

2.1 Cutting edge profile measurement by AFM

There are several methods to evaluate the cutting edge profile. In most of the cases, scanning
electron microscopes (SEMs) are used because of its ease. However, the SEMs require
vacuum chambers and vacuum pumps, resulting in bulky systems. On the other hand, the
Atomic force microscope (AFM), which will provide a high accuracy and a high resolution
in both vertical and lateral directions, could be used for the evaluation of the cutting edge
profile until the measurement system would be set properly (Gao et al., 2006). The compact
AFM system for the measurement of the cutting edge profile of the diamond tool was
previously proposed (Gao, 2010). In the system, because of the simplicity, the contact mode
AFM was selected among several measurement mode of the AFM. A unique method was
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also proposed to align the AFM probe with the cutting edge of the ultra-precision diamond
cutting tool. Figure 2 shows a schematic of the cutting edge profile measurement by AFM. In
the alignment method, a pair of laser beam and photodetector was employed to align tool
edge and cantilever of the AFM. By using the compact AFM system with the unique
alignment method, the cutting edge profile could successfully be carried out on-machine.
The cutting edge profiles measured by the AFM are affected by the tip shape of the AFM
probe. For nanofabrication, the influence of the shape of the AFM probe would not be
negligible in some cases. In this section, (a) the influence of the shape of the AFM probe on
the measured cutting edge profiles, and (b) how to eliminate the influence of the shape of
the AFM probe will be described. Furthermore, the evaluation method how to (c) measure
the tip shape of the AFM probe will also be described.

Cantilever y o
. x =" Sptical axis

Tool edge

Fig. 2. Schematic of the cutting edge profile measurement by AFM

2.2 Influence of the AFM tip geometry on profile measurement

When we employ a contact-type sensor to carry out form accuracy measurements, the
evaluated form data always contain a certain form error caused by the roundness or the tip
shape of the styluses employed in the measurement setups. In case of the measurement of
the cutting edge profile with an AFM, the evaluated cutting edge radius includes the
roundness of the AFM tip. Figure 3 shows schematics of the paths of the AFM tip during the
scanning over a surface with a step for the imaging. In the contact-mode measurement, AFM
tip tries to trace the target surface. Basically, the AFM tip traces the target surface accurately
when scanning over the relatively flat sections. On the other hand, the tip cannot trace the
target surface accurately when scanning over a step-shaped surface because of its tip radius.
When the shape of AFM tip is defined as ¢ (x), the reflected tip shape p (x) can be described
as

p(x) = —t(=x) @)

When the sample surface is defined as f (x), the measured profile g (x) can be described by a
following equation (Villarrubla, 1997), while the Z-directional servo control of the AFM is
properly performed.

8(x) =ma|x[f(X')—f(X'— x)] @
X

Namely, the series of the coordinate (x, g(x)) can be acquired by searching x’, which gives
the maximum value of f(x) - t(x"-x), at each x. As shown in Eq. (2), the acquired image
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profile g(x) contains the information of the convex-shaped AFM tip f(x). Such a
phenomenon, in which the measured profile contains a certain influence of the
measurement stylus, is called as “convolution” often used in the optical imaging.
Furthermore, the operation reconstructing the original image from the measured image,
which contains the information of the measurement stylus, is called “deconvolution”. In
case of the AFM measurement, the deconvolution would be possible if the shape of AFM tip
f(x) is known in advance, as shown in Fig. 3.

Tip shape | /
t(x) \ /

™ Tip shape

Image ‘ ‘
&)

Fig. 3. Conceptual illustration of the imaging

Figure 4 shows a conceptual illustration of the reconstruction of the target surface from the
measured results. Although the reconstructed surface sometimes does not represent the
actual surface because there still remains some area where the AFM tip cannot contact, the
reconstructed surface represents the target surface more accurately. The more precise the
AFM tip shape is known, the more accurate the target surface profile can be measured.
Although the discussion shown above was carried by using two-dimensional profiles in
Figures 3 and 4, the same discussion could be applied to the three-dimensional profiles
obtained by AFM. It should be noted that the discussion above would be effective if there is
no damage or wear on the AFM tip during the measurements.

There are some methods to observe or measure the roundness at the apex of the AFM tip.
One of the most popular methods is to use scanning electron microscope (SEM). The SEM is
the primary method to observe the sharp profile such as AFM tips (Bloo et al., 1999), and can
be used to estimate the size of the tip apex. There are some other techniques to obtaining the
shapes of tip apex. A tip characterizer, which has well-known shapes on its surface, is also
used to estimate the AFM tip shape; namely, the shape of the tips will become known if
there are well known structures to be imaged by the AFM. Moreover, the blind tip
estimation, which is based on the theory of morphology, is another approach (Villarrubia,
1994; Dongmo et al., 2000). Because the convex of the image obtained by an AFM could have
information about the tip, the tip shape can be estimated by correcting the AFM
information. Furthermore, the implementation of the blind tip estimation has been
explained in detail (Villarrubia, 1994). Some implementation is available on-line (Necas &



Evaluation of Nanometer Cutting Tool Edge for Nanofabrication 291

Klapetek, n.d.). That is now modified to be applied to the tip with overhang (Tian et al.,
2008).

In the following sections, we will discuss (A) the observation of the shape of AFM tip by
SEM and (B) the estimation of the shape of AFM tip by tip characterizer.

|
Reflected tip shape \ \
@) L

Surface f{x)

Reconstructed surface

Image
g(x)

Fig. 4. Conceptual illustration of the reconstruction of the surface

2.3 Observation of the shape of AFM tip by SEM

Figures 5 show examples of the images of AFM tip and its apex measured by SEM. Figure
5(a) shows a whole shape of the AFM probe. The AFM probe has a conical-shaped sharp tip
on the edge of the probe. Figure 5(b) is the magnified image of the same AFM tip shown in
Figure 5(a). Although the shape of the AFM tip is not clear in the magnified images, the tip
radius could be estimated around 30 nm from the SEM images. In fact, the AFM tip was said
to be less than 20 nm in the specification sheet of the AFM probe, which roughly agrees with
the measured tip radius.

It is not so difficult to acquire SEM image of the magnified AFM tip. Therefore, the SEM is
one of the most popular methods among the various ones. However, it should be noted that
the SEM observation itself could sometimes affect the shape of AFM tip. Figure 5(c) shows
another SEM image of the same tip shown in Fig. 5(b). The SEM image in Fig. 5(c) was
captured just a few minutes after the image in Fig. 5(b) was captured. The tip apex seemed
to become dull from the original shape, which is considered to be due to a discharge or
contamination on the AFM tip. It is well known that the SEM observation could easily
damage or contaminate the very sharp tip without enough experiences (Egerton et al., 2004;
Taniguchi et al., 1997). These results shown in Figs. 5 indicate that the radius of the AFM tip
described here could be estimated slightly larger than which really was. However, it can be
said that the SEM is one of common methods to evaluate the shape of AFM tip because of its
ease.



292 Nanofabrication

(a) Image of the tip

(c) Image of the tip apex re-measured a few minutes after the image (b) was captured

Fig. 5. SEM images of an AFM-tip, which were taken from the same AFM tip

2.4 Estimation of the shape of AFM tip by tip characterizer

Using a tip characterizer, which has well-known profile on its surface, is also used to
estimate the shape of the AFM tip. A tip characterizer named TGG1, which has a very sharp
edge, was used as an example. Figure 6 shows a schematic image of the profile on TGG1
surface. Several triangular steps were fabricated on a silicon wafer with a certain pitch, and
the angles of each sharp edge were designed to be 70 degrees. Table 1 summarizes a detailed
specification of TGG1. The radius of the sharp edge was fabricated to be less than 10 nm,
and the pattern pitch was also controlled to be 3.00 pm with a tolerance of + 0.05 pm.

Figure 7 shows a bird view of the profile of the tip characterizer measured by AFM. Figure 8
shows a cross-section image of the profile of the tip characterizer in Fig. 7, extracted at a
certain X-axis position. To estimate the tip radius, a circle was fitted on the top of the
measured profile in Fig. 8 by using least square method. The radius of the fitted circle
shown in Fig. 8 was slightly less than 30 nm. Actually, the value of the radius of the fitted
circle could vary from 25 to 30 nm when the fitted region was selected arbitrary. Assuming
that the edge radius of TGG1 is less than or exactly 10 nm referring to Table 1, the tip radius
of the AFM probe could be from 15 to 30 nm, according to Eq. (1). On the other hand, the tip
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radius of the AFM probe should be less than 20 nm if we believe the datasheet of the AFM
probe. However, considering the stability of the measurement instrument used here, it can
be said that the AFM tip radius estimated by the tip characterizer roughly agrees with the
value indicated in the datasheet.

It should be noted that the definition of edge radius may strongly affect to both the radius in
datasheet and the radius measured by experiments; here we assume that there is an AFM
tip, which tip width is 40 nm, with dulled apex shape as shown in Fig. 9. Without any
attention to the apex shape of the AFM tip, we might determine the tip radius is less than 20
nm even though the real tip radius of the AFM probe should be less than 20 nm in such a
case; namely, the apex shape is locally flattened as shown in Fig. 9. Moreover, the region of
the tip apex could affect to the determination of the tip radius. The definition of cutting edge
radius will be discussed in the following section.

Edge

PR s

3.0 um

Fig. 6. Schematic of the structure on TGG1 surface

Structure Grating formed on Si wafer

Pattern type | One-dimensional array of triangular steps (in X- or Y-direction) having
precise linear and angular sizes

Edge angle 70 degrees

Edge radius <10 nm
Period 3.00 £ 0.05 um

Table 1. Specification of the tip characterizer (TGG1)

7/
£
Q.
‘L

Fig. 7. Schematic of a tip characterizer “TGG1”



294 Nanofabrication

Z 0.1 pm/div

Y pum/div

Fig. 8. Cross-section image of TGG1 in Fig. 7, at a certain X-axis position

Blunt

—— Radius

Fig. 9. Cross-sectional image of TGG1 in Fig. 5

3. An evaluation method for cutting edge radius

The value of the cutting edge radius is one of the most important parameters for the ultra-
precision diamond cutting tool. There are some examples to obtain the cutting edge radius;
some of them just fit a circle and employ its radius as the cutting edge radius, as shown in
previous section (see Fig. 5(c)). In most cases, the definition of the cutting edge radius is not
clear. Although methods shown in previous section will provide us pretty good estimations
for the cutting edge radius, some concerns will still remain; where does the curvature
starts?, which part of the curvature should we take as a radius?, and so on. Without a
suitable method, we cannot define the cutting edge radius in a good repeatability. Therefore,
many discussions on how to define the edge radius have been done, and some definitions
have been proposed and utilized so far. In fact, however, we’ll have to choose a proper
method case by case, while taking both measurement accuracy and repeatability into
consideration.

Based on such a background, in this section, the methods on how to handle the data of the
cutting edge profile will be discussed. Because the cutting edge radius is named as “radius”,
a circle is usually fitted in many cases. Figure 10 shows a schematic of an ideal cutting edge
profile. In Fig. 10, the cutting edge radius and edge angle were set to be 40 nm and 90
degrees, respectively. When the cutting edge radius shown in Fig. 10 is fitted by using the
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least squares method, the radius should be evaluated to be 40 nm because the applied
profile was ideal and any noise component was not added onto the profile in Fig. 10.
However, the situation becomes slightly different when the noise component is added, just
like as a real case. Figure 11 shows a profile with a noise component. The noise component
was added to the ideal profile shown in Fig. 10. The noise component is considered to affect
the curve fitting for the cutting edge radius.

Therefore, a simulation was carried out to evaluate the influence of the noise component on
the curve fitting. For the simulation, 100 lines of cutting edge profiles with noise component
were numerically prepared in a personal computer. The noise components, which have the
normal distribution with the standard deviation of 2 nm, were generated by using random
number generator. Then the circle fitting was carried out for numerically prepared each
cutting edge profile.

Z 50 nm/div

Y 50 nm/div
Fig. 10. An artificial edge profile having edge radius of 40 nm

Z 50 nm/div
AN

Y 50 nm/div

Fig. 11. An artificial edge profile having edge radius of 40 nm with the artificial noise with
standard deviation of 2 nm
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When we carry out the circle fitting, a data region for the fitting will also affect the
calculated cutting edge radius. Therefore, the data region was set to A, B, C, D and E as
shown in Fig. 11, and the calculated cutting edge radius were compared.

Table 2 summarizes the average value and the standard deviation of the cutting edge radius
calculated at each region from A to E for each 100 lines of cutting edge profiles. Focusing on
the result at region A, we can find out that the average of the calculated radius is about 30
nm, with standard deviation of about 3 nm. At each region, the average values of the
calculated radius were smaller than 40 nm, which is the radius of the ideal profile. As can be
seen in Table 2, the wider data region resulted in larger cutting edge radius. On the other
hand, results in Table 2 also tell us that the wider data region also resulted in the smaller
standard deviation of the evaluated radius.

Mark Evaluated radius (nm) Standard deviation (+ nm)
E 15 4.2
D 22 4.6
A 30 3.4
B 35 2.8
C 38 2.1

Table 2. Fitted circles size at each region (A, B, C, D and E are shown in Fig. 11)

In the case of the simulation shown above, the evaluated radius was considered to be
estimated most properly when the region was selected as slightly larger than region C.
However, no one can tell how wide we should set the data region in the actual measurement
condition. If the evaluation range is set to be larger, a scale of the measurement not only
data size but also measurement setup would become large. Anyway, the most important
thing here is that the cutting edge radius could be evaluated to be very small or large, on
purpose. Local disturbance of the profile due to noise components could cause the
misevaluation. Therefore, the cutting edge radius should be evaluated without intentional
operations as far as possible.

By the way, generally, the amount of the noise was defined as one sixth of the noise level of
the instrument. If the value of standard deviation is determined as o, about 99 % of the
whole sample is expected to be included in the range of + 3¢ from the average. Of course,
this assumption owes to the normal distribution such as Gaussian distribution. It should be
noted that the resolution in Y-direction was about 4.6 nm due to quantization of the digital
data, which would affect the results in Table 2.

There was an effort to define the cutting edge radius from the measured profile (Asai et al.,
1999a; Asai et al., 1999b). A conic curve was fitted to the measurement result and the cutting
edge radius was evaluated. There is another reason for selecting a conic curve instead of a
circle; the set of conic curves includes ellipses, parabola and hyperbola. The circles are
included by the set of ellipses. Therefore, conic curves are more general compared with
circles. In case of the dulled edges, the profile is likely to be as shown in Fig. 12. In this case,
an ellipse is considered to be the best choice to describe the tip part of this profile. The
evaluation by using the circle might take small value compared with the local curvature
radius of the edge top, depending on the region to be evaluated. Moreover, the status of the
tool whether it is okay or already broken / worn off is important when we want to know the



Evaluation of Nanometer Cutting Tool Edge for Nanofabrication

297

edge radius. However, it is not shown clearly if we use a circle for the fitting. Although
there are other definitions proposed in some researches, of course, the edge is considered to

be one of the regions marked as A and B in Fig. 12, depending on the case.

Blunt edge
/Y:z/ Wear or

S breakage

Ellipse

Fig. 12. An example of the blunt edge

According to the references, the actual operations can be described as follows (Asai et al.,
1999a; Asai et al., 1999b). Figure 13 shows a schematic of a fitted curve function F(x), which
consists of two lines and one curve. Let (x;, z;) be one of the coordinate of the measured data

point. The evaluation function & can be described as follows:

e(p,Qsx,Qrx) :%Z{(F(xi)_zi)z}

®)

where 7 is a number of the measurement points. If there are two crossing straight lines SO
and OT as shown in Figure 13, the X- and Y-coordinates (x, y) of the conic curves which are

tangent to SO and OT at the points S and T, respectively, can be expressed as follows.

_ X(Lp)

)

_Y(t,p)
(tp)= W, p)

while
X(t,p)= {(1 -P)Qsx —2PQox +(1- P)QTX} - 2{(1 -p)Qsx — pQOX} t+(1-p)Qsx
Y(t,p)= {(1 -P)Qsy —2pQoy +(1- p)QTY} - 2{(1 —p)Qsy — PQOY} t+(1-p)Qsy

W(t,p)=2(1-2p)t* = 2(1-2p)t +(1-p)

“)

®)

where t and p are the parameters. When ¢t = 0 and t = 1, these equations represent the
coordinate of the position S and T, respectively. If the parameter p is set to 0 <p <0.5,p = 0.5
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and 0.5 < p < 1, the fitted conic curve by Eqs. (4)-(8) could be ellipse, parabola and
hyperbola, respectively. If the parameter p is getting smaller and smaller, /b, the ratio of the
major axis a to the minor axis b of the ellipse would be getting larger and larger.

bisector of the an

T (QTX» QTY)
0 (Qox- Qov)

Fig. 13. Conceptual illustration of this first fitting

S (Qsx» Qs

By using Fig. 13, we will explain how to carry out the fitting. Firstly, select the region to
include an edge to be evaluated. Then fit the two lines by using the least squares method,
while considering Qsx and Qrx, which are the X- coordinates of the Point S and T,
respectively. Qsx and Qrx will be set in this order. It should be noted that not only parameter
p but also the coordinates of points S and T would be varied to search the best fitting.

Then find parameters p, Qsx, Qrx which minimize the parameter ¢ in Eq. (3) so that the best
set of the parameters p, Qsx and Qrx, describing the actual profile, could be obtained. For the
minimization, the following methods could be applied;

e  Multidirectional search method (Sourceforge.net, n.d.)

¢ Nelder-Mead method (Sourceforge.net, n.d.)

e  Genetic algorithm (Wall, n.d.)

After the fitting operations, draw a line which equally divides the angle between lines TO
and SO as shown in Fig. 13. The curvature radius, at the point where the bisector line and
the fitted curve, could be determined as one for the cross-sectional profile. However, in
practice, the minimization algorithms can only find a local minimum and cannot always
find a global minimum. That is a rule of the numerical minimization processes. Besides, a
profile sometimes looks as if they do have a dulled edge by accidental noise peaks as shown
in Fig. 14 (b).

Fig. 15 shows a histogram of the edge radii, which were calculated by using the previously-
prepared profile data in simulation. Because of these problems, the histogram of the
evaluation looks like Fig. 15.

Comparing the result in Fig. 15 with the results in Table 2, it seems that the evaluation by
fitting a circle looks better because of its small standard deviation. Actually, it is very
interesting that the evaluation results with circle fitting do not have large deviation even if
there is a profile as shown in Fig. 14(b). Having a large deviation with the fitting method
shown above seemed to fits the lines more properly to a raw data. It does not mean that the
evaluation of the edge radius is not possible at all, though. When we watch the histogram
shown in Fig. 16 carefully, we can find out a peak around the value to be evaluated (40 nm
in this case). The value to be obtained is about the peak.
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There is a clear difference between a profile shown in Fig. 14(a) and (b). Therefore, a certain
criterion is required to tell which evaluation is an outlier. Figure 16 shows the histogram of
the edge evaluation as a function of parameter p in Eqs. (4)-(8). The parameter p is the main
factor of the radius evaluation if the angle bisector is set properly. Therefore, in order to
correct that there is a lower limit in the edge radius evaluation but not upper limit, the
practical limit was applied to p. Assuming that the standard deviation of p is 0, and the

average value of p is yi, the lower limit of p can be defined as

P> Hp=0p

| |
>
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=
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Y 50 nm/div
(a) A profile

| |
2
z
g
S|
S
=
N

] ]

Y 50 nm/div

(b) A profile looked blunter than the profile in (a).

Fig. 14. Examples of the pseudo profiles.
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The evaluation that does not satisfy this limitation will be treated as an outlier. If the
limitation in Eq. (9) is applied to the histogram shown in Fig. 16, the histogram of edge
radius evaluation can be re-drawn as shown in Fig. 17. There still seemed to be two peaks
around 0.040 and 0.065 pm, however, the average of the evaluations is 43 nm, which is
closer to the actual radius designed above. It should be noted that the limitation from upper
side like as p <y, + 0, could also be required if the histogram of p has peak in upper side of
the average, although the limitation from lower side is only mentioned above.

Frequency

005  0.025 0.045 0.065  0.085 0.105
Edge radius evaluation pm

Fig. 15. Histogram of the edge radius evaluation

Frequency

0 0.2 0.4 0.6 0.8 1
Fitting parameter p

Fig. 16. Histogram of the edge radius evaluation as a function of fitting parameter p

Frequency

005 0.025 0.045 0.065 0.085 0.105
Edge radius evaluation um

Fig. 17. Histogram of the edge radius evaluation when p is limited
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Such tests have been carried out in some cases, while the Edge radius to be evaluated was
changed from 10 nm to 60 nm. If the radius to be evaluated is smaller than about 30 nm, the
parameter p in Egs. (3)-(7) has a possibility of taking a value about 0. However, in this
evaluation method, if the parameter p takes 0 or 1, it is not possible to evaluate the actual
radius, because the evaluated radius becomes « or 0, in that case. Therefore, if the fitting
parameter p becomes 0 or 1, the evaluations were removed from further calculations. The
evaluations results were summarized as shown in Table 3. The term “preprocess” in Table 3
means the removal of outliers. It should be noted that the the edge with edge radius of 10
nm could not be evaluated properly when the point interval is about 4.6 nm, as mentioned
in the previous section, because there should obviously be a lack of measure point.

If the parameter p always takes small values, that mean the actual edge is really dulled like
Fig. 14(a). Therefore, if p is very small, there is a case that the edge should be considered
separately; namely, only one of the edges A and B in Fig. 12 should be taken into
consideration depending on the operator’s decision, the region could be reselected to
include one of two. It is thought that the former evaluation is more sensitive to the wear.

It should be noted that the X-direction represents vertical direction in the explanations
shown above. In the case of the instrument mentioned in the previous section, the X and Y
are exchanged. Therefore, the definition is switched to agree with that from here.

Evaluation Standard deviation
Edge radiusnm (preprocessed) (preprocessed)
nm nm (%)

10 - -

20 20 9

30 29 10
40 43 12
50 48 11
60 59 10

Table 3. Evaluations results for each edge radius data (The edge radius to be evaluated is
changed from 10 nm to 60 nm)

In practice, the region where the function F(y) is fitted would be found in image to image,
and line to line. Therefore, the region to be evaluated is selected like as follows,
automatically.

At first, obtain the 2nd order of derivative along y of the cross section image. In order to
obtain the 2nd order of derivative along y, a “2nd order of least squares filter” is utilized
(Savitzky & Golay, 1964). The phrase “2nd order of least squares filter” means the repeating
of the quadratic function fitting operations about the yi. Fig. 18 shows the simple
explanation of the operation. In Fig. 18, a series of the marks “+” is the filtered data, which is
more likely to preserve the height of the peaks than moving average. To carry out this
filtering, a moving average type convolute function was selected.

Figure 19 shows the profile and the obtained 2nd order of derivative. The window was set
to about 200 nm. From the point where the 2nd order of derivative takes maximum value to
the point of the half of the maximum value are used as criterion. The lengths (L1 + L1), and
points A, E, F and D were defined as shown in Fig. 19. If there are two peaks in the 2nd
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order of the derivative, that means the edge or the AFM-tip is dulled. In such case, the
window would be enlarged for the peak of the 2nd of derivative to take one obvious peak at
first, aiming at the same effect as moving average to flat the sharp peaks.

2

Raw data” |

-0.5 -
-1 -+ Filtered -

-1.5 ] ] ] 1
-1 0 1 2 3 4

Fig. 18. Least squares filter used in finding the edge

Therefore, as a result, the lines AB and CD in Fig.19 would be fitted using least squares
method to the data in the region between point A to point E, and point F to point D. A conic
curve would be fitted in the region between point A to point B in the condition that the
fitted conic curve tangent to the two lines, at first. As mentioned above, the point E and F
would be replaced by the points S and T in the fitting process, respectively. Moreover, the
line AB and line CD would also be replaced depending on the points S and T, respectively.
The curvature radius of the cross point of the bisector of two straight lines AB, CD and fitted
conic curve would be called cutting edge radius, as previously mentioned.
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Fig. 19. Determination of the length used for the edge radius evaluation
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4. Experiments

4.1 Measurement of a tool with nose radius of 0.2 mm

Some measurements of the diamond cutting tools were performed using a 3D cutting edge
profile measuring instrument (Gao, 2010). The examples of the measurement results on the
“real” profile of the cutting tools, in which the influences of the probe shape are eliminated,
will be described. The measurements of the tools with nose radius of 0.2 mm, and 1.5 pym
were performed. The results showed the clear edge between the rake face and clearance
face, which could be used in the evaluation of the profile tolerance and the sharpness.

e
jzl ——— ¥ 5 p/div
oy

(a) Reconstructed image

Z 0.1 pm/div
|

Y 0.1 pm/div
(b) A cross section

e o
(c) Out-of-contour

Fig. 20. Measurement of a tool having nose radius of 0.2 mm
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Although the scan range of the PZT stages of AFM used in the measurement setup limits the
measurable region, it is possible to measure the tool having nose radius of 0.2 mm. Figs. 20
show examples of the measurement. Figure 20(a) shows a three-dimensional AFM image of
the measured tool tip profile, and Fig. 20(b) shows its cross section image. The tool tip
profile was measured five times, and both the averaged profile and non-averaged profile
were imposed in Fig. 20(b). Figure 20(c) shows out-of-roundness obtained from Fig. 20(b).
The cutting edge radius was evaluated to be 60 nm with standard deviation of 23 nm in the
five-time measurement. The reason why the standard deviation became large is the large
interval of the lines, which might make the evaluation of the local cutting edge radius
impossible. The region to be evaluated is so small that the nose radius could not be
evaluated with a repeatability on the order of nanometers (ranging from 0.1878 to 0.1880
mm / 5 times), and the out-of-roundness seemed to be evaluated with repeatability up to 10
nm. That is surprisingly good repeatability compared with the result shown above. The Z-
direction positioning is a key to evaluate the tool having large nose radius because the
movement of the AFM-tip on the sample surface in X-direction could not be easily
translated to the Z-direction like cross talks in the case of the tools having large noses.

4.2 Measurement of a tool with very small nose radius

Measurement a tool with round nose radius of 1.5 um was performed. Figure 21 shows the
evaluated cutting edge sharpness for the results of a measurement of a tool with nose radius
of about 1.5 um. The sectional profile of the cutting edge top in the Y-Z plane was plotted. In
Fig. 21, the results of repeated 3 times measurement were imposed. By using the method
described in the previous section, the edge sharpness was evaluated to be approximately 39
nm with a standard deviation of 9 nm. It should be noted that the influence of the tip radius
of the AFM cantilever had not been removed from the result.

,,,,, A ,,,,,,?,;( P N
B x \A ‘

N
T O N
s252% + Rake face

Z 0.05 um/div

face

Y 0.05 um/div

Fig. 21. Evaluated cutting edge sharpness for the results of a measurement of a tool with
nose radius of about 1.5 um.
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5. Conclusions

Measurements of the diamond cutting tools were performed using an AFM-based 3D
cutting edge profile measuring instrument. The cutting edge profiles measured by AFM are
affected by the shape of AFM probe. For nanofabrication, the influence of the shape of the
AFM probe would not be negligible in some cases. That is why, in the second section, (a) the
influence of the shape of the AFM probe on the measured cutting edge profiles, and (b) how
to eliminate the influence of the shape of the AFM probe were described. Further, the
evaluation method how to measure the shape of AFM probe and apply the acquired shape
of the AFM probe to the measured cutting edge profile will also be described.

The value of the cutting edge radii is one of the most important parameters for the ultra-
precision diamond cutting tool. There are some examples to obtain the cutting edge radii;
some of them just put a circle and show the evaluated value. In most of the cases, the
definition of the edge radius is not clear. Without a suitable method, we cannot define the
edge radii of the cutting tools with a good repeatability. Throughout much discussion on
how to define the edge radii, some definitions have been proposed and utilized. However,
we’ll have to choose a proper method case by case, while taking the measurement accuracy
and the repeatability into consideration. In the third section, the methods how to handle the
data of the cutting edge profile by the proposed method in the second section was
discussed.

Moreover, the measurements of the tools with nose radius of 0.2 mm and 1.5 um were
performed. The characteristic defects of the size of about 20 nm could be detected in each
measurement. The results show the clear edge between the rake face and clearance face,
which could be used in the evaluation of the profile tolerance or the sharpness. And in the
cases of the tools with nose radii of micrometers, the repeatability of nose radius evaluation
and the out-of-contour are good. That is about +10 nm level. Even in other cases, if only the
out-of-roundness is concerned, not the radius of the nose, the order of the repeatability is on
that level. Like them, by using the constructed instrument the evaluation of the cutting edge
radii and the edge contour encompassing the nose radii and out-of-roundness are possible.
This instrument was found to be useful for the evaluation of not only the diamond tool but
also the tactile stylus tip.
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1. Introduction

Spontaneous agglomeration tends to occur between nanometer scale particles for their high
surface free energy. The size of particle agglomerates granules is always beyond nanometer
scale. The spontaneous agglomeration of nanometer scale particles and high viscosity of
epoxy resin solution made it difficult to disperse nanomaterials into polymer as the
configuration of nanometer scale particles. How to achieve nanomaterials’ symmetrical
decentralization in epoxy resin by the configuration of nanometer scale particles is one of
the “choke points” of polymer nanocomposite preparation. To solve the problem, lots of
researching works have been developed by experts and many inaugurated results be
achieved. Presently, there are many methods applied in the polymer nanocomposite
preparation, such as intercalation polymerization, solgel, in-situ polymerization, ultrasonic
method, blending, chemical dispersant method and so on.

In this chapter, a nanocomposites preparation system based on diminutive bubbles
explosion is designed. By applying this preparation system, we can disperse inorganic
nanometer material into polymers as the configuration of nanometer scale particles.
Compare to traditional dispersion methods, the proposed method tends to obtain ultrahigh
stretching rate and increase the freedom degrees of nanoparticles dispersion. As the
particles aggregates serve as nucleation agents, and the bubbles expand on the surface of the
aggregates, the nanoparticles would disperse more effectively into polymer without
dispersant .

At present, there are many researchs and reports about preparation and performance
evaluation of nanocomposites. Methods usually used to evaluate uniformity of nano-
particles are X-ray diffraction, transmission and scanning electron microscope. Detecting
thermodynamics performance of nanocomposites is an indirect method for uniformity
evaluation. Although these methods aforementioned are explicit, they can’t satisfy the
routine and fast examination request for production and application departments. And the
application and promotion of nanocomposites has been affected to some extent. So, the
quantitative evaluation method for size distribution and space distribution of nano-particles
is essential for preparation and research of new nanocomposites.
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To rightly evaluate the size distribution and space distribution of nano-particles, the exact
Mathematical model must be established and the picking-up method for corresponding
parameter should be found. Nanocomposites belong to the category of ultra fine powder.
Researchs show that the size distribution of ultra fine powder has fractal characterization.
Many irregular discrete objects in nature distribute in space as fractal. So, fractal geometry
provide a good mathematics frame for this kind of complicated system. It should be regard
as a irregular dispersion process to disperse nanomaterials into polymer. The TEM images
of nanocomposites can be directly obtained by transmission electron microscope. In this
chapter, we will propose a evaluation method for size distribution and space distribution of
dispersed phase in nanocomposites based on fractal theory and TEM image. Applying the
method to describe distribution of filling particles in the polymer composites, the results
show that it can exactly evaluate the size distribution and space distribution of nano-
particles.

2. Nanocomposites preparation method based on bubbles explosion

To obtain suspended dispersion of nano-particles in liquid without any dispersant, a novel
epoxy resin/SiO, nanocomposites preparation method based on diminutive bubbles
explosion is presented. And, corresponding nanocomposites preparation system was
designed. The preparation system applies compressed gas as transmission medium to carry
nanomaterials into epoxy resin solution. The compressed gas with nanomaterials turns into
diminutive bubbles distributing in epoxy resin/SiO». The great pressure difference between
inner and outer-bubbles led to bubbles inflation and explosion. During the bubble inflation,
bubble oscillation may generate. The stretching rate may reach 106s, which favors more
homogeneous dispersion of nano-particles. During the bubbles explosion the released
energy and the explosion shock waves disperse the nano-particles into epoxy resin solution.
By using the preparation system, epoxy resin/SiO, nanocomposites were prepared. The
SiO; dispersed into epoxy as the configuration of 15nm - 30nm particles.

2.1 Preparation method

In preparing polymer nanocomposites, laminar flow mixing of the nanomaterials is brought
about by the shearing and stretching of polymer solution. In the preparation method based
on diminutive bubble explosion, the key variant s about nanomaterials dispersion are the
shearing rate and stretching rate.

2.1.1 Stretching dispersion effect
According to Tadmor and Gogos’s dumbbell model, under the stretching rate ¢, in terms of
granule size(r) and the polymer viscosity(j1) the maximum dispersion force exerted is given

by

Fygax=611per? M

To separate the agglomerated nanomaterials granules, Fmax must be larger than the
interaction force between nanomaterials granules Fy.. The interaction forces between nano-
particles are mainly due to surface interactions. The action distance range of attractive forces
between nano-particles agglomerated granules is about 50 nm. The intermolecular
interaction between two granules with radius r at spacing h may be approximated to
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where H is the Hamaker constant. Then, we got the minimum granule radius that can be
separated under stretching rate ¢, it can be expressed as

- H @)
1441peh?

Tmin

Eq. (3) demonst rates that stretching is an effective means of separating agglomerated
granules. Nano-particles can be dispersed into polymer with enough high stretching rate e.

2.1.2 Diminutive bubble explosion dispersion method
When the diminutive bubble inflation in the liquid polymer, the liquid polymer around the
bubble is subject to stretching, the stretching rate is

1dr
P

1, dt @

where rg is the initial radius of the compressed bubble. According to Zaremba-DeWitt
model, we got the diminutive bubble inflation model, shown as Fig. 1.

Dissolved gas

compressed
and polymer

Fig. 1. Bubble and polymer shell

During the bubble inflation, the liquid polymer surrounding the bubble subject to high
stretching rate. When the bubble expands, viscoelastic deformation will occur in the
surrounding liquid polymer. As the expansion process is very fast, a certain amount of the
elastic potential energy is stored in the surrounding liquid polymer macromolecules because
there is no time for energy release. Following bubble expansion, the gas pressure in the
bubble decreases monotonically, whereas the elastic potential energy stored in surrounding
polymer macromolecules increases. When the elastic storing force of the liquid polymer
surrounding the bubble becomes larger than the bubble expansion force, the bubble will be
compressed. In the bubble compressing process, the elastic potential energy decreases,
whereas the bubble pressure rises, and when the bubble pressure reaches a certain value,
the bubble starts to expand again. The aforementioned process repeated under a certain
conditions, bubble oscillation occurs. Considering the continuity and momentum equations
as well as the force balance on bubble wall and the liquid boundary remote from the bubble
wall, the compressed bubble inflation may be described as



310 Nanofabrication

. 2 :
i Ps 20 P, 3R* 12n, J'O‘e(s-*/%)RIz (8)R(s) In R(t)‘ds ©)

’’’’’ (1)-R(s) [R(s)]

where P; is the gas pressure in the bubble. P.is thepressure of polymer solution remote from
the bubble surface. o is the surface tension of the bubble. R is the bubble radius. n is the
zero-shear viscosity. p is the density of polymer solution. A is the relaxation time of the
polymer.

According to Fick’s law of diffusion, the relationship between Pg and R can be shown as

6p’D(Cy-C, )’R 3Rp, R.T
PR -pgoR( R 'M

P,=[

©)
where py is the density of gas in the bubble. py is theinitial density of the gas in the bubble.
D is the diffusion coefficient. Cy is the initial concent ration of dissolved gas in the polymer
solution. C, is the concent ration of dissolved gas in the polymer solution on the bubble
surface wall. T is the temperature. M is the relative molecular mass of the gas. Using Eq. (1)
and Eq. (2), we can get the bubble inflation process, shown as Fig. 2 (P; = 0.4052MPa,
P,=0.1013MPa, A = 0.9s, p = 0.89g/cm3, 0 =2.97 x10-2 N/m).

The bubble oscillatory frequency in Fig. 2 reached the order of 107Hz. In the very early
period of bubble inflation, the initial bubble radius is small. Let the initial bubble radius
equal 1pm, the stretching rate reaches the order of 106s-1.
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Fig. 2. Variation of bubble radius in the process of bubble inflation

According to Eq. (3), the minimum granule radius that can be separated under the bubble
oscillation shown in Fig. 2 is 6 nm.

On the other hand, in the anaphase of diminutive bubble inflation, bubble instabilities may
occur and eventually cumulative jet penetrate the bubbles, just as Fig. 3 shows. The
cumulative jet leads to micro-droplets formation and subsequent evaporation. The micro-
droplets are spatially homogeneously distributed inside the gas-nanomaterials mixture. The
mixture process made nanomaterials in the bubbles enwrapped with liquid polymer micro-
droplet s and evaporation, which ameliorates the interphase binding state between
nanomaterials and liquid polymer. What’s more, the bubble oscillation frequency reached
ultrasonic frequency, ultrasonic cavitations may appear. This can also promote nano-
particles dispersion.
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Fig. 3. Cumulative jet

2.2 Preparation system

The polymer nanocomposites preparation system includes compressed gas preparation
subsystem, gas-nanomaterials mixture subsystem and polymer nanocomposites preparation
subsystem (shown as Fig. 4).

gas storage airflow pulverizer grader exhaust gas electromotor
kettle . heat
nanomaterials vacuum
exchange
q blender
sae lacunaris
compressor
| nozzle
N7 oil bath
a retort
clean gas blending tub e
charging n .
ressured gas anocomposites
p & assembly exist

Fig. 4. Sketch of the nanocomposites preparation system

2.2.1 Compressed gas preparation subsystem
The compressed gas preparation subsystem is made of gas compressor, gas storage kettle
and some accessories, which can supply compressed gas for nanocomposites preparation.

2.2.2 Gas2nanomaterials mixture subsystem

The gas-nanomaterials mixture subsystem is made of blending tube, siphon and heat
exchanger. In the gas-nanomaterials mixture process, nanomaterials were commixed with
compressed gas. That leads to gas-nanometer scale particles mixture jet formation. A
blending tube was designed to commix nanomaterials into compressed gas (Fig. 5).



312 Nanofabrication

nanomaterials

i L negative
nozzle N pressure zone
compressed ai /

Fig. 5. Blending tube

The compressed gas from gas storage kettle turns into high2velocity jet when it rushes
through the small nozzle in blending tube. Because of the high-velocity gas flow’s
entrainment effect, a negative pressure zone is formed around the nanomaterials entrance.
As the pressure of negative zone is much lower than atmospheric pressure, SiO, powder
will is absorbed into the blending tube, where the SiO, powder is blended with the gas flow
by the way of momentum exchange and forms SiO, powder-gas admixture. When the
admixture rushes through the siphon (whose inner diameter is 4 mm) between blending
tube and lacunaris nozzle, the impact and shear caused by the high-velocity gas flow
rubbing and impacting with pipe wall lead to SiO, powder conglomerations’ being
elementarily destroyed to smaller particles. The heat exchanger increases the temperature of
the gas-nanomaterials so high that the liquid polymer near the lacunaris nozzle will not be
cooled.

2.2.3 Polymer nanocomposites preparation subsystem

The polymer nanocomposite preparation subsystem is made of oil bath retort, cylinder
blender, electromotor, vacuum pump and lacunaris nozzle. The oil bath retort makes the
retort inner temperature high enough to keep polymer in liquid state. The gas-
nanomaterials jet f rom lacunaris nozzle rushes into oil bath retort. As the gas-nanomaterials
jet is an under-expanding jet, it will turns into a mass of diminutive bubbles distributing in
the liquid. The diminutive bubbles with compressed gas and nanomaterials are closed
inside working as nanomaterials dispersion energy cell and minisize nanometer scale
particles storage cell.

The vacuum pump keeps the retort in low pressure. As the pressure in the bubbles is much
higher than the retort inner pressure, bubble expansion occurs in the liquid. During the
bubble expansion, the polymer solution around the bubble is subject to stretching with high
stretching rate. The high stretching rate will disperse nanomaterials agglomeration granules
effectively.

Cylinder blender includes a cylinder with a lot of holes and a parabola impeller. The high
speed electromotor drives the impeller to rotate with high speed. When the impeller is
rotating, there will be a pressure difference between the polymer solution in the cylinder
and those out of it, just like impeller pump do. The difference of pressure drives the
polymer solution to rush through the holes in the cylinder. That will do strong shear and
stretching action on the admixture liquid. The impeller can drive the polymer solution
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rotating at high speed. Inflated bubble may collapse in this process. The energy released by
bubble collapse or explosion may disperse the nano-particles into polymer ulteriorly.

2.3 Experiment

Raw material : epoxy resin E-20, produced by XIN GCHEN chemical new material Co. Ltd.
Intenerating point: 71°C, the epoxy value: 0.20ep/100g, hydrolyzed hydrogen: 0.03%,
volatile: 0.3%. Solidifying reagent: T31. A. R. acetone, produced by Harbin XINCHUN
Chemist Plant.

Nanomaterials: nanometer SiO; (the diameter is about 20 nm). The nanometer SiO; is shown
as Fig. 6.

Fig. 6. Nano-5iO, TEM image

Dissolving 500g epoxy resin into 1500mL A. R. acetone, then we configure them into
solution. The epoxy resin/acetone solution’s density (denoted as p) is 0.93g/cm3, moving
viscosity at 20°C(denoted as v) is 7.75%10- ¢m?2/s, and dynamical viscosity (denoted as p) is
7.21x10-3Pa - s, surface tension (denoted as o) is 2.97x10- 2N/m. The contact angle of epoxy
resin/acetone solution and SiO; at room temperature is measured by contact angle analyzer,
which is less than 90°. The epoxy resin/acetone solution and SiO; is soakage. That’s to say,
the surface energy of SiO; and epoxy resin/acetone solution is almost at the same order. As
the epoxy resin/acetone solution and SiO; is soakage, the SiO, particles will accrete on the
bubble wall during the process of bubble expansion and raising. The energy released by the
bubbles explosion will disperse the nanometer scale particles into liquid polymer.

The pressure of compressed gas is 0.4MPa, the flux of pressured air (denoted with Q) is 44
L/min. The diameter of lacunaris nozzle is 4mm. We spout 10g nanometer SiO, into the
solution from the jet gun. The epoxy resin/acetone solution is milled at the speed of 3000
r/min. After spouting, we make it mill for 20min, then put away the admixture of epoxy
resin and SiO; for 12h. Then, we take out 20mL of the admixture of epoxy resin and SiO,. By
adding 5mL T31 into the 20mL solution, it will solidify. When epoxy is solidified, we make
the sample slice from it and observe it under TEM.

According to Egs. (3), (5), (6), the minimum granule radius that can be separate under the
bubble oscillation under the condition Pg=0.4052MPa, P,,=0.1013MPa, A=0.9s, p=0.89g/cm?3,
0=2.97x102N/m is about 6 nm. Then, the SiO, may be dispersed into epoxy as the
configuration of nanometer scale particles.
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2.4 Results and discussion

Effective distribution and dispersion is necessary for the preparation of polymer/nano-
particles composites. The diminutive bubbles explosion dispersion method is a dispersion
mixing method and has significant effect on dispersion agglomerated nano-particles. A CM-
12 transmission electron microscope (made by Philip Co. Ltd) was used to observe the E-20/
SiO; nanocomposites prepared by the proposed method. The TEM image was shown as Fig.
7. The TEM images show the nano-SiO; equably dispersed in polymer by the configuration
of 15nm-30nm particles.
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Fig. 7. E-20/ SiO, nanocomposites TEM image

Compared to traditional dispersion methods, the diminutive bubble explosion dispersion
method is more effective in dispersion of nano-particles aggregates in polymer without
dispersant because the particles aggregates serve as nucleation agents, and the bubbles
expand on the surface of the aggregates. During the bubble inflation, the polymer
surrounding the inflated bubble is subject to stretch in both longitudinal direction and
latitudinal direction over the surface of inflated bubble. The bidirectional stretching
increases the freedom degrees of nano-particles dispersion, which favors more
homogeneous dispersion. The diminutive bubble explosion dispersion method may obtain
ultrahigh stretching rates of around (105-10¢)s-1, which is superior to the shearing dispersion
effects obtained with screw extruders that have shearing rate about (103-104)s-1.

According to the numerical simulation, the initial radii of diminutive bubbles have close
relation to the stretch rate and bubble oscillation frequency in bubble inflation. The smaller
initial radii of the bubble will lead to the higher st retch rate and oscillation frequency. High
stretch rate and oscillation frequency favor more microcosmic homogeneous dispersion.

3. Nanocomposites capability evaluation method base on fractal theory and
TEM image

Size distribution and space distribution of dispersed phase in nanocomposites is one of the
key factors that effect material performance, and it’s also an important indicator for
evaluating the effect of nano-particles dispersion.
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Size distribution of dispersed phase in nanocomposites means the range of particle diameter
dimension. Size distribution of dispersed phase reflected the broken up effect of the
agglomerated nanomaterials granules. The wider the range of size distribution of dispersed
phase is, the worse the broken up effect of the agglomerated nanomaterials granules is.
Wider range means that different degree of dispersed phase agglomeration phenomena
exist. On the contrary, the narrower the range of size distribution of dispersed phase is, and
the size accords with the demands of required nanometer scale, the better the broken up
effect of the agglomerated nanomaterials granules is. Narrower range means that dispersed
phase agglomeration is light.

Space distribution of dispersed phase in nanocomposites means the uniformity of nano-
patricles dispersed into polymer and the uniformity of the number of nano-particles in unit
volume polymer. Symmetrical dispersed phase can make the performance of
nanocomposites good consistency. Contrarily, asymmetrical dispersed phase will result in
stress concentration of nanocomposites and the performance of nanocomposites bad
consistency.

3.1 Digital processing of nanocomposites TEM images

Because nanocomposites TEM images usually have the characteristic that their background
brightness isn’t homogeneous and gray scale difference between dispersed phase boundary
and background is very small, we need to do some digital processing to TEM image for
extracting the number of image elements in dispersed phase.

3.1.1 Balancing partition gray scale

Divide TEM image into nxn grids. Then, calculate gray scale of every image element
according to Eq. (7) for balancing gray scale of the whole image whose gray scale average
value will turn into 128.

grﬂ:ga'(ml '128) (7)

where g, is new gray scale of a image element. g, is original gray scale of that image
element. m; is gray scale average value of the grid which the image element belong to.

3.1.2 Adjusting brightness of every image element

Make every image element as a center. Choose a grid include kxk image elements. Then,
calculate gray scale value of every image element according to Eq. (8) for adjusting
brightness so that every image element in the whole image will has almost the same
brightness.

&n2 :ga_(m2_128) (8)

where g,» is new gray scale of a image element. g, is original gray scale of that image
element. m; is gray scale average value of the grid whose center is the image element.

3.1.3 Superimposing image

Superimpose the two images which received separately from the two steps aforementioned
according to Eq. (9), for increaseing gray scale difference between dispersed phase and
background.
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&n3 = gnl"(gn2"255) (9)

where g3 is gray scale of a image element after superimposing. If gn3<0, set g3=0.

3.1.4 Thresholding

After the processing aforementioned, transform the image into binary image through
assigning gray value 0 to image elements that belong to dispersed phase and gray value 255
to other image elements.

3.2 Theory of sand box method and gyration radius method

We can measure the number of particles in a ball with its radius e. If particles are distributed
on a plane, the number M(e) of particles on the cross section of a ball (radius &) can be
expressed as M(e)xe2. If particles are distributed in space in a ball (radius €), the number
M(e) of particles can be expressed as M(g)ee3. In a similar way, if the distribution of particles
has the characteristic of self-similarity and the fractal dimension is D, we can get the
expression that

M(g)o0sP (10)

where M(e) is the number of dispersed phase particles in a box(radius €). D is fractal
dimension. Here, we finish the definition of sand box method. On the base of sand box
method theory, we can continue to derive gyration radius method.

Define gyration radius R, it can be expressed as

Ry(2)=(- > )? i)

where 1; is the distance between particle i and the center of fractal mass. Z is the number of
particles in the box whose center is O and radius is Rg.

According to Eq. (10), if make Rg as the radius of a box, the number of particles in the box
can be expressed as

Z o Rg (12)
Eq. (12) can be transformed into another form that
1

R, o 2D 13)

3.3 Size distribution of dispersed phase in nanocomposites

After transform TEM image into binary image, we need to calculate the number of image
elements in every dispersed phase and make eight neighbourhoods mark to every dispersed
phase in binary image. The number of image elements with the same value mark is defied as
the area (Sy) of a corresponding dispersed phase (k). Then, the equivalent radius (Rk) can be

expressed as
R, |3k (14)
7
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Determine the centers of dispersed phases according to centroid method. Then, mark every
center with the equivalent radius value of corresponding dispersed phase and other image
elements with 0. Then, the TEM image turned into dot matrix image. The dot matrix image
can be reduced to a row matrix, in which the first element is 0 and the second to the h+1
elements are the equivalent radius values arranged from small to small. h is the sizefraction
of disperse phase equivalent radius. The first element is defined as the center of the row
matrix.

The dispersed phases in nanocomposites can be regarded as fractals making up of dispersed
objects and have the characteristic of self-similarity. According to Eq. (10), the size function
of dispersed phase can be expressed as

Q(r)ocrP (15)

where Q(r) is the number of dispersed phase in a circle whose radius value is r. p is the
parameter of size distribution of dispersed phase.

Then, the number of elements (N;) that the distances between the center of the row matrix
and them are smaller than step-length (m) can be given by

N, =K,m? (16)

where K is constant.

Set different step-length (m=1, 2, 3...), calculate N according to Eq. (15), then we can get a
series of datum (In(m),In(N1)), in which In( ) is natural logarithm. Then, we can transform
Eq. (16) to another form that

In(N;)=pIn(m)+In(K,) 17)

Obviously, we can draw a line with the points (In(m),In(N1)) in double-log coordinate.
The linear slope is just the parameter p. Because K; is a constant, In(Ki) can not affects

slope p.
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Fig. 8. Nano-composites SiO» /acrylic esters by shearin(TEM image(left), binary image

(right))
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Fig. 9. Nano-composites SiO /acrylic esters by high speed ball milling(TEM image(left),
binary image(right))

- . - - -
~
*
-
"s - L A
% - - . -
+
- - s - *
- - - *
-~
- - -~ - -
-
- " - *
- - -
- L4
- - ”~ - 2 -~ =
- L ., =
. & . P
- . -
-~ ‘ "~ - "'

Fig. 10. E-20/SiO; nanocomposites by inflated bubble(TEM image(left), binary image(right))
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Fig. 8, 9, 10 are TEM images and binary images of three kinds of composite. Fig. 11, 12, 13
are fitting curves correspondingly drawn according to Eq. (17). p1, p2, ps are their slopes as
well as parameters of size distribution of dispersed phase. After calculating, we can know
that p1=1.806, p> =1.793, p3=1.382 and p1> p>> ps. According to Fig. 8, 9, 10, we can easily
discover that their size distribution of dispersed phase status has relatively obvious
difference. In Fig. 8, dispersed phase agglomeration phenomena is the most serious, and the
range of size distribution is the widest. In Fig. 10, dispersed phase agglomeration
phenomena is the slightest, and the range of size distribution is the narrowest. It can be
shown that the smaller the value of p is, the narrower the range of size distribution is, and
parameter p can be used to described the fractal characteristic of size distribution of
dispersed phase.

3.4 Space distribution of dispersed phase in nanocomposites

After transform TEM image into binary image, determine the center of TEM image and the
centers of dispersed phases according to centroid method. Then, mark every centers of
dispersed phases with 1 and other image elements with 0. Then, the TEM image turned into
dot matrix image.
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According to Eq. (11), we can get the equation that

R, = (=D 17)? (18)

where 1; is the distance between the two centers of dispersed phase i and TEM image. N> is
the number of dispersed phases in the circle whose center is O and radius is Rg.

According to Eq. (13), the space distribution uniformity function of dispersed phase can be
expressed as

|
R,0N3 19)

where q is the parameter of space distribution uniformity of dispersed phase.
Set a constant K, we can get Eq. (20) that

1
R, =K,Nj (20)

Draw a circle with the center O and the radius my; (i=1, 2, 3,...), then calculate the number
(N2) of dispersed phase and radius ri corresponding to every dispersed phase in the circle.
Then, we can calculate Rg according to Eq. (18). Choose different radius mi, we can get a
series of datum (In(N2),In(Rg)).
Eq. (20) can be transformed to another form that

In(R

J) :iln(Nz)Jrln(Kz) 1)

Obviously, we can draw a line with the points (In(N2),In(Rg)) in double-log coordinate. The
reciprocal of the linear slope is just the parameter q. Because K2 is a constant, In(K2) can not
affects slope parameter q.

Fig. 14, 15, 16 are fitting curves correspondingly drawn according to Eq. (17) corresponding
to Fig. 8, 9, 10 respectively. q1, g2, q3 are the reciprocal values of the linear slopes as well as
parameters of space distribution uniformity of dispersed phase respectively. After
calculating, we can know that q1=1.3604, q2 =1.535, q3=1.991 and ql< q2< g3. According to
Fig. 8,9, 10, we can easily discover that their space distribution of dispersed phase status has
relatively obvious difference. In Fig. 8, the distribution uniformity is the worst. In Fig. 10,
the distribution uniformity is the best. Our research shown that the ideal fractal dimension
is 2 for the fractal whose particle are dispersed on a plane. It can be shown that the closer the
value of q is to 2, the better the the distribution uniformity is, and parameter q can be used
to described the fractal characteristic of space distribution uniformity of dispersed phase.

4. Conclusion

The epoxy resin/SiO, nanocomposites preparation method based on diminutive bubbles
explosion can evenly disperse SiO, particles into epoxy resin as the configuration of
nanoscale particles. At the very start of bubble explosion , the bubble will expand and lead
to high stretching rate in the polymer surrounding the bubble. The stretching rate may reach
10¢s-1, which favors more homogeneous dispersion of nano-particles. Diminutive bubbles
explosion method can be used for the dispersion of nanometer scale particles.
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A nanocomposites preparation system was designed. By using the preparation system,
epoxy resin/SiO, nanocomposites were prepared. The SiO; dispersed into epoxy as the
configuration of 15nm - 30nm particles.

A quantitative description method was proposed to evaluate size distribution and space
distribution of dispersed phase in nanocomposites based on fractal theory and TEM image
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of nanocomposites. The models of size distribution and space distribution of dispersed
phase were established using fractal dimension of natural fractal. After TEM image
processing, parameters of size distribution and space distribution uniformity of dispersed
phase were extracted. Then, lines were fitted according to linear equations correspondingly
and it is obvious that the parameters and the values of linear slope have corresponding
relations. Using the parameters to describe distribution of dispersed particles in the
nanocomposites, the results show that it can exactly evaluate the size distribution and space
distribution of nano-particles.
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1. Introduction

Nano/micro periodic structures have attracted much attention as next-generation devices!?2
such as photonic crystals3-5 in which the refractive index changes periodically to show a
photonic band gap. Various scientific and engineering applications, such as control of
spontaneous emission, zero-threshold lasing, sharp bending of light, and so on, are expected
to become possible by using the photonic band gap and the artificially introduced defect
states and/or light-emitters. The structures were prepared by semiconductor
nanofabrication techniques such as lithography and etching processest’, advanced wafer-
fusion techniques, lithographic layer-by-layer approach®, holographic lithography??,
advanced silicon microelectromechanical systems!!, glancing angle deposition!2 or auto
cloning technique!3, and theoretical studies were performed to estimate the properties of the
structures. These studies confirmed the high potential of nano/micro periodic structures as
future devices.

However, a simple process which requires a short time for fabrication, low energy and less
amount of material needs to be developed to enable mass production. Additionally, the
processes of patterning the structures need to integrate various elements for application to
commercial devices. The regularity and feature edge acuity of periodic structures should
also be improved in order to enhance the performance.

Nano/micro periodic structures can be prepared with short fabrication time and low energy
by self-assembly of mono-dispersed particles in which particles and air (wall and air for
inverse opal) are arranged periodically415. Self-assembly and patterning of nano/micro
particles have attracted much attention recentlyl21617. Micropatterns of close-packed
particle assemblies with high arrangement accuracy have been realized by using templates
such as micromolds!8, grooves!?, cylindrical holes? or trenches?. However, substrates
having micromolds or grooves are necessary in these processes, and feature edge acuity and
regularity need to be improved further in order to fabricate various complicated structures
for photonic devices.

In this section, nano/micropatterns of colloidal crystals were fabricated self-assembly. They
were realized with several patterning methods in static solution systems?!-23 or in drying
processes?425 without using molds or grooves. Microstructures constructed from particles
such as micropatterns of particle layers, narrow particle wires, arrays of particle wires and
so on were prepared under moderate conditions using self-assembled monolayers (SAMs).
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Additionally, 2D patterning of colloidal crystals were realized with two solution method.
The method has the advantage of both the static solution system and drying process. It
offers excellent self-assembling performance for the fabrication of nano/micro periodic
structures to be applied to next-generation devices.

2. Patterning of colloidal crystals in liquids®'?

2.1 Patterning of colloidal crystals in liquids

Novel processes to realize low-dimensional arrangement of SiO; particles were proposed?!-
23, Particle wires and a pattern of the close-packed particle monolayer were fabricated in the
solution at room temperature. SAMs (self-assembled monolayers) were formed on Si
substrates and modified to be suitable for templates of precise arrangement. Particles were
arranged precisely in the desired positions in the solution using well controlled electrostatic
interactions and chemical bond formation between particles and substrates.

2.2 SAM Preparation for patterning of coloidal crystals

Octadecyltrichlorosilane (OTS)-SAM was prepared by immersing the Si substrate in an
anhydrous toluene solution containing 1 vol% OTS for 5 min under a N> atmosphere. SAMs
were exposed for 2 h to UV light (184.9 nm) through a photomask. The UV-irradiated
regions became hydrophilic due to Si-OH group formation, while the non-irradiated part
remained unchanged, i.e., it was composed of hydrophobic octadecyl groups, which gave
rise to patterned OTS-SAM. To check successful film formation and functional group
change, water drop contact angles were measured for irradiated and non-irradiated
surfaces. Initially deposited OTS-SAM had a water contact angle of 96°, while the UV-
irradiated SAM surface was saturated (contact angle < 5°).

The patterned OTS-SAM was immersed in a toluene solution containing 1 vol% APTS
(aminopropyltriethoxysilane) in air for 1 h. APTS molecules combined to silanol groups of
SAM and hence, octadecyl / amino groups pattered SAM was fabricated. OTS-SAM
exhibited a water contact angle of 96°, while that of the amino surface was 28°. These
observations indicated successful fabrication of octadecyl / amino-groups patterned SAM.

2.3 Surface modification of SiO; particles

Silica particles (1pmg, HIPRESICA UF, UNK, Ltd.) were immersed in a dicyclohexyl and
sonicated for 10 min under a N atmosphere for good dispersion. 1 vol% of
trichlorocyanoethylsilane (TCES) was added to the dicyclohexyl solution under a Na
atmosphere, and the solution was stirred gently for 30 min in order to chemisorb TCES onto
the SiO, particle surfaces. SiO; particles with TCES were centrifuged several times to
remove unreacted TCES using dicyclohexyl.

The SiO, particles with TCES were further dispersed in a tetrahydrofuran solution
containing potassium tert-butoxide (t-BuOK) and 18-crown 6-ether for 48 h under an
ambient atmosphere to oxidize the CN-groups to carboxyl groups. The solution was
centrifuged several times using distilled water to remove t-BuOK, 18-crown 6-ether, and a
tetrahydrofuran. SiO; particles modified with carboxyl groups were thus obtained.

SiO; particles covered by silanol groups or carboxyl groups were arranged selectively in
silanol regions or amino regions of SAM using interactions between particles and SAMs.
Zeta potentials of SiO; particles that have silanol groups and SiO, particles modified by
carboxyl groups were measured (Zetasizer 3000HSA, Malvern Instruments Ltd.) as shown



Nanofabrication of Particle Assemblies and Colloidal Crystal Patterns 325

in Fig. 1. Zeta potentials measured in aqueous solutions (pH=7.0) for the surface of silicon
substrate covered with silanol groups, phenyl groups (PTCS) and amino groups (APTS) are
-38.23 mV, +0.63 mV and +22.0 mV, respectively.
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Reprinted with permission from Ref. 3, Masuda, Y., Itoh, M., Yonezawa, T. and Koumoto, K., 2002,
Langmuir, 18, 4155. Copyright @ American Chemical Society

Fig. 1. Zeta potential of (a) SiO; particles and (b) SiO, particles modified with carboxyl
groups.

2.4 Fabrication of particle wires employing selective arrangement process

OTS-SAM was modified by a diamond tip to form a line of silanol groups of approximately
0.5 pm width (Fig. 2). The diamond tip was contacted to OTS-SAM surface lightly and
traced with low contact pressure in order to modify the SAM surface. The surface modified
by a diamond tip, i.e., the white area in Figure 2 corresponds to silanol groups, showed low
contact angle (<5°). This modified region was shown to be white compared with OTS-SAM
region in a scanning electron micrograph (SEM; S-3000N, Hitachi, Ltd.). Octadecyl groups
were broken mechanically by contact pressure with the diamond tip, and they possibly
changed into silanol groups. The diamond tip was used to avoid contamination from a
metal tip and the influence of a chemical reaction between the tip and the SAM.

Surfaee modification

by a diamond tip Sl 02 particle
OTS,
T()luene
in H, 0 HCl
Si wafer OTS-SAM CHSIOH pattern CH,/OH pattern
® . cH, :-OH

Reprinted with permission from Ref. 2, Masuda, Y., Itoh, M., Yonezawa, T. and Koumoto, K., 2002,
Langmuir, 18, 4155. Copyright @ American Chemical Society

Fig. 2. Conceptual process for fabrication of a particle wire on a patterned SAM modified by
a diamond tip.
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Patterned SAMs were immersed in the aqueous solution containing SiO, particles and a
hydrochloric acid as a condenser, rinsed in water, and were observed by a SEM. SiO»
particles were observed on lines of silanol groups selectively indicating particles were
successfully arranged well (Fig. 3(a)). Because particles were not easily removed by
sonication, it was judged that iloxane bonds had been formed by condensation of silanol
groups between particles and a SAM.

Reprinted with permission from Ref. 3, Masuda, Y., Itoh, M., Yonezawa, T. and Koumoto, K., 2002,
Langmuir, 18, 4155. Copyright @ American Chemical Society

Fig. 3. SEM micrographs of (a) a single particle wire, (b) a double particle wire, (c) a triple
particle wire and (d) a curved double particle wire

It is clearly seen that the accuracy of particle arrangement has been improved compared to
our former experiments?!22. A double particle wire and a triple particle wire were likewise
fabricated on wide silanol groups regions with about 1.4 pm and 2.2 um in width,
respectively (Fig. 3(b), (c)). The double particle wire that has a triangular lattice also
demonstrates a high arrangement accuracy, though there is a defect in arrangement between
seventh particle from left and eighth particle. Additionally, a curved double particle wire
was fabricated on curved region of silanol groups. Curved double particle wires have not
been reported previously, and they may have useful applications for an optical waveguide.
Accuracy of particle arrangement was evaluated from Fig. 3(a). Center position ( (x;, ;) pm )
of each particle was plotted to estimate the standard deviation (Fig. 4). The bottom left
corner of Fig. 3(a) was set to be the origin of the x-y coordinate. The approximated straight
line( f (x) ) and its slope (&) are represented as follows.

£(x) =0.0061x + 2.9609 )
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cos@ =0.9940 2

Standard deviation from the approximated straight line is described by the expression,

)
Z{COS@~(f(xi)—yi)}2:|

n—1

®)

S (standard deviation) =

where 7 is the number of particles (n = 6). S = 0.0126 was obtained. The accuracy of particle
arrangement in Fig. 3(b) and (c) was estimated by the same manner. Standard deviation of
seven particles from left in an upper particle line and an bottom particle line in Fig. 3(b)
were estimated to be S = 5.66x10-3 and S = 3.84x10-3. And standard deviation of an upper
particle line, a middle particle line and a bottom particle line in Fig. 3(c) were estimated to
be S = 8.11x10+4, 8.27x10? and 2.30x10-2, respectively.
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Reprinted with permission from Ref. 3, Masuda, Y., Itoh, M., Yonezawa, T. and Koumoto, K., 2002,
Langmuir, 18, 4155. Copyright @ American Chemical Society

Fig. 4. Positions of particles in Fig. 3 (a) showing the accuracy of particle arrangement.

2.5 Precise arrangement of particles on small-area silanol sites modified by AFM
lithograph

OTS-SAM was modified to silanol groups by an AFM (atomic force microscope, Nanoscope
E, Digital Instruments) to control position of arrangement accurately (Fig. 5). A source
measure unit (SMU Model 236, Keithley) was installed in the AFM in order to control the
electric current passing through the probe and a SAM. The SAM was biased positively, and
the AFM probe was scanned with constant current mode (50 nA), and the scanned area was
used as a template for arrangement. Scanning area (100 nmx100 nm) was set smaller than
the diameter of the particles (500 nme) to facilitate precise arrangement ofparticles.

SiO; particles (500 nmq, powder, Admatechs Co., Ltd., SO-E2) modified with carboxyl
groups were sonicated for 10 min in tetrahydrofuran or dichloromethane, and this solution
was refrigerated to -20 °C for 1 h. N,N’-dicyclohexylcarbodiimide was added to this solution
as a condenser to form ester bonds between carboxyl groups of SiO, particles and silanol
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Reprinted with permission from Ref. 2, Masuda, Y., Itoh, M., Yonezawa, T. and Koumoto, K., 2002,
Langmuir, 18, 4155. Copyright @ American Chemical Society

Fig. 5. Conceptual process and SEM micrograph of particle arrangement on a patterned
SAM modified by AFM lithography.

groups of a SAM. Modified OTS-SAM was then immersed in this solution for 2 h. The
temperature of the solution was increased slowly to 25 ‘C and kept for 2 h. After having
been rinsed in water, a SAM was observed by a SEM. Particles were arranged in silanol
regions and line of particle was fabricated (Fig. 5). Two-dimensional arrangement with
required features can easily be realized with this technique, though it takes a long time to
modify a SAM with an AFM probe. Particles weren't removed easily from a SAM by
sonication, indicating that ester bonds were formed by condensation. The accuracy of
particle arrangement in Fig. 5 was estimated to be S = 1.17x10-2. This might be decreased by
decreasing the dimension of each silanol region.

In order to verify the formation of ester bonds between carboxyl groups and silanol groups,
bromopropionic acid, whose molecule has a carboxyl group at one end and a bromo group
at the other, was reacted with silanol groups of a Si substrate using the same reaction
scheme as used to attach SiO, particles to silanol groups. After having been sonicated in
acetone for 5 min, the substrate surface was analyzed by X-ray photoelectron spectroscopy
(XPS; ESCALAB 210, VG Scientific Ltd., 1-3x107 Pa, measurement area; 3 mmx4 mm). The
X-ray source (MgKa, 1253.6 eV) was operated at 15 kV and 18 mA. The spectrum
corresponding to Br 3d binding energy centering at 74.35 eV was observed. Although the
observed binding energy is higher than that of KBr, this chemical shift must have been
caused by carbon atoms neighboring bromine atoms. Since bromo groups can't react
directly with silanol groups under the present conditions, the XPS result firmly indicates
that carboxyl groups of bromopropionic acid reacted with silanol groups to form possible
ester bonds.
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2.6 Patterning of close-packed particle monolayers

SiO; particles modified with carboxyl groups were dispersed in water. Octadecyl / amino-
groups patterned SAM was then immersed in the solution for several minutes (Fig. 6). The
substrate was rinsed with water and observed with a SEM. SiO; particles were observed in
silanol regions selectively forming a close-packed mono-particle layer (Fig. 7 (a)).
Boundaries between the mono-particle layer and otcadecyl region is clearly observable, and
a few particles are observed in octadecyl region. SiO, particles modified with carboxyl
groups are charged negative, and amino groups of SAM are charged positive in water.
Accordingly, particles are attracted to amino groups and form a mono-particle layer.
Particles in the solution did not adhere to the mono-particle layer, since both the particles
and the mono-particle layer have negative charges and repel each other. Particles were also
deposited randomly in some areas (Fig. 7 (b)), and this suggests that it is difficult to obtain
the pattern of the close-packed particle monolayer in a large area.
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Reprinted with permission from Ref. 2, Masuda, Y., Itoh, M., Yonezawa, T. and Koumoto, K., 2002,
Langmuir, 18, 4155. Copyright @ American Chemical Society

Fig. 6. Conceptual process for patterning of the close-packed particle monolayer.
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Reprinted with permission from Ref. 2, Masuda, Y., Itoh, M., Yonezawa, T. and Koumoto, K., 2002,
Langmuir, 18, 4155. Copyright @ American Chemical Society

Fig. 7. SEM micrographs of (a) a close-packed particle monolayer of SiO; particles modified
with carboxyl groups formed in the amino region and (b) randomly deposited particles in
the amino region.
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Additionally, octadecyl / amino-groups patterned SAM was immersed in the solution
containing non-modified SiO, particles for several minutes (Fig. 8). While SiO, particles
were observed in silanol region predominantly, the feature edge acuity of the pattern was
lower than that of the pattern in which SiO, particles modified with carboxyl groups was
used. This demonstrates applicability of surface modification of SiO» particles with carboxyl
groups. Furthermore, octadecyl / silanol-groups patterned SAMs were immersed in
solutions containing SiO, particles modified with carboxyl groups or non-modified SiO,
particles for several minutes, respectively. Particles were not adhered to either octadecyl
groups or silanol groups. This means that the difference in surface potential between SiO»
particles modified with carboxyl groups and amino groups of SAM accelerate the adhesion
of particles to the amino groups. Particles were attracted and adhered to amino groups
predominantly by electrostatic interactions between particles and SAMs and chemical bonds
weren't formed because pure water was used as a solution with no condensation agent.
Surface of SiO, particles modified with carboxyl groups and amino SAM must have
changed into -COO- and -NHjs*, respectively, in water to attract each other.

octadecyl region amino region

Reprinted with permission from Ref. 3, Masuda, Y., Itoh, M., Yonezawa, T. and Koumoto, K., 2002,
Langmuir, 18, 4155. Copyright @ American Chemical Society

Fig. 8. SEM micrograph of randomly deposited SiO: particles in the amino region.

3. Drying patterning of colloidal crystals and 2D arrays

3.1 Self-assembly patterning of colloidal crystals by drying patterning®*

Particle wires were fabricated through self-assembly on hydrophilic regions of SAMs (self-
assembled monolayer). An SAM of octadecyltrichlorosilane was formed on a silicon
substrate and modified by UV irradiation to create a pattern of hydrophobic octadecyl and
hydrophilic silanol groups. Ethanol or water containing particles (550 nm¢ or 800 nme) was
dropped onto a patterned SAM. The solution was separated into two droplets with a liquid
bridge between the droplets along the hydrophilic regions of a patterned SAM. The droplets
and the liquid bridge were used as a mold for fabrication of a two-dimensional pattern of
colloid crystals. Particle wire was formed between two droplets and colloid crystals such as an
opal structure were formed at both ends of the particle wire after drying the solution. The
particle wires constructed from a close-packed structure or non-close-packed structure, i.e.
square lattice, were fabricated through self-assembly at room temperature using this method.
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The UV-irradiated regions became hydrophilic due to the formation of Si-OH groups, while
the non-irradiated part remained unchanged, i.e. it was composed of hydrophobic octadecyl
groups, which gave rise to patterned OTS-SAM. To confirm successful film formation and
functional group change, water drop contact angles were measured for irradiated and non-
irradiated surfaces. Initially deposited OTS-SAM had a water contact angle of 96°, while the
UV-irradiated SAM surface was saturated (contact angle <5°). This observation indicated
successful fabrication of SAM patterned with octadecyl/silanol groups (Fig. 9). Polystyrene
particles in water (150 pl) (550 nm¢ particle or 820 nm¢ carboxylated particle, 10% wt,
dispersed in water, Seradyn Co., Ltd.) were further dispersed in ethanol (3 ml) or water (3
ml), and poured onto a patterned OTS-SAM. The contact angles of the ethanol solution or
water solution measured 10-20° or 96° on the OTS-SAM, respectively, while they were
saturated (contact angle <5°) on silanol groups. The droplets were observed to separate into
two drops and a bridge of solution was formed on a silanol line. The droplets and the liquid
bridge were used as a mold for fabrication of a two-dimensional pattern of colloid crystals.
After evaporation of the solution, substrates were observed by a scanning electron
microscope (SEM; S-3000N, Hitachi, Ltd.).
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through a photomask

oTs,
Toluene §
Si wafer OTS-SAM CH,/OH pattern
? :-CH; ? :-OH
PS particles
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Reprinted with permission from Ref. 24, Masuda, Y., Tomimoto, K. and Koumoto, K., 2003, Langmuir, 19,
5179. Copyright @ American Chemical Society

Fig. 9. Conceptual process for fabrication of a particle wire using a patterned SAM and a
liquid bridge.
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The dispersibility of particles in the solution is very important for particle assembly and
high dispersibility is necessary to form a close-packed structure. The zeta potentials of
particles dispersed in the solutions were examined by direct measurement of electrophoretic
mobility using an electrophoretic light scattering spectrometer (Zetasizer 3000HS, Malvern
Instruments Co., Ltd.). The zeta potentials of polystyrene particles (550 nm¢) in water,
carboxylated particles (820 nm¢) in water, polystyrene particles in ethanol and carboxylated
particles in ethanol were determined to be -38.3 mV, -50.2 mV, -53.9 mV and -44.0 mV,
respectively. Surface modification by carboxyl groups decreased the negative zeta potential
in both solutions. Furthermore, particles in the ethanol had slightly low negative zeta
potentials compared to those in water, i.e. the particles were slightly well-dispersed
compared to those in water.

Polystyrene particles in water were poured onto a patterned OTS-SAM (Fig. 9), and
observed after evaporation of the water. The water at the liquid bridge evaporated in about
24 h to form a particle wire, and droplets at the two ends completely evaporated in about 48
h. In this manner, particle wires constructed from a close-packed structure, i.e. triangular
lattice, were produced from the water solution (Fig. 10a). The middle of a particle wire was
narrower than its end (Fig. 10b, c). The width of the particle wire does not depend on the
width of the silanol line, but rather on the interfacial tensions between solution and
substrate, solution and atmosphere, and atmosphere and substrate. The silanol line was not
used to decide the width of the particle wire, but rather the position of the liquid bridge and
particle wire. Close-packed structures were also formed on large silanol regions (Fig. 10d, e).
The right-hand area of Fig. 10d can be regarded as the {100} plane of the fcc structure and
the left-hand area can be regarded as the {111} plane of the fcc structure or the {0001} plane
of the hcp structure. The close-packed structure was thus considered to be an fcc structure.

Reprinted with permission from Ref. ¢, Masuda, Y., Tomimoto, K. and Koumoto, K., 2003, Langmuir, 19,
5179. Copyright @ American Chemical Society

Fig. 10. SEM micrographs of particle structures fabricated from aqueous solution containing
micro particles using a liquid bridge. (a) - (c) particle wires constructed from triangular
lattice (close-packed structure) and (d) - (e) a close-packed 3D structure.
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Figure 11 shows particle wires and 3D structures fabricated from ethanol solution
containing polystyrene particles. The ethanol at the liquid bridge evaporated in about 1 min
to form a particle wire, and droplets at the two ends evaporated in about 20 min. The liquid
bridge of ethanol evaporated faster than that of water for several reasons. The saturated
vapor pressure of ethanol (59 mmHg (0.078 atm) at 25°C) is higher than that of water (24
mmHg (0.031 atm) at 25°C), explaining the difference in the evaporation rate of the two
droplets. The ratio in evaporation rate of the ethanol liquid bridge to the ethanol droplets is
higher than that of the water liquid bridge to the water droplets. This can be explained as
follows: Water has high surface tension (71.8x103 N/m at 25°C) compared with ethanol
(22.0x10* N/m at 25°C). Ethanol existed along patterned hydrophilic regions with small
meniscus at the angle between droplets and a liquid bridge. However, water formed large
meniscus at the angle between droplets and a liquid bridge, causing a wide line width of
water liquid bridge compared with ethanol on our patterned surfaces. Additionally, the
water liquid bridge was higher than that of ethanol due to high surface tension. These made
the cross-section area of water larger than that of ethanol. The thick liquid bridge
evaporated slowly because of its large volume and low vapor pressure calculated from the
Kelvin equation in which the smaller convex liquid surface gives rise to higher internal
pressure and faster evaporation rate. Furthermore, the solution at the droplets flowed into a
liquid bridge and this further complicated the evaporation mechanism.

Reprinted with permission from Ref. 24, Masuda, Y., Tomimoto, K. and Koumoto, K., 2003, Langmuir, 19,
5179. Copyright @ American Chemical Society

Fig. 11. SEM micrographs of particle structures fabricated from ethanol solution containing
micro particles using a liquid bridge. (a), (b) particle wires constructed from square lattice,
(c) particles deposited on edge of silanol line and (d), (e) close-packed 3D structures.

A narrow particle wire was formed at the center of the liquid bridge (Fig. 11a, b), and wide
wires were formed at the edges of the liquid bridge (Fig.11c) along the silanol line. The
particle wire in Fig. 11a is not a close-packed structure and is constructed from a square
lattice, which is a metastable phase compared with a close-packed structure. High
dispersibility of particles is necessary to form a close-packed structure in the solution.
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However, the particles dispersed well in ethanol and the dispersibility of particles in ethanol
is similar to that in water. This shows that the non-close-packed structure was caused not
only by the influence of dispersibility but also by many other factors. Movement and
rearrangement of deposited particles is necessary to construct a close-packed structure.
However, the ethanol evaporated quickly and suppressed the movement of particles by
liquid bridge force. Additionally, adhesion between particles and a substrate, and cohesion
between particles probably caused moderate suppression of the rearrangement of particles.
Factors such as evaporation rate, interaction force between particles, and interaction force
between particles and a substrate were important in the packing process. Close-packed 3D
structures were also formed on large silanol regions (Fig. 11d, e), and they contained many
defects (Fig. 11e). The ethanol evaporated so quickly that the particles did not rearrange well
to form a close-packed structure during evaporation of ethanol. This is one of the factors of
forming a loosely packed structure. To directly evaluate the effect of the evaporation rate, a
similar experiment using ethanol was conducted in a small airtight container with small
pinholes to allow the ethanol to evaporate slowly. The size and number of pin holes were
adjusted for ethanol at the liquid bridge to evaporate in about 24 h. The particle wire
constructed from a close-packed structure was formed after about 24 h, and droplets at both
ends were dried after about 48 h. The close-packed 3D structures were formed in large
silanol regions. The number of defects was smaller than that formed from the ethanol
solution with a shorter time and was similar to that formed from water. The humidity in the
container was close to 100% and the saturated vapor pressure of ethanol was 59 mmHg
(0.078 atm) at 25°C. This showed that particles dispersed well in ethanol and the interaction
between particles and a substrate was sufficiently weak to produce a close-packed structure
in the drying process of 24 h. Additionally, the results showed that not only the interaction
force between particles and that between particles and a substrate, but also the evaporation
rate needs to be controlled to fabricate particle wires.

Accuracy of particle arrangement was evaluated from Fig. 11(a) as calculated in recent
work2. The center position ((x; y;) pm) of each particle in an upper layer was plotted to
estimate the standard deviation. The bottom left corner of Fig. 11(a) was set to be the origin
of the x-y coordinate.

The approximated straight line (f (x)) and its slope (0) are represented as follows.

F(x)=1.3965x —5.3344 ()

cos@ =0.5822 ®)

Standard deviation from the approximated straight line is described by the expression,
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S (standard deviation) =
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where 7 is the number of particles (n = 19). The accuracy of the particle arrangement in Fig.
11(a) was estimated to be S = 1.63x10-3. This is lower than that of the particle arrangement
obtained in our previous work?.
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Particle wires were fabricated on hydrophilic regions of a patterned SAM. Ethanol or water
containing particles was separated into two droplets with a liquid bridge between the
droplets along hydrophilic regions of a patterned SAM. Particle wires constructed from a
close-packed structure or non-close-packed structure were then formed through self-
assembly between two droplets after drying of the solution.

3.2 Self-assembly 2DArray of colloidal crystal wires by drying patterning®>?®

An orderly array of particle wires constructed from a close-packed colloidal crystal were
fabricated without preparation of patterned templates?526. A substrate was immersed
vertically into a SiO» colloidal solution, and the liquid surface moved downward upon
evaporation of solution. Particles formed a mono/multi-particle layer, which was cut by the
periodic drop-off of solution. The orderly array of particle wires was successfully fabricated,
showing the suitability of the self-assembly process for the fabrication of nano/micro
structures constructed from nano/micro particles or blocks. The mechanism of the assembly
process and control of thickness, width and interval of particle wires were further discussed.
Moreover, an array of particle wires constructed not from close-packed fcc (or hep) structure
but from two kinds of particles was realized to fabricate an array of particle wires with NaCl
structure by this self-assembly process.

Octadecyltrichlorosilane (OTS)-SAM was prepared by immersing Si substrate in an
anhydrous toluene solution containing 1 %vol OTS for 5 min under an N> atmosphere. The
contact angles of the ethanol solution or water solution measured 10-20° or 96° on the OTS-
SAM, respectively. The water solution showed a contact angle of 10-20° on a silicon wafer
that was kept in air.

The OTS-SAM was immersed in ethanol solution (80 ml) containing SiO» particles (1000
nmg, 10 mg). The bottom of the solution was heated at 70°C and a condenser tube was kept
at the top of the solution to cool it. The temperature difference between the top and bottom
of the solution was controlled so as to stir and move particles by convection. The surface of
the solution moved on the OTS-SAM surface upon evaporation of the ethanol. Particles
began to assemble at the surface of the solution (Fig. 12(a)) and the particle layer was
fabricated by movement of the solution surface (Fig. 12(b)). Further evaporation of the
solution caused separation of the particle layer and solution surface (Fig. 12(c)) because
particles were not sufficiently supplied from the solution. The liquid surface then dropped
off and the particle layer separated from the solution surface (Fig. 12(d)). The next particle
layer was formed by the same procedure (Fig. 12(e)). Consequently, separated particle
wires, i.e. an array of particle wires, were successfully fabricated by our newly developed
method (Fig. 12(f), 12(a-d)).

After having been immersed in the solution, which evaporates quickly, the substrates were
observed using a scanning electron microscope (SEM; S-3000N, Hitachi, Ltd.), an optical
microscope (BX51WI Microscope, Olympus Optical Co., Ltd.) with a digital camera (DP50,
5.8 megapixels, Olympus Optical Co., Ltd.) and a computer for capturing data, and a
digital video camera recorder (DCR-TRV 50, Sony Corporation) with optical magnifying
glass.

The width and interval of particle wires fabricated from the ethanol solution (80 ml)
containing SiO; particles (10 mg) at 70°C were shown to be about 150 um and 200 um,
respectively (Fig. 13(a-d)). Particle wires were constructed from a close-packed particle
structure and their upper side showed high feature edge acuity (Fig. 13(c)). The array of
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particles finished suddenly as shown on the bottom side of the particle wires (Fig. 13(c-d)).
These observations suggest that particle wires were formed from the upper side and were
cut by the drop-off of solution, and are consistent with the procedure shown in Fig. 12.

convection current

ethanol : 50 ml,
SiO, particles (12 m ¢ ) : 30 mg

Reprinted with permission from Ref.?6, Masuda, Y., Itoh, T., Itoh, M. and Koumoto, K., 2004, Langmuir,
20, 5588. Copyright @ American Chemical Society

Fig. 12. Schematic for self-assembly process to fabricate an orderly array of particle wires
constructed from a close-packed structure.

Reprinted with permission from Ref.26, Masuda, Y., Itoh, T., Itoh, M. and Koumoto, K., 2004, Langmuir,
20, 5588. Copyright @ American Chemical Society

Fig. 13. SEM micrographs of array of particle wires constructed from (a-d) multiparticle
layer or (e-f) monoparticle layer, (d) bottom side of a particle wire, (f) a monoparticle wire
having two defects on the upper side.

Particle wires were formed on the OTS-SAM from the ethanol solution (80 ml) containing a
small amount of SiO; particles (1000 nm¢, 1 mg) to fabricate thin wires constructed from a
mono-particle layer (Fig. 13(e-f)). Particles were slowly supplied to particle wires from the
solution. The number of particle layers was shown to be controlled by the change of particle
number in the solution. The upper side of the particle wire in Fig. 13(f) has two defects,
shown by arrows. The influence on the arrangement below the defects shows that particles
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were constructed from the upper side to form a close-packed structure. In addition, the
disorder disappeared at the middle of the particle wire (Fig. 13(f)), which shows that the
formation process of particle wire has self-recovery ability.

Figure 14 shows the formation process of particle wire. The upper particle line was formed
(Fig. 14(a)) first and particles were supplied gradually from the solution to form a close-
packed structure (Fig. 14(b)) to prepare a wide mono-particle wire (Fig. 14(c)). High
dispersibility of particles in the solution and the effective meniscus force allowed us to
prepare a highly-ordered close-packed structure.

Reprinted with permission from Ref.26, Masuda, Y., Itoh, T., Itoh, M. and Koumoto, K., 2004, Langmuir,
20, 5588. Copyright @ American Chemical Society

Fig. 14. SEM micrographs of the formation process of a particle wire.

Reprinted with permission from Ref.26, Masuda, Y., Itoh, T., Itoh, M. and Koumoto, K., 2004, Langmuir,
20, 5588. Copyright @ American Chemical Society

Fig. 15. Photographs of particle wires taken from different directions. (a) front view, (b-f)
slightly cross shot of the same sample.

Particle wires showed iridescent diffraction (Fig. 15) caused by the high regularity of the
particle array shown in Fig. 13. Diffracted wave number was changed drastically by the
diffraction angle.

A close-packed structure was easily obtained by the use of meniscus force compared to the
site-selective deposition in the solution?. A two-dimensional ordered array can be
fabricated without the preparation of a template although templates are required for the
liquid mold method?4.

Control of the interval of particle wires was achieved by change in solution temperature
(Fig. 16, 17). The interval of particle wire fabricated from the ethanol solution (80 ml)



338 Nanofabrication

containing SiO; particles (20 mg) at 70°C (Fig. 16(a)) was about three times that of particle
wires fabricated at 60°C (Fig. 16(b)) or 50°C (Fig. 16(c)) (Fig. 17). The same tendency was
confirmed in the dilute solution system (80 ml) containing SiO» particles (10 mg) (Fig. 17).
Wide interval was caused from high descent speed of solution surface at high temperature.
The regularity of particle wires at 70°C was much higher than that at 60°C or 50°C in which
the movement of particles caused by convection and the descent speed of solution surface
was low compared to that at 70°C.

Reprinted with permission from Ref.26, Masuda, Y., Itoh, T., Itoh, M. and Koumoto, K., 2004, Langmuir,
20, 5588. Copyright @ American Chemical Society

Fig. 16. SEM micrographs of array of particle wires constructed at (a) 70 °C, (b) 60 °C or (c)
50 °C.
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Reprinted with permission from Ref.?6, Masuda, Y., Itoh, T., Itoh, M. and Koumoto, K., 2004, Langmuir,
20, 5588. Copyright @ American Chemical Society

Fig. 17. Width and interval of particle wires as functions of temperature of solution.

The width of particle wires was also controlled by change in solution temperature or particle
concentration in the solution (Fig. 17). The width of particle wires was increased by the
increase of solution temperature in both particle concentrations (10 mg or 20 mg), and the
width at high particle concentration (20 mg) was about two times that at low particle
concentration (10 mg). High descent speed of solution surface and high movement of
particles caused by convection were brought about at high temperature. These factors
probably cause the change in width; however, further precise control and clarification of
mechanism are necessary. Descent speed of solution surface would be controlled by control
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of the lift speed of a substrate instead of control of the evaporation speed. Further
improvement of the process is required for application to future devices.

Self-assembly of particle wires was realized using water instead of ethanol without an SAM
(Fig. 18). The particle wires also showed iridescent diffraction and the diffracted wave
number was changed drastically by the diffraction angle. A particle layer was reported to
form on the whole area of OTS-SAM by the use of water, which evaporates slowly
compared with ethanol. Fast movement of the solution surface caused by quick evaporation
or lift of substrate is probably necessary for drop-off of the solution surface, which allows
fabrication of separated particle wires. The condenser tube, which is used to cool the
solution surface, was removed to evaporate water more quickly. This makes the descent
speed of the water surface fast enough to separate the particle wires. Additionally, silicon
wafer, which was kept in air to show a contact angle of 10-20° to water, was used instead of
OTS-SAM. Because the contact angle of the water on the OTS-SAM (96°) was higher than
that of ethanol (10-20°) the shape of the water surface was not suitable for making an array
of particle wires. These improvements allowed us to fabricate an array of particle wires
using water without an SAM. This process is environmentally friendly compared with the
process using ethanol with OTS-SAM; however, the regularity and the feature edge acuity of
particle wires were low compared to the process shown in Fig. 13 and thus further
improvement is required in this system.

Reprinted with permission from Ref.26, Masuda, Y., Itoh, T., Itoh, M. and Koumoto, K., 2004, Langmuir,
20, 5588. Copyright @ American Chemical Society

Fig. 18. SEM micrographs of array of particle wires fabricated from water solution.

Array of particle wires constructed not from fcc (or hep), but from NaCl structure (rock salt
structure) in which each ion is 6-coordinate and has a local octahedral geometry, was
realized by the use of two kinds of particles (SiO, modified with carboxyl groups: 2000 nm¢,
SiO, modified with amino groups: 1000 nmej; ratio of particle radii is 0.5). SiO, particles 2000
nmg in diameter and SiO, particles 1000 nm¢g in diameter were modified to have carboxyl
groups or amino groups on their surfaces, respectively. The zeta potential of SiO; particles
modified with carboxyl groups was measured to be -40 mV in an aqueous solution at pH
7.08 by direct measurement of electrophoretic mobility using an electrophoretic light-
scattering spectrometer (Zetasizer 3000HS, Malvern Instruments Co., Ltd.). On the other
hand, APTS (3-Aminopropyltriethoxysilane)-SAM was prepared by the immersion of silicon
wafer in an anhydrous toluene solution containing 1 vol% APTS for 1 h in air to measure the
zeta potential instead of SiO, particles modified with amino groups. Amino groups of
APTS-SAM were measured to be +22.0 mV in aqueous solutions (pH = 7.0) by an
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Reprinted with permission from Ref.26, Masuda, Y., Itoh, T., Itoh, M. and Koumoto, K., 2004, Langmuir,
20, 5588. Copyright @ American Chemical Society

Fig. 19. SEM micrograph of array of particle wires constructed from NaCl structure.

electrophoretic light-scattering spectrophotometer (ELS-8000, Otsuka Electronics Co., Ltd.).
Electrostatic interaction between SiO, particles modified with carboxyl groups and SiO»
particles modified with amino groups was utilized for self-assembly of these particles to
form ionic crystal such as NaCl structure. Although the ratio of ion radii is 0.611 (=
r*(Na*)/r(Cl")) in NaCl, cations can contact to anions in the range of 0.414 - 0.732 in ratio of
ion radii to form NaCl structure. Figure 19 shows the upper side of the particle wire and is
the same arrangement as (100) face of NaCl structure. Each particle can be 6-coordinate
when the same particle layer stacks on this layer with a slide of half lattice constant (sum of
each particle radii). Small spherical particles (cations in NaCl structure) are shown as square
or triangular in SEM micrographs because electrons from the SEM electron gun flowed from
large particles into small particles to show the contacted area as white. Two kinds of
dispersed particles would be adhered on the substrate and rearranged well to form 2-D
layer. Particles were also deposited randomly in some areas, and this suggests that it is
difficult to obtain NaCl structure in a large area. In addition, NaCl structure was prepared
from two kinds of SiO; particles without surface modification (SiO: 2000 nm¢, SiO»: 1000
nmg; ratio of particle radii is 0.5) though the regularity of particle array was slightly lower
than that prepared from SiO; particles with surface modification. NaCl-type arrangement of
bimodal SiO; particles can be formed thermodynamically without electrostatic interaction
because (100) face of NaCl structure constructed from large particles (x nmg) and small

particles ((\/2—1) ;(nmgo) was close-packed structure. This process should be improved to

prepare NaCl structure without the use of surface modification of particles to apply for
various kinds of particles. Additionally, the interaction between particles, substrates and
liquid and the behavior of particles should be controlled well to form particle assembly
having high regularity. Particles should be dispersed well in the solution to avoid
aggregation, and attractive interaction between particles and a substrate should be
decreased enough to accelerate rearrangement of particles on the substrate. Appropriate
movement of particles accelerate formation of particles assembly, however, excess
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convection suppresses assembly of particles. This process has many factors should be
improved to fabricate particle assembly having desired structure and high regularity. The
fabrication of an array of particle wire constructed from NaCl structure shows high ability of
self-assembly process to realize future devices such as photonic crystal in which various
structures are required to effectively utilize PBG.

Particle wires constructed from a close-packed multi-particle layer or mono-particle layer
were fabricated without patterned templates. The array shows iridescent diffraction caused
by high regularity of the particle array. The mechanism of the process was discussed and the
control of the thickness, width and interval of particle wires was realized by change of
solution temperature and concentration of colloidal solution. Furthermore, an array of
particle wires constructed from an ionic crystal such as NaCl structure was fabricated using
electrostatic interaction between particles showing positive zeta potential and particles
showing negative zeta potential. This shows the suitability of the self-assembly process for
creating future devices such as photonic crystals.

3. Patterning of colloidal crystals and spherical assemblies by two-solution
method

3.1 Self-assembly patterning of colloidal crystals by two-solution method?’

Desired patterns of colloidal crystals having high feature edge acuity and high regularity
were fabricated by two-solution method?”. A micropattern of colloidal methanol prepared
on a self-assembled monolayer in hexane was used as a mold for particle patterning, and
slow dissolution of methanol into hexane caused shrinkage of molds to form micropatterns
of close-packed SiO, particle assemblies. This result is a step toward the realization of
nano/micro periodic structures for next-generation photonic devices by a self-assembly
process.

Silicon substrate was immersed into toluene solution containing 1 vol %
octadecyltrichlorosilane (OTS) molecules under nitrogen atmosphere for 5 min to prepare a
hydrophobic OTS-SAM. OTS-SAM was irradiated by ultraviolet light (PL21-200, SEN Lights
Co., 18 mW/cm?, distance from a lamp 30 mm, 24°C, humidity 73 %, air flow 0.52 m3/min,
100 V, 320 W) through a photomask for 10 min. UV irradiation modified hydrophobic
octadecyl groups to hydrophilic silanol groups forming a pattern of octadecyl regions and
silanol regions. Patterned OTS-SAM having hydrophobic octadecyl regions and hydrophilic
silanol regions was used as a template for patterning of colloidal solution.

SiO; particles (1 um in diameter) (0.002 - 0.2 mg) were thoroughly dispersed in methanol (20
ul) and dropped on a patterned OTS-SAM (Fig. 20). The solution was lightly repelled by
hydrophobic regions and mainly exists on hydrophilic silanol regions. The substrate was
then immersed into hexane and carefully swung to remove the residual solution. The
solution was repelled well by octadecyl regions in hexane. The contact angle of the methanol
solution on OTS-SAM was confirmed to increase from 51.6° in air to 129.5° in hexane (Fig.
20), indicating that the methanol solution tends to exist on silanol regions selectively.
Methanol was then gradually dissolved into hexane to shrink the colloidal solution mold
containing particles. The shrinkage of the mold increased the concentration of particles in
the solution. The particles then attracted each other by meniscus force to form a close-
packed fcc (face-centered cubic) or hep (hexagonal closest packing) structure during the
drying process of methanol. Close-packed structures were thus formed on hydrophilic
silanol regions selectively (Fig. 21, A to H).
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Fig. 20. Conceptual process for two-solution self-assembly method to fabricate patterned
colloidal photonic crystals.

2D micropatterns of multi particle-layers (Fig.21, A and B), partially double particle-layers
(Fig. 21, C and D), or single particle-layers (Fig. 21, E to H) were successfully fabricated by
changing the particle concentration in the solution and solution volume per unit of
hydrophilic area (SiO,/methanol0.2 mg/20 x1 for Fig. 21, A and B, 0.02 mg/20 ul for Fig. 21,
C and D, 0.002 mg/20 ul for Fig. 21, E to H). 2D patterns of colloidal crystals with high
regularity in particle assembly have not been prepared by our processes previously
reported?l-25. The feature edge acuity of patterns and regularity in particle assembly?21-25
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Reprinted with permission from Ref. 7, Masuda, Y., Itoh, T. and Koumoto, K., 2005, Langmuir, 21, 4478.
Copyright @ American Chemical Society

Fig. 21. SEM micrographs of patterned colloidal photonic crystals constructed from (A-B)
multi particle-layers, (C-D) partially double particle-layers or (E-H) single particle-layers.
Image (B) is a magnified area of (A).

presented here are clearly higher than those previously reported2!-25. Figure 4-2B shows a
magnified area of the patterns constructed from thick particle-layers (Fig. 21A). The edge of
patterns (Fig. 21, A to H) shows high feature edge acuity due to close-packing induced by
meniscus force in the drying process. The core area of the particle circle (Fig. 21D, Fig. 22)
was a double particle-layer of close-packed hexagonal lattice, i.e., the arrangement of
fcc{111}, and the outer shell of the circle was a single particle-layer of hexagonal lattice
(fcc{111}). The boundary area of these two flat terraces, i.e., inner shell, was constructed
from a nested structure of square lattice, i.e., the arrangement of fcc{100}, to form a gentle
slope between the core double-layer and outer shell single-layer. The lattice constant of the
square lattice at the inner shell increased gradually with distance from the core of the circle
to form a gentle slope. The difference in height was caused by the assembling process and
the shape of the liquid mold in which the center is higher than the outside. The particle
arrangement in the patterns constructed from a single particle-layer (Fig. 21, E to H) were
assigned to the arrangement in fcc{111} which is a close-packed structure. The border line of
particle layer in Fig. 21E showed different shape with that in Fig. 21F, G because the border
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line of particle layer in Fig. 21F, G was fcc <1, 1, 0> and that in Fig. 21E was fcc <1/2,1/2, 1>
which is orthogonal to fcc <1, 1, 0>. There were far fewer defects in the particle patterns than
in our former processes?!-2> because of the effective meniscus force. The standard deviation
for the edge of the pattern constructed from a single particle-layer (Fig. 21F) was calculated
in the same manner reported previously24. The center position ((x; y;) #m) of each particle at
the edge was plotted to estimate the standard deviation. The particle at the far left in the
edge line of Fig. 21F was set to be the origin of the x-y coordinate.

The approximated straight line (f (x)) and its slope (0) are represented as follows.

£(x)=0.0273x—0.09 7)

cos @ =0.9996 (8)

The standard deviation from the approximated straight line is given by the expression,

i

©)
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S (standard deviation) =
n-1
where 1 is the number of particles (n = 35). Unbiased variance (U) was used because the
number of particles () is smaller than universe. The accuracy of the particle arrangement in
Fig. 21F was estimated to be S = 8.75 x 10-3. This is lower than that of the pattern constructed
from a single particle-layer prepared in the solution using chemical reactions (S = 3.89 x 102,
Fig. 7 (a) in previous report?). The standard deviation for the edge of the pattern
constructed from a single particle-layer (Fig. 21H) was calculated in the same
manner.Distance (r;) from center of a circle ((x,, ¥o) #m) to each particle ((x; y;) um) at the

edge and its average (;) are presented as follows.
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The standard deviation from the approximated circle is given by the expression,
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where 7 is the number of particles (n = 112). Variance (V) was used instead of unbiased
variance because the number of particles (1) is the same as universe, i.e., all particles at the
edge. The accuracy of the particle arrangement in Fig. 21H was estimated to be S = 3.89 x
101, This is higher than that in Fig. 21F because a perfect circle can’t be constructed from a
small number of particles which were packed in hexagonal arrangement.

The assembly process can be assumed from the details of structures and defects. Particle
circles (Fig. 21, D and H) showed no defects at their core, implying that particles were
probably assembled from the core of the particle circle and not from the outer shell. The
particle circle (Fig. 21D, Fig. 22) would be formed not layer-by-layer, and the upper layer at

cross-section view

e a B c : double layers of
'-'-'o'-'o'o'"oa-"?iei';?‘.’;‘.r"ﬁ' hexagonal lattice

: hested structure
of'square lattice

C: single layer of
lhex gonal lattice

@ : center positions of particles in an upper layer

A: double layers of
hexagonal lattice

B: nested structure
of square lattice

3

C: single layer of
hexagonal lattice

Reprinted with permission from Ref. 77, Masuda, Y., Itoh, T. and Koumoto, K., 2005, Langmuir, 21, 4478.
Copyright @ American Chemical Society

Fig. 22. Particle arrangement view (top) prepared from SEM micrograph (bottom) of
patterned colloidal photonic crystals constructed from partially double particle-layers.
Center positions of particles in an upper layer show hexagonal or square lattice arrangement
regions. The cross-sectional view shows the difference in height caused from the difference
in particle arrangement modes. The three colored areas show regions of (A) double layers of
hexagonal lattice, (B) nested structure of square lattice and (C) single layer of hexagonal lattice.
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the core was also formed before the outer shell was assembled, since the first layer at the
boundary area was not a close-packed assembly. A close-packed hexagonal lattice would be
formed in the lower layer as shown in the single particle circle (Fig. 21H) in the case
particles were assembled layer-by-layer. Other particle patterns (Fig. 21, A to C) would be
assembled from the core area in the same manner.

Methanol solution containing particles was dropped onto a patterned OTS-SAM and dried
in air without immersion into hexane for comparison. However, a particle pattern only with
a low feature edge acuity was obtained. This indicates that the contact angle of methanol
solution on OTS-SAM, i.e., the shape of the methanol solution mold, is important for particle
patterning. Additionally, SiO, particles were dispersed in water instead of methanol, and a
patterned OTS-SAM covered with the water colloidal solution was immersed into hexane,
but the particle pattern was not obtained because the water solution cannot form a
micropattern of the mold on hydrophilic regions selectively due to its high contact angle.
These results suggest that the combination of methanol, hexane, OTS and silanol allowed us
to fabricate micropatterns of particle assembly having high feature edge acuity and high
regularity.

This two-solution self-assembly method successfully produced precise 2D patterns of
colloidal photonic crystals, i.e., close-packed fcc or hcp particle assemblies having a photonic
band gap, with short fabrication period and low energy. Various complicated patterns of
colloidal crystals having high feature edge acuity and high regularity in particle assembly
were fabricated, and the number of particle stacking layers, i.e., thickness of colloidal
crystals, was demonstrated to be controlled. This process has the advantage of the drying
process in which meniscus force can be utilized for close-packed particle assembly, and also
the advantage of the static solution process in which particle assembling processes can be
controlled well. The low dissolution rate of methanol into hexane and the appropriate
contact angle of methanol on a substrate achieved by the combination of methanol, hexane,
OTS and silanol allowed us to utilize the solution mold for particle patterning. Additionally,
high dispersibility of particles and high repulsion force between particles and substrate
suppressed the aggregation of particles, and the meniscus force between particles was
effectively utilized to form a close-packed structure. The quality of SAM, shape and
shrinkage rate of solution molds also greatly influence the feature edge acuity and the
regularity of the particle assembly. The newly developed method achieved much higher
regularity in particle assembly and feature edge acuity of the pattern than those previously
reported?!-25. The result is a step toward the realization of nano/micro periodic structures
for next-generation photonic devices by the self-assembly process.

3.2 Self-assembly patterning of spherical colloidal crystals by two-solution method?®

Micropatterns of spherical particle assemblies were fabricated by two-solution method?s.
Hydrophilic regions of a patterned self-assembled monolayer were covered with methanol
solution containing SiO; particles and immersed in decalin to control the shape of droplets
and gradually dissolve the methanol into decalin. Interfacing of methanol/decalin and
shrinkage of methanol droplets were utilized to obtain meniscus force to form spherical
particle assemblies; additionally, its static solution system allowed precise control of the
conditions. Particles were assembled to form spherical shapes on hydrophilic regions of an
SAM and consequently, micropatterns of spherical particle assemblies were successfully
fabricated through self-assembly. This patterned two-solution process has the advantages of
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both a drying process having meniscus force and a static solution process having high
controllability.

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 2 h to UV light (184.9 nm) (low-pressure mercury
lamp, NL-UV253, Nippon Laser & Electronics Lab.) to clean the surface. The OTS-SAM or
HFDTS-SAM? were prepared by immersing the Si substrate in an anhydrous
toluene(Aldrich Chemical Co., Inc.) solution containing 1 vol% OTS(Acros Organics) or
HFDTS(Lancaster synthesis Ltd.) for 5 min under an N> atmosphere (Fig. 23). The substrate
with the SAM was baked at 120°C for 5 min to remove residual solvent and promote
chemisorption of the SAM.

Spherical
particle assemblies

® oTs-sAam - : =

water (20 u1) Immersion [ Piezo water solves into
SiOp (1 umo) into hexane (20 ml) Ultrasonication for 1 min hexane gradually
substrate: 10 mm * 10 mm

Reprinted with permission from Ref. 28, Masuda, Y., Itoh, T. and Koumoto, K., 2005, Adv. Mater., 17, 841.
Copyright @ Wiley-VCH Verlag GmbH & Co.

Fig. 23. Conceptual process for fabrication of spherical particle assemblies.

The HFDTS-SAM on the silicon substrate was exposed for 2 h to UV light through a
photomask such as a mesh for transmission electron microscopy (Okenshoji Co., Ltd.) to be
used as a template for micropatterning of spherical particle assemblies. 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 water drop contact angle (6w). The initially deposited
OTS-SAM or HFDTS-SAM showed a water contact angle of 105° or 112°, but the UV-
irradiated surface of SAM was wetted completely (contact angle < 5°).

SiO; particles (1.13 umg, Hipresica UF N3N, CV: 3.57 %, specific gravity: 1.8 + 0.1 g/cm3,
Ube-Nitto Kasei Co., Ltd.) (0.2 mg, 1.5 x 1027 particles) were thoroughly dispersed in water
(20 pl) and dropped on a hydrophobic OTS(octadecyltrichlorosilane)-SAM (Fig. 23). The
OTS-SAM with droplets was then immersed in hexane (20 ml, solubility of hexane in water
at 20°C: 0.0013 g / 100 ml, specific gravity: 0.7) and ultrasonicated for 1 min. Large water
droplets containing SiO, particles were separated into many small emulsions that kept them
spherical on hydrophobic OTS-SAM. Water in the emulsions was gradually extracted to
hexane to reduce the size of emulsions forming spherical particle assemblies30. After having
been immersed for 12 h, spherical particle assemblies with different diameters were
observed on OTS-SAM; it was also observed that the assemblies were constructed from
various numbers of particles such as 3, 5, 6, 8 or many particles (Fig. 24, 25, 26). Quantities of
3, 5, 6 or 8 particles were assembled into triangular, pyramidal, octahedral or decahedral
particle clusters, respectively. The number of particles in spheres can be controlled by the
change of emulsion size or particle concentration in water3?. The spherical shape of particle



348 Nanofabrication

assemblies was caused by the high contact angle of water emulsion on hydrophobic OTS-
SAM in hexane. Consequently, various sizes of spherical particle assemblies can be prepared
using this emulsion process.

Reprinted with permission from Ref. 8, Masuda, Y., Itoh, T. and Koumoto, K., 2005, Adv. Mater., 17, 841.
Copyright @ Wiley-VCH Verlag GmbH & Co.

Fig. 24. SEM micrographs of spherical particle assemblies with different diameters. Particle
assemblies constructed from a small number of particles such as 3, 5, 6, 8 and so on.

i —

Reprinted with permission from Ref. 8, Masuda, Y., Itoh, T. and Koumoto, K., 2005, Adv. Mater., 17, 841.
Copyright @ Wiley-VCH Verlag GmbH & Co.

Fig. 25. Spherical particle assembly and tilted images.

The particles would be strongly bound to the droplet interfaces by surface tension in
emulsions3l. In the formation process of small clusters of particles (Fig. 24), the water in
emulsions dissolved into hexane to reduce droplet size and this restricted the area in which
particles could exist30. Particles touched together by the reduction of emulsion size and
formed a spherically packed assembly. Deformation of the interface then led to the
rearrangement that formed close-packed particle assemblies. The clusters were formed
using emulsions not dispersed in the solution but adsorbed on the flat substrate, and thus
some of the clusters showed imperfect symmetry such as pyramidal, octahedral or
decahedral, which have a large flat face touching the substrate.

Additionally, large spherical particle assemblies (for instance ~57 um¢ in Fig. 26) were
prepared from large methanol emulsions (~100-300 um¢) in  decalin
(decahydronaphthalene) without the use of ultrasonication, which makes emulsions smaller.
Many linear disclinations, i.e., grain boundaries, were formed on the surface to reduce
elastic strain energy because a close-packed triangular particle lattice composed of a particle
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surrounded by 6 particles in plane cannot cover a spherical surface32. Linear disclinations
were composed of an alternative arrangement of the particle surrounded by 5 particles in
plane (red, this particle can be assumed to have a charge of +1) and the particle surrounded
by 7 particles in plane (yellow, charge -1). Both ends of a linear disclination were particles
surrounded by 5 particles in plane to make the total charge of each linear disclination +1 as
observed in previous report32. The minimum number of linear disclinations can be
calculated for the large sphere (~57 umg) (Fig. 26) to be 22 (N: minimum number of linear
disclinations N =12+0.41r/d =22, r: radius of sphere ~28.5 um, d: mean particle spacing
1.13 um) from geometric calculations3233. The surface area in a purple circle can be also
calculated to be about 10.5 % of the total surface area of the sphere from the formula (surface
area ratio: S,/S,, surface area of the sphere: S, =4xr’, surface area in a purple circle:

S,=2zr(r-r), radius of the purple circle shown in Fig. 26 \r’—r’ =17.5um). The
minimum number of linear disclinations on the surface area in a circle can therefore be
estimated to about 2.3(n: minimum number of linear disclinations in a purple circle
n=N-S8,/S,). However, many linear disclinations were observed in an SEM micrograph

(Fig. 26 (Right)). It is suggested that our assembly method can be further optimized to
reduce linear disclinations.

Fig. 26. (Continued)
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Reprinted with permission from Ref. 8, Masuda, Y., Itoh, T. and Koumoto, K., 2005, Adv. Mater., 17, 841.
Copyright @ Wiley-VCH Verlag GmbH & Co.

Fig. 26. Top: A large spherical particle assembly. Bottom: Linear disclinations on a large
spherical particle assembly.

Furthermore, the upper sides of spherical particle assemblies were removed using a
manipulator installed in an optical microscope (BX51WI Microscope, Olympus Optical Co.,
Ltd.) to evaluate the packing structure. Particle assemblies have a densely packed structure
(Fig. 27). Particles would be completely rearranged to form a densely packed structure
during the reduction of emulsion size due to the high dispersibility of particles in emulsions.
SiO; particles (1.13 umg, 1 g/1) were thoroughly dispersed in methanol solution (10 ul) and
dropped onto a patterned HFDTS(heptadecafluoro-1,1,2,2-tetrahydrodecyltrichlorosilane)-
SAM?9 having hydrophobic HFDTS-SAM regions and hydrophilic silanol regions,
photopatterned using a mesh for transmission electron microscopy as a photomask (Fig. 28).
The patterned SAM covered with the solution was then carefully immersed in decalin so as
not to remove the solution because the density of methanol (0.79) is lower than that of
decalin (0.88) causing methanol to float on decalin. The patterned SAM was then gently
vibrated to remove additional methanol solution and assist the movement of droplets to
silanol regions. The methanol solution was selectively contacted on hydrophilic regions to
form a micropattern of the solution, which became clearer after immersion for a few hours.
The methanol solution containing particles formed a spherical shape because of the surface
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Reprinted with permission from Ref. 8, Masuda, Y., Itoh, T. and Koumoto, K., 2005, Adv. Mater., 17, 841.
Copyright @ Wiley-VCH Verlag GmbH & Co.

Fig. 27. SEM micrographs showing the inside of spherical particle assemblies formed from
methanol emulsions in decalin.

interaction between methanol, decalin and surface of a SAM and the buoyant force of
methanol in decalin. Methanol in emulsions was gradually dissolved into exterior decalin
phase to form particle assemblies. After having been immersed for 12 h, particle assemblies
having a dome shape were formed at the center of each silanol region (Fig. 29). The distance
between the centers of each spherical particle assembly was same to the distance between
holes of a mesh. The diameter of spherical particle assemblies was about 18 um¢. It was
smaller than that of hydrophilic regions (about 100um) due to low particle concentration in
methanol and the shape of methanol droplets on a substrate. This indicates the arrangement
regularity of spherical particle assemblies can be improved more by the use of the
photomask having small holes to decide positions of each droplet precisely. Some extra
particles, i.e., noise particles, were also deposited on hydrophobic regions. The process
should be further optimized to control many factors such as volume of methanol solution on
a substrate, quality of a SAM or aggregation of particles in the solution to avoid noise
particles. Particle assemblies were shown to have a densely packed structure by destructive
inspection using a manipulator. Consequently, the dot array of spherical particle assemblies
was successfully fabricated by this self-assembly process.

Micropatterns of particle assemblies were fabricated without the use of a template, having
microstructures such as molds or grooves. A two-dimensional array of spherical particle
assemblies was fabricated by self-assembly with this method. Interfacing between two
solutions and shrinkage of droplets were utilized to obtain meniscus force to form spherical
particle assemblies, and additionally, its static solution system allowed precise control of the
conditions. These showed the high ability of self-assembly processes to prepare
microstructures constructed from colloidal crystals. Further investigations of the solution-
solution, solution-SAMs and solution-particles interfaces and the behavior of particles and
solutions would allow us to develop this two-solution system to prepare desirable particle
assembly structures.



352 Nanofabrication

Patterned SAM

? HFDTS-SAM methanol (10 )
Q silanol group

SiOy (1 4mo)

l Micropattern of
lies

Reprinted with permission from Ref. 28, Masuda, Y., Itoh, T. and Koumoto, K., 2005, Adv. Mater., 17, 841.
Copyright @ Wiley-VCH Verlag GmbH & Co.

Fig. 28. Conceptual process of micropattern of spherical particle assemblies.

Reprinted with permission from Ref. 8, Masuda, Y., Itoh, T. and Koumoto, K., 2005, Adv. Mater., 17, 841.
Copyright @ Wiley-VCH Verlag GmbH & Co.

Fig. 29. SEM micrographs of micropattern of spherical particle assemblies. Top left:
Micropattern of spherical particle assemblies. Bottom left: Magnified area of top left. Top
right: Tilted micropattern of spherical particle assemblies. Bottom right: Magnified area of
top right.
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4. Summary

Self-assembly patterning of colloidal crystals was realized by liquid phase patternig, drying
patterning and two-solution method. Micropatterns of colloidal crystals were fabricated
under environmentally friendly conditions using self-assembled monolayers. They can be
applied to photonic crystals, dye-sensitized solar cell, molecular sensors, gas sensors, nano-
particle devices, etc. These showed high ability of self-assembled monolayers and self-
assembly processes.
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