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etal oxides feature prominently in
a number of next-generation high-
tech domains including photo-
nics,’ membranes,? biological supports,®~>
sensing,®’ electrochromics,® and environ-
mental applications® including photoelec-
trolysis of water'® and catalytic and photo-
catalytic applications.”' ' In many of these
emerging areas, there is keen interest in the
ability to create nanometer scale structures,
especially one-dimensional structures that
provide high surface areas and low tortuos-
ity for improved transport characteristics. In
addition, high surface areas, easy reagent
accessibility, and direct-paths for electrical
transport make such 1D structures ideal for
many electrochemical applications. Further
advantages provided by short radial diffu-
sion and increased mechanical stability are
of interest for lithium insertion for high
performance batteries.'>'® In photocataly-
tic, photoelectrolysis, and photovoltaics ap-
plications, including radial p—n junction
nanorod solar cells, these structures can
provide a means to increase efficiency in
transport limited systems by allowing radial
transport to occur perpendicular to light
absorption.'”"'8
A variety of methods have been devel-
oped to synthesize 1D nanostructured me-
tal oxides. Solution phase and hydrothermal
growth of crystalline rods,'®~2* oxidation,?>%°
or anodization?’ of metal foils, vapor phase
growth,?®?° and block copolymer temp-
lating®* 33 are common strategies. In con-
trast to these bottom-up strategies, the
ability to directly pattern high aspect ratio
1-D metal oxides through transfer molding
(TM) holds a number of inherent advan-
tages. These include broader and more
flexible control over the patterning, easier
device integration, lower operating and
materials cost, and the potential for high
throughput manufacturing including roll-
to-roll production. Demonstration of a TM
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ABSTRACT We report a facile method for creating nanoscopic oxide structures over large areas

that is capable of producing high aspect ratio nanoscale structures with feature sizes below 50 nm. A

variety of nanostructured oxides including Ti0,, Sn0, and organosilicates are formed using sol—gel

and nanoparticle precursors by way of molding with water-soluble polymeric templates generated

from silicon masters. Sequential stacking techniques are developed that generate unique

3-dimensional nanostructures with combinatorially mixed geometries, scales, and materials.

Applicable to a variety of substrates, this scalable method allows access to a broad range of new

thin film morphologies for applications in devices, catalysts, and functional surface coatings.

KEYWORDS: nanostructures - metal oxides - titania - microtransfer molding -

multilayered structures

approach for the production of high as-
pect ratio nanoscale metal oxides with
features below 50 nm is an important
milestone in this domain.

Submicrometer patterning of titanium
silicates has been demonstrated using PDMS
soft lithography,®® and extended using
perfluoropolyether (PFPEs) elastomers.
The improved filling and release character-
istics based on the low surface energy of
PFPEs has been used to pattern a variety of
oxides and mixed metal oxides,>® with sub
200 nm features and aspect ratios of
up to 2.5.3°

Interest in patterning oxide features at
even smaller scales and larger aspect ratios
led us to investigate water-soluble poly(vinyl
alcohol) (PVA) as a template material =38 In
this approach, water-soluble PVA templates,
prepared en masse from hard template
masters such as large area lithographically
patterned silicon, are used to create struc-
tured oxides. The PVA template is filled with
a solution-phase oxide precursor, laminated
to a substrate, and, after partial curing of the
precursor (heat, UV, etc.), subsequently dis-
solved away. This process is shown schema-
tically in Figure 1 for TiO,. In addition to the
positive environmental aspects of water-
based processing and the avoidance of fluor-
ocarbons, removal of the template by
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Figure 1. Schematic representation of transfer molding (TM) of nanostructured oxides using water-soluble polymer

(polyvinyl alcohol) templates.
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Figure 2. SEM micrograph of a typical silicon master used to create PVA daughter templates. For (a) the large-feature size
master, pillars are ~135 nm in width at half-height, 750 nm tall, and 275 nm center-to-center. The smaller feature size master
(b) has pillars of ~50 nm in width at half-height, and 330 nm in height.

dissolution is an inherently softer release approach
than mechanically peeling off the template. In this
paper, we report the creation of scalable nanostruc-
tures of metal oxides with single and multilayered
structures on substrates.

RESULTS AND DISCUSSION

The approach employed was to create disposable,
water-soluble PVA templates from large-area silicon
masters. Two patterns on silicon wafers, one with
135 nm and another with 50 nm features were pre-
pared by lithography followed by plasma etching. The
master containing pillars of ~135 nm in diameter at
half-height, 750 nm tall, and a 275 nm center-to-center
spacing was prepared using conventional optical litho-
graphy. The master containing 50 nm diameter pillars
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was made using electron beam lithography together
with a lift-off process to produce a Cr hardmask,
followed by reactive ion etching into the oxide
substrate. Figure 2 shows SEM micrographs of silicon
masters of 135 nm pillars (a) and 50 nm pillars (b). It is
noted that the sidewall profile of the pillars is not
perfectly vertical, which results in the opposite
tone PVA templates having nonvertical pores upon
molding.

Following the approach of Figure 1, we first used the
PVA template for fabricating TiO, nanostructures. A
sol—gel solution containing n-butyl polytitanate (Tyzor
BTP, DuPont), acetylacetone, and acetic acid is spin-
coated onto the PVA templates. The coated template
was bonded to a substrate and exposed to UV radiation
to induce partial condensation of the TiO, precursor.
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Figure 3. High aspectratio TiO, pillars ~70 nm in width at half-height, ~340 nm in length, and covering large areas created by

microtransfer molding using a PVA template.
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Figure 4. (a) Intermediate structures formed after dissolu-
tion of the PVA using sol—gel formulations without acetic
acid; (b) without acetic acid large-scale uniform folding and
pillar breakage is seen in the final material after calcination;
(c) intermediate structures formed after dissolution of the
PVA using sol—gel formulations with acetic acid; and (d)
starting from titania clusters.

Exposure to warm water dissolved the PVA template
leaving a partially condensed network of nanostruc-
tured TiO,. Calcination by thermal treatment to 450 °C
resulted in polycrystalline TiO, pillars. Figure 3 shows
SEM micrographs of TiO, pillars prepared using the
135 nm PVA template. Owing to volumetric shrinkage
of the sol—gel TiO, precursor during calcination
(approximately 45—50% shrinkage), the final TiO, pil-
lars are ~70 nm in width at half-height and are
~340 nm in height. The pillars are seen by FFT analysis
to have a very high degree of ordering.

It should be noted that the presence of acetic acid in
the precursor solution is critical in achieving high
aspect ratio structures. Without the added acid, com-
plete removal of the PVA is not achieved upon water
treatment as shown in Figure 4a. Upon calcination, this
interstitial residue causes a large-scale, uniform col-
lapse of the pillars resulting in folded structures as
shown in Figure 4b. These folded structures often span
hundreds of square micrometers and are highly uni-
form as observed by FFT analysis of top-view SEM
micrographs (Supporting Information).
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With the addition of acetic acid to the precursor
solution, PVA is effectively removed from the intersti-
tial regions to give fully isolated pillars after water
dissolution (Figure 4c). These isolated pillars do not
collapse during calcination, and behavior from pillar to
pillar remains uncorrelated. To further investigate
these phenomenon, ethanolic TiCl, and TigOg((CHs)s-
CCOO0);¢ titania clusters were used as titania precur-
sors. At low water content (H,O/Ti < 3) condensation is
suppressed in the ethanolic TiCl, system and the titania
species remain molecular as opposed to oligomeric.>
The TiCl,-based system leads to a nearly identical
interstitial material observed with sol—gel type TiO,
precursor after dissolution. The titania cluster®® con-
sists of a TigOg ring structure with eight axial and eight
equatorial pivalate ligands. For these clusters, though
they are less adept at registering the template features,
no interstitial material is observed as shown in
Figure 4d. These results suggest that in the acetic acid
system, as well as with the larger and relatively stable
titania clusters, increased condensation of Ti centers
decreases diffusion into the PVA template. Diffusion of
titania precursors very likely causes a reaction with the
abundant OH groups of the PVA, effectively cross-link-
ing the PVA and inhibiting dissolution. The PVA/titania
residue in the interstitial material binds neighboring
pillars together resulting in highly correlated movement
causing pillar breakage. Tensile forces in this interstitial
space during calcination, either as capillary action upon
water removal or upon volume reduction from further
cross-linking or removal of the PVA, leads to coordinated
folding and collapse over large areas.

Transfer molding at sub 50 nm feature sizes intro-
duces a number of potential challenges both in the
production of the PVA templates and in the production
of the templated metal oxides. The former includes
difficulties filling the silicon master with PVA and
release after molding. The latter includes filling the
oxide precursors, diffusion, the cross-linking of precur-
sors with PVA, shrinkage, mechanical stability, and so
on. Using identical sol—gel TiO, precursors as above in
the presence of acetic acid, templating can be
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Figure 5. SEM micrographs of templated pillars at sub-50 nm feature sizes using (a) sol—gel titania with acetic acid and

(b) TiO, nanorods.
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Figure 6. SEM micrographs of templated SnO, pillars using (a) the 135 nm template and (b) the 50 nm template.
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Figure 7. (a) Top view and (b) cross-section SEM micrographs of templated organosilicate pillars. (Inset) Water contact angle

measurement show a hydrophobic surface.

achieved at very small scales with pillars of approxi-
mately 25 nm in width at half-height and ~100 nm in
length with center-to-center distances of 100 nm as
shown in Figure 5a. The pillars are not rigid, however,
and many are significantly folded reducing the effec-
tive aspect ratio. Switching to presynthesized nanoma-
terials such as nanoparticles and nanorods improved
the mechanical stability of the templated features and
reduced the shrinkage during calcination. Figure 5b
shows a SEM micrograph of TiO, nanopillars molded
using presynthesized nanorods capped with oleic
acid.*" The resulting pillars are ~45 nm at half-height
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and have lengths of ~220 nm, yielding aspect ratios of
almost 5 and good coverage over large areas.

To explore the generality of this approach, we
fabricated tin oxide (SnO;) nanopillars by the TM
method using both the 135 and 50 nm templates as
shown in Figure 6. Similar to our approach for the
50 nm TiO, pillars, we used presynthesized SnO, nano-
particles capped with oleic acid ligands.** Compared to
TiO,, the resulting SnO, pillars show very low shrinkage
based on the horizontal dimensions, but poorer aspect
ratios possibly due to problems filling of the template
past the necked portion of the PVA template. It is noted
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Figure 8. SEM micrographs of (a) a top view of an open-cell two-layer titania structure formed using a 200 nm diameter mesh
template, (b) a cross-section of a closed-cell two-layer structure with a titania first layer and a SnO, second layer, (c) a cross-
section of a five layer titania structure, and (d) a cross-section of a two-layer titania structure formed using two different

templates, the mesh template and a post template.
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Figure 9. (a) SEM micrograph of a templated titania structure prepared without acetic acid after the dissolution step. The
interstitial PVA material is clearly visible locally confined in and around the templated features. Calcination to 450 °C reveals

more clearly (b) the underlying templated structure.

that this PVA approach can be generally used for nanos-
tructuring other types of inorganic materials. For example,
Figure 7 panels a and b show templated organosilicates.
These materials, fabricated using a silsesquioxane orga-
nosilicate precursor,®' show even lower shrinkage, yield-
ing structures that are ~460 nm in height and 110 nm in
diameter. Because of the hydrophobicity of cross-linked
organosilicates and nanostructures, the surface of nano-
pillars shows ultrahydrophobic behavior. As shown in the
inset in Figure 7a, water contact angel of 115 + 2 degrees
was observed with the pillars generated with 135 nm
template.
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Successive stacking of transfer molded layers can be
used to generate films containing closed- and open-
cell nanostructures. This approach can be extended to
mixed materials and mixed templates as schemati-
cally represented in Figure 1 (see multilayer route in
Figure 1). Starting from a template that produces a
200 nm diameter mesh, both open-cell (Figure 8a,c)
and closed-cell (Figure 8b,d) stacked structures are
possible. Closed-cell structures are formed when the
quantity of precursor is greater than the volume of the
template. Figure 8b also illustrates the stacking of two
different materials, TiO, for the first layer, and SnO, for
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the second layer (see also Figure 1 where organosili-
cate posts are stacked on a TiO, mesh). Stacking can be
repeated multiple times; Figure 8c shows a cross-
section of a fractured five-layer TiO, structure. Different
types of templates may also be combined such as the
mesh template and the post templates mentioned
earlier, Figure 8d.

Subsequent layers are put down directly on the inter-
mediate structure that exists after the dissolution step.
TiO, formulations without acetic acid are used for the
underlayers so that cross-linked interstitial PVA remains in
and around the nascent templated titania structures
(Figure 9a). Retaining this organic material in the pores
is believed to inhibit draining and infill** that can occur
with fluid materials and to prevent vertical mixing of the
patterned features®> that may otherwise occur with soft

EXPERIMENTAL SECTION

The master containing pillars of ~135 nm in diameter at half-
height, 750 nm tall, and a 275 nm center-to-center spacing was
prepared using conventional optical lithography. A 4x photo-
mask of a field size 80 mm x 80 mm was used within an ASML
1400 photolithography tool to produce 135 nm diameter pillars
at the imaging plane in photoresist stepped across the surface
of a 200 nm thick SiO, layer deposited on a 300 mm silicon
wafer. The step size of the photolithography tool was calibrated
so as to minimize the stitching error of the pillars, arranged in a
triangular array, along the boundary of the imaging field over
the 300 mm wafer. After wet development of the resist, plasma
etching was used to etch through the oxide layer, using silicon
as the etch stop, to form the 135 nm diameter pillars, 200 nm
tall, in oxide on silicon after ashing the resist. The oxide patterns
were used as an etch mask for subsequent plasma etching for
silicon to obtain a high aspect ratio master. Residual oxide was
removed by rinsing with an HF solution.

The master containing 50 nm diameter pillars was made
using electron beam lithography together with a liftoff process.
We employed a high resolution positive tone electron beam
resist (ZEP-520A, Nippon Zeon) coated to 95 nm on a five inch
silicon wafer with a 1 um thick thermal silicon dioxide film,
followed by a post-apply bake of 175 °C for 3 min. The pattern
consisted of a hexagonal array of 60 nm diameter circles with a
period of 100 nm, written with a Leica VB6 HR electron-beam
lithography tool at a dose of ~3 mC/cm? at a beam current of
~5 nA. The exposed resist was then developed at 0.6 °Cin amyl
acetate for 3 min followed by quench in a room temp solution of
1:3 methyl isobutyl ketone—isopropyl alcohol (IPA) for 30 s, and
finally rinsed with IPA for 10 s. Nexta 30 nm thick Cr thin film was
evaporated onto the resist pattern to create a hardmask for a
subsequent reactive ion etch step. The Cr film was lifted off in a
55 °C bath of N-methylpyrrolidone (NMP) with sonic agitation
for 40 min and rinsed in IPA followed by a rinse in deionized
water. After the lift-off process the oxide wafer was etched using
inductively coupled CF, plasma for 4 min (3mT chamber
pressure, 20 sccm CF, flow rate, 200 W coil power, and 35 W
platen power). Then the Cr hardmask was removed at room
temperature using Cyantek CR-14 etchant followed by a water
rinse. The wafer was then placed in a 60 °C bath of EKC265
(DuPont) to remove metallic and organic residue. Finally the
wafer was cleaned in a 55 °C bath of NMP for 20 min, rinsed in
IPA and water, and finally cleaned for 10 s in a downstream
oxygen plasma reactor.

All chemicals and materials were obtained commercially or
were synthesized using known procedures. '"H NMR spectra
were obtained at room temperature on an Avance 400
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templates. The organic material is eventually removed
during a final calcination step, revealing the underlying
pattern, as demonstrated for a single layer in Figure 9b.

CONCLUSIONS

We have shown that high aspect ratio metal oxide
pillars can be successfully prepared on a variety of sub-
strates using an environmentally friendly, water based
PVA TM approach. The creation of organosilicate, TiO,,
and SnO; pillars is demonstrated, with achievable feature
sizes below 50 nm and aspect ratios reaching nearly 5 to 1.
Unique stacked oxide structures using different material
and template combinations are also accessible. This
approach, using sacrificial water-soluble templates repre-
sents a low cost flexible route for the patterning of oxide
materials relevant for device fabrication.

spectrometer in either d-toluene or d-CHCls. TiO, clusters and
TiO, nanorods were synthesized by known procedures #4144
SEM was performed on a Hitachi S-4700 at 3 kV or on LEO 1550
VP at 15 kV. TEM images were recorded by JEOL-JEM 2010
electron microscopy operated at 200 kV.

Oleic acid capped SnO, nanoparticles were synthesized by
adding 2.92 g tin(lV) tert-butoxide (7.1 mmol, Aldrich 99.99%
grade) to 7.6 g degassed oleic acid (27 mmol, Aldrich tech-
nical grade, 90%) at room temperature. The mixture was
heated to 270 °C over 20 min and held for a further 2 min
before allowing it to cool to room temperature. The solution
was then diluted with 30 mL of hexane and precipitated with
ethanol. Further washing (3x) via precipitation dissolution
with hexane/ethanol yielded ~0.6 g material that was easily
solubilized with toluene.

The photosensitive titania precursor is an oligomeric tita-
nate (OT) prepared from a acetylacetone chelated titanium
alkoxide.>>** The solution (1:1 mol Ti/HAcAc) was diluted to
30 wt % in propylene glycol propyl ether (PGPE). Acetic acid
(5 wt %) was added, and templates were prepared by spin
coating this solution onto a PVA daughter at 2000 rpm for 45
s. The template was heated to 80 °C for 10 s before transfer-
ring onto a bare silicon wafer substrate (many other sub-
strates are also suitable including transparent conducting
oxides (TCOs) and sol—gel TiO,-coated Si and TCOs). After an
additional 10 s, the sample was removed and exposed to
short wavelength UV illumination (245 nm) at room tem-
perature for 20 to 30 min. Dissolution of the PVA backing was
carried out at 42—85 °C (pH 4—7) for 25 min. The film was
rinsed with water then dried with ethanol and nitrogen. Final
calcination to remove the insoluble PVA material between
the patterned titania was carried out at 450 °C for 2 h (ramp
up at 5 °C/min). Templates from precursor solutions of TiCl,
(18 wt % in ethanol), titania clusters (10 wt % in 50/50 v/v
PGPE/toluene), and TiO, nanorods (5 wt % in toluene), were
prepared in the same manner. SnO, nanoparticles (15 wt % in
toluene) and templated organosilicates (30 wt % solutions in
PGPE plus 5 vol % triethylamine relative to the total) were
prepared similarly except that substrates were held at 80 °C for
20 min after transfer in lieu of treating with UV illumination.

Closed-cell two-layer structures fabricated with titania and tin
oxide using a 250 nm mesh PVA mold. A 30 wt % titania
precursor solution consisting of Dupont Tyzor BTP and acetyla-
cetone (1:1 mol Ti/mol HAcAc) in PGPE was used to mold the
first layer following the procedures outlined above. A tin oxide
second layer was molded using a 20 wt % solution as outlined
above. Open-celled titania structure were fabricated using a
13 wt % titania precursor solution.
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