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Abstract

This review gives an overview of the progress made in recent years in the development of low-cost parallel patterning techniques for ceramic
materials, silica, and organic—inorganic silsesquioxane-based hybrids from wet-chemical solutions and suspensions on the micrometer and
nanometer-scale. The emphasis of the discussion is placed on the application of soft-lithographic methods, but photolithography-aided patterning
methods for oxide film growth are also discussed. In general, moulding-based patterning approaches and surface modification-based patterning
approaches can be distinguished. Lateral resolutions well below 100 nm have been accomplished with some of these methods, but the fabrication
of high-aspect ratio patterns remains a challenge.
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1. Introduction
The miniaturization of objects and device components down
* Corresponding author. Tel.: +31 534892605 fax: +31 534893595. to the micron- and nanometer-scale, and the development of
E-mail address: j.e.tenelshof @utwente.nl (J.E. ten Elshof). methods to fabricate and register these, presents one of the main
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technological trends of the last decade, and has been reported in
a large number of reviews, e.g., Refs. 1-6.

Among these methods, a number of alternative techniques to
traditional photolithography for patterning a variety of materials
have been developed. Photolithography is commonly used in the
electronics industry and has been under development for many
decades. At present, feature sizes <100 nm can be patterned
in silicon on large scale. However, the drawbacks of the tech-
niques are that high-end equipment and clean room conditions
are required, and the methodology is applicable only to a narrow
set of materials.

In an attempt to overcome these restrictions, a family of
related patterning techniques was developed by the Whitesides
Group at Harvard University in the 1990s.”% These so-called
soft lithography techniques are mainly parallel patterning meth-
ods, so large areas can be patterned in a relatively short period
of time. They may provide cheap alternatives for the much
more costly photolithographic processes, and are able to process
a wider range of materials, including polymers, biomaterials,
ceramics, hybrids, and composites. At least with some of these
techniques, parallel patterning on sub-100nm scale is possi-
ble. Since their development, soft-lithographic techniques have
achieved widespread use in academic and industrial laboratories
for applications in diverse fields, e.g., photonics, biotechnol-
ogy, microfluidics, and electronics. While most of these research
efforts were focused on the patterning of polymers, biomaterials
and self-assembled monolayers, it has also found application in
the micrometer and submicrometer patterning of ceramics and
organic—inorganic hybrid materials,'? and that is the main topic
of this review.

All soft lithography techniques require an elastomeric mould
or stamp that is patterned with a relief structure on its surface.
One of the steps in the patterning process involves bringing the
elastomer into conformal contact with a substrate, and be used
as stamp or mould.” The patterned elastomer is made by cast-
ing a liquid prepolymer onto a 3D patterned master structure,'!
followed by polymerization of the prepolymer. In most cases
the master structure is made from silicon or photo resist and
obtained by conventional photolithography. The most popular
and widely used elastomeric material is polydimethylsiloxane
(PDMS), a rubber-like material with a low surface energy that
can be easily peeled off the master after cross-linking. To aid
in the debonding process, the silicon master is usually silanized
in order to make it hydrophobic prior to use. The final result
is an elastomeric negative replica of the master structure with
three-dimensional patterns. Essentially, the patterned elastomer
can be utilized for patterning in two different ways: (1) the pro-
truding patches of the patterned elastomer can be employed to
carry a precursor ink to the substrate (printing approach), or (2)
precursor material is contained in the recessed regions between
the protruding patches (moulding approach). These two strate-
gies will be discussed in more detail in Section 2.1. In either
case, the precursor is transferred to the substrate, and the stamp
or mould aids in defining the locations where precursor mate-
rial is deposited. For proper transfer of material, it is necessary
that the stamp or mould makes good conformal contact with the
substrate.

The inability of soft lithography for registry of formed pat-
terns, i.e., the impossibility to position a structure on a predefined
location, could be one of the main hurdles to the application of
soft-lithographic patterning in industry. It makes fabrication of
more complex multiple layer patterns rather complicated. Some
efforts have been made to combine the versatility of soft lithogra-
phy with the registration tools developed for photolithography.'?
Other researchers have proposed strategies to use photolithog-
raphy itself instead to define the pattern. Such strategies will be
discussed here as well, as they may present a viable approach to
industrial parallel patterning of ceramics and hybrids on length
scales that are only limited by the resolution of the photolitho-
graphic process.

A general review on submicrometer-scale parallel pattern-
ing of ceramic materials was published in 2004 by the Aksay
Group at Princeton.'? More focused reviews on site-selective
liquid-phase deposition of ceramics via photolithography-aided
patterning techniques were published by Masuda, Koumoto and
co-workers. 314

The current review addresses low-cost micron and
submicron-scale parallel patterning methods, with emphasis
on the formation of patterned thin films of solid state mate-
rials, more specifically metal oxides and organic—inorganic
silsesquioxane-based hybrid materials. It is motivated by the
ongoing activity on the subject over the last years. The main
focus of the current review will be on materials that can
be deposited and patterned by liquid precursors, such as
sol—gel solutions and colloidal suspensions. Polymers, metals!!
and colloidal assemblies!>~!7 are outside the scope of this
paper. With a very few exceptions, neither does it address
serial patterning methods, such as ink jet printing,'® dip-pen
nanolithography,'®2! direct ink writing,?*> nor ion-beam and
e-beam methods.?

An overview of the principles of the most commonly
used parallel patterning methods is presented in Section 2.1.
Section 2.2 addresses the conflicting properties required for soft-
lithographic stamps and moulds. The inks, molecular precursor
solutions and particle suspensions used in patterning, and their
underlying chemistries are described in Section 2.3. Viscosity,
surface tension, solids content, and type of solvents are the most
important properties of these precursors. Sections 3 and 4 give an
overview of the progress made in recent years on submicrometer-
scale patterning of functional ceramics and hybrid materials
by moulding-based and surface modification-based (printing)
approaches, respectively. Some general conclusions are drawn
in Section 5.

2. Principles of soft-lithographic patterning
2.1. Soft lithographic and lithographic techniques

Most of the patterning techniques that will be discussed in this
review belong to the family of soft-lithographic processes.”!!
The methods that are applicable to ceramics and hybrid materials
can be divided into two main categories, namely moulding-based
approaches and surface modification-based approaches.'”
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Moulding-based patterning approaches and their application
to forming ceramic and hybrid micro- and nanopatterns are dis-
cussed in Section 3. They include conventional micromoulding,
microtransfer moulding, and micromoulding in capillaries. They
all employ physical confinement of a liquid precursor solution
or suspension to define the shape of the final pattern. They pro-
duce a negative replica of the pattern in the mould, and a positive
replica of the original lithographic master. At least in principle
high-aspect ratio structures can be made by these approaches.

PDMS is permeable to many solvents but not to polymers
or nanoparticles, so physical drying of a moulded solution or
suspension is possible by diffusion of the solvent into the PDMS
mould. The precursor dries slowly and solidifies while it is still
confined by the mould.?? The resolution of the patterned material
is determined by the surface energies of the components, and
the ability of the mould to detach from the patterned material
after drying. High resolution requires the selection of a mould
material that has significantly lower adhesion energy with the
pattern material than the substrate has with the material. After
removal of the mould, the patterned material can be heat-treated,
e.g., pyrolized, in order to obtain the final phase.

In microtransfer moulding (WTM),? shown in Fig. 1a, the pre-
cursor solution is deposited in the recessed regions of a patterned
mould. Excess material on the protruding parts is removed and
the mould is brought into conformal contact with a substrate.
After a certain period of time, during which the precursor dries
by solvent removal (physical drying) and/or condensation of pre-
cursors into —inorganic— polymeric networks (chemical drying),
the mould is removed. If the adhesion to the (PDMS) mould is
smaller than that to the substrate, the patterned material remains
attached to the substrate, and can be given a final heat treatment.

The micromoulding (embossing) process shown in Fig. 1b
involves imprinting a patterned mould into a continuous wet
film by application of some pressure. Both soft (PDMS) and
rigid (glass, poly(methyl methacrylate)) materials have been
employed for the moulds. The technique can pattern well in the
sub-50 nm scale,”*? a resolution that has not been met by any
of the other techniques discussed in this review. The formation
of a residual layer between the desired features of the patterns
is inherent to the technique. This is why it is especially inter-
esting for applications in which the presence of residual layers
presents no problem. In other cases, a post-etching step after
pattern formation is required.

An often used alternative term for micromoulding is nanoim-
print lithography (NIL).?6 Although NIL traditionally focuses
on nanopatterning of polymers and is often done at elevated tem-
peratures to reduce viscosity, and optionally involves a final UV
curing step, the process is essentially similar to micromoulding.
Micromoulding and microtransfer moulding are both fast paral-
lel patterning processes with which large areas can be patterned.

The idea behind micromoulding in capillaries (MIMIC)?’
is that the formation of residue layers is avoided. The process
is schematically shown in Fig. 1c. A clean patterned mould is
brought into conformal contact with the substrate before the lig-
uid precursor is supplied. A network of empty microcapillary
channels forms in the mould. A precursor solution is then sup-
plied to the entrances of the capillaries at the side of the mould.

The precursor solution is drawn into the microchannels by cap-
illary force. In principle, no residue layer can form in areas
where adhesive conformal contact between mould and substrate
is already established. MIMIC is a semi-parallel patterning pro-
cess. It takes time for the precursor fluid to fill the entire pattern
under the mould. For example, the Washburn equation predicts
that the penetration rate of water in a straight 1 wm diameter
channel at 298 K is such that its penetration length is 1.5 mm
after 1s, but only 10 mm after 50s. In narrower channels the
penetration rate is even lower and becomes impractical for most
purposes. It is clear that such kinetic factors will play a role in
determining the quality of the final pattern.

In the surface modification-based patterning approaches first
a chemically contrasted substrate is generated. This can be
accomplished in various ways, as will be discussed in Sec-
tion 4 in more detail. After that a layer is grown or material
deposited selectively on those patches of the substrate which
have proper surface chemistry. Examples of chemical contrasts
are hydrophobic—hydrophilic contrast (electrical) charge con-
trast, and chemically specific contrasts such as catalytic activity
for transformation of one or more of the components in the
precursor solution into solids.

Since the surface modification methods do not rely on physi-
cal confinement, the ultimate lateral resolution of the method is
lower than what can be accomplished by moulding-based meth-
ods. The height of the formed oxide patterns is usually in the
range of 20-80 nm, so the aspect ratios are quite low.

A general soft-lithographic surface modification approach is
microcontact printing (wCP),” shown in Fig. 1d, with which
the chemistry of a surface can be locally modified. Chemi-
cally contrasted substrates are made by printing self-assembled
monolayers or very thin multilayers of an ink that was carried
to the substrate by the stamp and is transferred by confor-
mal contact. Well-known examples are octadecyl trichlorosilane
(OTS; CI3Si—CigH37) on silicon oxide and octadecanethiol
(C13H37-SH) on gold. They yield a thin multilayer and self-
assembled monolayer after drying, respectively, and both are
very hydrophobic.> When the substrate is exposed to a parti-
cle suspension or chemical solution, heterogeneous nucleation
and growth of oxide precursors occurs more readily on polar
(hydrophilic) surface patches. The adhesion of oxide nanopar-
ticles or inorganic polymers to a surface is also favoured by
the presence of polar groups at the surface. Hence, hydropho-
bic patches on a substrate inhibit the local formation of a
ceramic phase, which can be exploited to generate local pat-
terns of ceramics on the other, i.e., the more hydrophilic
patches.

The confocal contact printing method in Fig. le is techni-
cally simple. The precursor is directly printed onto a substrate
in a single patterning step. However, the disadvantage is that
the resolution and quality of replication of the pattern are con-
trolled entirely by the rheological properties of the precursor ink
and the drying rate, which requires careful engineering of the
precursor solution. In microcontact printing-based approaches
the functions of pattern definition and film formation are carried
out by different components. This makes optimization of the
patterning process easier, since they involve two independent
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Fig. 1. Soft lithographic (a—e) and hard lithographic (f) patterning processes. (a) Microtransfer moulding; (b) micromoulding/nano imprint lithography; (c) micro-
moulding in capillaries; (d) microcontact printing of self-assembled monolayer or multiple layer (SAM); (e) confocal patterning; (f) lithographic patterning of

SAM.

steps. In practice, the resolution of confocal printing is much
higher than 50 um.?® However, much smaller pattern features
could be possible once a better control of the solution chemistry
and the printing conditions is established.

One of the limitations of soft-lithographic patterning tech-
niques in general concerns the registry of the formed patterns.'”
Therefore, it remains problematic to fabricate hierarchical struc-
tures with a more complex function by combining several
patterning steps in sequence. This is one of the reasons why
several investigators have explored possibilities to micropattern
ceramic materials by a conventional hard lithography-supported
approach. Photolithography-aided patterning, illustrated in
Fig. If, uses the tools of photolithography, a well-known tech-
nology that has been developed over the last decades for silicon
technology and microelectronics. It involves exposing a sub-
strate to UV light via a shadow mask, so that only certain parts
of the substrate are actually exposed. The UV energy can be
employed either to generate chemically contrasted substrates
(prior to film deposition or growth) by selectively decomposing
a preformed SAM, or locally transform UV sensitive ceramic

precursors into a condensed phase. The resolution of the whole
process is in principle limited only by that of the photolitho-
graphic process. An advantage of this approach is that the
presently available technology developed for conventional pho-
tolithography can be used to transfer patterns. All required
equipment and UV photomasks are readily available.

2.2. Properties of elastomer materials

All soft lithography techniques depend on surface topo-
graphical relief patterns of elastomeric stamps and moulds.
Of these, PDMS made from Sylgard 184 (Dow Corning Inc.)
is the most popular type of polydimethylsiloxane for making
soft-lithographic stamps. It combines flexibility and confor-
mal contact to an extent that is sufficient for many processes.
Sylgard 184 consists of a silicone resin cross-linked by a mix-
ture of vinyl-terminated PDMS and trimethylsiloxy-terminated
poly(methylhydro-siloxane) polymers. The resulting material
has a highly cross-linked three-dimensional structure. It offers
a high elongation at break (>100%).
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When used for confocal patterning, intimate contact with
the substrate is achieved locally at the protruding areas, while
a gap remains between the substrate and the recessed areas.
Essentially, this requires the stamp (or mould) to have two con-
flicting properties with respect to its Young’s modulus. On the
one hand, the stamp should be soft enough to enable good con-
formal contact with the substrate. It should adapt elastically to
small substrate surface variations (roughness) and not leave any
voids between stamp and substrate. This requires a low Young’s
modulus and high work of adhesion. On the other hand, a pre-
cise definition of micropatterns requires a rigid material. This
implies a high Young’s modulus.? The conflict between these
two properties sets a limit on the resolution that can be achieved
with soft elastomeric stamps with good conformal contact.

Various authors have pointed out that deformation of soft
stamps may lead to various kinds of collapse of the pattern, e.g.,
Ref. 30. For example, in rubber stamps with low aspect ratio
patterns, where the protruding features are widely interspaced,
so-called roof collapse may occur, in which the recessed areas
deform to such an extent that they touch the substrate. Quantita-
tive criteria against roof collapse have been proposed.>! On the
other hand, soft stamps with high-aspect ratio structures suffer
from buckling, pairing and collapse to the ground. It has been
proposed that decreasing the work of adhesion between stamp
and substrate helps to prevent ground collapse,>? and increasing
the pattern density was found to be beneficial for pattern transfer
fidelity.?3

The use of composite stamps with a stiff backbone and a soft
patterned layer may improve pattern quality,>* but increasing the
stiffness of the stamp will remain crucial for the definition and
stability of patterns at ultimate resolution in many processes.>’
Also, when preceramic suspensions are used, harder masks that
are less prone to deformation are preferred as they will withstand
increased pressures with less deformation.

Another problem with PDMS is its interaction with certain
organic solvents. Lee, Park, and Whitesides investigated the
compatibility of PDMS with a wide range of solvents, and con-
sidered three aspects of compatibility, namely (i) the swelling
of PDMS in a solvent, (ii) the partitioning of solvent between
PDMS and solvent phase, and (iii) the dissolution of small
oligomeric fragments of PDMS in the solvent.”? Of these three,
swelling was found to exert the largest influence. Among the
solvents that swelled PDMS the least were water, glycerol and
ethylene glycol. Highly swelling solvents were very apolar sol-
vents such as pentane and xylene.

The resolution achievable with standard PDMS, made from
Sylgard 184, has often been limited to >100nm because of
the low compression modulus of 2 MPa.>> The use of a harder
version of PDMS, called hard-PDMS or h-PDMS, with a com-
pression modulus of 9MPa has increased the resolution to
50 nm, but not for densely spaced features, or high-aspect ratio
patterns.

h-PDMS is prepared from trimethylsiloxy-terminated
vinylmethylsiloxane-dimethylsiloxane (VDT-731; Gelest) and
methylhydrosiloxane-dimethylsiloxane (HMS-301; Gelest)
copolymers. The h-PDMS system has cross-linkers that have
relatively short lengths as compared to those in Sylgard 184
PDMS. Composite bi-layer patterning elements that use a thin
patterned layer of h-PDMS with a thick back layer of Sylgard
184 PDMS effectively combine some of the attractive features
of these two materials for certain applications.3®

Rigid moulds made of quartz may stick to the imprinted mate-
rials unless they have been treated with an anti-sticking release
layer. Polymers such as poly(methyl methacrylate) (PMMA) can
also be used as a mould material, however an anti-sticking treat-
ment using low surface energy materials such as fluorosilane
self-assembled monolayer is still needed for easy release. Sev-
eral alternative polymeric materials have been proposed for use
in stamps, e.g., Refs. 35-37. Some examples are listed in Table 1.
In recent years a number of fluorinated polymers have been
developed for use in stamps.33*? They exhibit good mechanical
properties, while having a lower surface energy (y <20 mJ/m?)
than PDMS (y =21.6 mJ/m?), and being less prone to swelling
by solvents.

Other essential properties of the stamp or mould are its surface
energy and the nature of any present surface functional groups,
because these determine the wetting and dewetting behaviour of
precursor solutions in the mould, as will be elaborated in more
detail below for the respective techniques. Sylgard 184 PDMS
is hydrophobic, i.e., water has a contact angle >90° and does not
spread on the surface of PDMS. While this may be advantageous
for the debonding step in micromoulding and microtransfer
moulding, as will be discussed in Section 2.4, it is disadvanta-
geous when a MIMIC process for aqueous solutions is targeted,
because water will probably not want to enter a predominantly
hydrophobic micron-sized capillary. A variety of methods has
been proposed to alter the chemical properties of PDMS. The
simplest and most commonly used method to make the surface of
PDMS hydrophilic is by an oxygen plasma treatment for periods
of a few tens of seconds.*> The resulting surface modification

Table 1

Comparison of Young’s modulus, elongation at break, toughness and shrinkange upon polymerization in a nanoimprint lithography mould. Data taken from Refs.
36, 38.

Mould material Tensile modulus (MPa) Elongation at break (%) Toughness (MPa) Shrinkage (%)
PDMS (Sylgard 184) 1.6-1.8 146-160 477 1.1
Hard-PDMS 8.2 6.5-7.0 0.02 1.6
Soft-PDMS 0.6 0.13 3.1
hv-PDMS36 34 0.41 0.6
Fluorinated hybrimer™ 33.5-40 5.3 1.12 2-25

Flexible fluorinated hybrimer>8 32.5 4.5 2-2.5




1560 J.E. ten Elshof et al. / Journal of the European Ceramic Society 30 (2010) 1555-1577

is consistent and reproducible, yielding contact angles <5°, and
requires no special chemicals. The oxygen plasma oxidizes the
surface of PDMS, so that a thin hydrophilic SiOy layer with sur-
face silanol groups Si—~OH form. Unfortunately, it is well known
that the hydrophilic modification is not permanent. In the course
of time, typically hours, low molecular weight siloxane residuals
migrate to the surface and cover the SiO, layer with a low sur-
face energy film, so that the surface becomes hydrophobic again.
The same residuals are responsible for the reported contamina-
tion of substrate surfaces during conformal contact. Detailed
studies have shown that silicone-related material is transferred
from flat stamps, and even more material is transferred from pat-
terned stamps.** Silicone transfer can be minimized by curing
the PDMS stamps at elevated temperatures, but also depends on
the pretreatment of the stamp and the type of ink used.*>*® Fur-
thermore, it has been suggested that the transferred material also
contains traces of platinum, which are present in Sylgard 184
as cross-linking catalyst.*® No fast and easy method is known
that can completely and permanently remove these residuals
from the stamp. An exhaustive week-long cleaning procedure
has been proposed that yields PDMS stamps containing no or
very little oligomer material.*” However, the hydrophobic recov-
ery after oxygen plasma treatment of cleaned PDMS stamps is
only slightly affected when stored in air. This suggests that the
stamps probably regain their ability to contaminate and transfer
PDMS residues.*0

Alternative ways to modify the stamp’s surface energy more
permanently are through chemical modifications, for which
several routes have been proposed. Sol-gel coatings based on
titanium alkoxide, zirconium alkoxide and vanadium alkoxide
have been reported.48 Also thiol, amine, sulfonic acid and cyano-
functional coatings have been applied on PDMS.**=! In these
cases the PDMS surface was first plasma-treated to form silanol
groups to which the sol—gel precursors could attach. Modifica-
tion with plasma-polymerized acrylic acid yielded hydrophilic
PDMS surfaces for several days,’? and a poly(urethaneacrylate)
coating was shown to lead to a significantly reduced rate of
swelling by solvent absorption.>>

2.3. Precursor formulations

Any physically drying sol-gel system, dispersion, polymeric,
colloidal, or ionic solution can in principle be used as a precursor
for patterning. Essentially, homogeneous solutions and parti-
cle suspensions can be distinguished. The components in the
precursor “ink” should be at least approximately one order of
magnitude smaller than the feature sizes of the pattern. The other
requirements for the precursor depend on the actual patterning
process.

Different chemistries have been utilized to make precur-
sor formulations for pattering. They are essentially similar to
the chemistries that are employed for wet-chemical process-
ing of ceramic thin films.>*% Especially sol-gel chemistry,
metal-organic decomposition (MOD), and chemical bath
decomposition (CBD) are popular. Apart from achieving a high
solids content in solution, which is not possible in combination
with low viscosity, these chemistries can easily meet most of

the other requirements mentioned above. Only in cases where
patterns with a high-aspect ratio are required, or the chemical
transformation from liquid precursor to final ceramic phase has
to be avoided, suspension-based precursors are preferentially
utilized.

Sol-gel processing. This is the most commonly used chem-
istry for precursor solutions. Sol-gel alkoxide chemistries can
be divided into two classes, depending on whether or not the
element silicon is involved.’” In silicon alkoxide chemistry,
hydrolysis and condensation of molecular precursors Si(OR)4
or R'-Si(OR);3 into condensed prepolymers proceeds via the
following two fundamental reactions:

.
Hydrolysis : =Si-OR + HO——>=Si—OH + ROH

i
Condensation : =Si—-OH + HO—Si=H—>=Si—O—Si= + H,O

Here R represents an alkyl group, and R’ an arbitrary side
group that can carry virtually any functionality. The reactions
are catalyzed by protons and hydroxyl groups. This chem-
istry has been employed for making low-k dielectrics, such as
porous silicas and organosilicas. The reactions are usually car-
ried out in alcoholic solution with some water added, see e.g.,
Refs. 58-61. Furthermore, lower alcohols are compatible with
PDMS.?? By controlling the reflux, catalysis and hydrolysis con-
ditions, the nature of the resulting solution precursors and gels
can be controlled. An advantage of Si(OR)4 and silsesquioxane
R’Si(OR)3-based sols is that they can be made in a relatively
stable form even at high solids concentrations. This minimizes
shrinkage upon gelation. And since no crystallization or precipi-
tation occurs, the replicated pattern shapes can be retained more
easily.

Similar formulations can also be made using non-silicon
alkoxides, e.g., Ta(OC»Hs)5,%% SnCl,,% and Ti(OC,Hs)4,%* in
ethanol or 1-propanol. However, the details of the chemistry
of hydrolysis and condensation are different since the reactions
are thermodynamically rather than kinetically controlled,’” and
precipitation will eventually occur upon drying.

Many synthetic approaches start from short-chain carboxy-
late precursors dissolved in carboxylic acid, e.g., M(CH3COO),,
in acetic acid, and metal alkoxides.>> The carboxylic acid serves
both as solvent and as chelating stabilizer for the very reac-
tive metal alkoxides, and some exchange of ligands takes place
after mixing. In this way precursor formulations for Pb(Zr,Ti)O3
(PZT)% and BaTiO3 (BTO)® have been prepared. During dry-
ing, they react with water to form condensed structures. Also the
formation of ZnO from Zn(CH3COO); and water is an example
of such a process.%3

Metal-organic decomposition (MOD). In this approach metal
carboxylates and acetates with long-chain ligands are dissolved
in a common unreactive solvent, usually xylene.>> Since the
starting compounds are insensitive to water, the metal organic
solutions are essentially simple mixtures of the starting com-
pounds. The inorganic phase is only accomplished in the final
thermal treatment step after patterning and drying. The precursor
formulation has a low surface energy, but a serious disadvantage
of xylene as a solvent is the high degree of swelling that PDMS
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undergoes when it is exposed to non-polar solvents.>> MOD
synthesis has been employed to pattern several complex oxides,
e.g., epitaxial SrBi»Ta;Og (SBT)%® and PZT.%’

Chemical bath decomposition (CBD). This synthesis route
is used to grow solid films from solution by single or repeated
immersions of a substrate in a bath. Usually pH, temperature
and/or composition of the source solution are adjusted.’® When
prepatterned substrates are employed, site-selective nucleation
and growth may occur, as will be discussed in more detail in
Section 4.2. This approach has been explored in particular by the
group of Koumoto at Nagoya University.!* A typical example
is the formation of titania from (NH4);TiFg and H3BO368:

TiF¢>~ +2H,0 — TiO, +4H' + 6F~

BO3*~ +4F +6HT — BF4 +3H,0

The second reaction scavenges the produced fluoride and is
used to control the rate of titania formation.®” The bath solu-
tions are usually very dilute, so they are not commonly used in
moulding-based processes.

Nitrate route. This route has been used in soft lithography by
few researchers.”%’! Essentially, the precursor solution is made
by simply dissolving metal nitrates. To avoid substrate dewetting
and recrystallisation phenomena during drying of the precursor,
metal-coordinating polymers such as poly(acrylic acid) can be
added to the solution.””

Suspensions. Suspensions are employed in particular in those
cases in which relatively large dimensions, and/or patterns with
high-aspect ratios are targeted.”>”3 The volume fraction of solids
in suspensions can be raised to higher values than is possible
with the solution-based approaches described above. Moreover,
although the relative degree of shrinkage of a precursor solution
upon drying and consolidation may be independent of the actual
size of the feature that is formed, absolute shrinkage scales with
object size. This is why high-aspect ratio objects with dimen-
sions above 10-20 wm are best made from suspension-based
precursors. The successful use of suspensions with solids vol-
ume concentrations up to 40 vol% and reasonable viscosities has
been reported.’?

The four key physical properties of precursor solutions and
suspensions are:

1. Solids content (or equivalent). High solids contents are
favourable since the metal concentration is related to the
solids volume in the final oxide. Shrinkage upon drying and
thermal after-treatment is suppressed when the solids content
is increased. For instance, the quality of shape replication
in moulding-based processes is improved when the metal
concentration in the precursor is increased.”

2. Viscosity and rheology. In MIMIC, low viscosities are needed
in order to enable fast penetration of the precursor into the
micropatterned channels.” This implies a high solvent con-
centration and low solids content. If necessary, raising the
temperature during patterning may help to decrease the vis-
cosity of the precursor further.”* The shear rate dependence
of viscosity is particularly important when non-Newtonian

fluids are applied in MIMIC, since the rate of penetration is
not constant during the patterning process.”3

3. Surface energy. The surface tension of precursor solutions
determines the wetting interaction of the ink in the mould, as
will be discussed in more detail in Sections 2.4 and 3. Low
surface tension promotes wetting of a relief-patterned stamp
and is required when water-based solutions are employed,
but good wetting may hamper the debonding step in which
stamp and ink are separated.”

4. Types of solvents. The concentration and volatility of sol-
vents determines the drying rate and drying time. Faster
evaporation will lead to faster solidification of a precursor,
and increase the throughput that can be accomplished in
industrial processes. On the other hand, it has also been shown
that the packing efficiency of particle-based suspensions is
improved when the drying process inside the channels pro-
ceeds slower.’® Alternative ways to slow down the drying rate
are soaking of the mould in the solvent prior to use, and/or
drying in atmospheres in which solvent vapour is already
present. Solvent types also determine the degree of swelling
of the elastomeric mould.”?

2.4. Wetting, demoulding, and thermal after-treatment

Optimal wetting of microchannels by fluids is an important
factor in moulding-based approaches. A rich variety of mechan-
ically stable, metastable, and unstable liquid morphologies can
be found,””-”® depending on (i) the contact angle between fluid
and surface, and (ii) the geometric details (aspect ratio) of the
grooves.

Obviously, a very large contact angle (>90°) indicates that the
interfacial energy between ink and mould is rather unfavourable.
This promotes the dewetting (debonding) of the grooves of a
mould, in particular when the height-to-width aspect ratio of the
structure is smaller than 0.5. When the aspect ratio is higher,
even fluids with a very large contact angle can fill microchan-
nels in a thermodynamically stable way. Small contact angle
fluids fill the channels spontaneously,78 but release from the
mould after patterning may be problematic.”> When the con-
tact angle is smaller than 45°, wedge wetting may occur, a
thermodynamically stable mode of filling in which only the
corner edges of a channel are filled with fluid.”® The special
feature of wedge wetting is that feature sizes can be printed
that are much smaller than the resolution of the mould. In
order to print (polymeric) patterns that resemble the shape
of the stamp, one should work in a wetting regime where
the liquid forms elongated channels with negligible Laplace
pressure.’’

It has been shown theoretically that relatively large contact
angles between mould and precursor solution are required to
facilitate debonding after moulding-based patterning, ideally
>90°,7 see Fig. 2. Under such conditions the energy released
per unit area of crack (debonding) extension, is very large for
small cracks. This promotes the release of dried precursor from
the mould. For contact angles smaller than 90°, the driving
energy for crack propagation is rather small and concave surfaces
effectively inhibit debonding.
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Fig. 2. Equilibrium configurations of a liquid on a channelled stamp. The ratio
of liquid volume over channel volume is plotted versus contact angle of the
liquid. The grey area represents the conditions in which channel filling is stable.
Reprinted with permission from Ref. 75. Copyright 1999, American Institute of
Physics.

Most of the formed patterns require a post-patterning heat
treatment step to convert the dried precursor into the desired
crystalline phase, remove residual organics and densify the thin
film. Due to the small sizes of the features to be sintered, rela-
tively low sintering temperatures and short sintering times are
sufficient. Shrinkage presents a serious technical problem in
ceramics processing in general and in the micro- and nanopat-
terning of ceramics in particular, since it limits the quality of
pattern replication. An overall shrinkage of 80-95% is common
for many of the reported chemistries.>’% For many applications
this may not present a problem. However, when more complex,
hierarchical patterns are to be realized, factors like 3D topog-
raphy, shape replication fidelity, and edge sharpness become
crucial factors to consider.3%7°

Cracking may present a problem, but micropatterned ceram-
ics are able to release mechanical stresses in both the vertical
direction and lateral direction, and this helps to form higher
structures than would be possible in the case of continuous thin
films.

It has been shown that there are limits to submicrometer
resolution patterning of macromolecular fluids and low molec-
ular weight polymer because of the Rayleigh instability.*0
The Rayleigh instability is primarily a geometrical effect, and
becomes relevant for pattern transfer in the 100—1000 nm range.
Where precursor solutions and suspensions are concerned, the
extent to which this effect can play a rol