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M
esoporous silica thin films pre-
pared through evaporation-
induced self-assembly (EISA)1

methods are promising candidates for a di-
verse range of applications including
chemical sensing,2�4 nanofluidic separation
systems,5 low-k dielectrics,6 and host ma-
terials for nanostructures7,8 due to their
structural regularity and porosity on the
nanoscale. Unfortunately, the mesoporous
structure of these films has poor in-plane
translational ordering on a macro (�1 �m)
level as extended ordering is impeded by
the growth of many ordered domains that
are randomly orientated with respect to
each other.9 Therefore, external forces are
usually required to induce long-range or-
dering/directionality of the mesopores and
enable further processing. Fabrication of
unidirectional channels, either perpendicu-
lar or parallel to a substrate, would be ex-
tremely advantageous for applications such
as host�guest chemistry, nanofluidics, and
molecular separations. Several reports have
been published over the past decade fo-
cused on developing unidirectional meso-
porous channels over large areas. Tech-
niques such as the application of
magnetic10,11 or electric fields12,13 and sub-
strate functionalization followed by
rubbing14,15 have shown potential for
achieving long-range unidimensional or-
dering. However, these techniques may not
be CMOS compatible because although
they may achieve unidirectional pores, if
the pores are not aligned to identifiable
markers on a larger scale, further process-
ing would be impossible; that is, they may
lack the necessary registration to top-down
patterning methods for true device fabrica-
tion. For any alignment technique, a de-

tailed understanding of the directionality,
defect densities, and correlation lengths of
the pores is required to assess the method.
Traditionally, transmission electron micro-
scopy (TEM) has been used to provide two-
dimensional representations of samples,
and although such imaging offers a wealth
of information, in many cases, additional
structural information along a third dimen-
sion is needed, for example, to investigate
the propagation of defect features of the
mesoporous films within the channeled
substrates and the determination of struc-
tural uniformity. Conventionally, informa-
tion on these properties can be provided by
acquiring images of a sample from a num-
ber of different orientations or by applying
TEM tomography.16 Alternatively, FIB mill-
ing combined with SEM imaging to produce
a sequential series of cross sections (serial
sectioning) has been used to investigate the

*Address correspondence to
j.holmes@ucc.ie,
nikolay.petkov@tyndall.ie.

Received for review April 24, 2009
and accepted July 06, 2009.

Published online July 13, 2009.
10.1021/nn900408q CCC: $40.75

© 2009 American Chemical Society

ABSTRACT Herein we report on the alignment of mesoporous silica, a potential host for sub-10 nm

nanostructures, by controlling its deposition within patterned substrates. In-depth characterization of the

correlation lengths (length of a linear porous channel), defects of the porous network (delamination), and how

the silica mesopores register to the micrometer-sized substrate pattern was achieved by means of novel focused

ion beam (FIB) sectioning and in situ SEM imaging, which to our knowledge has not previously been reported for

such a system. Our findings establish that, under confinement, directed deposition of the sol within channeled

substrates, where the cross-sectional aspect ratio of the channels approaches unity, induces alignment of the

mesopores along the length of the channels. The pore correlation length was found to extend beyond the

micrometer scale, with high pore uniformity from channel to channel observed with infrequent delamination

defects. Such information on pore correlation lengths and defect densities is critical for subsequent nanowire

growth within the mesoporous channels, contact layout (electrode deposition etc.), and possible device

architectures.

KEYWORDS: pore directionality · physical epitaxy · mesoporous silica · directed
self-assembly · correlation length · in situ SEM imaging
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directionality of large micrometer-sized cracks and de-
fects in very thick layers and monoliths.

Recently, our group has reported the influence of
acute confinement on mesoporous structuring, where
the alignment of nanoporous channels was affected by
the use of low aspect ratio (channel width to depth)
patterned Si/SiN substrates.17 Wu et al. have also ex-
ploited this technique for aligning mesoporous silica
films for use as resist molds.18 These alignment meth-
ods rely on a physically modified substrate to guide the
long-range order of the mesoporous silica system. Such
an approach has been successfully used to control
macroscopic ordering of colloidal spheres and block co-
polymer films.19�21 The technique has become increas-
ingly useful for block copolymer systems, and as a result
of the precision placement and registration imposed,
devices such as FETs22 and magnetic media23 have all
benefited from this technique. Whereas block copoly-
mer films have the tendency to migrate into a trench as
a result of capillary forces during thermal or solvent
annealing,24 the same cannot be said for mesoporous
oxides because of the rigidity of the silica framework.
Hence postprocessing steps for the removal of un-
wanted mesoporous material on the substrate mesas,
such as chemical mechanical planarization (CMP), are
needed. Moreover, the previous reports by Rice et al.
and Wu et al. do not consider the precise determina-
tion of pore directionality, correlation lengths of the
pores, or possible defect structures, the knowledge of
which is crucial to the engineering of these templates
for nanowire growth.

Herein we perform high-resolution serial FIB milling/
SEM sectioning along the length of mesoporous chan-
nels deposited within the channels of patterned sub-
strates. We used optimized FIB milling conditions (low
Ga ion dosages with electron and ion beam deposited
protective layers), which provide realistic information
on the correlation length, uniformity, and defect den-
sity of the channeled mesoporous structures. Addition-
ally, the mesoporous structures were examined by TEM
as thin sections from a number of different orienta-
tions with respect to the long axis of the confining
trenches. Dip coating the substrate with the sol in the
direction of the trenches in combination with precise
tuning of the cross-sectional aspect ratio of the trench

(base width to channel depth) influences the templat-
ing process and induces alignment of the mesopores to
several micrometers in length. Additionally, the me-
chanical stress associated with the template removal
(calcination) for films deposited within substrate chan-
nels is significantly different from films deposited on
planar substrates and results in considerable perturba-
tion of the mesophase structure forming concave lattice
planes.

RESULTS AND DISCUSSION
Mesophase Structure within Patterned Substrates. Herein

optimized silica/Pluronic 123/ethanol sol�gel systems
were used to coat planar and patterned silicon sub-
strates by dip and spin coating methods. The deposi-
tions were performed at a spin coating speed of 3000
rpm or a dip coating speed of 60 mm min�1, at a humid-
ity of 70%, resulting in highly textured mesoporous
silica films with thicknesses between 70 and 80 nm on
a planar substrate (see Figure 1, top-down and cross-
sectional TEM images of planar films). The observed
structure of the films is contracted p6mm with the
mesopores adopting excellent ordering in the direc-
tion perpendicular to the substrate plane, but with poor
in-plane alignment (Figure 1).25 For the P123 system
and conditions used, at a concentration of �40 wt %
and 60 °C, the formation of this p6mm structure is well-
established. The entropically unfavorable overlap of
ethylene oxide groups results in aggregate formation
for all Pluronic-based triblock copolymers. Growth of
these aggregates at a temperature above 25 °C results
in hexagonally ordered cylinders as the most stable
phase.26

The structures deposited within patterned silicon
substrates showed a remarkable difference in their fi-
nal mesostructure depending on the deposition
method used (i.e., spin versus dip coating). Figure 2A,B
shows cross-sectional TEM images of the mesoporous
films taken in the direction parallel to the long axis of
the trenches. These images highlight the difference in
structure between films deposited by spin and dip coat-
ing techniques, at a constant humidity of 70%, and at
equivalent sol�gel concentrations (the standard con-
centration). Mesostructures fabricated on patterned
substrates via dip coating reveal the presence of a well-

Figure 1. Top-down SEM (A) and cross-sectional TEM (B) micrographs of mesoporous thin films deposited on planar Si
substrates.
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ordered porous system whereby the trench has a strong
effect on the alignment of the mesoporous channels.
In contrast, mesostructures deposited by spin coating
were less ordered, and the influence of the trench was
barely discernible. The difference in ordering of the me-
sopores for the spin versus dip coating processes is
thought to be due to the flow of the sol in each case. Di-
rectional flow of the sol is brought about by the dip
coating process, which cannot occur during spin coat-
ing. Similar dip coating experiments within channeled
substrates were carried out by Wu et al. The authors
concluded that, since the air/liquid and liquid/substrate
interfaces act as order fronts during EISA, deposition
within a trench involves two additional liquid/substrate
interfaces (i.e., the channel side walls).18 During di-
rected deposition, the sol�gel interacts with all three
surfaces. Templated mesophase structuring is well-
known to form hexagonal arrays of cylinders oriented
parallel to the substrate surface.27 It is therefore reason-
able that the sol�gel interacts with all three channel
surfaces such that the final mesophase contains cylin-
ders with the C-axes parallel to the channel base and
side walls. In addition, the flow of the sol in the direc-
tion of the channels (during dip coating) also introduces
a shearing force in this direction, which may favor cylin-
der assembly along the channel length. Experiments at
different spin coating rates and concentrations of the
deposition sol showed very poor or no structural order-
ing. Thus, we also suggest that the spin-coated films
within trenches lack structural direction due to the non-
uniform surface of the patterned substrate.

Notably, the difference in the mesophase structure
for the spin- and dip-coated films was not evident in
the reflection XRD experiments. Films deposited by spin
and dip coating, on both planar and patterned sub-

strates (see Supporting Information, Figure
S1), showed only one relatively broad reflec-
tion with no second order signals. This is not
surprising since the geometry of the reflection
XRD experiment allows for detection of struc-
tural information only from planes oriented
parallel to the substrate surface. Such planes
would be present in films deposited on both
planar and patterned substrates. Although the
TEM investigation confirmed poor structural
ordering for the spin-coated patterned sub-
strates, the XRD signal can be a result of scat-
tering from disordered mesoporous domains
with the same critical dimensions as those for
the well-textured films. Notably, conventional
reflection XRD is not sensitive to the detection
of in-plane alignment and, as such, may serve
only as an indication of the existence or lack of
mesostructured ordering in the films. In previ-
ous reports, grazing incidence XRD measure-
ments were used to explore unidirectional me-
sopore alignment.14,18 This technique relies

on the disappearance of the signal scattered from the
(110) set of planes of the 2D hexagonal phase, which
are oriented perpendicular to the substrate plane. Nev-
ertheless, it is not sensitive to local defects or the exist-
ence of grain boundaries and cannot be used to extract
pore directionality on the nanometer scale. The obser-
vation of the unidirectional alignment of mesopores
within the channels only when the substrate is dip-
coated along the direction of the trenches agrees well
with early work by Trau et al., where directed liquid flow
by micromolding in capillaries (MIMIC) was used to
align mesoporous silica.12 On the contrary, Wu et al.
showed alignment of mesoporous silica in resist
trenches when the films were deposited by spin coat-
ing from a sol�gel mixture that formed considerable
overfilling of the trenches.18

Influence of the Trench Size and the Concentration of the
Coating Sol. Further analysis of the films by TEM within
the patterned substrates sliced in different directions
was performed only with the films deposited on pat-
terned substrates by dip coating. These substrates were
selected because coating in the direction of the
trenches revealed well-ordered structures with the po-
tential for one directional alignment. Figure 2E,F dis-
plays cross-sectional TEM images of the sample shown
in Figure 2A. The structures were imaged perpendicular
to the long axis of the trench, as indicated with arrows
in Figure 2A. The images in Figure 2A,E,F suggest that
the mesophase films within the channels are well-
aligned with the side walls of the trench, forming mon-
odomain structures. On the basis of the TEM measure-
ments, correlation lengths of 300�500 nm were
determined for that particular sample. Images of simi-
lar structures reported in previous publications by Wu et
al.18 and Rice et al.17 showed mesophase structures

Figure 2. Cross-sectional TEM micrographs of mesoporous silica de-
posited in channeled Si substrates: (A) dip coated, (B) spin coated, (C)
using a dilute sol�gel to avoid channel overfill on to the substrate me-
sas, dip coated, (D) with a concentrated sol�gel showing large overfill-
ing and severe delamination, dip coated, (E) cross section of A along
the channel length in the directions indicated by the blue arrow on im-
age A, and (F) cross section of A along the channel length in the direc-
tions indicated by the yellow arrow on image A.
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composed of multiple domains propagating through-
out the trenches, each one aligned differently with re-
spect to the trench side walls. Furthermore, large over-
filling of the trenches with excess material observed in
both cases would require additional postprocessing
steps for the removal of unwanted material such as
chemical mechanical planarization (CMP). Therefore,
precise tuning of the deposition process to control the
filling of the trenches is desirable. Figure 2C,D confirms
that such an approach is viable by controlling the con-
centration of the deposition mixture. For a given set of
trench dimensions, simple dilution of the dip coating
mixture allows for controlled deposition within the
trenches to be achieved, with almost no residual struc-
tured material on the mesas (Figure 2C). Moreover, the
largely overfilled samples exhibit significant delamina-
tion from the side walls of the trench during calcination
(Figure 2D), whereas calcined samples with limited
overfilling of the trenches revealed structures that were
well-adhered to the trench side walls. The different be-
havior of the materials upon calcination can be ex-
plained by the directionality of the stress dissipation
during mesophase contraction and the influence of the
trench side walls. The contraction of the mesophase
structure in the direction normal to the substrate is
well-known for films on planar substrates.9,25 A similar
outcome is detected for trenches that are not overfilled
(Figure 2C) or which have small overfilling (Figure 2A).
The contraction normal to the substrate results in large
perturbation of the mesophase structure, forming con-
cave bending of the mesophase planes when in the
near vicinity to the air/film and side walls/film inter-
faces. The sample shown in Figure 2D displays no bend-
ing of the mesophase planes; hence, the stress formed
during calcination is dissipated by anisotropic contrac-
tion and delamination from the trench side walls and
base. In comparison to films deposited on planar sub-
strates, the structural changes for the films within
trenches showed larger perturbations of the porous
network clearly imposed by the confining environment
of the trench side walls. Unlike a planar substrate, here
the structuring of the mesophase within the channels is
confined by the existence of two additional interfaces
(i.e., the trench side walls). These interfaces may also in-
troduce a shear force during liquid flow and subse-
quent solvent evaporation and, consequently, impose
a difference in the surface tension and interfacial
interactions28,29 in comparison to the planar substrates
that will substantially affect the mesophase structure.
We believe that such processes can be responsible for
the alignment of the mesophase channels in the initial
deposition step. Subsequent template removal and
contraction is also affected by the confining environ-
ment of the trench side walls and results in unusual
bending of the mesophase lattice.

In order to follow the evolution of the mesophase
structure in the confining environment of the trenched

substrates, patterned silicon substrates with varying
cross-sectional aspect ratios (trench base to side walls
ratio) were investigated. This stepwise change in the
cross section of the substrate channels effectively im-
poses a variation in the influence of the side walls on
the mesoporous structure, which we believe plays a
major role in the unidirectional alignment of the me-
sophase channels. A sol�gel mixture, of a set concen-
tration (standard), was deposited onto patterned sub-
strates that had five different channel cross sections,
varying in aspect ratio from 10:1 to 1:3. Cross-sectional
TEM micrographs were taken of the thin films through
the trenches to observe the local ordering and orienta-
tion of the mesoporous silica as a function of this con-
finement (Figure 3). The trench aspect ratio has a pro-
found effect on the alignment of the mesopores. Very
shallow trenches, with a 10:1 aspect ratio of the base to
side walls, had almost no effect on the alignment of
the mesopores within the channel; that is, the align-
ment observed is comparable to a film deposited on a
planar substrate (Figure 3A). Increasing the depth of the
trenches to aspect ratios of 3:1 showed some pore
alignment within the trenches, nucleated at the trench
corners (Figure 3B). Since the strength of the confining
effect is expected to be the largest at these regions, it is
not surprising that the alignment starts here first.29�31

A further decrease in the aspect ratio of the trenches
to 1:1 resulted in full alignment of the mesophase chan-
nels along the trench base and side walls (Figure 3C).
As mentioned, the deposition process can be tuned in
terms of the concentration of the sol and the channel
dimensions of the substrate used to control the filling.
For example, when the mesoporous films were depos-
ited within trenches with an aspect ratio of 3:1 using
more dilute coating mixture (relative to standard con-
centration), almost fully aligned channels were ob-
served with no material on the mesas (Figure 2C). Note
that all deposition mixtures used throughout the study
exhibited similar viscosities that were not much differ-
ent than the viscosity of the solvent due to the high
dilution.

Figure 3D shows the effect of imposing extreme
confinement on a film, where a trenched substrate
with a cross-sectional aspect ratio of 1:4 was used. The
orientation of the channels changed almost completely
from parallel to perpendicular to the base of the trench
(parallel to the side walls) compared to films deposited
on a planar substrate or channeled substrates with
higher channel cross-sectional ratios. Only a small
amount of the mesoporous material, which was in close
vicinity to the trench base and air/liquid interface, pre-
served its parallel orientation. When the deposition was
performed within trenches with vary narrow and curved
shapes (Figure 3E), the structure of the material was
considerably perturbed, forming curved mesophase
planes. Such structures are under considerable stress
during deposition and subsequent calcination due to
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the extreme confinement imposed by the reduced di-

mensions of the trenches.

Deposition within Metal Trenches. Additionally, we ex-

plored mesoporous silica films deposited between alu-

minum lines capped with silicon oxynitride (Figure 4).

Integration of such nanosized porous oxides between

metal interconnects is highly desirable for ultra low-k

isolation in back-end silicon chip manufacturing. The

cross-sectional aspect ratio of the metal trenches was

set to 2:3, and the depositions were performed by dip

coating along the trenches from a sol�gel mixture

with standard dilution. Well-textured and aligned films

are formed between the metal lines, which confirms the

influence of the cross-sectional dimensions of the

trenches. An aspect ratio of 2:3 is evidently close

enough to 1:1 to induce alignment along the length

similarly to that observed with the channeled silicon

substrate in Figure 3C. The mesoporous structure was

also contracted, forming bent planes close to the air/

film interface, similarly to the films deposited within

Figure 3. (A�E) Front view cross-sectional TEM micrographs of mesoporous films within channels showing the influence of
the trench cross-sectional aspect ratio (base: side wall lengths) on final mesostructure. To investigate extreme confinement,
the oxidation of the silicon substrate used in image D was employed to reduce the trench width for image E.

Figure 4. Cross-sectional TEM micrographs of mesoporous silica confined with a patterned metal/oxide stack with an as-
pect ratio of 2:3.

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 8 ▪ 2311–2319 ▪ 2009 2315



channeled silicon substrates. Interestingly, the meso-

porous structure was well-adhered to the metal lines

and delaminated from the silica base of the trenches.

In Situ Serial FIB Milling/SEM Imaging. Although cross-

sectional TEM micrographs reveal a wealth of informa-

tion on pore size, ordering, and orientation of the me-

soporous channels, the long-range directionality and

the length of the aligned pores can only be obtained

by introducing an additional dimension in the imaging.

Here we use serial FIB sectioning and direct imaging of

the pores within the channels to obtain information on

the pore size, ordering, and orientation. Plan view SEM

cross-sectional images of the metal lines and incorpo-

rated mesoporous films are shown in Figure 4. A thin

layer of tungsten was first deposited on the surface by

electron beam to protect the surface features of the

sample, followed by a more substantial (�1 �m thick)

deposition of tungsten using the ion beam (Figure 5c).

Not only did the tungsten provide a protective cap-

ping layer above the porous film, but a byproduct of

the FIB polishing processes used in the serial section-

ing was the selective re-deposition of tungsten-rich

sputtered materials onto the internal surfaces of the

newly exposed pore cross sections. This filling of the

mesoporous system, in turn, provided an improved

contrast between the center and the walls of the meso-

pores within the film for high-resolution SEM imaging.

In contrast, preliminary experimentation with deposited

carbon protection layers did not render sufficient con-

trast, due to a lack of atomic number contrast between

the film and the carbon materials sputtered.

The directions the structures were sectioned and

imaged by SEM are displayed schematically in Fig-

ure 5d. Initially, front-on imaging was carried out

across the mesoporous silica films, which had been

deposited between aluminum lines capped with sili-

con oxynitride by dip coating, such that eight neigh-

boring trenches were sectioned. In accordance with

the TEM results, well-structured mesoporous silica

with pores orientated in the direction of the

trenches are seen for each trench (see Figure 6).

Some voids, as seen in Figure 6E�H, caused as a re-

sult of film delamination from the trench base and

bending of the mesophase planes due to the stress

Figure 5. High-resolution SEM micrographs showing substrate patterned with aluminum lines (a), images taken at different
stages during the FIB sectioning process (b�d); (b) top view SEM micrograph of mesoporous silica thin film within aluminum
channels, (c) protective tungsten layer deposited on the site to be milled, (d) top view SEM micrograph of the post-milled
sample showing the three directions in which the SEM imaging was carried out, and (e) schematic of FIB milling perpendicu-
lar to the sample and in situ SEM imaging at 54° to the sample.

Figure 6. SEM micrographs of the “front-on” sections taken through the mesoporous silica thin film within the channels,
each showing the pore ordering of the eight separate channels (A�H).
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associated with calcination were also detected. Im-

aging of the mesophase along the diagonal and

side-on directions also confirmed that mesophase

channels were aligned parallel to the long axis of the

trenches. Nevertheless, the structural information

that can be obtained in such diagonal and side-on

directional imaging is limited to several hundreds of

nanometers at which the magnification is high

enough to resolve the pore ordering. Accurate deter-

mination of the correlation length of the mesopo-

res and the existence of defects in the structure on

a micrometer scale is possible through milling a se-

ries of cross sections along one trench in series and

imaging at higher magnification. For this experi-

ment, cross sections in a series were at intervals of

20 nm, with 86 sections in total; that is, a total length

of �2 �m was sectioned and imaged. A selection

of cross-sectional high-resolution SEM images is

shown in Figure 7. The overall hexagonal structure

seen with pores aligned along the trench is pre-

served for at least 2 �m. The structures were largely

influenced by the existence of defects caused by

delamination that results in nanoscopic voids and

bending of the mesophase lattice (Figure 7 (1�4)).

When the delamination was minimized, the me-

sophase lattice appeared well-ordered and defect-

free. The serial sectioning carried out enabled quan-

tification of the pore correlation lengths, which were

found to be at least 2 �m. This method can be ex-

tended to larger dimensions along the trenches;

however, it becomes necessary to split the experi-

mental sectioning runs as the removal of material in

the process results in the cross-sectioned face be-

ing rendered out of the field of view (which must be

remedied by beam shift correction or stage move-

ment). The porous network observed in the trenches

was highly uniform and had a low defect density in

regions with minimal delamination. Thus, the precise

registration of the mesophase channels to the side

walls of the trenches is limited to the regions of

small or no delamination where no substantial alter-

nation of the mesophase structure was observed.

Such information is critical to understand subse-

quent nanowire growth, contact layout (electrode

deposition), and possible device architectures. For

example, a pore which has a correlation length of

200 nm as opposed to 2000 nm would necessitate

advanced lithography patterning capabilities in the

next integration levels whereas the 2000 nm chan-

nel would not.

Figure 7. Selection of SEM micrographs showing exposed sections through the mesoporous silica thin film contained within
a single channel. Sections shown were taken at 90 nm intervals during a serial sectioning procedure of one channel.
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In summary, we performed a systematic study of the
deposition parameters, sol�gel concentration, and
trench dimensions (aspect ratio) required to produce
well-aligned mesoporous silica channels on patterned
substrates. The results presented in this work have proved
that directional flow of the sol�gel during dip coating
onto patterned substrates, where the cross-sectional as-
pect ratio is �1, produces near sub-10 nm unidirectional
porous channels. As previously mentioned, such films
containing unidirectional pores would serve as an ideal
nanostructure template to host and isolate structures on
the sub-10 nm regime. Serial FIB sectioning and in situ

high-resolution SEM imaging was used for characteriza-
tion of these structures, a novel method for such a system.
The correlation length was found to be at least 2 �m,
and the porous network observed throughout the length
was highly uniform with low defects observed in the re-
gions with minimal delamination. This FIB sectioning and
in situ SEM imaging technique may be extended to other
porous systems once the appropriate milling conditions
are established, for example, block copolymers or anod-
ized aluminum oxide (AAO) to measure similar properties
(correlation length, directionality, and defect density) of
the pores.

EXPERIMENTAL SECTION
Silica Precursor Sol�Gel Preparation. Tetraethylorthosilicate

(TEOS) was added to 0.2 M hydrochloric acid (HCl), water, and
ethanol (EtOH) under constant stirring in a polyethylene oxide
bottle to give a final composition of TEOS 1.0/EtOH 22/H2O 5/HCl
0.004. This precursor solution was aged for 1 h at 60 °C before
15 mL of Pluronic 123 (P123) block copolymer in ethanol (5 g in
100 mL solution) was added. The final silica/surfactant ratio of
this standard was 5. This solution was further diluted in some
cases with additional ethanol (half the volume initially added to
the precursor solution) to provide control over film thickness.

Thin Film Preparation. A custom-built dip coater was used to de-
posit the mesoporous silica thin films with the direction of with-
drawal held parallel to the channels at a withdrawal rate of 60
mm min�1. Films were also spin-coated using a Cookson Elec-
tronics, Specialty Coating Systems, SCS G3 P-8 spin coater at a
speed of 3000 rpm (ramp rate 1000 rpm s�1). Two types of pat-
terned substrates were coated: bare silicon substrates patterned
with submicrometer scale trenches of various dimensions and
silicon substrates patterned with micrometer-sized aluminum
grooves using a series of photolithographic, reactive ion-etching
and plasma vapor deposition steps. Planar silicon substrates
were also coated as reference samples. Low-angle X-ray diffrac-
tion patterns were taken of the as-deposited films with a Philips
Xpert PW3719 diffractometer using Cu K� radiation (40 kV and
35 mA) over the range 0° � 2� � 6° before and after calcination
in air at 450 °C for 2 h at a ramp rate of 1 deg min�1.

TEM Cross-Sectional Imaging. Cross-sectional sample preparation
was performed on thin films deposited on planar and patterned
silicon substrates using a Gatan cross-sectional TEM specimen
preparation procedure.25 Briefly, a Gatan ultrasonic cutter and
diamond saw were used to prepare stacks containing specimens
of interest that were thinned by dimple grinding and finally pol-
ished by a precision Ar ion polishing system (PIPS). All TEM im-
ages were collected on a JEOL 2000 FX TEM operating at an ac-
celerating voltage of 200 kV.

Focused Ion Beam (FIB) Sectioning. Serial sectioning and in situ im-
aging of the mesoporous films deposited on the silicon sub-
strates patterned with micrometer-sized aluminum grooves
were carried out with a Carl Zeiss NVision 40 Cross Beam sys-
tem containing a high-resolution Gemini SEM and SII Zeta FIB
column. A protective layer of tungsten was deposited over the
region of interest in two stages; electron beam induced deposi-
tion was used to minimize surface damage prior to bulk deposi-
tion using the ion beam. Once deposition was completed, the FIB
was used to a mill a wedge of 4.5 �m � 3 �m � 1.5 �m (W �
H � D). A current of 700 pA was used close to the edge of the
protective strip to expose the cross-sectional face. This exposed
face was subsequently polished back at a lower beam current of
300 pA to the edge of the protective layer. A polishing current
of 80 pA presented a compromise between milling time and the
quality of cross-sectional face. The region of interest was then se-
rial sectioned using an 80 pA beam current, and after each step
of polishing, an image was acquired using the SEM. Each polish-
ing step resulted in the removal of 20 nm of material from the

cross-sectional face. For each serial sectioning sequence, 30�50
images were acquired; it was necessary to split up longer sec-
tioning runs due to the required magnification and consequent
field of view limitations when imaging the pores. The SEM was
operated at an accelerating voltage of 20 kV with a 30 �m aper-
ture, and the in-lens secondary electron detector was used to
collect the images.
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