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Using templates generated by nanoimprint lithography, we report the fabrication of SiO2 patterns
(∼450 nm) line widths over large active surface areas (14.5 cm2). The process involves the patterning
of poly(2-hydroxyethyl methacrylate) (PHEMA) using polycarbonate molds followed by tetrachlor-
osilane (TCS) vapor cross-linking and supercritical carbon dioxide (scCO2) assisted tetraethylortho-
silicate (TEOS) infusion. Uniform SiO2 lines were observed over an area 14.5 cm2, which suggests
that this process can be readily scaled.

Introduction

Standard methods for the generation of silicon dioxide
(SiO2) patterns onto thermal and native oxide thin-film
substrates such as etching through a photolithographic
resist, beam lithography,1 laser ablation,2 polymer tem-
plate etch masking,3-5 and holographic lithography6 are
typically time intensive and involve subtractive proces-
sing schemes. Although these techniques can provide
extreme precision over multiple length scales (25-500 nm),
they are generally not well-suited to high throughput
processing and often lack economic viability for the com-
mercial production of low cost devices including optical
waveguides,2 diffraction gratings,7,8 and microfluidics.9

Over the past few years, a number of novel, cost-effective,

and high-throughput patterning techniques such as step
and flash imprint lithography (SFIL),10 micro molding in
capillaries (MIMIC),11,12 high-efficiency stepwise con-
traction adsorption nanolithography (h-SCAN),13 and
easy soft imprint nanolithography (ESNIL)14 have been
reported for precise replication of microscale and nano-
scale patterns over large active surface areas. A large
number of these patterning techniques use poly-
(dimethylsiloxane) (PDMS) molds created from Si mas-
ters. Most recently, precise control of these patterned
dimensions was demonstrated by the mechanical stretching
of a PDMS mold through a small stepwise manipulation
process to imprint an absorbed solution of propyltri-
methoxysilane onto a glass substrate.12 The subsequent
patterned features were fixed to the glass substrate
following condensation of the silanol groups to create
lines of SiO2. However, these PDMS molds were gener-
ated from masters consisting of commercial diffraction
gratings.
Implementation of high-throughput nanopatterning in

most cases will require high precision master molds with
active surface areas ranging from 1 to 2.5 cm2. A number
of materials have been examined for use in molds ranging
from hard inorganic materials (oxides, silicon, metals,
etc.) to “soft” materials including numerous polymers.
Inorganic molds are usually fabricated by costly, time
intensive photolithographic processes such as electron
beam (e-beam) or deep UV lithography. For this reason,
the use of daughter molds has become an attractive
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alternative wherein a single master can be used to create
multiple NIL daughter molds. A recent review highlights
many of these applications.15

A greatmany softmaterials have been successfully utilized
asmolds inNIL. Examples include siloxanes,16-18 curedUV
photopolymers,19-21 fluoropolymers,22,23 poly vinyl alco-
hol,24 polystyrene,25 thiol-enes,26 and polycarbonate.27 In
each case, the thermal, optical, and mechanical properties
of thepolymerhas tobe carefullymatched to the specificNIL
process. Additionally, emerging research in nanobiology and
chemistry has applied pressure to fluidic device fabrication to
reach nanoscale features.28-30 Improving the sensitivity of
devices for biosensing,31 size exclusion chromatography for
small molecule and nanoparticle separation,32 fluid trans-
port,33 and the fundamental study of molecular behavior34

has reached fundamental challenges with the limited avail-
ability of low-cost functional nanofluidic devices.11,35-37 For
example, arrays of regularly spaced micrometer scale pillars
have been used to separate long DNA molecules with some
success but have not reached the efficiency of pulsed field
gel electrophoresis.38 It is predicted that nanometer scaled
devices will aid in this endeavor.

The biocompatible and nontoxic nature of poly-
(hydroxyethylmethacrylate) (PHEMA) has made it
an attractive choice for biomedical applications such as
soft contact lens materials,39 bone implants,40 and con-
trolled drug release.41 PHEMA has recently found use as
a readily removable lift-off layer for lithographic patterning
aswell as a template for selective photolithographic cross-
linking in the presence of a photo acid generator (PAG)
and the acid sensitive cross-linking agent tetrakis-
(methoxymethyl) glycouracil (TMMGU).14,42,43 Here,
we report the first demonstration of the use of polycar-
bonate molds to perform NIL into PHEMA. We then
infuse and selectively deposit SiO2 within imprinted
PHEMA layers to produce high-fidelity air-gap SiO2

replicas following calcination of the mold.
Silica deposition can be performed using a variety of tech-

niques such as plasma enhanced chemical vapor deposition
(PECVD),44 liquidphasedeposition (LDP),45,46 e-beam eva-
poration (EBE),46 and atomic layer deposition (ALD).47

Each technique exhibits its own limitations, such as
nonconformal coating, invasive deposition conditions,
time-consuming fabrication, and low concentrations
of precursors, respectively. A new approach to directly
pattern mesoporous SiO2 materials through photolitho-
graphy of block copolymer templates followed by scCO2-
mediated selective silica condensation has recently been
demonstrated.48,49 One advantage of the process is that
subsequent etching is not required such that subtractive
processing is eliminated. The polymer templates were
either BASF Pluronics (amphiphilic triblock copolymers)
or diblock copolymers that can be deprotected in the
samemanner as chemically amplified photoresists to yield
patterned amphiphilic templates. In both cases, the tem-
plates are loaded with a photoacid generator that, upon
exposure, yields strong acids in the exposed regions to
selectively catalyze SiO2 condensation. This process has
been demonstratedwith variousmetal alkoxides in scCO2

with selective infusion of the inorganic materials into
the hydrophilic block copolymer domains to yield pat-
terned thin films with ordered mesoporousity.49-52 The
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advantage of this approach is that there exists a separa-
tion between the preparation of the ordered polymer
template and the inorganic network formation. This
enables manipulation of the template prior to the forma-
tion of the metal oxide. It was shown that the scCO2

slightly dilates the polymer template and does not inter-
fere with the well-ordered structure.53

Herein, a robust process for creating patterned SiO2

air-gap structures using polycarbonate molds by selec-
tively infusing a PHEMA polymer template through
scCO2 mediated silica condensation is demonstrated.
This technique was utilized to form uniform submicrom-
eter air-gap patterns of SiO2 over large surface areas in
order to limit the cost and time involved in accessing Si
master molds.

Experimental Section

Materials. Tetraethylorthosilicate (99%) and 2-hydroxyethyl

methacrylate (98%) were purchased from Acros Organics.

Tetrachlorosilane (98%) was purchased from Gelest. Ethanol

and methanol (anhydrous) were purchased from Fisher Scien-

tific. Silicon substrates Sumco Pheonix Æ1-0-0æ, type P, Boron
doped, 5-80 resistivity, and a thickness of 700-750 μm were

purchased from WaferNet Inc. Polycarbonate molds were

created using Verbatim DataLifePlus inkjet printable DVD-R

media purchased from commercial sources. All other reagents

were purchased from Sigma-Aldrich and used without further

purification. All reactions were run under N2 unless otherwise

noted. I-CHEM series 200 short clear WM septa jars (125 mL)

were used for vapor cross-linking of the PHEMA films.

Instrumentation. Glass-transition temperatures (Tg) were de-

termined using a TA Instruments Q2000 differential scann-

ing calorimeter (DSC) using a heat/cool/heat run cycle at

10 �C/min. Thermogravimetric analysis (TGA) was performed

in nitrogen atmosphere on a DuPont TGA 2950 using a ramp

rate of 10 �C/min under N2. Film thicknesses were measured

using a Veeco Dektak 150 profilmometer. The water contact

angles were measured using a VCA Optima surface analysis/

goniometry system with a drop size of 0.5 μL. Atomic force

microscopy (AFM) images were collected on a Digital Instru-

mentsNanoscope III in tappingmode under ambient conditions

using silicon cantilevers (spring constant 0.58 N/m). RMS

roughness and feature dimensions were calculated with the

AFM manufacturer’s provided software on 5 μm � 5 μm scan

size images. Statistical analysis was also performed on each

image using full width at half-maximum. Attenuated total

reflection fourier transform infrared spectroscopy (ATR-FTIR)

spectra were recorded under a constant N2 stream using a

Nicolet 6700 FT-IR spectrometer equipped with a Harrick

grazing angle ATR accessory (GATR) and a liquid-nitrogen-

cooled photovoltaic detector (LN-MCT). Spectra were re-

corded under a steady flow of N2 to minimize absorbance peaks

due to moisture and CO2 at 128 scans with a 4 cm-1 resolution.

A Phantom III ICP reactive ion etcher (RIE) from Trion

Technology Inc. was used for oxygen plasma cleaning of each

substrate. Each wafer was cut into (3.8 cm� 3.8 cm) pieces then

washedwith hexane, acetone, and isopropyl alcohol followed by

an O2 plasma cleaning procedure at a flow rate of 49 standard

cubic centimeters per minute (sccm), with the inductive coupled

plasma (ICP) power at 500W and the reactive ion etching (RIE)

power at 200 W for 300 s. Gel-permeation chromatography

(GPC) was performed on a Polymer Laboratories PL-GPC 50

with DMF and calibrated with PMMA standards. Imprinting

into PHEMA was performed on a Nanonex NX2000 thermal

imprinter. Sample preparation by focus ion beam (FIB) was

performed using an FEI Nova 600 Nanolab dual beam FIB

which was also used for collection of cross-sectional SEM

images. The procedure involves the deposition of ∼400 nm of

platinum as a protection layer followed by FIB etching through

∼2μm. In Figure 4B, the mound above the patterned lines is the

platinum. The images were performed at 52.3� angle to get the

cross-sectional image.

Synthesis of Poly(2-hydroxymethyl methacrylate) PHEMA.

Ethanol (7.5 mL) was added to a test tube and nitrogen was

bubbled through it for 5min.AIBN (0.07 g, 0.43mmol), HEMA

(5.37 g, 5mL, and 41.31mmol), and dodecane thiol (0.43 g, 0.5mL)

were added and the solution was heated under N2 at 60 �C for

4 h. The solution was then cooled down and the product

precipitated dropwise in ethyl ether. The polymer was filtered,

washed excessively with ethyl ether, and dried in vacuo at 50 �C
for 48h toyield a finewhite powder (4.5 g, 83%),Mn=8.7kg/mol,

PDI = 1.9 (DMF vs PMMA) (Tg = 73.49 �C).42

Preparation of Polycarbonate Master Mold. The polycarbo-

nate mold was prepared from a commercially available DVD-R

disk thatwas split into two pieces by carefully separating the two

polycarbonate discs in the center ring with a spatula. The

separation process results in two polycarbonate discs one with

a metal coating and the other coated with a purple organic dye.

The disk coated with the organic dye was washed with ethanol

and dried under a stream of N2 to prevent fouling of the mold

with the organic dye. Uniform trapezoidal pieces (5 cm� 5 cm)

were cut from the disk and the embossed edges at each of the

bases of the trapezoid were removed. No chemical modification

of the polycarbonate mold was needed. The measurement of the

mold dimensions was performed through the replication of the

polycarbonate disk into Sylgard 184 cured at 60 �C for 24 h.

Patterning via Nanoimprint Lithography (NIL). A 3 wt %

(solids/total solution) solution of PHEMA containing 0.1 wt %

poly(ethylene glycol) monomethylether (PEO, Mn = 2000

g/mol) and 0.2 wt % p-toluene sulfonic acid monohydrate

(pTSA) in ethanol (filtered through 0.45 μm PTFE syringe

filter) was spin-coated onto a (3.8 cm � 3.8 cm) silicon substrate

at 3000 rpm for 20 s. The resulting thin films (105 nm) were

patterned with a freshly cleaned polycarbonate mold using a

NX2000 thermal imprinter with the following conditions: the

preprintwasmade at 50 �Cat 0.69MPa (100 psi) for 30 s, printed

at 90 �C at 1.72 MPa (250 psi) for 30 s, and cooled to 38 �C, and
then the pressure was released. The printing procedure resulted

in near-perfect replication of the polycarbonate mold into the

PHEMA thin film with minimal observed defects.

Cross-Linking of PHEMA Films. The general procedure for

vapor infusing and cross-linking the PHEMA films with tetra-

chlorosilane (TCS) was as follows. The patterned PHEMA

wafers were placed on a glass pedestal in a I-CHEM jar (60 mL)

with a PTFE screw top and vacuum/backfilled three times with

N2 followed by a 20 min N2 purge. Tetrachlorosilane (50 μL)
was injected on the bottom of the jar then sealed with Parafilm

and left at room temperature for 12 h. The patterned wafer was

then removed and analyzed.

Supercritical Carbon Dioxide Silica Mediated Infusion of

Patterned PHEMA Films. The TCS cross-linked patterned

PHEMA films were replicated in silica via supercritical carbon

dioxide (scCO2) mediated silica condensation. After lightly
(53) Gupta, R. R.; RamachandraRao, V. S.; Watkins, J. J. Macromo-

lecules 2003, 36(4), 1295–1303.
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cross-linking, the substrate was placed in a 140mL stainless steel

high-pressure reactor at room temperate with 25-50 μL of

water and approximately 5 μL of tetraethylorthosilicate

(TEOS) per cm2 of patterned substrate. Approximately 35 mL

of carbon dioxide (Merriam-Graves Coleman grade) at 69 bar

and room temperature was injected into the sealed reactor via a

syringe pump within 20 min. Immediately after injection, the

wall temperature was heated to 220 �C, which brought the gas to
a temperature of 160 �C over 2 h while increasing the pressure to

120 bar. The systemwas allowed to react at the elevated pressure

and temperature for at least 12 h then depressurized over 20min.

These conditions were optimized from literature procedures.54,55

The organic PHEMA templatewas removed via high-temperature

calcination at 400 �C for 6 h with a ramp rate of 1.67 �C/min.

Results and Discussion

The different steps of the direct SiO2 infusion of
patterned PHEMA films are illustrated in Figure 1. First,
uniform PHEMA thin films (∼105 nm) were prepared by
spin-coating a 3 wt% solution of PHEMA, poly(ethylene
oxide) (PEO), and pTSA onto a freshly cleaned (O2

plasma etched) Si wafer (3.8 cm � 3.8 cm). Process
conditions were optimized in order to minimize the
thickness of the residual scum layer, which will allow this
process to easily be extrapolated to patterns that consist
of isolated free-standing features. The addition of PEO as
a plasticizing agent improved the quality of the imprint
and was observed to be essential for imprinting films
(<100 nm) with smaller feature height molds, an effect
that will be discussed in greater detail in a forthcoming
publication. Previously published reports in our group
used Pluronics and diblock copolymer templates to gen-
erate patterned mesoporous silicon dioxide materials
through photoliography paired with supercritical carbon
dioxide (scCO2) mediated infusion.48,49 It was reported
that the tetraethylorthosilicate (TEOS) infusion required
the addition of pTSA in order to facilitate acid catalyzed
silica condensation. The addition of pTSA was also
determined to be necessary in our PHEMA polymer
template for selective silica infusion.
The inherent hydroxyl chemical functionality of PHE-

MA was utilized by the postfunctionalization of the
patterns through TEOS infusion. The PHEMA hydro-
philicity presented both positive and negative attributes
to the processing of the patterned substrates. The hydro-
philicity of the PHEMA thin film helped simplify theNIL

printing procedure by allowing the use for polycarbonate
molds without any further modification. On the other
hand, sample preparation required great care in prevent-
ing adsorption of ambient water, which competitively
reacts with chlorosilanes used as the cross-linking agent
in the next step. The adsorption of water was limited
by storing each sample directly after imprinting in a
desiccator.
Polycarbonate molds were made from commercially

available DVD-R media, due to their low cost and ready
availability. Optical disk media (CD’s, DVD’s, HD-
DVD’s, and Blu-Ray discs (∼220 nm,∼1.2 μm), (∼190 nm,
∼500 nm), (∼70 nm, ∼240 nm), and (∼20 nm, ∼180 nm)
(height, line width), respectively) that consist of patterned
polycarbonate sandwiched between reflective layers con-
tain features of technologically useful size, pitch, and
aspect ratio, making them ideal for exploring new NIL
processes. These discs have been utilized in micro- and
nanopattering of spin-transition compounds,56 micro-
transfer molding (μTM),57and roll-to-roll processing.58

The polycarbonate master mold was prepared by first
separating the laminated layers of a polycarbonate disk of
a DVD-R followed by washing with ethanol. No further
modification of the master mold was necessary. Similar
work was also reported by Hong et al., where a nano-
transfer mold was created using a SiO2-TiO2 sol-gel
solution and themetal film fromDVDand Blu-Ray (BR)
molds (0.25:1).57 In our work, we instead have utilized
the higher-aspect-ratio polycarbonate disk of DVD-R
media (0.5:1).
Mild NIL conditions (90 �C at 1.72 MPa for 30 s) were

used to imprint the pattern lines of the polycarbonate
master mold into the PHEMA thin film. AFM was
utilized to examine the size and shape of the features
through the various processes (Figure 2). The mold had
the following original dimensions: height, 190 nm; line
width, 500 nm; and periodicity, 809 nm, as reported in
Table 1. The patterned PHEMA layer had dimensions of
height, 179 nm; linewidth, 450 nm; and periodicity, 816 nm.
The slight decrease in pattern height and line width of the
replicated layer is due to shrinkage and solvent loss

Figure 1. Schematic of direct SiO2 infusion of patterned PHEMA thin-films.
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during the imprint process. Overall, the periodicity of the
pattern remained constant and final dimensional control
can be obtained by taking into account resin shrinkage
during imprinting and solvent removal. Several AFM
images were collected at arbitrary locations over the
entire substrate, resulting in essentially identical images.
Uniformity across the entire sample was observed, which
implies that this process is likely limited only by the size of
the master mold and the substrate available. We believe
this process has potential for large-scale role-to-role pro-
duction similarly reported recently with polyvinylalcho-
hol thin films.58

The patterned samples were then exposed to tetrachlor-
osilane (TCS) vapor for 12 h in a dry N2 purged I-Chem
jar (60 mL) with a Teflon seal. The extent of chemical
modification of the samples was monitored by contact
angle and grazing angle reflectance (GATR)-FTIR with
identically prepared samples void of patterns. Each of the
patterned samples was also analyzed by contact angle
with identical results. The elevated temperatures needed
for the complete SiO2 infusion of the patterned substrates
required a chemical cross-linking reaction because of the
low Tg of PHEMA (Tg = 73.5 �C). The cross-linking
afforded by reaction of PHEMA with TCS imparted
structural rigidity for the subsequent scCO2 mediated
TEOS infusion at 160 �C.

To ensure complete chemical cross-linking of the PHE-

MA substrate, we washed a test sample with methanol

with no loss of pattern or observable change in the film

thickness. Results in the ATR-FTIR spectra (Figure 3)

confirmed a chemical change in the films during the

various stages of processing with a decrease in the mag-

nitude of the carbonyl vibrational stretch 1725 cm-1

ν(-CdO) and a dramatic increase in the peaks

1300-1000 cm-1 characteristic of ν(Si-O) and ν(C-O)

stretching vibrations. After the TCS chemical cross-link-

ing, an intense peak appeared at 933 cm-1, which corre-

sponds to a silanol vibrational stretch ν(Si-OH).59 A

characteristic broad peak 3600-3000 cm-1 ν(O-H) was

evident in both the PHEMA and TCS cross-linked thin

films, which represents a combination of the silanol and

Table 1. Summary of AFM Topographic Features Dimensions for Each
Processing Step

sample
height
(nm)

plateau width
(nm)

periodicity
(nm)

mold 187.5( 0.6 507.4( 8.5 808.8( 8.1
PHEMA patterned 179.0( 2.5 450.0( 2.9 816.5( 5.9
TCS (vapor) cross-linked 183.6( 3.9 484.4( 2.9 822.7( 4.1
scCO2 infused 157( 3.7 481.8( 6.4 786.8( 11.1
calcined 129.5( 0.5 443.7( 4.9 759.1( 5.9

gap height (nm) gap width (nm) wall thickness (nm)

air-gap 65.2( 8.1 300.3( 12.1 70.8( 7.5

Figure 2. All AFM images reported are 5 � 5 μm topographic images: (A) image of NIL patterned PHEMA 140 nm thin-film, (B) image of TCS cross-
linked patterned PHEMA thin-film, (C) Image of scCO2 TEOS infused thin-film, (D) image of calcined thin-film. (E-H) Tracer profile plots from the
topographic images A- D, respectively.

Figure 3. ATR-FTIR spectra of aPHEMAthin-filmpretreated, exposed
to TCS vapors for 12 h, scCO2 infused with TEOS (5 μL/cm2) for 12 h at
160 �C, and calcined at 400 �C for 6 h.

(59) Pretsch, E.; B€uhlmann, P.; Badertscher, M. Structure Determina-
tion of Organic Compounds, 4th ed.; Springer: Berlin, 2009;
p 436-491.
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hydroxyl group on PHEMA and infused TCS as well as

ambient adsorbed water in the thin film. Furthermore, a

slight increase in the width (∼30 nm) and height (∼5 nm)

of the patterned lines was observed in the AFM images.

This was a result of the chlorosilane swelling the PHE-

MA film. Condensation of the silianol functionality in

the film was limited in the cross-linking step by perform-

ing the reactions at room temperature in order to allow

only slight cross-linking and enable considerable infu-

sion of TEOS in the scCO2 processing stage. More

rigorous conditions produced a thick silica coating cov-

ering the patterns and causing a loss of feature dimen-

sions. The TCS vapor penetration depth was limited

by the experimental conditions, which resulted in the

formation of a SiO2-rich shell in the patterns. The SiO2

shell limited the penetration of TEOS by scCO2 which

resulted in the formation of an air-gap structure after

thermolysis.
The scCO2 mediated infusion which resulted in the

formation of a rigid SiO2 patterned substrate was

performed with TEOS (5 μL/cm2) and H2O (50 μL)
at 160 �C for 12 h. Postinfusion, the water contact
angle remained at 0�, indicating a strongly hydrophilic
surface. Calcination was performed at 400 �C for 6 h to
increase the extent of condensation in the silica net-
work and to remove any remaining organics, as re-
ported in the literature.53 Small changes in the
intensity of the FTIR spectra were observed but no
appearance/disappearance of any additional peaks as
a result of the removal of the polymer template dur-
ing calcination. A decrease in the height features by
(∼50 nm) was observed with an equivalent decrease in
the line width (∼440 nm) and periodicity (∼760 nm). This
decrease in the pattern dimension is a result of further
condensation of the infused SiO2 commonly reported in
scCO2 infusions a result of the dilatation of the polymer
film with scCO2.

53 No change in the contact angle
throughout the creation of these pattern SiO2 lines was
observed. The lines exhibited a uniform air-gap structure
over the entire substrate with a height of (∼65 nm), gap
width (∼300 nm), and wall width (∼70 nm) was observed
in the FIB SEM image reported in Figure 4. Uniform
pattern lines over 10 μm � 10 μm SEM scan reported in
Figure 4A confirmed the AFM results. The cross-sec-
tional SEM images shows pattern dimensions corre-
sponding well with reported values determined by
AFM. The percent shrinkage was ∼25% for both the
height and plateau width reported in Table 1 confirms the
uniformity of this process with predictable processing
dimensions. As a control experiment patterned PHEMA
that had been reacted with TCS but not infused with
TEOS was calcined under the same conditions (400 �C
soak for 6 h with a ramp rate of 1.67 �C/min), which
resulted in little to no pattern retention. A second control
experiment in which the templates were exposed to TEOS
vapor also failed to retain patterns, presumably because
of limited diffusion rates of the precursor in the unplas-
ticized templates.

Conclusions

The novel creation of air-gap SiO2 features usingNIL
of polycarbonate molds into a functional polymer
followed by scCO2 infusion has been demonstrated.
Virtually defect-free patterns with feature heights of
∼130 nm, line widths of ∼450 nm, and a periodicity of
∼760 nm over large (3.8 cm � 3.8 cm) substrates were
generated after calcination. A uniform air-gap struc-
ture a result of vapor cross-linking was observed with a
height of (∼65 nm), gap width (∼300 nm), and wall width
(∼70 nm). Structure evolution was followed by AFM,
ATR-FTIR, and contact angle experiments that con-
firmed uniform pattern replication was performed as well
as the complete chemical decomposition of the PHEMA
polymer template at 160 �C during the scCO2 infusion
and calcination steps. A wide range of applications
requiring pattered oxide layers, including microfluidics,
diffraction gratings, waveguides, and optical structures
could be enabled by this new process. Other processes

Figure 4. (A) SEM SiO2 measured feature heights of ∼130 nm, line
width of ∼450 nm, and a periodicity of ∼760 nm over (3.8 cm �
3.8 cm) substrate; (B) FIB SEM of SiO2 air-gap patterns (calcined);
large mound above patterned lines is deposited platinum; (C) FIB SEM
(zoom) of SiO2 air-gap patterns (calcined) center of image A. Height
of air-gap ∼65 nm, wall thickness ∼70 nm, and width of air-gap
∼300 nm.
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that form SiO2 patterns with sol-gel chemistry and
acid-catalyzed solution infusion cannot be easily extra-
polated to fabricate patterned free-standing structures
and air-gap structures. Further modification of this pro-
cess by exchanging themetal oxide precursor would allow
the universal adaptation of this process to solar cells with
metal oxides such as TiO2. This process is also adaptable
to nanofluidics material separation through incorporation

of block copolymer templates, which will be discussed in
subsequent publications.
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