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The present review is focused on the site-selective deposition of inorganic thin films on self-assembled monolayer
(SAM) templates. SAMs were used to modify the substrate surface with chemical functional groups. The patterned SAM
substrate was prepared by exposing the SAM substrate to UV light through photomasks for photocleavage. The patterned
SAM was used as the templates for deposition of ceramic thin films in aqueous solutions. The preparation and character-
ization methods of SAMs, and the preparation of the patterned SAM templates are explained. Solution chemistry for the
deposition of ceramic oxides and the physics and chemistry of interfaces are described. Experimental examples are given
to explain how these aspects influence the formation of films and their properties. Various examples of site-selective
deposition of ceramic oxides on SAM templates are explained with classification into three categories: patterning by
site-selective attachment of homogeneously nucleated particles, patterning by surface-selective heterogeneous nuclea-
tion and growth, and patterning by catalyst-induced heterogeneous nucleation. We also describe pattern-deposition on
flexible substrates and future views to improve the pattern resolution.

1. Introduction

Microfabrication is essential to much of modern science and
technology; it supports information technology and permeates
society by the integration of microelectronic and optoelectron-
ic functionalities within a very small area, where ‘‘smaller’’ has
meant better; less expensive, more components per chip, fast
operation, high performance, and lower consumption of energy
and materials.1 Further, integration of a range of these small
parts has resulted in portability; reduction in time, cost, re-
agents, sample size, and power consumption; and improve-
ments in detection limits and types of functions.1a The
dominant contributor to the cost of manufacturing chips is pat-
terning technology, often known as photolithography, which is
the most successful technology for high-volume manufactur-
ing in microfabrication.1,2 The technique is based on a projec-
tion-printing system (usually called a stepper) in which the im-
age of a reticle pattern is focused and projected onto a thin film
of a photoresist or light-sensitive polymer that is spin-coated
on a wafer through a high numerical aperture lens system.2 Se-
lectively dissolving away either the exposed or the unexposed
regions of the resist leaves a relief image on the silicon, which
can then be transferred, by etching, to the underlying material

to make the components that comprise the chip. A sequence of
between 4 and 30 overlaid photolithographic levels is needed
to make a complete chip.2a The resolution of this traditional
top-down technique is approximately the wavelength of the
light used (according to the Rayleigh equation), that is, 110
nm for ultraviolet light with a wavelength of about 193 nm.1a

Hence, illuminating sources with shorter wavelengths are pro-
gressively introduced.1,2

Ceramic technology has been developed for thousands of
years, resulting in numerous strategies for producing ceramics
in the form of bulk materials, films, fibers, and powders. With
the increasing development in nanoscience and nanotechnolo-
gy, ceramic nanotechnology has been one of the most active
areas of research. Besides a general trend toward miniaturiza-
tion, nanosized ceramic oxide materials, such as semiconduc-
tor nanoparticles,3–10 nanowires,11–13 nanotubes,14 and various
types of artificial supramolecular entities.15 along with integra-
tion materials including inorganic/organic hybrid materi-
als16,17 and thin films18 are interesting because of the size-/
thickness-dependent properties of materials and because of
their potential for a broad range of applications. Functional
ceramic thin films exhibit unique properties in electronics,
coatings, displays, sensors, optical equipment, and numerous
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other technologies, and suit the need for scaling devices to
small sizes, and are therefore attractive both in theory and
practice. Various growth techniques have been applied to
synthesize ceramic thin films. These techniques fall into at
least two categories: vacuum-based methods such as chemical
vapor deposition (CVD),19 sputtering,20 metal organic chemi-
cal vapor deposition (MOCVD),21 atomic layer deposition
(ALD),22 and chemical solution methods including sol–gel,
electrochemical deposition, and hydrothermal synthesis.23,24

Vacuum-based techniques are an expensive investment, are
limited to line-of-sight production, and usually require high-
vapor-pressure chemicals or high-purity targets as starting ma-
terials. For conventional CVD methods, precursors exhibiting
volatility are needed, which requires that the precursor is liquid
or solid with a low melting point. For wet MOCVD, precursors
are usually transferred to reactors by liquid delivery tech-
niques, which makes it possible to use relatively nonvolatile
metal–organic precursors but leads to difficulties in controlling
the stoichiometric composition of the films. Wet chemical
methods mentioned above can overcome some of the defects
of vacuum-based methods by use of a homogeneous solution,
but there are still processing issues, such as the control of the
film thickness at the nanometer length scale, professional
equipment, and complex processing.

There is considerable interest in alternative approaches that
may be simple, cheap, and environmentally friendly or that are
capable of producing films with novel or improved properties.
The processes with low consumption of raw materials and
energy, low generation of waste, and producer/user friendli-
ness25 are the basis of a series of concepts,26 the so-called
‘‘green chemistry’’ (formal nomenclature in USA, U.K., Italy;
common name in Japan), ‘‘green and sustainable chemistry’’
(GSC; formal nomenclature in Japan), and ‘‘sustainable chem-
istry’’ (in Germany), and their derivatives such as ‘‘environ-
mentally benign chemistry,’’ ‘‘environmentally friendly chem-
istry,’’ or ‘‘clean chemistry.’’ Techniques for the synthesis of
ceramic thin films from aqueous solutions at low temperatures
meet with some of the requirements mentioned above and are
emerging as possible alternatives to vapor-phase and chemical-
precursor techniques. The main techniques, including chemical
bath deposition (CBD), successive ion layer adsorption and re-
action (SILAR), liquid-phase deposition (LPD) methods, and
electroless deposition (ED) with a catalyst, along with their
variations, have been summarized in a review article.27

CBD28,29 can produce a solid film in a single immersion
through control of the formation kinetics of the solid, typically
without changing the metal oxidation states. This technique is
used mainly to deposit sulfide and selenide thin films, while
some relatively new reports involve preparation of oxides.30

Unlike the CBD method, SILAR can deposit a solid by alter-
nating the adsorption of metal ions and cationic ions from the
corresponding solutions.31 The LPD method refers to the
formation of an oxide thin film by the hydrolysis of a metal–
fluoro complex in an aqueous solution. Boric acid or aluminum
metal can react with F� to generate stable species and is added
to accelerate the hydrolysis rate. The LPD method was first
developed for depositing SiO2 thin films and was later used
to prepare other oxides, such as TiO2, V2O5, VO2, FeOOH
(Fe2O3), and multicomponent metal oxide films.32 Variations

of the main techniques, such as photochemical deposition,33

ferrite plating,34 and deposition using a functional surface35–45

are being investigated by various groups. The approaches us-
ing a functional surface to induce the film formation is inspired
from the biomineralization process. It represents a typical
low-temperature approach for ceramic films and has attracted
much attention in the last decade.

As alternatives to conventional photolithography, soft lith-
ography techniques have been recently developed to create
patterns with submicrometer to nanometer features.1,46,47 The
self-assembly of molecular and colloidal building blocks to
create larger, functional devices has attracted much interest.
These materials are formed from interatomic and intermolecu-
lar interactions other than the traditional covalent, ionic, and
metallic bonding forces. By using these techniques, ceramic
thin films have been fabricated in solutions without high-tem-
perature sintering in order to reduce energy consumption and
allow application for various substrates having low heat resist-
ance. In contrast to the technological world, organisms develop
abundant micropatterned inorganic materials by biomineraliza-
tion, which usually takes place under the assistance of a
macromolecular template.47c,47d This macromolecule controls
the nucleation, structure, morphology, crystal orientation,
and spatial confinement of the inorganic phase. The under-
standing of biomineralization will catalyze new enthusiasm
for bioinspired materials processing, which is important for
the design, control, and optimization of materials synthesis
at both the molecular and the macroscopic levels. For nano-
science and technology, it is necessary to develop new bot-
tom-up approaches to self-assemble the chemically synthe-
sized nanoblocks, nanoparticles, nanowires, nanodots, and
nanotubes into large, functional ensembles. A number of non-
conventional soft lithography methods have been developed to
pattern a series of materials. Some of them are microtransfer
molding (mTM),48 micromolding in capillaries (MIMIC),49

embossing50 and casting,51 which can pattern materials using
liquid precursors such as sol–gels or colloidal suspensions on
a submicrometer scale. Patterns of ceramics were also achiev-
ed by focused ion beam patterning,52 electron beam direct
writing,53 nanoimprint lithography,54 next generation lithogra-
phy,55 and self-patterning via either physical56 or chemical
routes.57 These methods have been reviewed recently.58,59

The present review is focused on the site-selective deposi-
tion of ceramic thin films on substrates modified by self-
assembled monolayer (SAM) with various functional groups.
Patterned SAMs were used as templates for deposition of
ceramics in aqueous solutions. On functionalized surfaces, nu-
cleation and growth of ceramic oxides are controlled. As the
method is analogus with biomineralization processes, it can
be called bio-inspired processing. The methods for preparing
pattened SAM templates, chemistry of solutions and interfaces
for deposition of ceramic thin films, and examples of pattened
ceramic thin films are described.

2. Growth of Inorganic Thin Films in Aqueous Solutions

2.1 Biomineralization. Nature has ingeniously succeeded
in producing an impressive variety of inorganic functional
structures with designed shapes and sizes on specific sites
through a biologically controlled biomineralization process,
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usually near room temperature and in aqueous solutions.60

These structures are formed through template-assisted self-
assembly, in which a self-assembled organic material serves
as the structure scaffolding for the deposition of inorganic
materials. This approach is an attractive alternative for the
preparation of inorganic thin films, especially in applications
in which the substrate cannot be exposed to high temperatures
or for energy-efficient processes.

There are three constructional processes of biomineraliza-
tion: supramolecular preorganization (delineated reaction
sites), interfacial molecular recognition (site-specific inorganic
nucleation), and assembly (crystal growth and termination).60b

Prior to mineralization, an organized reaction environment is
created by the construction of discrete, self-assembled, organic
supramolecular systems from nanoscale to micrometers in
size. In the second step, these preorganized architectures
consist of functionalized surfaces that serve as templates for
site-directed nucleation of inorganic clusters from aqueous
solution.60b In some cases, these structurally organized organic
surfaces catalytically or epitaxially induce growth of specifi-
cally oriented inorganic thin films.

2.2 SAM-Assisted Site-Selective Deposition of Inorganic
Solids. By mimicking the chemistry found in biological nu-
cleation proteins, control of the nucleation and growth of ce-
ramic oxides has been attempted. Due to their favorable film
properties, self-assembled monolayers (SAMs) have long been
popular as templating agents for functionalizing surfaces.61–66

SAMs are highly ordered and oriented molecular assemblies,
formed by the chemisorption of an active surfactant of general
formula RSiX3 (where ‘‘R’’ is an organic functional group and
‘‘X’’ is an alkoxide or halide) on a solid surface, typically by a
hydrolysis–condensation reaction or the formation of metal–
sulfur bonds. The final structure on the solid support is deter-
mined by three interactions: the strong bond between the head-
group and the substrate surface, the van der Waals interaction
between the hydrocarbon chains, and the interaction between
the tail groups which is often repulsive due to the same orien-
tation of their dipole moments. A schematic description of
SAM formation processes for thiol on Au and organosilane
on Si is shown in Figure 1.

Ceramic thin films have been deposited through solutions
(especially aqueous solutions) directly onto SAMs.35–45,47f

Solutions can be supersaturated under different conditions,
resulting in precipitates of various microstructures in terms
of size and morphology at the interface with either amorphous
or crystalline states. SAMs can improve heterogeneous
nucleation,67 increase interaction forces such as electrostatic
attractions between the SAM and the particles generated in
the solution,42 and form oriented crystals.68 The as-deposited
thin films on SAMs exhibit nanostructured characteristics in
terms of particle size and roughness, and amorphous or crystal
phases.35–45 As a low-temperature and environmentally benign
process, it enables the flexible selection of substrate materials
from oxides, metals, plastics, and glass.

2.3 Chemistry at Solution/SAM Interfaces. The charac-
teristics of ceramic particles in solution, dispersion/agglomer-
ation, morphology, size, and size distribution, are dominated
by surface chemistry. The surface forces, exhibiting attraction
or repulsion between particles have effects on the dispersion/

agglomeration. The surface tension and volume force govern
the size and size distribution. Adsorption of ions or molecules
from the dispersion solution depends on the characteristics
of the surface, most particularly on the electrostatic charge
density and on the structure of coordination sites. Because of
the presence of hydroxy groups, the surface of ceramic oxide
formed in solution is usually electrically charged. The charge
on the surface may be positive, negative, or zero depending on
the nature of oxides and the solution environment, and gives
the surface an acid, basic, or neutral characteristic, respective-
ly. The surface acidity, represented by point of zero charge
(PZC), is basically dominated by the nature of oxides, electro-
negativity of the cation, crystal structure and morphology, and
chemical composition of particles, but still changes with the
solution conditions of pH or adsorbed species.69a The charge
of the cation affects the polarization of oxygen in the surface
groups (ex. M–OH, M–OH2

þ, and M–O�), resulting in elec-
tron transfer between cation and oxygen. Most of the SAM
surfaces are also positively or negatively charged depending
on the surface functional groups and the solution conditions.
Such surface charge characteristics of SAMs are related to
acid–base properties of SAM terminals for ionic groups and
the adsorption capability for nonionic groups.70a Functional
terminal groups such as carboxylate (–COOH ! –COO� +
Hþ), sulfate (–OSO3Na ! –OSO3

� + Naþ), and sulfonates
(–SO3H ! –SO3

� + Hþ) may dissociate protons or cations
in solution, which leaves behind a negatively charged surface,
whereas amines (–NH2 + Hþ ! –NH3

þ), and ammonium
(–NR3Br ! –NR3

þ + Br�) may carry positive charges.70a

Nonionic groups such as methyl in octadecyltrichlorosilane
(OTS) and thioacetate may carry weak positive charges by
preferential adsorption of anions from solution.70a

The acid–base properties and zeta potentials of a variety
of SAM surfaces have been investigated by Shyue et al.
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Figure 1. Schematic description of structure and formation
process of (a) thiol-type and (b) organosilane-type on Au
and Si surfaces, respectively.
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(Figure 2).71a The acid–base characteristics of amine- and sul-
fonate-SAMs, as revealed by XPS studies, differs significantly
from that of these groups in diluted solution, with the observed
pKa differing by about 7 units from that of the diluted system.
Moreover, the degree of protonation or deprotonation changed
more gradually with pH than those in solution. The zeta poten-
tials of ionic SAMs (�50–100mV) were much higher than
nonionic SAMs (�0–40mV). Nonionic OTS and thioacetate
showed a moderate negative zeta potential, suggesting prefer-
ential adsorption of negatively charged species. Alkylammoni-
um SAMs showed a strong positive zeta potential at all pH val-
ues; comparably, sulfonate groups showed a highly negative
surface charge at high pH. The weakly acidic carboxylate
SAMs only showed a negative surface charge in mildly acidic
and basic environments. The zeta potential of amine switched
from positive to negative with the pH shifting from acidic to
basic despite its intrinsic positive property.71a

Surface force apparatus (SFA)72 and atomic force microsco-
py (AFM)73,74 are used for measuring forces between two
macroscopic surfaces or between a fine tip and a surface,
respectively. Tang and DeGuire reported experimental results
on the measurement of the interaction between a ZrO2 particle
and the SAM surface.71b They attached 20 micron ZrO2

particles to a cantilever of an atomic force microscope and
measured the interaction between the particle and a sulfo-
nate-SAM surface on Si. The jump-in distance and adhesive
force were measured in KNO3 solutions with the pH ranging
from 2 to 9 and ionic strength ranging from 0.45M to 4:5�

10�5 M. The observed forces in all cases were larger for sulfo-
nate SAM-covered silicon than that for bare silicon. With the
sulfonate surface, the force was repulsive at high pH and
attractive at low pH, and it increased with decreasing pH
and ionic strength. Experimental results were in most cases
consistent with predictions from DLVO theory, indicating that
DLVO forces play a key role in the interactions between these
surfaces under such conditions.

The Derjaguin–Landau–Verwey–Overbeek (DLVO) theo-
ry70 has been frequently used for explaining the interaction
between particles and substrate surfaces, which can also be
used to explain the formation mechanism of the deposition
of ceramic thin films from aqueous solutions.41,43a,71b The
DLVO model is derived from an energy balance composed
of attractive and repulsive interactions and has historically
described the interaction and behavior of surfaces and colloids.
In recent years, attention also has been paid to non-DLVO
forces in colloid systems (hydration forces, hydrogen-bonding
and hydrophobic interactions, non-charge-transfer Lewis acid
base interactions, and steric interactions), which implicate
the structure of water.

Some mechanisms have been proposed for understanding
the formation mechanism of oxides on SAM surface in solu-
tion. It is generally considered that the interactions in film
formation include van der Waals forces, electrostatic forces,
hydrophobic–hydrophilic interactions, and the generation of
chemical bonds (either covalent or hydrogen bonds) (see most
of the papers on SAM-assisted oxide formation). In all these
cases, surface properties play an important role in film forma-
tion, either by surface-promoted heterogeneous nucleation or
by physical or chemical attraction of preformed solids in solu-
tion. The accurate understanding of the film formation mecha-
nism may help to optimize film formation conditions for tailor-
ing film deposition behavior and film performance (micro-
structure, density, crystallization, size, and size distribution).
Bunker et al. proposed ion-by-ion growth for the heterogene-
ous nucleation on the SAM surface or old nuclei/particle.47f

Shin et al. suggested that film was grown by attachment of ho-
mogeneous nuclei/clusters formed in solution.43a Even particle
growth itself is also dominated by adherence of nuclei/clusters
rather than by ion-by-ion growth.43a The existing two mecha-
nisms are not independent but may operate at different stages
of a deposition process, which was confirmed in our experi-
ments and will be discussed later. Because heterogeneous nu-
cleation is kinetically favorable, the surface-induced heteroge-
neous nucleation may govern deposition at low supersaturation
(for example, the so-called induction period), while at high
supersaturation, nucleation occurs on almost all surfaces re-
gardless of their energy state. The morphology of the particles
existing in the film is much different from that observed in the
precipitate after deposition; the former is much smaller than
the latter. This finding suggests the difference in growth be-
havior: only small-sized clusters or particles were attracted
to the substrate surface, while serious coagulation occurred be-
tween clusters or particles in the solution. Although not clear-
ly, the result reveals the complexity of the solution deposition
process, indicating the interdependence of solution conditions
and surface functionalities, and implying different mechanisms
operate in different systems.
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Figure 2. Zeta potential of SAMs of (a) nonionic surfaces
and (b) ionic surfaces.71a
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2.4 Nucleation and Crystal Growth in Aqueous
Solutions. 2.4.1 Nucleation and Growth: The precipita-
tion of a solid phase is related to the surface bearing specific
functional groups and the solution conditions. Initial nuclea-
tion can occur either in solution (homogeneous) or on the
surfaces of a substrate (heterogeneous), depending on the net
interfacial energy of the system. If the interaction between
the growing nucleus and a substrate surface represents a lower
net interfacial energy, heterogeneous nucleation is favored
over homogeneous nucleation.

The classical theory for nucleation and crystal growth75

indicates that the free energy change associated with the pre-
cipitation of an inorganic cluster from solution onto a surface
is given by

�F ¼ �nkBT ln Sþ � ilAil þ ð� is � �slÞAis ð1Þ

where S represents the degree of supersaturation in the solu-
tion; n is aggregation number; kB is Boltzmann’s constant; T
is temperature; � il, � is, and �sl represent the inorganic/liquid,
inorganic/substrate, and substrate/liquid interfacial tension,
respectively; and Ail and Ais represent the corresponding inter-
facial areas. When the net interfacial energy for the nucleation
on the substrate is lower than that for inorganic/solution inter-
facial energy, that is, ð� is � �slÞAis < � ilAil, heterogeneous
nucleation is favored over homogeneous nucleation. This is
the case for the thermodynamically controlled formation of a
solid. At high levels of supersaturation, homogeneous nuclea-
tion dominates the formation of a solid phase. The generation
of particles begins with the formation of tiny nuclei in a super-
saturated medium followed by growth. The free energy of a
spherical nucleus with radius r can be described as follows:76

�G ¼ �Gs þ�Gv ¼ 4�r2� þ 4=3�r3�gv ð2Þ

where � stands for the surface tension between the two phases
and �gv is the difference in the free energy per volume unit
between the two phases. �G as a function of r reaches the
maximum, where the corresponding radius of r� is defined
as the critical nucleus radius. Nuclei with a radius smaller than
r� will redissolve, while nuclei with a radius exceeding r� will
grow further.

The classical nucleation theory is based on a fundamental
assumption that prior to reaching supersaturation that initiates
the nucleation the system can be treated as homogeneous; that
is, the components are present in a molecularly dispersed state.
The present knowledge of nucleation77 however, suggests the
existence of a subcritical nucleus, the so-called precursor.
The nucleation and particle growth process is not only depend-
ent on the incorporation and loss of individual basic blocks
(atoms, ions, monomers, and molecules), but it also relies on
the interaction among precursors, or between clusters each
other, which also contributes to the nucleation. No nucleation
occurs in a solution with low supersaturation, homogeneous
nucleation occurs at high supersaturation, and film formation
via heterogeneous nucleation is possible in the intermediate
supersaturation region called a ‘‘window.’’ The precipitation
of a solid phase involves four kinetic steps:69 (1) formation
of a zero-charge precursor; (2) creation of nuclei; (3) growth
of nuclei; and (4) aging of the particles in the suspension.
For a monocation system, when the solution becomes supersa-

turated, the interaction between soluble precursor molecules
generated by the hydrolysis reaction drastically changes to
be slightly attractive. Molecules continue to move, but a cer-
tain probability of collision could give rise to the formation
of clusters of molecules, a solid phase. Whether the cluster
can further grow or not is dominated by the relative energy
state, exhibiting random fluctuation. The free energy differ-
ence between the liquid and the solid is the driving force
toward the formation of a solid, whereas the surface tension
results in redissolution of the existing clusters. Both of them
are correlated with the radius of the cluster. Once the radius
of the cluster is over a critical value, the total free energy
begins to decrease and the stable nucleus is formed. Creation
of nuclei occurs through the condensation of the zero-charge
precursor and is closely related to the precursor concentration.
At lower supersaturation, the condensation rate is almost zero;
once the precursor concentration exceeds a critical concentra-
tion Cmin, the condensation rate increases abruptly and polynu-
clear entries: the nuclei are formed in an explosive manner
throughout the solution.

Growth of nuclei is controlled by mass transport and by the
kinetics of the addition and removal of individual species such
as atoms, ions, or molecules to and from the particle surfaces.
Ostwald ripening is generally the major mechanism of crystal
growth. However, in certain nanophase materials under some
conditions, aggregation-based growth was reported to occur
in the formation of TiO2, ZnO, and others.78,79

Crystallization and morphology control are two issues in-
volved in the growth process. Growth through crystallization
or the formation of an amorphous state is a complex issue.
The Ostwald rule declares that the phase formed by nucleation
is not necessarily the thermodynamically most stable structure
but is the structure whose free energy is closest to the melt.76

Although the amorphous phase is a thermodynamically meta-
stable state, it is probably kinetically stabilized because the
system is constrained to evolve without heating or other induc-
tion and may not transform to the lowest activation energy
path. For a solution deposition process, it is important to un-
derstand how to suppress or control the transformation from
one structure to another energetically more favorable structure
because both of these two structures, amorphous or crystalline,
are crucial for some specific applications. Investigations of
the biomineralization process make it possible to answer this
question, considering that living organisms have been able to
regulate the structural transformation with the aid of proteins.
Additives also influence nucleation and crystallization process-
es.80–83 Additives can be ions and low molecular weight mole-
cules such as surfactants, nanoparticles (seeds), and neutral or
other soluble polymers and they may promote or suppress the
nucleation and growth process, form the oriented crystals, or
modify the morphology of the particle. An example is ZnO,
which has been found to be present in different morphologies,
typically from rods,83–85 wires,86 and tubes,87 to more complex
architectures.88,89 These structures can be obtained by
regulating the solution conditions, such as pH, concentration,
temperature, precursor chemistry, or by addition of a trace
of additives.83–89

2.4.2 Aqua Chemistry for Solid Deposition: The degree
of supersaturation has obvious effects on the formation and
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growth of nuclei, the nucleation mechanism, morphology,
crystallinity, and the control of film properties (such as thick-
ness, density, transparency, and refractive index). In solutions
encapsulated within preformed supramolecular assemblies,
the regulation of supersaturation conditions can generally be
achieved by facilitated ion flux, complexation–decomplexation
switches, local redox and pH modifications, and changes in
local ion activities via ion strength and vectorial water fluxes.90

Under these conditions, the kinetics of surface-mediated pro-
cesses can influence phase transformation and aggregation in
crystal growth. In most cases, chemical reactions and experi-
mental conditions (concentration, temperature, acidity, nature
of the anions, etc.) dominate this process.69 Hence, by design
of various chemical reactions, such as local redox, hydroly-
sis–condensation, and ligand-exchange, the supersaturation de-
gree of the solution can be purposely adjusted. Among these,
most usually involve aqua chemistry and hydrolysis–conden-
sation reactions.

The formation of a solid phase from solutions is a result of a
process of inorganic polycondensation involving the hydroly-
sis of metal ions and the condensation of hydroxylated com-
plexes. In aqueous solution, all ions are hydrated to some ex-
tent by the formation of a hydration sphere of water molecules
around the central atom even for the halide anions.91 In very
high oxidation states, the positive charge on the central atom
increases to such an extent as to polarize the coordination wa-
ter, resulting in spontaneous deprotonation by free water acting
as a base and the formation of oxo and/or hydroxo species,
which is related to another concept of hydrolysis of metal
ions.91 Jolivet and co-workers have developed a partial charge
model, a guide for understanding the behavior of metal ions in
solution, including hydrolysis, condensation, complexation,
and formation of the solid phase along with control of its
characteristics (such as morphology, orientation of crystals,
polymorph, and size).69a They state that when two atoms com-
bine partial electron transfer occurs so that each atom acquires
a positive or negative partial charge, which results in the in-
crease or decrease in the electronegativities of related atoms.
Electron transfer continues until the electronegativities of all
the constituent atoms become equal to the mean electronegati-
vity.69a Two main mechanisms as schematically shown below
are involved in the condensation of cations: olation reaction
and oxolation reaction take place by the formation of hydroxo
bridges (ol bridges) and oxo bridges, respectively.

Olation: M{OHþ {M{OH2 ! M{OH{M{þ H2O ð3Þ
Oxolation: M{OHþ HO{M ! M{O{Mþ H2O ð4Þ

The electronegativity of the elements influences the conden-
sation through the mechanism of either olation or oxolation.69a

Four critical values, �B;z, �Ol, �PA, and �A, separate the
charge-electronegativity diagram into five domains (B, z, Ol,
PA, and A means base, formal charge, olation, polyacid, and
acid, respectively). When �/M (the electronegativity of hydro-
lyzed cation) > �A or �/M < �B;z, condensation in the solu-
tion cannot occur and the element will exist as a monomeric
cation or anion. �B;z < �/M < �Ol;z limits a domain where
cations may condense through olation only and form stable
hydroxides (e.g., Al and Zn). If �Ol;z < �/M < �PA;z,
condensation may occur through both olation and oxolation

and lead to oxyhydroxides FeIII or to oxides TiIV depending
upon the relative rate of olation and oxolation. Elements for
which �PA;z < �/M < �A;z will condense through oxolation,
leading to polyacid formation. According to this model, the
calculated partial charge for the water molecules (�(H2O)) is
closely related to the tendency of the metal ions to form either
an oxide precipitate or a mixed hydroxide/oxyhydroxide pre-
cipitate.69a Take the ZrIV as an example. For the aqua ion of
zirconium, �(H2O) is positive, such that the water molecule
is repelled by the metal center and allows the oxo bridge
formation. Hence, zirconium will hydrolyze and condense to
generate zirconium oxide or oxyhydroxide depending on the
solution conditions. The electronegativity–pH diagram69a for
the aqua ion of Zr4(OH)8(OH2)16

8þ suggests that Cl� is re-
tained in the solid of zirconia when it is precipitated at higher
pH. The sulfate ion is easier to complex with zirconium than
is Cl� and can form various complexes of zirconium over a
wide range of pH values. Significant amounts of impurities
such as Cl� or SO4

2� should be easily embedded in the
ZrO2.

92,93 At higher pH, the sulfate group, weakly coordinated
to the metal ion, is easily replaced by other anions.12 In an
aqueous solution containing zirconium sulfate and urea, a
basic zirconium carbonate (Zr2(OH)6CO3�2H2O) can precipi-
tate.94 F� also has a strong ability to form complexes in
solution with many metal ions such as SiIV, TiIV, and ZrIV;
precipitation of F into the corresponding oxides via the LPD
method has been well-known.95

2.4.3 Morphological Evolution in Solution: Control of
crystalline phase, morphology, and microstructure has attract-
ed a great amount of interest from the viewpoint of fundamen-
tal studies and practical applications because these characteris-
tics are closely correlated with optical, electric, chemical, and
catalytic properties. Treating in solution affords possibilities
to achieve all or some of the above properties during the nucle-
ation and growth process. As interesting and useful materials,
ZnO and TiO2 have been synthesized in solution with fine
control over their crystalline and morphological features.
Several solution systems have been reported to be effective
in the growth of ZnO crystals either in solution or on
substrates.80,81k,81j,83–88,96–123 The most well-known work was
conducted by Vayssieres, who successfully prepared ZnO rods,
tubes and their arrays on glass substrates from a solution con-
taining equimolar Zn(NO3)2 and hexamethylenetetramine
(HMT, C6H12N4) at 90–95

�C.84,85,97,98 This method was fur-
ther extended to produce other films with well-ordered struc-
tures.99 Yan et al. conducted a series of research on morphol-
ogy control of ZnO in solution by hydrothermal treatment of
Zn(NH3)4

2þ or Zn(OH)4
2� precursors in various solvents in-

cluding microemulsion; the process led to the production of
ZnO with tubular, rod or complex microstructures.88,100,101

Liu and Zeng synthesized ZnO nanorods by using zinc salts,
NaOH and ethylenediamine at about 25 �C.102 A ring-like
ZnO was also produced by using a flake precursor zinc hydrox-
ide chloride hydrate (Zn5(OH)8Cl2�H2O) and ammonia at
120 �C.103 Masuda et al. achieved site-selective crystallization
and patterning of ZnO with different morphologies and
crystallographic characteristics on self-assembled monolayers
from an aqueous solution of zinc acetate and ammonia.104

Yin and Sato obtained an unique nanoscrew-shaped ZnO by
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treating a low-concentration Zn(NO3)2–HMT solution for a
long time.105 Time-dependent study suggests that the forma-
tion of the nanoscrews was mainly controlled by an aging ef-
fect, which resulted in partial dissolution and recrystallization
occurring simultaneously but on different sites of the parti-
cle.105 We have also carried out the morphology-controlled
growth of ZnO films on a seeded conductive glass from solu-
tions using zinc chloride and HMT/ammonia as raw materi-
als.85 Arrayed ZnO nanorods were perpendicularly aligned
with high number densities and tuned slenderness ratios.
Organic additives such as citric acid or some surfactants
have been also involved in the crystallization of ZnO in solu-
tion.83,106 These additives can change the crystallization habits,
resulting in the production of abundant hierarchical structures.
A biomimetic process that uses organic additives (soluble
polymers or amino acids) to modify the growth of ZnO can
develop various ZnO crystals from solution.80,81k,81j,107–115

The polymer has been considered to be adsorbed to different
crystallographic planes of ZnO nanocrystals, which changes
the nucleation and subsequent growth rate along specific
orientations and should be responsible for the generation of
hierarchical structures. The formation of ZnO crystals with
various morphologies and crystallographic characteristics are
closely linked to the reconstruction of inorganic-polymer
intermediates, anchoring and desorbing of polymer molecules,
and Ostwald-ripening effect.

Control of the morphology of ZnO particles can be achieved
by both a thermodynamic and a kinetic process, but in most
cases that is through a kinetic manner by controlling the for-
mation of zero-charge precursors; this stage can be realized
by controlling either the amount of base in a reaction medium
or the amount of ZnII species.116 The latter was realized by
controlling a starting concentration of ZnII at the beginning
of reaction or through slow release of chelated ZnII species
in a basic solution in the later period of the reaction.117 Slow
release of ZnII was usually brought about by sagaciously
selecting a chemical agent that favors stabilizing free ZnII by
forming ZnII complexes. It can be also possible to modify
the dissolution–recrystallization process such as the Ostwald-
ripening effect and make it favorable for kinetic control. The
Ostwald-ripening effect may result in partial dissolution of
some crystallographic planes or some sites of the same crystal-
lographic planes, so as to give ZnO with different morpholo-
gies and crystalline characteristics.87,105,118,119 This process
somewhat resembles that of a top-down reconstruction. In
Zn(NO3)2–HMT solution, a rod-shaped ZnO formed at the
early stage of the reaction has been observed to become
nanoscrews,105 nanotubes,87 and even nanoplates119 after a
long time aging. The ions in solution can interact with the
primarily formed nanocrystals at specific reaction sites, in
most cases demonstrates preferable dissolution of the (002)
crystallographic plane. These interactions lead to the formation
of hierarchical structures, large particles or transforming to
more stable polymorphs.105 In a reported case, [Zn(NH3)4]

2þ

and NH4
þ may randomly diffuse to the surface of pre-

formed ZnO crystals and was selectively adsorbed on
specific crystallographic planes, eroding the corresponding
crystallographic planes and preventing from anchoring new
ions.105

The crystallization-growth behaviors can be also be modi-
fied by partially promoting or inhabiting the growth of some
crystallographic planes, by the adsorption of ions,83,85,106 a
typical bottom-up process. A designed chemical environment
is therefore important. As reported previously, the NH3 in so-
lution can decrease the encounter probability of the nucleus,
prohibiting the growth of particles.88

Several works of ours have been conducted to pursue the
morphology evolution and to clarify a complex problem de-
rived from the metamorphic features in the morphology of
ZnO during soaking in aqueous solutions.85,109,121 The studies
have shown that both specific solution chemistry and treatment
parameters such as temperature, time, and pH have effects
on the growth by selective promotion or prohibition of some
characteristically crystalline planes.85,109,121 With a solution
containing hexamethylenetetramine and ammonia, the solution
pH can be controlled by releasing OH� from the decomposi-
tion of hexamethylenetetramine during incubation. The
changes can afford abilities to regulate the degree of supersa-
turation, which can alter the progressing of both nucleation and
crystal growth. Nanowire-aligned films with controlled ratios
for length/diameter of wires have been synthesized by
purposely changing the concentrations of starting materials
(Figure 3).85,120 The crystalline morphology can be also regu-
lated by an aging process (Figure 4).121 In this stage, a disso-
lution–recrystallization84,87,88,97–103,105 and/or an aggregation-
based mechanism81k,81j,105–109,113,116 dominates the reconstruc-
tion of ZnO with unique crystalline morphologies. With a low
concentration of ammonia, a film with particles of cone-shaped
tips can be obtained (Figures 4A and 4B). After soaking for
different times either isolated single crystalline cone-shaped
ZnO or a dense transparent ZnO layer can be grown on a
ZnO-seeded F-doped SnO2 substrate (FTO) (Figures 4E and
4F).121 The individual ZnO cones were found to be able to
dissolve again with prolonged soaking time, accompanied by
transformation from single crystalline to polycrystalline states,
suggesting reversibility.121 The dense ZnO layer about 4mm
in thickness, shows a transparency of above 70% in the
visible range, and is promising for optoelectronic applications
(Figures 4C and 4D).121 The findings reveal that one can
purposely optimize the morphology, crystallography, and or-
ganization to pursue special properties by kinetically control-
ling the nucleation and crystallization process.

A similar consideration can also be extended to the case of
TiO2, an interesting and useful inorganic.

122,123 A supersaturat-
ed aqueous solution containing peroxotitanium complex ions
was prepared to synthesize TiO2 and its precursors in solution
under mild conditions. The conditions including pH, concen-
trations of titanium and incubation temperatures have impor-
tant effects on the nucleation and growth along with the crys-
talline and morphological evolution. At room temperature,
precipitates were amorphous,122c and can transform to anatase
at 250 �C.122b Figure 5 shows the surface and cross section of
the film after annealing. The morphology of the deposited film
can be regulated by chemical kinetics, which was partially
controlled by solution conditions.122a Porous films with various
morphologies from particulate to curved-sheet were prepared
on different substrates including Si, polymers, and glass
(Figure 6).122a It shows the morphology of these films prepared
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Figure 4. SEM graphs of ZnO films obtained from 0.02M ZnCl2/HMT solution at 95 �C: A, B: containing 5mL of NH3 for 97 h;
C, D: containing 7mL of NH3 for 72 h; and E, F: containing 7mL of NH3 for 97 h. The scale bar for image inset of B and C is 1.67
and 1.50mm, respectively.120

Figure 3. SEM micrographs of ZnO nanowire films prepared from a solution containing 20mM ZnCl2 and hexamethylene-
tetramine with different amounts of ammonia. (A), (B): 5mL; (C), (D): 2mL.121
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Figure 5. Cross-sectional SEM photograph (a), surface morphology (b) and topography (c) along with height profile along the
corresponding line shown in the image for the TiO2 thin film (corresponding thin film obtained after soaking for 24 h after
annealing at 700 �C for 2 h in air.122b

Figure 6. SEM photographs of TiO2 precursor films deposited at 95 �C for 24 h in 5mM peroxotitanium complex solutions with
different pH (A1, A2: pH 1.0; B1, B2: pH 1.5; C1, C2: pH 2.0).122a
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under different pH. Porous microstructures of films permitted
us to prepare a crack-free film 2–3mm thick. These films were
still amorphous under the treatment conditions. Figure 7 shows
the corresponding postannealed powders obtained under differ-
ent pH. Dye-sensitized solar cells using annealed (anatase)
films of different morphologies as electrodes gave conversion
efficiency ranging from 1.3–3.1%.122a Improvement of per-
formance may be achieved by either increasing the film thick-
ness or inducing crystallization in solution.122a Solar cells us-
ing TiO2 nanoporous films demonstrated high performance,
namely overall conversion efficiency of 3.1% (AM1.5) for a
3-mm thick film.122a For further optimizing the film properties,
efforts are being made to address the following questions, in-
cluding in situ crystallization, preparation of one-dimensional
arrays, increasing the film thickness and optimizing the adher-
ence of films to substrates. By increasing the temperature
of solution to 90 �C, the rutile film can be crystallized at
pH 1.123 Figures 8 and 9 show the morphology and X-ray
diffraction pattern of the rutile film.

3. Preparation of SAM Templates

3.1 SAM Preparation. In general, SAMs can be fabricat-
ed through chemisorption of organic molecules to solid
surfaces through either the liquid phase124,125a–125c,126 or the
vapor phase.125d–125n,127 The hydrolyzed organosilane bonds
to the native silica layer of p-Si substrate by the formation
of a covalent siloxane (Si–O–Si) bond, and they condense with
each other, creating a SAM with a functional terminal
group.124,126a The cross linking and van der Waals interactions
between chains stabilize the highly ordered, two-dimensional
arrangement of SAMs.124,126a In a silanization reaction, the hy-
drolysis of silanes determines the overall reaction speed and
depends on the reactive groups bonding to Si atoms in silanes.
It decreases in the order Cl > OCH3 > OCH2CH3.

125e

A schematic description of the SAM formation process is
shown in Figure 10. P-type Si(100) wafers employed for the
substrates were cleaned ultrasonically in acetone, ethanol,
and deionized water, followed by immersion in boiling water

A B C

1 µm 1 µm 1 µm

Figure 7. SEM graphs of TiO2 powders after annealing of those obtained under different pH; A: pH 1.0, B: pH 1.5, C: pH 2.0; the
scale bars are 1mm.122a

Figure 8. SEM micrographs (a–c) and XRD patterns (d) of TiO2 thin film prepared on a glass substrate pre-coated with a
transparent conducting oxide (FTO) layer. (a): low-magnification; (b) high-magnification; (c) cross-sectional. R refers to the
rutile phase. The red XRD pattern is for the FTO substrate.123
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for 5min. After being dried at 50 �C in air, the substrate was
exposed to UV light for 2 h. SAM materials were organo-
silanes such as heptadecafluoro-1,1,2,2-tetrahydrodecyltri-
chlorosilane, octadecyltrichlorosilane (OTS), and phenyltri-
chlorosilane (PTCS). SAMs were prepared by immersing
the cleaned and dried substrates into an anhydrous toluene
(99.8%, water <0.002%) solution containing 1 vol% SAM
materials for 5min under an N2 atmosphere. The hydrolyzed
organosilane bonded to the native silica layer of p-Si substrate
by the formation of a covalent siloxane (Si–O–Si) bond, creat-
ing a SAM with a terminal CH3 group.

126 After being dried un-
der N2 atmosphere, the substrates with SAMs were then baked
at 120 �C for 5min to remove residual solvent and to promote
chemisorption of the SAMs. A detailed description of the
SAM fabrication process appears in previous reports.35,36,38,40

Selective modification of SAMs was conducted by exposing
the sample to UV light through a photomask; photocleavage
at the Si–C bond formed volatile (or removable) by-products,
and an extremely reactive Si radical left on the surface imme-
diately reacted with trace water to form polar functional silanol
(Si–OH) groups.126 The difference in physical and chemical
properties of a patterned SAM suggests different nucleation/
growth behaviors when the substrate was immersed in a
deposition solution.

3.2 SAM Characterization. SAMs are extremely thin
layers with a typical thickness of several nanometers depend-
ing on the molecular structure. Characterization of the SAM
surface usually involves a series of surface analysis tech-
niques, structural observations, and chemical/physical proper-
ty measurements. Scanning electron microscopy (SEM) can be
used for surface observations; patterned SAMs with different
functional regions show image contrasts due to the difference
in the lowest unoccupied molecular orbital (LUMO).127 For

Figure 9. HRTEM graphs of a rutile TiO2 film along [211]
direction. A: low-magnification cross-sectional image;
B: high-magnification image.123

OHOH OH OH

Si

Cl ClCl

CH3 

Si

HO OHOH

CH3 

(a) Hydrolysis of silane

hydrolysis

(b) SAM on Si substrate

Si Si Si
O OO O

CH3 CH3 CH3

O O O
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(c) Selective photocleavage
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(d) Patterned SAM

Figure 10. Illustration of SAM formation. (a) Octadecyltrichlorosilane hydrolyzed by the liberation of HCl. (b) SAM fabrication:
the hydrolyzed organosilane bonded to the native silica layer of p-Si substrate by the formation of a covalent siloxane (Si–O–Si)
bonds, creating a self-assembled monolayer (SAM) with a terminal of CH3 group. (c) Selective modification of SAMs by exposing
to UV light through a photomask; photocleavage at the Si–C bond formed volatile (or removable) products, and an extremely
reactive Si radical left on the surface immediately reacted with trace water to form polar functional silanol (Si–OH) groups.
This functionalized surface should be reactive to a variety of chemical coupling reactions, such as chemical adsorption of ceramic
precursor from a solution. (d) Patterned SAM.
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further detailed structure determination, AFM or scanning tun-
nel microscopy (STM) is needed.124 TEM can also be used to
confirm the success in preparation of SAMs and determination
of the SAM thickness.128 An ellipsometer can operate at ambi-
ent atmosphere for measuring the thickness along with the re-
fractive index of SAMs.129 Powerful synchrotron radiation
techniques such as near edge X-ray adsorption fine structure
(NEXAFS), X-ray adsorption near edge structure (XANES),
and extended X-ray adsorption fine structure (EXAFS) also
may be used for determining surface structures. Some common
equipment in a chemical laboratory can be employed for the
understanding of surface physics and chemistry of a SAM, in-
cluding attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FT-IR) and grazing-angle spectroscopy,130

secondary ion mass spectroscopy (SIMS),131 ultraviolet (UV)
spectroscopy,132 X-ray photoelectron/Auger electron spectros-
copy (XPS/AES),133 fluorescence probes,134 and scanning
probe microscopy such as lateral force microscopy (LFM),135

and Kelvin force microscopy (KFM).136 A high-resolution
mass sensing technique with nanogram sensitivity, quartz crys-
tal microbalance (QCM),137 is also involved in the characteri-
zation of the kinetics and dynamics of the formation of SAMs.
In many of these applications, QCM is not a mass sensor but
provides valuable information about reactions and conditions
at the liquid–solid or gas–solid interfaces. Measurements
of zeta potential138 and (water) contact angles139 are simple
and widely used methods for the confirmation of the SAM
formation and characterization of their surface properties.
Other analysis techniques for characterization of SAMs are
discussed in Ref. 124b.

3.3 Patterning of SAMs. There are several methods
to pattern a SAM surface in the laboratory; they can be
divided into two categories: site-selective modifica-
tion35,36,38,40,65,136,137 and direct patterning.1,140 In site-selective
modification processes, a SAM is prepared on the whole
surface of a substrate first by chemisorption of molecules in
either the gaseous phase or liquid solutions. The patterning
of the SAM can be accomplished in situ without disrupting
the monolayer by a number of techniques using additional en-
ergy sources. These techniques share almost the same mecha-
nism; that is, organic molecules of SAM on the substrate sur-
face undergo changes (energy conversion and/or chemical re-
actions, often irreversible) in a site-confined manner. In prac-
tice, these changes can be induced by mechanical, physical,
optical, electrical, chemical, or magnetic means or a combina-
tion of them. Deep UV irradiation employs different lamps
with wavelengths ranging from 354 to 157 nm. Mercury
(Hg), excimer, krypton fluoride, argon fluoride, and F2 lamps
irradiate UV light of 354, 170, 193, 248, and 157 nm in center
light wavelength, respectively. Selective photocleavage and/or
photoinduced ozone can decompose the exposed areas, creat-
ing new functional terminals different from the original
ones.35,36,38,40,65,136,137 Recently, several techniques to pattern
SAMs were reported. Photocatalyst-assisted photolithogra-
phy,65g near-field scanning optical microscopy (NSOM),136b

X-ray,62 electron beam,62a,63 ion bombardment,64 and an STM
or an atomic force microscope (AFM)136c–136m were shown
to be effective for patterning of SAMs. Unlike the modification
processes mentioned above, in which no ink is involved,

microcontact printing (mCP), nanotransfer printering (nTP),
and dip pen nanolithography (DPN) represent methods that
combine high-resolution ‘‘stamps’’ or ‘‘pens’’ with SAM
‘‘inks’’ for patterning through direct writing of SAMs in the
requisite areas.1,140,141 In a mCP process, an elastomeric,
patterned stamp is first inked by immersing the patterned face
in an ink solution, and then it is dried and makes contact with
the surface of a substrate. Ink, which may be SAMs, catalysts,
colloid particles, proteins, and other chemical species, attaches
to specific sites of a substrate, really replicating the pattern
of the stamp.

These methods enable the patterning of a SAM surface
with sizes ranging from micrometer to deep nanometer scale.
Among the introduced methods for patterning of SAMs,
almost all modification-related techniques and DPN methods
show difficulties in patterning on unplanar surfaces. This
problem has been partially resolved by using mCP or nTP. In
addition, after SAM patterning the surface functionality of
SAMs can be in situ transformed to other groups with various
physical and/or chemical properties,71a,138c,142 which may en-
able optimization of film deposition processes by the design
of surface reactivity and allow an understanding of the interre-
lationships between film properties and surface functionality as
well as structure configuration. Shyue et al. reported a wide
variety of surfaces could be obtained by starting with a single
surfactant, which was used to prepare alkyl bromide SAMs on
Si.71a Various surfaces were created with terminal groups,
including thioacetate, sulfonate, thiol, nitrile, dodecanoic acid,
amines, which show different acid–base properties and zeta
potentials of the surface. Li et al. reviewed methods for the
transformation of functional groups of SAMs on flat gold
surfaces.138c SAMs with various types of functional groups
(headgroups) were bond to an Au surface and transformed to
requisite groups by in situ chemical reactions. Transformation
was started with functional groups such as amino, carboxylic
acid, anhydride, and hydroxy. Some SAMs that were electro-
active or photochemically active were easily modified through
corresponding electrochemical or photochemical reactions.

4. Micropatterning of Inorganic Thin Films
on SAM Templates

4.1 Introduction. Various kinds of thin films of metal ox-
ides have been deposited on SAMs with different functional
groups by bioinspired processess at temperatures lower than
100 �C. Representative are TiO2,

35–37,39,42a,43a,45,122b,143–156

ZrO2,
38,92,157–162 SnO2,

42b,129,163–169 Y2O3,
170,171 ZnO,172–179

La2O3,
180 Ta2O3,

181 iron oxides182–187 including
FeOOH,47f,67,175–186 Fe2O3,

187 and Fe3O4,
182,183 along with

complex oxides such as SrTiO3,
40 CaCO3,

68,188,189

apatite,41,190a–190d and others.190e–190h

In general, synthesis of monometallic oxides is usually a re-
sult of inorganic polycondensation involving the hydrolysis of
metal ions in solution and condensation of hydroxylated com-
plexes. The reaction behavior for different elements is signifi-
cantly different because of the specificity in element chemis-
try. Preparation of polymetallic oxides, however, needs control
of the formation of the polymetallic complex, which is crucial
for the control of the stoichiometry. The growth of these films
was mostly induced using a sulfonate-SAM with a terminal
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SO3H group, an amino- or phenyl-group-functioned surface,
thiol-anchored SAMs on Au, or others, especially silanol
groups derived from UV-modification of SAMs. Deposition
of thin films from solutions requires control of the reactive
process so that nucleation and growth occur preferably on sur-
faces rather than in solutions. The chemistry of precursors
also influences the hydrolysis process. Solution conditions
such as temperature, concentration, pH, and starting molar
ratio influence the reactions that occur and the properties of
the obtained films. For a proton-generated hydrolysis reaction,
small differences in pH, temperature, or solution composition
in terms of concentration and/or molar ratio can have a great
effect on the solution’s supersaturation and local chemical en-
vironment, significantly affecting growth rate, roughness, mor-
phology, and sometimes crystallization and crystallographic
orientation of the film.

In addition to solution conditions, film growth is also domi-
nated by surface properties. Deposition is indeed restricted
to some substrates, which makes it possible to fabricate a
patterned film. Patterning of thin film on the SAM template di-
rectly in solution serves as an ideal system to understand solu-
tion and surface-interface chemistry for bioinspired processing
of ceramic films.

Site-selective deposition (SSD) of thin films has been
achieved and nano/micropatterns of them have been fabricated
in our study. We proposed direct SSD of amorphous TiO2 thin
films using hydrolysis,36a,36b,154,192–194 amorphous Ta2O5 thin
films using hydrolysis,181 amorphous SnO2 thin films using hy-
drolysis,163,168,195 amorphous TiO2 thin films using a peroxoti-
tanate complex deposition (PCD),122b,122c and amorphous
SrTiO3 thin films40a,40b,196–198 (Figure 11a). A patterned
SAM of octadecyltrichlorosilane (OTS) which has silanol
groups and octadecyl groups was used as a template for the
patterning of amorphous TiO2 thin films. Amorphous TiO2

was selectively deposited on silanol regions in the titanium di-
chloride diethoxide (TDD) solution using the hydrolysis reac-
tion of TDD to produce micropatterns of thin films that had
high feature edge acuity. TDD can form chemical bonds with
silanol groups to form amorphous TiO2 thin films, but cannot
form chemical bonds with octadecyl groups. This difference
was used for site-selective deposition. Additionally, the sur-
face of hydrophilic silanol groups has many adsorbed water
molecules, however the surface of hydrophobic octadecyl
groups has fewer adsorbed water molecules. TDD needs water
molecules to hydrolyze and thus amorphous TiO2 thin films
can be formed on silanol regions much faster than on octadecyl
regions. Condensation between TDD and silanol groups and
between TDD molecules releases water molecules, and this
promotes further condensation. These two mechanisms, i.e.,
the difference in ability to form chemical bonds and the differ-
ence in adsorption of water molecules, are essential factors in
the site-selectivity of this method.

A catalyst pattern was used for site-selective deposition to
prepare micropatterns of ZnO178,179,183 and Fe3O4.

182a,182b

(Figure 11b) This method uses a catalyst pattern as a template
which induces the deposition of thin films. The feature edge
acuity of micropatterns depends on that of the catalyst pattern,
and thus high feature edge acuity of the catalyst pattern leads
to high feature edge acuity of the pattern of thin films.

Homogeneous nucleated clusters or particles were
attached to form films on SAMs by electrostatic
interaction,41,171,190a,199,200 hydrophobic interaction,104,171 or
interaction between thiol groups and metals201 (Figure 11c).
A patterned SAM having amino groups showing positive zeta
potential and silanol groups showing negative zeta potential
was used as a template. Homogeneously nucleated HAp parti-
cles or dispersed Ni particles which show negative zeta poten-
tial were adhered on amino groups by electrostatic interaction.
This process is simple and effective for the deposition of nano/
microparticles. HAp particle layers were further grown to form
thin films in the solution. This technique can be used to prepare
micropatterns of thin films or particle layers.

Additionally, site-selective elimination202 was proposed as
shown in Figure 11d. Site-selectivity resulted from the differ-
ence in adhesion strength of depositions. The patterned SAM
having OTS regions and silanol regions was immersed in a so-
lution containing a Ti precursor and subjected to ultrasonica-
tion during immersion. Heterogeneously nucleated TiO2 and
homogeneously nucleated TiO2 particles adhering to the
OTS-SAM could be easily eliminated from the substrate by
ultrasonication, whereas those on silanol groups maintained
their adhesion against mechanical vibration by ultrasonication.
TiO2 can form chemical bonds such as Ti–O–Si with silanol
groups, but cannot form them with octadecyl groups, resulting
in the difference in adhesion strength, which is the essence of
the site-selectivity of this method. The site-selective elimina-
tion method can be used to fabricate nano/micro-scale patterns
in the solution by immersing a substrate that has regions
on which depositions adhere strongly and regions on which
depositions adhere weakly, enabling elimination by treatment
such as ultrasonication.

The concept of SSD using a seed layer148 is shown in
Figure 11e. We used a quartz crystal microbalance (QCM)
to evaluate in detail the process by which anatase TiO2 is de-
posited from an aqueous solution and found that its nucleation
and initial growth were accelerated on amorphous TiO2 thin
films compared with on octadecyl, phenyl, amino, or hydroxy
(silanol) groups. In this process, amorphous TiO2 was shown
to reduce the nucleation energy of anatase TiO2 and provided
nucleation sites for the formation of anatase TiO2. Amorphous
TiO2 thin film was deposited on silanol regions of patterned
OTS-SAM from TDD solution.36a,36b,192,193 This substrate
was immersed in an aqueous solution containing Ti precursor
to be used as a template for SSD. Anatase TiO2 was selectively
deposited on amorphous TiO2 regions to form thin films and
thus a micropattern of anatase TiO2 thin films was fabricated.
The concept of SSD using a seed layer is to use a pattern of
seed layers as a template which accelerates the deposition of
thin films by the formation of nucleation sites, the reduction
of nucleation energy, the promotion of film growth or other
factors.

Moreover, site-selective immersion35b was proposed using a
SAM with a pattern of hydrophilic and hydrophobic surfaces
(Figure 11f). In the experiment, a solution containing Ti
precursor contacted the hydrophilic surface, and briefly came
in contact with the hydrophobic surface. The hydrophilic sur-
face solution was replaced with fresh solution by continuous
movement of bubbles, thus anatase TiO2 was deposited and
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thin film was grown on the hydrophilic surface selectively.
Site-selectivity in this process results from the difference in
solution contact period. Other SSDs were achieved in solutions
(Figures 11a–11e), however, site-selective immersion was
conducted out of the solution. The immersion times of hydro-
philic regions and hydrophobic regions were controlled to
produce SSD. Though it is difficult to obtain a pattern with
high feature edge acuity with this method, the technique can

be used to fabricate any kind of micropattern provided film
can be deposited from a solution.

4.2 Film Formation by Attachment of Homogeneously
Nucleated Particles. 4.2.1 An Example of Apatite: Our
research group investigated the different deposition behaviors
of apatite onto planar substrates covered with amine (NH2)/
hydroxy (OH) terminated self-assembled monolayers (SAM)
in a supersaturated simulated-body-fluid (SBF) by adjusting

Figure 11. Conceptual processes for site-selective deposition of thin films by (a) direct site-selective deposition, (b) catalytic site-
selective deposition, (c) site-selective deposition using electrostatic interaction, (d) site-selective elimination, (e) site-selective
deposition using a seed layer, or (f) site-selective immersion.191
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the super saturation degrees.41,190a,203 According to classical
nucleation theory, heterogeneous nucleation always preferen-
tially takes place in a supersaturated solution due to the lower
free energy of nuclei on the foreign bodies. However, if the in-
duction period of homogeneous nucleation is reduced to a very
short time, the influence from heterogeneous nucleation may
be weakened. SBF is very similar to the body fluids of human
beings in inorganic composition and has been usually em-
ployed to investigate the biocompatibility of materials.204

The supersaturation degree of SBF can be easily controlled
by changing pH, temperature of solution as well as ionic
strength.205 Normally, the accumulation of Ca2þ ions due to
electrostatic attraction increases supersaturation near the nega-
tive surfaces, and as a result the initial nucleation is preferen-
tially triggered. Therefore, the negatively charged surfaces are

always favorable for the heterogeneous nucleation of apatite in
a SBF solution without any homogeneous particles, whereas
the nucleation is inhibited on positive surfaces.206–209 This is
consistent with our results obtained in a stable SBF solution
(pH 7.2). The preferential nucleation of apatite was observed
on negative surfaces (OH-SAM) rather than on positive ones
(NH2-SAM), resulting in the micropatterns of apatite on the
silicon surfaces partially site-covered with OH and NH2 head-
groups (Figure 12).203 The higher XRD peaks of deposits on
OH-SAM than on NH2-SAM revealed that a relatively larger
quantity of apatite particles had formed on OH-SAM while
very little on NH2-SAM. However, on the other hand, we
obtained an oppositely selective deposition of apatite onto
NH2/OH terminated SAMs when SBF solution was carefully
adjusted to an unstable condition (pH 7.6, 50 �C) (Figure 13).

2θθ / degree
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10 µm

NH2-SAM

OH-SAM

Figure 12. Formation of HAp micropattern and XRD patterns of depositions on the terminated SAMs after 10 day of soaking in
1.5 SBF with a lower supersaturation degree (pH 7.2) at 37 �C.203
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Figure 13. Formation of reversal HAp micropattern after 5 h of soaking in 1.5 SBF with a higher supersaturation degree (pH 7.6) at
50 �C.203
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Homogeneous nucleation was observed in 1 h after the begin-
ning of the soaking experiment. EDX spectra revealed the
presence of Ca, P, and O elements on NH2-SAM but nothing
on OH-SAM. Obviously, the negatively charged apatite parti-
cles190a,210 were electrostically forced to selectively deposit
onto the positive NH2-SAM and repulsive interaction inhibited
it on OH-SAM. On the basis of the electrostatic adhesion of
charged particles, we also succeeded in preparing a micro-
pattern of metallic copper on silicon wafers modified with
NH2/OH terminated SAM in an electroless solution.211 The
special electroless (EL) bath solutions were prepared with di-
methylamine borane (DMAB) as a reducing agent and sodium
citrate (Na3C6H5O7) as a complexing agent coordinated with
copper ions to trigger the formation of nano-sized copper
particles in the EL solution. Zeta potential measurement for
copper particles formed in the pH 7.3 solution revealed strong-
ly negative surfaces of these particles and the isoelectric point
was lower than pH 3.0 (Figure 14). Subsequently, the selective
deposition of copper metal micro particles was attained on
positive NH2-SAM (Figure 15).

4.2.2 An Example of Y2O3: Fabrication of visible red
light emitting europium-doped Y2O3 and its micropatterning

was developed using an 3-aminopropyltriethoxysilane
(APTS)-SAM.171 The patterned APTS-SAM was immersed
in an aqueous solution containing Y(NO3)3�6H2O (4mM),
Eu(NO3)3�6H2O (0.4mM), and NH2CONH2 (50mM) at
25 �C. The solution was heated to 77 �C gradually as shown
in Figure 16 since urea (NH2CONH2) decomposes to form
ammonium ions (NH4

þ) above 70 �C (eq a). The decomposi-
tion 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 tempera-
tures above 70 �C (eq a). Cyanate ions react rapidly according
to eq b. Yttrium ions are weakly hydrolyzed in water to
[Y(OH)(H2O)n]

2þ (eq c). The resulting release of protons
(Hþ) and/or hydronium ions (H3O

þ) accelerates urea decom-
position (eq b). The precipitation of the amorphous basic yttri-
um carbonate (Y(OH)CO3�H2O) can take place through the
reaction in eq d. The controlled release of cyanate ions by urea
decomposition causes deposition of basic yttrium carbonate
once the critical supersaturation in terms of reacting compo-
nent 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
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Figure 14. Zeta potential of copper particles formed in a
pH 7.3 solution.211 Figure 15. Optical micrograph of the copper micropattern

formed on NH2(black)/OH(white)-SAMs in an electroless
bath buffered at pH 7.3.211

Figure 16. Conceptual process for site-selective deposition of visible-light emitting Y2O3:Eu thin films using a self-assembled
monolayer.171
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stoichiometric amount of yttrium ions, as revealed by previous
studies of lanthanide compounds.

Yttrium carbonate films were observed to deposit on amino
regions of a patterned SAM after the immersion in an aqueous
solution (Figure 17). Deposits showed white contrast, while
silanol regions without deposition showed black contrast in
SEM observation. Narrow lines of depositions having 10–
50mm width were successfully fabricated in an aqueous solu-
tion. Patterned APTS-SAM showed high ability for site-selec-
tive deposition of yttrium carbonate in solution systems.

Yttrium, europium, oxygen, and carbon were observed
from thin films on amino regions, while silicon and oxygen
were detected from non-covered silanol regions by EDX
(Figure 18). The molecular ratio of yttrium to europium was
determined to be 100:8. It was close to that of Y(NO3)3�6H2O
to Eu(NO3)3�6H2O, i.e., 100:10, in the solution because the
chemistry of Eu(NO3)3 is similar to that of Y(NO3)3 to incor-
porate europium in the precipitation. The content of europium
was in the range we had expected. Y2O3:Eu with atomic ratio
Y:Eu = 100:�8 was reported to have strong photolumines-
cence. Carbon was detected from yttrium carbonate. Silicon
and oxygen were detected from silicon wafer covered with a
natural oxide layer (amorphous SiO2).

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) (Figure 19). 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
45min (0 nm at 45min, 60 nm at 70min, and 100 nm at 90min
(Figure 19)). The average growth rate (70 nm/h = 100/
90min) was higher than that previously reported (2 nm/
h = 35 nm/15 h). An amorphous yttrium basic carbonate film
was deposited at 80 �C from aqueous solutions of YNO3�
5H2O and urea on Si wafers coated with sulfonate-functional-
ized organic self-assembled monolayers in previous studies.
The thickness was then evaluated by TEM after treatment with
ultrasonication for half an hour in distilled water. The differ-
ence 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
solution (227 nm at 100min). Heterogeneous nucleation and
attachment of initial particles of yttrium carbonate occurred
without the attachment of aggregated large particles. The yttri-
um carbonate was then grown on the substrate to form a film of
100 nm thickness after immersion for 90min. The particles of
about 100 nm in height were removed by ultrasonication for
30min and a film of several nm in height remained as reported.

The film was shown to be an amorphous phase (Figure 20a)
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 Y2O3 with-
out any additional phase after annealing at 600 �C for 1 h and
the intensities of diffraction peaks increased further by anneal-
ing at 800 �C for 1 h (Figure 20b). The film was shown to be a
polycrystalline Y2O3 constructed from randomly deposited
Y2O3 particles without crystal-axis orientation. The crystal
structure model and diffraction pattern of Y2O3 were calculat-
ed from the crystal structure data of ICSD #23811 as shown in
Figure 20. Crystallization by annealing confirmed from XRD
measurement is consistent with XPS evaluation.

We attempted to remove Y2O3 films from the silicon sub-
strate by debonding with scotch tape or by ultrasonication
for 5min in water. However, the films maintained their bonds
with the substrate, indicating that strong adhesion had formed
between films and substrate.

Thin film annealed at 800 �C for 1 h, i.e., crystalline
Y2O3: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
(Figure 21a). Neither deposited film nor film annealed at
400 �C for 1 h showed photoluminescence, on the other hand,
films annealed at 600 or 800 �C for 1 h emitted light centered
at 617 nm by 250 nm in fluorescence emission spectra
(Figure 21b). 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 phase trans-
formation 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 5D0–

7FJ line emissions
(J ¼ 0; 1; 2; . . .) of the Eu3þ ion with the strongest emission

100 µµm

100 µm

(a)

(b)

Figure 17. (a) SEM micrograph of patterned Y2O3:Eu thin
films, (b) magnified area of (a).171
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for J ¼ 2 at 612 nm. The thin film annealed at 800 �C produced
visible red light photoluminescence by excitation from Nd:
YAG laser (266 nm) (Figure 21, inset). The white square

shows the edges of the Y2O3:Eu thin film and the red color
shows visible red emission from the irradiated area on the
substrate.

Figure 19. (a) AFM images cross-section profile of Y2O3:Eu thin films on NH2 groups regions. (b) AFM images cross-section
profile of Y2O3:Eu thin films on OH groups regions.171

100 µµm

Figure 18. (a) SEM micrograph of patterned Y2O3:Eu thin films. Characteristic X-ray images of Y, O, C, and Si for (a) Y2O3:Eu
thin films.171
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In summary, we have proposed a novel process for fabricat-
ing visible red light emitting Eu-doped Y2O3 and its micropat-
tern using a self-assembled monolayer and an aqueous solution
system. The patterned APTS-SAM with amino groups regions
and silanol groups regions achieved site-selective deposition of
yttrium oxide in an aqueous solution. The deposited films were
crystallized by annealing at 600 or 800 �C for 1 h. Crystalline
Y2O3:Eu produced visible red light photoluminescence cen-
tered at 611 nm by excitation from Nd:YAG laser (266 nm).
This study showed the high potential of aqueous solution sys-
tems and self-assembled monolayers for the fabrication of
functional metal oxide thin films and their micropatterns.

4.2.3 An Example of ZnO: Site-selective deposition of
UV- and visible-light-emitting ZnO crystals was successfully
achieved in an aqueous solution at low temperature.104 Pat-
terned OTS-SAMs were immersed into a solution containing
zinc acetate (15mM) and ammonia (30mM) as complexing
agent ([NH3]/ [Zn] = 2.0) at 50 �C for 3 h (Figure 22). ZnO
crystals having long hexagonal cylinder shape (inset of
Figure 23b) 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 crystal-
linity of ZnO nanoparticles. The nanoparticles were deposited
and further grown on hydrophobic octadecyl group regions
of a patterned SAM selectively (Figure 24). 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 (dodecyltrichlorosilane)-SAM,
HTS (hexyltrichlorosilane)-SAM, PTS (propyltrichlorosi-
lane)-SAM, MTS (methyltrichlorosilane)-SAM, PTCS (phen-
yltrichlorosilane)-SAM, or APTS (aminopropyltriethoxysi-
lane)-SAM. This showed that the method is highly versatile
and offers good potential for the fabrication of devices.

ZnO crystals were deposited on hydrophobic SAM regions
such as OTS-, APTS-, or other SAMs rather than hydrophilic
silanol regions. Zeta potential of ZnO crystals deposited on a
silicon substrate was measured to be 10mV at pH 8.1 and
ZnO crystals should thus have positive zeta potential not
less than 10mV in the solution at pH 7.04. SAM of OTS,
silanol and APTS showed zeta potential of �3, �38:2, or
+22.0mV, respectively. ZnO having positive zeta potential
should be deposited on silanol regions having negative zeta
potential rather than other SAMs, if the site-selective deposi-
tion 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

Figure 20. XRD patterns of Y2O3:Eu thin films (a) before
(b) after annealing at 800 �C for 1 h. (The upper picture)
Crystal structure model diffraction pattern of cubic Y2O3

calculated from crystal structure data of ICSD #23811.171

Figure 21. (a) Fluorescence excitation spectrum (emission: 611 nm) for Y2O3:Eu thin film after annealing at 800 �C for 1 h.
(b) Fluorescence emission spectra (excitation: 250 nm) for Y2O3:Eu thin films before after annealing at 400, 600, or 800 �C
for 1 h. Inset: Photoluminescence image for Y2O3:Eu thin film annealed at 800 �C for 1 h (excitation: 266 nm).171

K. Koumoto et al. Bull. Chem. Soc. Jpn. Vol. 81, No. 11 (2008) 1355



Figure 22. Conceptual process for self-assembly patterning of light-emitting crystalline ZnO nanoparticles in an aqueous
solution.104

10 µµm 10 µm

10 µm 2 µm

Figure 23. SEM micrographs of (a) patterned crystalline ZnO (long hexagonal cylinder, [NH3]/[Zn] = 2.0), (b) magnified
area of (a), (c) tilted image of (a), and (d) magnified area of (c).104
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Figure 24. SEM micrographs of (a) patterned crystalline ZnO (ellipse, [NH3]/[Zn] = 4.0), (b) magnified area of (a), (c)
patterned crystalline ZnO (multi-needles, [NH3]/[Zn] = 6.0), and (d) magnified area of (c).104
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the surface of crystals. The substrate covered with many de-
posited ZnO crystals exhibited high water contact angle
(WCA 140�). The deposited ZnO crystals were found from
the experiment to have hydrophobic surfaces. Surfaces of nak-
ed ZnO crystals would be hydrophilic because of surface hy-
droxy groups and they would become hydrophobic by being
covered with organic molecules having hydrophobic function-
al groups. CH3COO

� ions coming from Zn(CH3COO)2 might
be adsorbed to ZnO crystal surfaces by the interaction between
Zn and –COO� to cover the surface with hydrophobic –CH3

groups and some Zn(CH3COO)2 would exist in the surface
layer of ZnO crystals. Additionally, deposited ZnO crystals
of 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 10mV at pH 8.1, 0mV at pH 8.8, and
�15mV at pH 9.2, while they shifted to 20mV at pH 8.1,
10mV at pH 8.8, and 7mV 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 con-
firmed to deposit on a hydrophobic poly(ethylene terephthalate)
surface rather than on a hydrophilic poly(ethylene terephthalate)
surface modified by UV irradiation in the same solution. Addi-
tionally, organic molecules were reported to adsorb to growing
ZnO crystals, in which poly(ethylene oxide)-block-poly-
(methylacrylic acid) (PEO-b-PMAA) was adsorbed preferen-
tially to the {0001} face of ZnO to retard crystal growth per-
pendicular to this face. Consequently, site-selective deposition
was achieved by 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 solution contain-
ing zinc acetate (15mM) and ammonia (60 or 90mM) as com-
plexing 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) (insets of Figures 24b and 24d) were
homogeneously nucleated to make the solution turbid shortly
after adding ammonia. Nucleation and deposition of ZnO crys-
tals were accelerated by addition of ammonia. Each ZnO crys-
tal was about 500 nm in size. The crystals were deposited and
further grown on hydrophobic regions of patterned SAMs se-
lectively (Figure 24). Micropatterns of light-emitting ZnO
crystals having ellipse or multi-needle shape were fabricated
on patterned SAMs such as OTS-SAM, DTS-SAM, HTS-
SAM, PTS-SAM, MTS-SAM, PTCS-SAM, or APTS-SAM
in aqueous solutions.

XRD spectra of ZnO crystals having ellipse or multi-needle
shape showed dominant peaks corresponding to ZnO(0002)
planes revealing that ZnO crystals were deposited with a high
degree of orientation of their c axes perpendicular to the sub-
strate (Figure 25). Enhanced (0002) and (10�110) peaks from
ZnO crystals having long hexagonal cylinder shape showed
that crystals were deposited to make (0002) or (10�110) planes

parallel to the substrate. Crystals having high crystallinity
and high purity with no additional phase were shown to be pre-
pared in an aqueous solution with precise control of their
morphologies without the use of Pd catalyst. The aqueous so-
lution 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 c axes of ZnO crys-
tals deduced from their shapes and the deposited directions
revealed from XRD spectra are shown in Figure 25. 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 (Figure 26) and strong visible-lumi-
nescence 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). All of the crystals
showed photoluminescence (Figure 27) due 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 mor-
phologies. ZnO crystals deposited from an aqueous solution
were shown to have high visible-light-emitting properties.

In summary, micropatterns of ZnO crystals were successful-
ly fabricated on patterned SAMs and ZnO crystals emitted
strong UV- and visible-light photoluminescence. Additionally,
the morphology and photoluminescence properties of ZnO
crystals were shown to be controlled by changing the solution
conditions. This result is a step toward fabricating nano/micro-
devices for next-generation visible-light-emitting displays.

4.3 Patterning by Surface-Selective Heterogeneous
Nucleation and Growth. 4.3.1 An Example of Amorphous
TiO2: Liquid-phase patterning of amorphous TiO2 was

Figure 25. In-plane X-ray diffraction profiles of ZnO
changing with the morphology: (a) long hexagonal cylin-
der, (b) ellipse, and (c) multi-needles.104

K. Koumoto et al. Bull. Chem. Soc. Jpn. Vol. 81, No. 11 (2008) 1357



realized using self-assembled monolayers. Patterned SAM
substrates of OTS were immersed into an anhydrous toluene
solution containing 0.1M TDD (titanium dichloride diethox-
ide) for 5–30min under a N2 atmosphere using a glove box
(Figure 28). In the case experiments were done in air, many
particles were homogeneously nucleated in TDD solution
and they adsorbed on deposited thin films. It shows that elim-
ination of traces of water is important to fabricate high quality
thin films. All glassware was dried in a dry box at 50 �C before
use. Estimated partial pressure of H2O in the N2 atmosphere
was below 0.1 hPa. Both titanium chloride and titanium alkox-

ide are known to form chemical bonds with silanol groups,
however, the fact that the reactivity of silicon chloride is high-
er than that of silicon alkoxide, namely Si–Cl > Si–F > Si–
OCH3 > Si–OC2H5 > Si–OC3H7 > Si–OC4H9 would firmly
suggest that Ti–Cl would have higher reactivity than Ti–
OC2H5. Accordingly, chlorine atoms of TDD react with H2O
changing into OH which further react with silanol groups of
SAM resulting in the formation of Ti–O–Si bonds. Ethoxy
groups, OC2H5, of TDD are hydrolyzed into hydroxy groups
which are further condensed to form Ti–O–Ti bonds. Thick-
ness of films can be easily controlled by soaking time, because
chlorine atoms react with silanol groups quickly to form a
few molecular layers and ethoxy groups hydrolyze gradually.
After SAM substrates were rinsed with toluene and preserved
in air, blue thin films appeared on silanol surfaces of OTS-
SAM but were not observed on methyl surfaces. Micropattern
of a thin film was thus successfully fabricated on patterned
OTS-SAM.

Figure 27. Photoluminescence properties for ZnO crystals,
long hexagonal cylinder, ellipse, and multi-needles.104

Figure 28. Conceptual process for selective deposition of titanium oxide thin film using a self-assembled monolayer.36a
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10 µm

Figure 26. (a) Optical microscope image (b) photolumi-
nescence image of patterned ZnO particles (ellipse) under
white light or UV light (330–385 nm).104
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Selective deposition of thin films on OTS-SAM was
confirmed by scanning electron microscope observation
(Figures 29 and 30). These films did not peel off during soni-
cation in acetone, and showed strong adhesion to the substrate.
The line edge roughness was estimated in the same manner as
used for titanium dioxide films fabricated with a liquid-phase
deposition process. Line width measurements at 15 equally
spaced points on each line in Figure 29b indicate an average
printed line width of 23.3mm. Line edge roughness, as
measured by the standard deviation of the line width, is
�0:5mm. This represents �2:1% variation (i.e., 0.5/23.2) in
the nominal line width. This variation is much better than that
of the pattern fabricated with a liquid-phase deposition process
and the usual 5% variation afforded by current electronics
design rules. This variation is similar to that of a transmission
electron microscopy (TEM) mesh (2.1%) we used for
Figure 29. Therefore, variation of titanium dioxide pattern
can be improved through the use of a high-resolution photo-
mask. Titanium dioxide wire shown in Figure 30 was fabricat-
ed using a high-resolution photomask. The line width variation
of this pattern is well below 2.1%. These observations firmly
indicate that micropatterns of titanium dioxide were success-
fully fabricated using OTS-SAM. OTS-SAM is suitable for se-
lective deposition of a film, because only silanol groups react
with TDD and methyl groups inhibit deposition of a film.

Thickness of films was evaluated by an atomic force
microscope. Films obtained after soaking for 5 and 30min
were 6.9 and 27.4 nm thick, respectively. Energy dispersive
X-ray analysis indicated that thin films consisted of titanium,
oxygen and a small amount of chlorine (Ti:Cl = 1:0.1)
as shown in Figure 30. Thin films are considered to be of
titanium dioxide from this observation.

Thin films were further evaluated by X-ray photoelectron
spectroscopy (XPS). The spectral peaks corresponding to Ti
2p (458.5 eV) were observed from thin films deposited on the
silanol region (Figure 31). This binding energy is higher than

200 µµm

10 µm

10 µm

Figure 29. SEM photographs of (a) a micropattern of as-
deposited thin films (30min soaking), (b) magnified area
of (a), and (c) after annealing of (b) at 600 �C for 3 h.36a

10 µµm

Figure 30. EDX analysis of titanium dioxide micro wire on OTS-SAM; (a) SEM image and characteristic X-ray images of
(b) Ti, (c) O, and (d) Cl.36a
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that of Ti metal (454.0 eV), TiC (454.6 eV), TiO (455.0 eV),
TiN (455.7 eV), and Ti2O3 (456.7 eV), and similar to that of
TiO2 (458.4–458.7 eV). This suggests 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 methyl regions.

OTS-SAM surfaces showed O 1s (531.3 eV) which can
be assigned to a silicon oxide layer on the surface of silicon
wafer (532.0 eV) (Figure 32a). O 1s peak centered at 530.1
eV was observed from thin films deposited on silanol regions
(Figure 32b), and not observed from methyl regions. The in-
tensity of this peak increased with soaking time (Figure 32c)
and was not observed from methyl regions even after soaking
for 30min. Hence, the peak (530.1 eV) was assigned to the
deposited film. This binding energy is similar to that of TiO2

(529.9 and 530.1 eV), and it showed oxygen is negatively
charged compared to neutral oxygen molecules (531.0 eV)
possibly through the formation of direct bonds with Ti.

The ratio of oxygen to titanium was evaluated after 20min
of Arþ ion sputtering to avoid the influence of a contaminated
layer on the surface (Figures 31b and 32d). O 1s peak 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 as 2.2:1. Additionally, small amounts
of chlorine and carbon were also detected (Ti:O:C:C =
1:2.2:0.17:0.37), but the spectral peaks corresponding to C
and Cl disappeared after annealing at 400 �C.

X-ray diffraction measurements for the thin films showed
that they are composed of amorphous phases (Figure 33). Heat
treatment of the films has demonstrated that amorphous phase
converts into crystalline anatase phase above �400 �C and its

Figure 31. XPS spectra of Ti 2p for titanium oxide thin
film formed on the silanol region of OTS-SAM (30min
soaking) (a) before and (b) after Arþ sputtering.36a

Figure 32. XPS spectra of O 1s; (a) methyl region of OTS-
SAM, (b) thin film formed on silanol region (5min soak-
ing), (c) thin film formed on the silanol region (30min
soaking), and (d) after Arþ sputtering of (c).36a

Figure 33. XRD patterns of thin films changing with the
change in annealing temperature.36a
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crystallinity becomes better with higher annealing tempera-
ture. The anatase phase further transforms into rutile and/or
other phases by annealing above 1000 �C. Additional peaks
of SiO2 were also observed after annealing at 1000 �C possibly
due to the oxidation of the Si substrate itself.

After annealing a micropattern of titanium dioxide shown in
Figure 29 at 600 �C for 3 h, no cracks were observed by SEM
or atomic force microscopy (AFM), and the resolution of this
pattern remained almost unchanged (Figure 29c). These results
suggest that high-resolution micropatterns of anatase-type
TiO2 can be fabricated by our newly developed patterning
and heat treatment process.

In summary, site-selective deposition of amorphous TiO2

was realized in solutions using self-assembled monolayers.
Molecular recognition of SAMs was effectively utilized to
control nucleation and film growth. This process can be ap-

plied to liquid-phase patterning of other kinds of amorphous
metal oxides.

4.3.2 An Example of Anatase TiO2: Nano/micro-scaled
patterns of anatase TiO2 were successfully fabricated in an
aqueous solution at 50 �C.104 Patterned octadecyltrichloro-
silane (OTS)-SAM with octadecyl regions and silanol regions
was immersed in an aqueous solution containing ammonium
hexafluorotitanate ([NH4]2TiF6), boric acid (H3BO3), and
HCl at 50 �C for 4 h with ultrasonic treatment (Figure 34).
An appropriate amount of HCl was added to the solution to
control pH. Solutions (100mL) with 0, 0.1, or 0.6mL of
HCl showed pH 3.8, 2.8, or 1.5, respectively.

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 deposited for 4 h from the solution without the addition
of HCl are shown in Figures 35, 36 and 37. Thin films were

Figure 34. Conceptual process of site-selective elimination for the patterning of anatase TiO2 thin films from an aqueous
solution.104

100 µµm 50 µm

Figure 35. Optical micrograph and (a), (b) SEM micrographs of micropattern of anatase TiO2 thin films deposited for 4 h from the
solution without the addition of HCl.104
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observed as being dark in an optical micrograph (Figure 35).
Separated parallel lines 200–400 nm in width at 100–200 nm
intervals were successfully fabricated with this method
(Figures 35a and 35b). The length of the separated parallel
lines reached more than 100mm (Figures 35a and 35b). 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 (Figure 36). Feature edge acuity
of the pattern was higher than that of the pattern fabricated
by our lift-off process or by site-selective immersion. Site-
selective deposition was realized at any pH 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.

For the adhesion of TiO2 films to silanol groups, the pH of
the deposition solution is critical. Pizem et al. reported that
adherent TiO2 films formed from solutions similar to those
used here at pH 3.9 (i.e., the pH used in the films of
Figures 35, 36 and 37), but that the films were less adherent
at pH 2.9.39c They related this difference in adherence to an in-
creased electrostatic attraction of TiO2 to the oxidized surface
of silicon at the higher pH. In our experiment, there also was
less adherence of TiO2 at pH 2.8 and 1.5 than that at pH 3.5

due to low supersaturation shown in eq a and low electrostatic
attraction.

However, some depositions were observed on octadecyl
group regions in Figure 35b. One probable cause is that pin-
holes 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 TiO2 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 TiO2 precursors formed in these defects
would act as points for eventual growth of TiO2 over the entire
SAM-covered region. This would provide a weakly bound
TiO2 film on the OTS film regions due to the limited number
of connections to the underlying silanol sites in the film re-
gions. In fact, Sagiv and others have shown that macroscopic
defects induced in alkylsiloxane films can readily be accessed
by solution species.126t More recently, Dressick and co-workers
demonstrated that solvent accessibility to underlying substrates
in aromatic siloxane films is also important 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.66c

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 work.

Additionally, the micropattern of thin films was also fabri-
cated by the site-selective immersion method. A solution con-
taining a Ti precursor contacted the hydrophilic regions during
the experiment and briefly came into contact with the hydro-
phobic regions. The solution on the hydrophilic surface was
replaced with a fresh solution by continuous movement of
bubbles. Thus TiO2 was deposited and a thin film was grown

Figure 36. AFM image of micropattern of anatase TiO2

thin films on OTS/OH-patterned SAM fabricated by
LPD using ultrasonication (The films were deposited for
4 h from the solution without the addition of HCl.).104

Figure 37. SEM micrograph of micropattern of anatase TiO2 thin film and EDX images for Ti and O (The films were deposited for
4 h from the solution without the addition of HCl.).104
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on the hydrophilic regions selectively. This technique can be
applied for the formation of many kinds of films from any so-
lution 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 hydro-
phobic 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 real-
ized in solution with our newly developed method using the
difference of adhesive strength of depositions to substrates.
Heterogeneously nucleated deposition and homogeneously
nucleated particles and/or clusters can be removed from octa-
decyl 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.

The distribution of elements on the surface of the substrates
was evaluated by energy dispersive X-ray analysis (EDX),
which is built into SEM. Titanium was detected from thin
films selectively and oxygen was detected mainly from silanol
group regions by EDX (Figure 37). 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 SiO2 layer) formed on all surface areas of a silicon
substrate. These observations showed predominant deposition
of titanium oxide on silanol group regions.

Thin films deposited at pH 3.8 for 4 h showed an XRD pat-
tern of anatase-type TiO2 having orientation similar to that of
films deposited in the solution at pH 1.5 or 2.8 (Figure 38).
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 (Figure 38). Pizem et al.
postulated that the commonly observed [00l] orientation of
anatase films could be due to the slight polarity of the planes
parallel to the [00l] axis, unlike other low-index planes of this
structure such as {100}, (110), and (210). The orientation and
crystal growth mechanism are further discussed in a separate
article.

Thin films were further evaluated by X-ray photoelectron
spectroscopy (XPS). 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 Ti2O3 (456.7 eV), and similar to that of TiO2

(458.4–458.7 eV). 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 eV), whereas the binding
energy of O 1s (530.2 eV) is similar to that of TiO2 (529.9
and 530.1 eV) as observed by Shin et al.42a 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.

In summary, nano/micro-scaled patterns of anatase TiO2

was fabricated in an aqueous solution at 50 �C. The difference
in adhesive strength of thin films on substrates was employed
for the site-selective elimination method. Heterogeneously
nucleated TiO2 and adhered homogeneously nucleated TiO2

particles on OTS-SAM can be easily eliminated from the sub-
strate by ultrasonication, whereas those on silanol groups
maintained their adhesion during the immersion period. The
essence of the site-selectivity of this method is a difference
in adhesive strength. The site-selective elimination method
can be applied to fabricate nano/micro-scaled patterns in the
solution by the immersion of the substrate that has regions
on which depositions adhere strongly and regions on which
depositions adhere weakly enabling elimination by treatment
such as ultrasonication.

4.4 Patterning by Catalyst-Induced Heterogeneous
Nucleation. 4.4.1 An Example of ZnO: Saito et al. fabri-
cated a ZnO micropattern on phenyl/hydroxy surfaces by a
catalyst-induced local supersaturation.177–179,212 A phenyltri-
chlorosilane (PTCS) SAM on a substrate was exposed to UV
light through a photomask and Pd catalyst was pre-placed on
the phenyl sites of the SAM template by selective attachment
from a Pd/Sn colloid solution.179 The substrate was immersed
in an NaCl-based Pd/Sn colloid (Cataposit 44, SHIPLEY),
which contained 1:8� 10�3 M PdCl2 and 4:2� 10�2 M SnCl2,
and then accelerated with an acidic solution of HBF4 (Accel-
erator 19, SHIPLEY). For deposition of ZnO, an electroless
deposition process developed by Izaki and Omi213 was at-
tempted. The catalyzed SAM substrate was soaked in an aque-
ous solution of Zn(NO3)2 (0.05M) and dimethylamineborane
(DMAB) (0.01M) at 55 �C for 30min. The chemical reactions
for the ZnO electroless deposition process can be written as
follows;

(CH3)2NHBH3 þ OH� ! (CH3)2NHþ BH3(OH)
� ð5Þ

BH3(OH)
� ! �BH2(OH)

� þ �H ð6Þ
�BH2(OH)

� þ OH� ! BH2(OH)2
� þ e� ð7Þ

BH2(OH)2
� þ OH� ! BH(OH)3

� þ �Hþ e� ð8Þ

Figure 38. XRD pattern of deposited thin films on silanol
group regions from an aqueous solution.104
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BH(OH)3
� þ OH� ! B(OH)4

� þ �Hþ e� ð9Þ

�Hþ �H ! H2 ð10Þ

�Hþ OH� ! H2Oþ e� ð11Þ

(CH3)2NHþ H2O ! (CH3)2NH2
þ þ OH� ð12Þ

NO3
� þ H2Oþ 2e� ! NO2

� þ 2OH� ð13Þ

Zn2þ þ 2OH� ! ZnOþ H2O ð14Þ
As Meerakker explained the oxidation process of reduc-
tants,214 the first step is dehydrogenation, producing a borane
radical, �BH2(OH)

�, and an atomic hydrogen, �H (eq 6). At
the second step, an electron is produced from the oxidation
of the �BH2(OH)

� radical (eq 7). As shown in the equations 8
and 9, the dehydrogenation and oxidation process proceed,
yielding BH4�n(OH)n

� (n ¼ 1{4). Pd catalyst works to pro-
mote the dehydrogenation processes.215 The hydrogen atoms

give H2 gas by recombination (eq 10) or H2O by oxidation
(eq 11). (CH3)2NH is ionized in water as eq 12. When the ox-
idation of DMAB proceeds, NO3

� ions are reduced to NO2
�

with pH increase (eq 13). The pH of the solution in the vicinity
of the catalyst increases and then ZnO becomes deposited
(eq 14).

The solution of zinc nitrate and DMAB was transparent dur-
ing the reaction, and hence deposition occurred via heteroge-
neous nucleation on the Pd-catalyzed substrate. No deposition
was observed on the non-catalyzed substrate. The deposition
began just after soaking in the solution. (Figure 39) Initially,
the agglomerated particles of about 200 nm composed of small
particles (10–30 nm) were deposited. According to the particle
growth, the particles became hexagonal in shape. After the
catalyst layer was covered by ZnO, the growth rate became
slow, but the growth continued due to the thermal decomposi-
tion of DMAB.216 On the catalyzed SAM template, a pattern of

5 min

15 min

30 min

2 h

4 h
1 µm

1 min

3 min

0.1 µm

5 min

1 µm1 µm

1 µm1 µm

1 µm

1 µm
Figure 39. SEM photographs of the ZnO deposits prepared at 55 �C by soaking for 1–240min. The concentrations of Zn and

DMAB were 0.05 and 0.01mol dm�3, respectively.216
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polycrystalline ZnO was grown on the phenyl surfaces. The
finest line-pattern obtained by this method reached 1mm in
width. The feature edge roughness was estimated as several
times of the particle size. Cross-sectional observation by both
SEM (Figure 40) and TEM (Figure 41) suggested that the
ZnO film was mono particulate layer with few particles being
observed on them.

Time-of-flight secondary ion mass spectrometer (TOF-
SIMS) is a useful tool to directly analyze a small amount of
substances at the outermost surface layers with a spatial reso-
lution of micrometer order. The molecules at the outermost
surface are ejected and ionized by the primary ion beam,
and the mass of the emitted secondary ions is analyzed by

the time-of-flight system. It would enable us to analyze the
chemical species on the patterned sample surfaces and to
obtain their pattern-images. The PTCS-SAM template, the
Pd/Sn-catalyzed surface, and ZnO patterns were characterized
by using TOF-SIMS.212 Organo-silane ions and silicon oxide
ions were detected on the PTCS-SAM before and after UV-
irradiation, respectively, and the dependence of the SIMS sig-
nal intensities on UV-irradiation time was studied. Successful
mapping of the distribution of these ions on the micropatterned
PTCS-SAM was demonstrated. The change in chemical bonds
under UV irradiation was also measured using IR absorption
spectroscopy with the attenuated total reflectance (ATR) tech-
nique. An IR absorption about 1100 cm�1, assigned to planar
ring vibration of the Si–C6H5 bond,217 was detected in the
PTCS-SAM before UV irradiation and it disappeared after
UV-irradiation.212 The TOF-SIMS and IR data were consistent
to the wetting angle measurements data and they revealed
that PTCS was modified by UV (Figure 42). By observing
the catalyzed template, selective adhesion of Pd and Sn
on the non-UV-irradiated PTCS-SAM areas was found
(Figure 43). More Pd and Sn were detected in the phenyl-
regions than in the OH-regions both before and after acceler-
ation. Before acceleration, a significant amount of Sn was

5 nm

ZnO

Si substrate

SiO2 + SAM

Catalyst

Figure 41. High-resolution transmission electron micro-
graph of ZnO deposited on the Pd-catalyzed SAM
substrate.179

0.5 µm

(b)

(a)

Figure 40. Cross-sectional SEM photographs of the ZnO
films after (a) 30min and (b) 120min deposition at
55 �C. The concentrations of Zn and DMAB were 0.05
and 0.01mol dm�3, respectively.216
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Figure 42. Dependence of TOF-SIMS signal intensity of
72SiC2H4O

� and water drop contact angle � on UV-irradi-
ation time. �pH is contact angle on PTCS-SAM before
UV-irradiation. ð1� cos �Þ=ð1� cos �pHÞ is correspond
to area fraction of phenyl-terminated regions.212
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0.1 mm
106Pd+2 8Si+120Sn+

Figure 43. TOF-SIMS signal maps of (a) 106Pdþ, (b) 120Snþ, and (c) 28Siþ for catalyzed template before acceleration.212
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detected on the OH-surface, while little Pd was detected on the
OH-surfaces. The Pd/Sn catalyst colloid consists of an aque-
ous solution containing Sn ions and catalyst particles, where
Pd–Sn alloy cores are surrounded by SnII layers, which play
a role of stabilizing the colloid. The detection of Sn ions on
OH-surfaces is probably due to the adsorption of Sn ions in
the colloid solution. The signal intensity of Sn decreased to
1/6 and the signal intensity of Pd changed only a little after
acceleration. This suggests that most SnII surrounding layer
of the catalyst colloid was dissolved by acceleration, while
Pd–Sn alloy particle cores remained. Analysis of the ZnO pat-
tern revealed that zinc oxide, including boron, was deposited
on the catalyzed phenyl regions.

The as-deposited ZnO micropattern showed broad visible-
light (500–800 nm) luminescence179 and the monochromatic
cathodoluminescence (CL) imaging for 1mm wide lines was
demonstrated. Because the ZnO samples were produced under
aqueous conditions at low temperatures, they contained hy-
droxide. As luminescence properties are sensitive to the qual-
ity of the crystal structure, the OH inclusion in ZnO can influ-
ence the luminescence colors and the efficiency. Post-deposi-
tion annealing influenced the luminescence properties of the
ZnO patterns.177 Thermal desorption spectroscopy (TDS) and
infrared spectroscopy revealed the change of the amount of
H2O in ZnO. After annealing above 150 �C, UV exciton emis-
sion (377 nm) exhibited and the UV intensity peaked at 300 �C
(Figure 44). A patterned monochromatic CL image of the UV
emission was obtained for the annealed ZnO micro lines.

4.4.2 Examples of Iron Oxides: A similar consideration
can be also extended to produce other metal oxides. For
example, an iron oxide Fe3O4, and an iron hydroxide oxide
(g-FeOOH) were also grown using DMAB and Fe(NO3)3 at
80 �C.182 In this case, catalyst of Pd species was only adsorbed
to amino-terminated SAMs, not to the photo-irradiated hydro-
philic areas, which was confirmed experimentally by mapping
using secondary ion mass spectroscopy (SIMS). The selectiv-
ity of catalyst adsorption was also confirmed by XPS, the re-
sults of which showed that the Pd element was only located

on the NH2-terminated regions, not on OH-terminated ones.
XPS also revealed that the Pd element on the APTS-SAM
mainly bonded to oxygen in the form of Pd–O or Pd–OH,
but peaks for a Pd–N bond were not observed. The particle size
for the Pd colloid was about 30 nm in diameter, which exceeds
the thickness detection limit for XPS. Thus, the failure in
detecting a Pd–N peak did not mean the nonexistence of it.
However, the surface potentials at pH 5, typically, +27mV
for APTS-SAMs, �31mV for Pd colloid particles, and
�33mV or UV-irradiated APTS-SAMs, strongly suggested
that the selective adsorption of Pd might be driven by electro-
static force. When the substrate bearing of catalyst was soaked
in a solution containing Fe(NO3)3 and DMAB, Pd–O and Pd–
OH were reduced to metal Pd by a reduction reaction between
adsorbed catalyst and DMAB. The reaction to magnetite might
follow the formation of Pd. For yielding magnetite, Fe3þ

should be reduced in part to Fe2þ, which requires regulating
the solution conditions such as pH or solution temperature.

4.5 Pattern-Deposition on Polymer Substrates. Integra-
tion of functional ceramic films into flexible substrates such as
plastics or papers has attracted increasing interest in the prep-
aration of electronic or optical devices that may be low-
weight, low-cost, transparent, and high performance. Pattern-
ing on such surfaces is fundamental for integration of struc-
tures and performance to meet these applications. Modification
of surface properties using SAMs is a well-established method,
which has been developed for substrates with surface hydroxy
groups such as glass, Si, or other oxide surfaces. However,
the polymer surface is usually hydrophobic and inactive to
chemical reactions. Films are either difficult to grow or show
weak adhesion to the surface. Typically, these problems are
overcome by increasing the surface energy of the materials
through introducing polar functionality by either physical
(X-ray, laser, ion beam, plasma treatment, or flame treat-
ment)218–228 or chemical surface modification.229–235 Plasma
treatment using different gases produces different reactive
radicals. Oxygen creates hydroxy, carbonyl, carboxyl, ester,
ether, and hydroperoxyl functional groups, among others.
Nitrogen and ammonia create amino groups. The plasma treat-
ment using argon creates long-lived carbon radicals, which
when exposed to air form mainly hydroperoxyl radicals. These
can react with the silanes and form a SAM, which is basic
for patterning using the method for ceramics. Recent progress
in this area involves preparation of an intermediate active
layer, a silica-like layer as thin as molecular scale on the
surface of polymers, by either chemical grafting229–235 or
physical deposition.

We successfully developed a simple process for fabricating
a silica-like layer on poly(ethylene terephthalate) (PET) under
ambient conditions.236 3-Aminopropyltrimethoxysilane was
employed to react with acetone to form dimethyliminopropyl-
trimethoxysilane (DIPTMS) after aging for 10 days at room
temperature. After partial hydrolysis of alkoxy groups in
DIPTMS, dimethylimine-modified silica clusters (oligomers)
occurred resulting in the increase of the solution viscosity.
Consequently, a dense and homogeneous thin layer was easily
dip-coated onto a PET film. After thermal treatment at 150 �C,
a smooth, flexible, and transparent silica-like film was formed
via dehydration and condensation. TEM images and an elec-
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Figure 44. Photoluminescence spectra from the samples
as-deposited and annealed at 300 and 800 �C. The inset
shows the magnified spectra over 420 nm.177
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tron diffraction pattern (Figure 45) showed that an amorphous
coating formed on the PET with the thickness of about 70 nm.
EDS revealed the presence of Si and O elements in the coating.
The coating was a dense and flat film with such a high adhe-
sion to the PET substrate that it could hardly be peeled off
by the usual scotch tape peeling test. The chemical amide bond
formation between the residual amine groups in the silica-like
coatings and carboxyl groups on the PET should be responsi-
ble for the relatively high adhesion. No particulates could be
observed even in TEM photographs. This is a major difference
compared to the sol–gel coating of tetraethylorthosilicate.237

The results of water contact angle (WCA) measurements re-
vealed a significant decrease from 70� 2 to 45� 3o after
the modification with silica solution. Moreover, we achieved
a hyper hydrophilic surface (WCA around 4� 1o) on the
modified PET after only 5min UV irradiation while WCA re-
mained constant at around 40� 2o on pure PET even under
UV irradiation for a very long time (Figure 46). As one prac-
tical application for silica-like layer coating, we attempted to
prepare a gas barrier film, which was a thin film of lithium
metasilicate on PET covered with a silica-like layer. The
modified PET was directly dipped into 5 vol% lithium metasi-
licate solution and slowly lifted out. After 3 h of drying at
room temperature, the films were heated at 120 �C for

10min. Figure 47 shows the results of oxygen permeability
of the PET before and after surface modification. Pure PET
has the largest oxygen permeability of �30 cm3 m�2 day�1

atm�1. The thick silica-like coating on the PET prepared by
dip coating (about 600 nm) also showed better barrier property
(about 15 cm3 m�2 day�1 atm�1), and lithium metasilicate-
coated PET (about 2.5 nm thick) exhibited the lowest oxygen
permeability (0.17 cm3 m�2 day�1 atm�1).

Nanodevices, especially those integrated on flexible sub-
strates, are expected to be applied in many fields since they of-
fer many advantages, including suitability for any complex
shape, minimum size, low power, and high performance.
Despite of these advantages, nanodevices still await practical
application due to the lack of an effective process for fabricat-
ing the functional materials coating on polymer substrates
with high quality at a competitive cost. With the process of
silica-like coating we also made the attempts in fabricating
TiO2 and metal copper micropattern on flexible substrates at
room temperature.

By grafting (aminopropyl)triethoxysilane (APTES) as the
buffer layer on a poly(ethylene terephthalate) (PET) surface,
the SAMs of octadecyltrichlorosilane (OTS), phenyltrichloro-
silane (PTCS), vinyltrichlorosilane (VTCS), and p-tolyltri-
chlorosilane (TTCS) were easily fabricated on the flexible
polymer substrates. The contact angle is mainly affected by
the terminal functional groups and the coverage of SAMs on
substrates.118a The coverage of SAMs on substrates could be
controlled by varying the immersing time in trichlorosilane
solutions and the concentration of the solutions. To obtain
the optimized immersing time, the substrates were immersed
in toluene solution of PTCS and TTCS monomers for different
times (Figure 48). The micropatterned SAMs through a photo-
mask were submerged in the aqueous solution to form TiO2

micro pattern by the liquid-phase deposition (LPD) process.35a

TiO2 was nucleated and combined with SiOH (OH-SAM) to
form Ti–O–Si bonds and resulted in films. These films showed
strong adhesion to the substrates and did not peel off when
subjected to sonication. On the contrary, the hydrophobic
(PTCS-SAM or TTCS-SAM) surface suppressed the nuclea-
tion of TiO2. Accordingly, TiO2 film was site-selectively
deposited on the hydrophilic surface and a micropattern was
obtained (Figure 49).
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Figure 46. Changes of water contact angles of polymer
surface as a function of UV irradiation time before and
after buffer layer coating.147
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Figure 47. Oxygen permeability of pure PET, polymer sili-
ca-coated PET, and lithium-metasilicate-coated PET.236
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Figure 45. TEM photograph of silica-like coating on PET.236
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Moreover, we successfully prepared micropatterned metallic
copper films on modified PET. Copper metal was found to se-
lectively deposit onto PET substrate modified with thiol-group
(SH) terminated SAM by the means of electroless (EL) deposi-
tion in a neutral solution without any catalysts (Figure 50)238

Self-assembled monolayer terminated with SH groups by using
3-mercaptopropyltrimethoxysilane was formed on PET sub-
strates covering with a silica-like layer and then irradiated by
UV light through a photomask to prepare thiol-group regions
and OH-group regions. XPS analysis was performed to detect
the formation of MPTS-SAM on the modified PET. The S2p
peak observed before UV irradiation (a) disappeared after
UV irradiation (b) (Figure 51). Dimethylamineborane was
employed as a reducing reagent in EL solutions. The selective
deposition of copper metal was observed on thiol-SAM rather
than on OH-SAM and subsequently micropatterning of Cu film
was successfully achieved (Figure 52). The chemical affinity of

a b

50 µm 50 µm

Figure 49. Optical micrographs of TiO2 micropattern deposited on (a) PTCS-SAM and (b) TTCS-SAM.147
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Figure 48. Changes of water contact angle on SAMs as a
function of immersing time in alkoxysilane solutions.147

Figure 50. Conceptual process for fabricating a micropattern of metallic copper thin film.201
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Cu metal toward sulfur should be more effective and responsi-
ble for site-selective deposition. The mechanism was apparent-
ly different from the electrostatic adhesion of charged particles
as described above so that the micro pattern resolution of cop-
per films appeared to be comparatively very high. Although
the electrical conductivity of the resulting Cu film was 7:9�
104 (S cm�1), which is relatively lower than that of standard
Cu metal (5:8� 105 S cm�1),239 this process sounds very at-
tractive and is of potential application in many areas such as
nano technology fields and very large scale integration (VLSI)
systems if problems such as the rough condition at grain boun-
daries and low crystallization degree of metal films can be
completely resolved.

In general, to improve the physical properties of solution-
derived film so that they can be applied practically, all the
problems such as interfacial reactions and diffusion, prepara-
tion of well-crystallized films, and optimization of their densi-
ty, thickness, and roughness need to be addressed. All of these
areas are interesting and attractive.

5. Summary

In the present article, two key points have been reviewed.
First, the techniques are based on nucleation and growth onto
functionalized interfaces; second, novel solution systems have
been developed for the production of ceramic oxides through
precipitation from aqueous solutions. The understanding of in-
terface–surface interactions and solution chemistry has been
partially achieved, and some basic and important results have
been obtained.

(1) By the design of novel solution systems and the control
of the supersaturation of solution, nanostructured ceramic ox-
ides can be deposited on a substrate (plastic, ceramic, glass,
metal, single crystal, etc.) with a large area and complex shape.

(2) SAMs can effectively modify the physical and chemical
properties of the surface, which have effects on the improve-
ment of adhesion, control of the morphology, and even the
growth mechanism of the film.

(3) Selective UV-irradiation of a SAM surface can form a
template with different functional groups, which results in dif-
ferent surface–interface interactions during the deposition
process. Hence, patterned SAM templates can be employed
for patterning of ceramic oxides directly in solutions.

(4) For the pattern-deposition by electrostatic interaction be-
tween the homogeneous nucleated particles and the substrate,
patterned SAMs having negative/positive zeta potential were
required. For the film formation via heterogeneous nucleation,
SAM patterns with hydrophilic/hydrophobic surface function-
al groups or high/low surface energy were effective in site-se-
lective deposition.

Bioinspired ceramic processing is a promising technique to
replace conventional processes for the fabrication of ceramics
in a cost-effective, environmentally friendly manner. Science
and technologies developed in this study will hopefully make
bioinspired ceramic processing more attractive and promising.
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