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Mesoporous silica films with well ordered nanochannels (approximately 7 nm in diameter) oriented

parallel to the substrate were synthesized using supercritical carbon dioxide mediated silica deposition

within templates comprised of triblock copolymers blended with strongly associating homopolymers.

The films were patterned at the device level by conventional lithography and etched to yield periodic

circular features approximately 20 mm in diameter. The nanoscale channels remained accessible

to penetrant diffusion as shown by dye uptake experiments. The nanochannel arrays were used

as miniature size exclusion columns to mediate nanoparticle diffusion.
Introduction

Mesoporous metal oxide films have applications in microelec-

tronics, sensing, catalysis, separation, and optoelectronics.1–5

Precise patterning of mesostructured films on the substrate and

control of spatial orientation of mesopores on the surface are

essential prerequisites to utilize periodic arrays of well-defined

nanovoids in most of these applications.6 Many techniques are

devoted to the preparation of patterned mesoporous silica films

including micromolding in capillaries (MIMIC),7–10 direct UV or

X-ray lithography,11–15 micropen lithography (MPL),16,17 ink-jet

printing,18 dip-pen nanolithography (DPN),19–21 site-selective

deposition via the underlying chemical modified substrate22,23

and conventional photolithography.24,25 While mesoporous silica

films can be patterned at the device scale, several disadvantages

of current technologies associated with pattern fabrication still

need to be circumvented. For instance, the soft lithographic-

related techniques like MIMIC require a lengthy processing time,

from hours to a day, for patterning of mesoporous films.26,27 The

rapid prototyping procedure of MPL could be used for

patterning of hierarchical organized mesostructures within

seconds, however, writing in a large area is still a time consuming

process. Moreover, the formation of mesoporous structures on

most aforementioned technologies is driven by the principle of

evaporation-induced self-assembly (EISA), which is an equilib-

rium result from interfacial interaction and silica condensation.28

This process complicates the formation of patterns with desired

mesoporous structure in certain applications. Changes in the

mesophases are also commonly observed in mesoporous silica

films during thermal calcination or UV irradiation.12,29 It has
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been documented that the hexagonally packed porous structure

of a silica film was transformed to tetragonal packing in a region

exposed to UV light.13 An efficient way of patterning mesoporous

silica films with controllable pore orientation is in demand for the

applications that involves utilization of confined nanospace.

Our group has developed a new approach for formation

of mesoporous metal oxide by selective deposition of silica in

a block copolymer film dialyzed by supercritical carbon dioxide

(scCO2).30–32 Unlike EISA, this novel strategy allows pre-organi-

zation of the template by decoupling the metal-oxide condensa-

tion and the template self-assembly. By replicating a block

co-polymer 3D structure, we are able to fabricate a mesoporous

silica film with channels parallel to the substrate with increased

long range order using a polymer blend of Pluronic F127

(PEO106–PPO70–PEO106) and poly(acrylic acid) (PAA) or poly-

(4-hydroxystyrene) (PHOST). We note that because template

formation and silica deposition are decoupled, a range of suitable

templates are accessible.30–34 Furthermore, channel diameters can

be tailored over broad ranges by adjusting the template molecular

weight.35 Herein, we reported a facile method of patterning meso-

structured films by integration of both conventional photolithog-

raphy and scCO2-assisted formation of mesoporous silica films.
Result and discussion

Fabrication and characterization of patterned mesoporous silica

films

We prepared a patterned mesoporous silica film by integration of

both ‘‘top-down’’ and ‘‘bottom-up’’ approaches as shown in

Fig. 1. A strongly phase-segregated block polymer film was spun-

cast on the silicon wafer using blend template of a triblock

copolymer (Pluronic F127) and a low molecular weight homo-

polymer (PAA). The hierarchical block copolymer structure was

then replicated by selective deposition of silica in the hydrophilic

PEO domains followed by calcination at 400 �C to yield

a smooth mesoporous silica film with nanochannels aligned

parallel to the silicon substrate. The sample was UV irradiated

through a photomask on a positive tone resist layer that was
This journal is ª The Royal Society of Chemistry 2009
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Fig. 1 A schematic representation for the fabrication of mesoporous

silica patterns with parallel nanochannels. The template of block

copolymer films (a) is obtained through spin coating a polymer blend of

triblock copolymer and homopolymer with an acid catalyst. Selective

silica infusion occurred in the humidified scCO2, and then calcined to

yield a mesoporous silica film (b). The sacrificial photoresist was spun

cast on the resulting porous films (c), followed by UV exposure with

photomask to generate surface patterns (d). Post development formed

pillars of photoresist to protect the underlying mesoporous silica film (e).

The patterned mesoporous silica is obtained through reactive ion etching

followed by an acetone/isopropanol wash.

Fig. 2 (a) TEM micrograph of a mesoporous F127-templated calcined

silica film. (b) XRD of the resulting mesoporous silica patterned films.
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spun-cast on the aforementioned silica film. After developing,

circular patterns with diameter �20 mm were generated. Reactive

ion etching (RIE) of the composite film with carbon tetrafluoride

(CF4) etched the silica layer while the photoresist protecting layer

transferred patterns to the mesoporous silica film. Transmission

electron microscopy (TEM) (Fig. 2a) reveals mesochannels of

approximately 7 nm diameter that are indicative of selective silica

replication of polymer template structures. X-Ray diffraction

(XRD) analysis (Fig. 2b) reveals a large (100) peak with

d-spacing of approximately 10 nm (d¼ nl/[2sinq]). Utilizing the

approximate pore size (7 nm) from the TEM image, d-spacing

from the XRD, and assuming the sample contains ideally

hexagonally packed MCM-41 type mesopores, the wall thickness

is about 4.5 nm. However, it is known that pore shrinkage will

occur after calcination and the sample will deviate from the ideal

case. Measuring surface area via gas absorption is problematic

due to the small amount of material associated with thin films.

The influence of etching time on etch depth for the patterned

mesoporous silica film was investigated using profilometer

measurements. The thickness of the silica film increases as the

etching time extends. It is worth mentioning that the thickness of

calcined mesoporous silica films before coating with photoresist is

400–500 nm. The F127 templated sample etched for 15 sec already

had reached the silicon layer. The etched pattern to be examined is

displayed in Fig. 3. This optical micrograph (Fig. 3a) exhibits

a patterned mesoporous silica film with regularly repeated

circular units having micro-sized features in accordance with the

photomask. Additionally, the scanning electron microscopy

(SEM) micrograph shows this array in more detail (Fig. 3b).
This journal is ª The Royal Society of Chemistry 2009
Accessibility of nanochannels in patterned mesoporous silica

films

The accessibility of mesochannels in regular circular patterns was

examined by impregnation of a fluorescent dye within the meso-

porous silica films. In this study, we specifically chose a positively

charged Rhodamine-6G dye with a diameter of 1.34 nm,

which should diffuse into the channel and absorb on the silica

framework through complementary electrostatic interaction. The

confocal laser scanning microscopy (LSM) image of Rhodamine-

6G infused mesoporous silica film exhibits an array of green

fluorescent dots with feature size of approximately 20 mm. This

corresponds to the size of lithographically patterned silica

domains (Fig. 4). The dark background indicates that

no nonspecific adsorption occurred between the Rhodamine

6G dye and silica surface. The result demonstrated accessibility of

mesoporous structures in the patterned silica matrix after the

photolithographic process. The accessibility of mesochannels

originated from a reduced diffusion pathway due to the minia-

turization of silica domain sizes.
Size selectivity of patterned mesoporous silica films

The accessibility of mesochannels in the silica pattern offers an

opportunity to regulate diffusion of particles based on relative
J. Mater. Chem., 2009, 19, 70–74 | 71
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Fig. 3 (a) Optical micrograph showing the typical size scale and format

of the samples. (b) SEM micrograph of the mesoporous silica array

prepared with a 15 second etch.

Fig. 4 (a) The fluorescence image of mesoporous silica patterns after

uptaking Rhodamine 6G dye was obtained by confocal LSM. (b) The line

profile displays the dye distribution inside the features.

Fig. 5 Normalized emission spectra of various dye solutions measured

using fluorescence spectroscopy with excitation wavelength at 500 nm. (a)

0.1 mM Rhodamine 6G (b) with 2.37 nM GNP-2 nm, (c) with 1.6 mM

GNP-2 nm, (d) with 16 mM GNP-2 nm, and (e) a mixture of 0.1 mM

Rhodamine 6G and GNP-14 nm at 2.37 nM.
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sizes of these particles compared to the mesopores. We performed

several fluorescence-quenching experiments of dye-infused silica

films by gold nanoparticles (GNPs) with various sizes to verify the

size-exclusion effect. Gold nanoparticles are well known for their

superb ability as fluorescence quenchers. GNPs that are smaller

than the pore diameter can freely diffuse into the channels and

quench the fluorescence of entire mesoporous films. Larger sized

GNPs are excluded from channels and can only quench fluo-

rophores adsorbed on the external surface. We synthesized two

populations of water-soluble GNPs with 2 nm (monolayer pro-

tected) and 14 nm (citrate stabilized) cores according to reported

methods.36,37 Since the quenching ability of GNPs to fluorophores

is dependent on particle sizes, we studied the quenching efficiency

of each GNP against Rhodamine 6G dye in solution to ensure

that two separate samples are comparable using a fluorescence

spectrophotometer. As indicated in Fig. 5, the fluorescence

intensity of the Rhodamine 6G solution significantly decreased in

the presence of GNP-14 nm at 2.37 nM. However, GNP-2 nm at

the same concentration only quenched 2% of fluorescence. The

GNP-2 nm solution with higher concentration (16 mM) success-

fully quenched the fluorescence. The quenching efficiency of

GNP-14 nm exceeds 6.7 � 103 times than that of GNP-2 nm for

the Rhodamine 6G dye in the examined concentration range.

Quenching experiments of Rhodamine 6G infused meso-

porous silica films were based on the optimized concentrations of
72 | J. Mater. Chem., 2009, 19, 70–74
each GNP quencher. The dye-infused mesoporous patterns

prepared from F127 were placed in GNP-2 nm solution and

displayed considerable quenching of fluorescence after soaking in

the GNP solution for 2 days. However, the fluorescence intensity

of the same film in GNP-14 nm solution only slightly decreased

due to the surface quenching by GNPs (Fig. 6). Considering the

bulkiness of large GNPs, the absence of quenching phenomena

in GNP-14 nm solution might also originate from hindered

diffusion. Therefore, the mesoporous silica film was further

immersed in the GNP-14 nm solution for 2 weeks. The resulting
This journal is ª The Royal Society of Chemistry 2009
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Fig. 6 (a) The fluorescence image of dye-infused (Rhodamine 6G ¼ 0.1

mM) mesoporous silica patterns synthesized from F127. Fluorescence

images of mesoporous silica patterns after soaking with (b) GNP-14 nm

(2.37 nM) and (c) GNP-2 nm (16 mM). (d) Line profile comparing the

intensities of mesoporous silica patterns (a), (b) and (c).

Fig. 7 (a) A mesoporous silica pattern prepared from F127 that was

soaked for 2 weeks in GNP-14 nm (2.37 nM). (b) Sample prepared from

F108 after soaking with GNP-14 nm (2.37 nM) for 2 weeks.
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film continues to exhibit moderate fluorescence intensity, which

eliminates this possibility (Fig. 7a). A patterned silica film

synthesized from Pluronic F108 template consists of isolated

spherical voids in the silica matrix. These closed voids are not

accessible to the GNPs. This silica film can be thought of as

a ‘‘pseudo solid’’ material. The solution of GNP-14 nm should be

able to quench the fluorescence of surface adsorbed dyes on

this control sample. Before the introduction of GNPs, F108-

templated silica patterns in Rhodamine 6G dye displayed strong

fluorescence. However, as predicted the fluorescence was signif-

icantly quenched after immersion of the F108 sample in the

GNP-14 nm solution (Fig. 7b). Combined with the aforemen-

tioned observations, we demonstrated control of substrate

diffusion in and out of porous structures physically constrained

by the pore entrances.
Conclusions

In summary, we integrated both photolithography and super-

critical CO2 assisted selective deposition of silica on self-assem-

bled mixed polymer templates to fabricate mesoporous silica

patterns with parallel channels. The patterned mesoporous silica

features with domain sizes of micrometers facilitate diffusion of

substrates as shown in the dye-uptake experiments. In addition,

these ordered mesoporous silica patterns can serve as size
This journal is ª The Royal Society of Chemistry 2009
exclusion columns for discrimination of nanoparticles as shown

in this work, whose properties are beneficial for the separation of

biomolecules of interest. Meanwhile, we are looking toward

controlling the pore size through the block copolymer molecular

weight to generate a series of discrete channel diameters. Because

the templating and infusion steps are decoupled in the super-

critical fluid infusion route to mesoporous films we expect to

access a very broad range of templates and therefore channel

diameters.

Experimental

All chemicals, except the following reagents, are purchased from

Sigma-Aldrich Inc. and used as received without further purifi-

cation. Triblock copolymers of poly(ethylene oxide)106–poly-

(propylene oxide)70–poly(ethylene oxide)106 (Pluronic F127) and

poly(ethylene oxide)127–poly(propylene oxide)48–poly(ethylene

oxide)127 (Pluronic F108) are obtained from BASF. The photo-

resist, S1813, and Developer 351 are purchased from Rohm and

Haas Electronic Materials. The silicon wafer was obtained

from University Wafer. The film thickness was measured using

an interferometer (Filmetrics) or a profilometer (Dektak 150).

Transmission electron microscopy (TEM) specimens of meso-

porous silica patterns are prepared by scraping material from the

substrate. The scraped material is ground, suspended in ethanol,

and then transferred onto a carbon-coated copper grid to be

examined using a JEM-2000FX II. The silica samples examined

by scanning electron microscopy (SEM) are prepared by splitting

the wafer and mounting the sample perpendicularly in a trench.

The mounts are platinum coated for 4 minutes and images are

collected using a JSM-6320 FXV. XRD spectra are collected

using a PANalytical X’Celerator using Cu K-a radiation

(l ¼ 0.154 nm) with a 1/16 divergence slit and copper filter.

Preparation of mesoporous silica films

A polymer blend of amphiphilic block copolymers of Pluronic

F127 or Pluronic F108 with 16–20 wt% poly(acrylic acid) (PAA,

Mw ¼ 1800) were used as templates for generating mesoporous

silica films. A solution of Pluronic/PAA with 5 wt% p-toluene-

sulfonic acid (pTSA) in a mixture of ethanol/water (v/v ¼ 50/50)

were spun-cast onto 50.8 mm diameter silicon substrates. The

spinning rate and time were maintained at 2000 rpm and 60 sec to

yield a polymer film with an approximate thickness of 400–

500 nm. The substrate was placed in a high-pressure reactor with

a few drops of water and annealed at 60 �C for 10 min. After

annealing, the silica precursor, tetraethyl orthosilicate (TEOS,

7 mL) was introduced into the reactor, followed by injection of

scCO2 (Merriam Graves Coleman grade) at 60 �C and 124 bar.

The reactor was pressurized over 1.5 hr, held at the final condi-

tions for 30 min, and depressurized slowly overnight. The

organic templates were removed through calcination at 400 �C

for 6 hr with a ramp rate of 1.67 �C/min to obtain a smooth

mesoporous silica film.

Patterning of mesoporous silica films

The positive tone photoresist (S1813) was spun onto the meso-

porous silica films at 3000 rpm for 30 sec and baked at 100 �C for

75 sec. The substrate was then exposed with UV light (Hg lamp,
J. Mater. Chem., 2009, 19, 70–74 | 73
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20 watts/cm2) at 365 nm for 4.5 sec using a mask aligner (SUSS

Microtec) with low vacuum contact. A quartz mask with 25 mm

opaque circles was used for the patterning. After irradiation, the

samples were developed using a mixture of water/Developer

351 (v/v ¼ 4:1) yielding pillars with a height of 1.5 mm. Reactive

ion etching (RIE, Trion) was completed at 100 mTorr with an

RIE setting of 150 watts using a gas mixture of carbon tetraflu-

oride (CF4) (45 sccm) and oxygen (5 sccm) between 5 and 40 sec.

The remaining photoresist was removed by generously washing

with acetone.

Infusion of Rhodamine 6G dye

A patterned mesoporous silica film, prepared from RIE for 20 sec,

was placed in an aqueous solution of Rhodamine 6G (0.1 mM,

3260 nm¼ 8.02� 104 M�1cm�1) for 5 min, followed by washing with

copious amount of water and ethanol, then dried with N2 gas. The

resulting dye-uptake silica film was subjected to study by fluo-

rescence microscopy and confocal laser scanning microscopy.

Quenching fluorescence of the Rhodamine 6G solution with gold

nanoparticles

The gold nanoparticles with 14 nm core (GNP-14 nm) were

synthesized according to the reported procedure.36 Smaller

GNPs with a core diameter of 2 nm were prepared based on the

published method, followed by place-exchange with 6-mercapto-

N,N,N-trimethyl hexane-1-ammonium to yield water soluble

cationic gold nanoparticles (GNP-2 nm).37 The fluorescence of

Rhodamine 6G dye (0.1 mM) was quenched with either 2 nm or

14 nm gold nanoparticles at various concentrations and observed

with an excitation wavelength at 500 nm.

Quenching fluorescence of Rhodamine 6G infused silica films by

gold nanoparticles

Dye up-taken mesoporous silica patterns were prepared from

0.1 mM solution of Rhodamine 6G. Concentrations of individual

GNPs were chosen based on the aforementioned quenching

study in solution (GNP-14 nm ¼ 2.37 nM and GNP-2 nm ¼
16.0 mM). The patterned silica film was split and immersed in

each GNP solution for the same amount of time. The fluores-

cence intensity of silica patterns after quenching by GNPs was

observed by fluorescence microscopy.
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