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Whereas considerable interest exists in self-assembly of well-
ordered, porous “inverse opal” structures for optical, electronic,
and (bio)chemical applications, uncontrolled defect formation
has limited the scale-up and practicality of such approaches. Here
we demonstrate a new method for assembling highly ordered,
crack-free inverse opal films over a centimeter scale. Multilayered
composite colloidal crystal films have been generated via evapora-
tive deposition of polymeric colloidal spheres suspended within a
hydrolyzed silicate sol-gel precursor solution. The coassembly of a
sacrificial colloidal template with a matrix material avoids the need
for liquid infiltration into the preassembled colloidal crystal and
minimizes the associated cracking and inhomogeneities of the re-
sulting inverse opal films. We discuss the underlying mechanisms
that may account for the formation of large-area defect-free films,
their unique preferential growth along the h110i direction and
unusual fracture behavior. We demonstrate that this coassembly
approach allows the fabrication of hierarchical structures not
achievable by conventional methods, such as multilayered films
and deposition onto patterned or curved surfaces. These robust
SiO2 inverse opals can be transformed into various materials that
retain the morphology and order of the original films, as exempli-
fied by the reactive conversion into Si or TiO2 replicas. We show
that colloidal coassembly is available for a range of organometallic
sol-gel and polymer matrix precursors, and represents a simple,
low-cost, scalable method for generating high-quality, chemically
tailorable inverse opal films for a variety of applications.
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Self-assembly methods have attracted considerable interest as
potential alternatives to conventional top-down processes for

the scalable, low-cost syntheses of nanoporous solid structures.
Examples include the self-assembly of periodic colloidal “opal”
templates that, in turn, can direct the infiltration and deposition
of functional materials to yield nanoporous “inverse opal” struc-
tures (1–5). Inverse opals can exhibit a high degree of intercon-
nected porosity (approximately 75%) with extremely uniform size
(average size normally in the range of 100–1000 nm) and periodic
distributions of pores, achieved through colloidal monodispersity.
Such structures have been shown to be potentially useful in a wide
range of fields, including photonics (6–10), tissue engineering
(11, 12), sensing (13, 14), and catalysis (10, 15, 16). However,
whereas conventional self-assembly has yielded ordered inverse
opal structures over modest (≤10 μm) length scales, such pro-
cesses have been plagued by uncontrolled formation of defects
over larger length scales (2, 3), thus limiting their real-world
applications.

Conventional colloidal self-assembly of inverse opal materials
(Fig. 1A) has generally been conducted in three sequential steps:
1. assembly of a colloidal crystal template (e.g., comprised of
polymer latex spheres), 2. infiltration and deposition of a matrix
phase, or a precursor to a solid matrix phase, and 3. selective
removal of the colloidal crystal template to yield an inverse
porous structure (1–5). In the first step, thin film colloidal crystal

templates have been produced via sedimentation (1), shear flow
(4), spin-coating (17), and evaporative (18–20) or “flow-
controlled” deposition (21, 22). The use of these self-assembly
processes to form large-area colloidal crystal films has very
typically resulted in the formation of cracks, domain boundaries,
colloid vacancies, and other defects. Efforts have also been
made to inhibit cracking (23) and control domain orientation
of colloidal crystal films through changes of evaporative deposi-
tion conditions (20, 24), particle presintering (25), and deposition
onto topologically patterned substrates (26). In the second step,
sol-gel solutions have been used as matrix precursors for the
syntheses of porous oxide materials, such as SiO2, TiO2, and
Al2O3 (1–5). Matrices have also been deposited via infiltration
of polymer precursors (6, 27), salt precursors (28), nanoparticles
(29), or vapor phase precursors (7, 30, 31). Capillary forces
generated during drying after self-assembly, or infiltration of
the template, have led to additional cracking of these mechani-
cally fragile templates. Efforts to increase the strength of self-
assembled templates have been made by partial sintering (32)
or growth of necks between spheres (33). Moreover, excessive
infiltration and deposition in the second fabrication step results
in overlayer formation, whereas incomplete or nonconformal
deposition often leads to structural collapse during template
removal in the third step. Whereas layer-by-layer vapor phase
processes, such as atomic layer deposition, may yield continuous
and conformal coatings and avoid the formation of cracks asso-
ciated with liquid infiltration or drying, these approaches are
relatively time consuming and expensive, and still require a de-
fect-free colloidal template to grow upon. No reliable, low-cost,
scalable methods have been demonstrated for the synthesis of
crack-free, robust inverse opal films comprised of single-crystal
domains over large (cm or more) lateral dimensions.

Herein we demonstrate the evaporative coassembly of a sacri-
ficial colloidal template with a matrix material in a single step to
yield a colloidal composite, thereby avoiding the need for liquid
infiltration into a preassembled porous structure (Fig. 1B).
Previously, colloidal coassembly of structures has been achieved
with binary mixtures of colloids (34–38), supramolecular mesos-
tructures (39), and with a combination of supramolecular and
colloidal self-assembly (40). Also, sol-gel silicates have been
added as a temporary “glue” for SiO2 colloids (41). Our approach
goes beyond the coassembly of binary colloidal mixtures or a
combination of supramolecular and colloidal self-assembly,
and relies on polymer colloids [e.g., polystyrene (PS) or poly
(methyl methacrylate) (PMMA)] assembling in a broad range
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of sol-gel precursor solutions (e.g., M OH4ð Þ, M ¼ Si, Ti, Ge)
through an evaporative deposition (18, 19, 42), to form a
large-area, defect-free composite opal film. In particular, when
PMMA spheres are deposited from a hydrolyzed tetraethoxy si-
lane (TEOS) solution, the resulting structure contains silica gel
matrix material, distributed uniformly in the interstitial spaces of
the polymeric opal film that, upon firing, yields a high-quality in-
verse opal silica structure (herein abbreviated as I-SiO2) ordered
over a cm length scale. The robust nature of these nanoporous
I-SiO2 films also allows their direct chemical transformation to
porous Si (43, 44) or TiO2 replicas (45). A range of complex hier-
archical and patterned structures coated with inverse opals can be
fabricated. Hence, this coassembly approach enables the low-
cost, large-area syntheses of ordered, crack-free inverse opal
films of tailorable chemistry for a wide variety of applications.

Results and Discussion
Initial experiments on the syntheses of SiO2∕PMMA composite
films were conducted with varying amounts of TEOS solution
added to suspensions of colloidal PMMA in water, to determine
an optimal SiO2∕colloid ratio for well-ordered colloidal deposi-
tion. The TEOS-to-colloid ratio was found to have a significant
influence on the film structure and defect formation (Fig. S1).
Insufficient silicate additions did not allow for the formation
of a continuous SiO2 network throughout the colloidal template,
leading to considerable tearing/cracking of the film, similar to
that observed for a PMMA colloidal crystal (Fig. 2A). However,
beyond a critical TEOS content (approximately 0.15 mL TEOS
solution per 20 mL PMMA suspension), highly ordered, crack-

free films were deposited. Further additions of TEOS to the
deposition mixture (>0.20 mL TEOS solution per 20 mL PMMA
suspension) caused the initial formation of an overlayer, which
increased in thickness with further TEOS additions.

Fig. 2 compares the quality of the coassembled I-SiO2 films
with the PMMA colloidal crystals and I-SiO2 films generated
by infiltration, of approximately the same thickness (3–4 μm).
A typical PMMA colloidal crystal deposited by evaporative de-
position (from a solution containing no TEOS), shows significant
cracking with a characteristic branched pattern at two length
scales: (i) large, interconnected f111g cracks with an intercrack
distance of approximately 10 μm, and (ii) microcracks with an
intercrack distance of approximately 1–2 μm (Fig. 2A). A variety
of defects and micron-sized misaligned domains are evident. The
infiltration step further reduced the quality of the films due to the
formation of an overlayer, partial filling of the cracks developed
during the assembly of the template PMMA crystal, and an ad-
ditional “glassy” crack pattern originated from the overlayer and
nonuniform infiltration (Fig. 2B). The coassembled I-SiO2 film
(Fig. 2C) was produced under the following optimized conditions:
(i) suspending a vertically oriented glass slide in a mixture com-
prised of 0.15 mL of a 28.6 wt% TEOS solution with a 20 mL
suspension of 280 nm diameter PMMA spheres (approximately
0.125 vol%), (ii) allowing the solvent to slowly evaporate at 65 °C
(deposition rate ¼ 2 cm∕day), and (iii) treating the composite
structure at 500 °C for 5 h in air. These conditions were found
to generate nearly perfect, crack-free inverse opal films.

The film thickness can be controlled by regulating the colloidal
volume fraction (for a constant TEOS-to-PMMA ratio). The
number of layers increased linearly with colloidal concentration
(Fig. 3A). No cracks were observed in films with up to approxi-
mately 18–20 sphere layers (i.e., thicknesses up to approximately

Fig. 1. Schematics of “conventional” colloidal template self-assembly (A),
and coassembly of colloids with a soluble matrix precursor (B), for the synth-
eses of inverse opal thin films. The conventional method typically involves the
sequential steps of colloidal self-assembly, matrix infiltration, and template
removal. The use of such conventional colloidal self-assembly to generate
large-area films has been plagued with the formation of defects, such as
overlayer coatings, multiple domains, and significant cracking. Colloidal coas-
sembly combines the steps of template self-assembly with matrix infiltration
into one process in which colloids are allowed to assemble directly from the
sol-gel solution, to yield robust inverse opal films with no overlayer, very
large (mm to cm) ordered domains, and no cracks, due to the “gluing” action
of the sol-gel matrix.

Fig. 2. SEM images of colloidal and inverse opal films. (A) PMMA colloidal
crystal film (as synthesized), showing cracks propagating along the close-
packed f111g planes and spaced at the 5–10 μm scale); (B) I-SiO2 (inverse opal)
film by sol-gel infiltration (calcined to remove PMMA template), showing an
overlayer coating, cracking in both the inverse opal and overlayer coating,
and a region of SiO2 infiltration into a preexisting template defect (white
arrow); (C) I-SiO2 film by PMMA/sol-gel coassembly, showing highly uniform
films with no cracks. Note that the thickness of the coassembled film is
comparable (and higher) than the thickness of the cracked film shown in
(A). Left scale bars ¼ 10 μm, right scale bars ¼ 1 μm.
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5 μm). Fig. 3B shows an optical micrograph of a film (<20 layers)
that has no cracks across the entire substrate length (i.e., 2–3 cm
in these experiments). Thin films typically have an upper thresh-
old thickness, beyond which “channel” type cracking occurs
(46, 47). Noticeably, sol-gel SiO2 films tend to fracture at a
threshold thickness of approximately 0.5 μm (10× smaller than
the coassembled films), and colloidal crystals of similar thickness
invariably crack (unless modified in some way) (6, 11, 24, 25, 28–
31) (Fig. 2A). Coassembled films with >20 layers begin to develop
cracks (Fig. 3C andD), but their characteristic triangular fracture
is qualitatively different from the irregular, tortuous crack pat-
terns in colloidal crystals. In particular, the distance between
the cracks was in the order of approximately 100 μm with no mi-
crocracks, thus producing defect-free regions that are 100× larger
than those in the conventional films (Fig. 2 A and B). Higher
magnification SEM images in Figs. 2C and 3 C and D reveal
the ordered and defect-free nature of the coassembled films.

As previously reported for evaporative deposition, the films
had a fcc structure, with the f111g plane oriented parallel to
the surface (1–5, 17–22, 32–41, 48). We observed that the com-
posite films always selectively grow along the h110i direction of
the deposited fcc structure, as indicated in Fig. 3C. Interestingly,
under conditions of slow conventional growth for colloidal crys-
tals, the h112i growth orientation is expected to dominate the
h110i orientation (48). Under our conditions, the strong prefer-
ence for the h110i orientation (Fig. 3 C and D) was made parti-
cularly evident by a unique defect “self-healing” phenomenon
(Fig. S2). Domains that occasionally nucleate and grow with a
different orientation gradually become “corrected” to the default
h110i orientation, and the defect eventually disappears. Because
this kind of defect correction and preferred direction of growth
have not been previously reported in the conventional deposition
of colloidal crystals, it is apparent that the silicate additions in-
duce the preferential growth in the h110i direction and help to
increase the order of the resulting films. Such TEOS-enhanced
ordering yields h110i-oriented films with single domains extend-
ing over the cm scale, 3–4 orders of magnitude larger than
have been reported for conventional colloidal crystals (and, by
extension, inverse opals derived from them) without the use of
patterned substrates or external fields (24, 26) (Fig. 2).

We have observed that two different fracture directions are
present in the coassembled films as a function of the film thick-
ness. Cracks in fcc colloidal crystal films typically occur along the
close-packed f111g planes, which represent the planes of weak-
ness (49) (Fig. 2A). For an inverse opal structure, the f111g
planes represent the highest pore density, and thus are the ob-
vious candidates for crack propagation. Indeed, thin (<5 μm)
crack-free I-SiO2 films reveal the expected f111g fracture when
cleaved intentionally (Figs. 2C and 3C). However, cracks in thick
films (>5 μm) show an unexpected, unique orientation along
f110g planes of the colloidal crystal (Fig. 3 E and F). It is note-
worthy that the preference for a vertical orientation of tortuous
cracks has been predicted and observed in vertically grown
colloidal crystals (50). However, no such cracks develop for
our (thick) I-SiO2 films, instead revealing straight fracture lines
running along the f110g planes; i.e., horizontally and at 30° to the
vertical direction. We believe that these cracks develop during the
coassembly of colloids with the silica gel and therefore reflect the
unique fracture mechanics of a more complex, composite opal/
matrix system. These cracks extend uniformly across the entire
length of the samples (2–3 cm), indicating the presence of a single
crystalline domain.

Our results clearly indicate that in addition to the reduction of
the synthetic steps involved in the fabrication of inverse opal
films, the colloid/matrix coassembly process described here offers
significant improvement of the quality of the films. Cracking of
conventional opal and inverse opal films tends to occur upon dry-
ing both at the colloidal assembly stage and at the infiltration
stage due to a combination of dehydration and/or polymeriza-
tion-induced contraction and associated local capillary forces
(23, 46). The sol-gel matrix that undergoes polycondensation
at the time of colloidal assembly provides a glue/necking to
the assembling spheres. The thin-walled (approximately 30 nm
thick), interconnected silicate network in these coassembled
composite films inhibits the formation/propagation of cracks
for film thicknesses up to approximately 5 μm. Whereas the
detailed mechanism of this unique crack-free growth is being cur-
rently investigated, we propose that the process might be similar
to the formation of large single crystals of calcite patterned at
the micron scale (51, 52). In the latter case, the transformation
of the amorphous CaCO3 film into a defect-free, porous calcite

Fig. 3. Well-ordered SiO2 inverse opal films produced by colloidal coassembly. (A) Linear relationship between film thickness (number of sphere layers) and
colloidal concentration (volume of PMMA stock solution in 20 mL H2O), and threshold thickness for crack formation; (B) optical photograph of an I-SiO2 film
deposited on glass (substrate width approximately 1.5 cm); (C) a fracture cross section of a crack-free I-SiO2 film on a Si wafer, showing the h110i growth
orientation, as illustrated by an fcc model (Inset); (D) a FIB-cut cross section of a film showing the f110g plane (a model is shown in the inset); (E) optical
photograph of the triangular crack pattern in a thick I-SiO2 film; (F) SEM image of the corner cracked region indicated in (E), with schematic illustration
and higher magnification SEM image showing fracture along the f110g planes. All of the films in this figure are oriented with the vertical growth direction
aligned from top to bottom.
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crystal is facilitated by the micropatterned substrate that not only
determines the pattern of porosity of the final single crystal, but
also provides interfacial sites for stress and impurity release
during the amorphous-to-crystalline transition. Similarly in the
current system, the formation of a colloidal crystal and the asso-
ciated interfaces between the polymerizing sol-gel solution and
the assembling colloidal spheres may provide sites for the relaxa-
tion of tensile stresses encountered during the gelation process.
Controlled solvent release during the polycondensation reaction
can also occur at these interfaces and be channeled through the
interconnected porous network to evaporate at the surface.

The direct combination of the colloidal template and matrix
gives this method a great versatility for the fabrication of inverse
opal layers in structures and applications not practically possible
by conventional methods. Fig. 4 shows representative examples of
such complex, hierarchical materials. Multilayer inverse opal
structures with varying pore sizes can be created by the successive
deposition of template/matrix composite layers (Fig. 4A). Such
structures could have important applications in differential drug
release, where sequential dosed release of components can be
achieved by selective pore size engineering due to the differences
in the rate of desorption and diffusion. The exceptional ordering
in this coassembly process can be utilized for depositing inverse
opal films onto patterned substrates (Fig. 4B), making them well
suited for microfluidics, optical and photonic devices, or sensors
(53). Finally, coassembly can be used to deposit inverse opals

onto arbitrarily shaped substrates, such as curved surfaces. Fig. 4C
shows Ti beads coated with an I-SiO2 layer. Such high-surface
area, hierarchical assemblies could have important applications
for catalysis and biomedical surfaces.

Whereas silicate/polymer colloidal coassembly is an important
demonstration of ordered, defect-free films, SiO2 itself has lim-
ited useful chemical and physical properties. The properties of
porous SiO2 structures may be expanded by binding a wide variety
of functional molecules to SiO2 surfaces (54). We have also ex-
plored the coassembly method to form inverse opal films using
other precursor materials, such as organosilica (SiO C2H4ð Þ), with
an ethane-bridged silsesquioxane, and TiO2 with a water-soluble
TiO2 precursor (TiBALDH) (Fig. S3). An alternate approach
for expanding the range of chemistries and associated properties
is to utilize shape-preserving gas/solid reactions to directly con-
vert the I-SiO2 films into other materials. To evaluate whether
such reactive conversion approaches maintain the structure of
coassembled I-SiO2 films, we have examined the direct chemical
transformation of these structures into Si (43, 44) and TiO2 (45).

The conversion of coassembled I-SiO2 films into Si inverse
opals was conducted via a “magnesiothermic” reaction with
Mg vapor to generate a cocontinuous Si∕MgO nanocomposite
(43). The MgO phase was then selectively removed to produce
a highly porous Si structure. SEM and transmission electron
miscroscope (TEM) analyses of a starting I-SiO2 film, a Si∕MgO-
converted composite, and a final Si-converted inverse opal are
shown in Fig. 5 A–C, respectively. The Si∕MgO-converted film
retained an ordered structure, and no additional cracks formed.
The Si∕MgO-composite exhibited a modest (approximately 10%)
contraction in the direction normal to the film, relative to the
starting I-SiO2 film, however. Selective dissolution of the MgO
yielded the Si inverse opal film. Selected area electron diffraction
(SAED) analysis (Fig. 5C) revealed only the presence of Si,
although small amounts of residual (undissolved) Mg and O were
detected by energy dispersive spectroscopy (EDS) (Fig. S4). High
resolution TEM imaging indicated that the Si∕MgO and Si in-
verse opal films are composed of 5–10 nm nanocrystals.

The conversion of the coassembled I-SiO2 films into TiO2 in-
verse opals was conducted via a metathetic displacement reaction
with TiF4 (45). SEM and TEM images of the resulting TiO2 in-
verse opal product (Fig. 5D) indicate that the periodic porous
structure is very well maintained after reaction. Whereas minor
cracking of the films did occur in this case, further optimization of
the reaction conditions is underway to determine if such cracking
may be avoided. The SAED pattern of the converted film is con-
sistent with anatase. The high resolution TEM image in Fig. 5D
also reveals lattice fringes of the fine anatase nanocrystals (in the
10–20 nm range), with a spacing (0.36 nm) corresponding to the
f101g planes. Further annealing at 900 °C resulted in conversion
of anatase into rutile titania, whereas maintaining the inverse
opal structure. TiO2 has important optical, catalytic, and photo-
chemical properties that make it particularly attractive as an
inverse opal film material (2, 9, 15). The optical spectra of a film
before and after conversion to TiO2 clearly show a red-shift in the
Bragg peak from 460 to 589 nm, corresponding to an increase in
refractive index (Fig. S5).

In summary, we have demonstrated synthesis of crack-free,
highly ordered inverse opal films over cm length scales by a sim-
ple, two-step, solution-based colloidal/matrix coassembly process.
Major advantages of this approach include: (i) a great reduction
in the defect population (particularly crack density), (ii) the
growth of large, highly ordered domains via a scalable process,
(iii) prevention of overlayer formation and nonuniform infiltra-
tion, (iv) minimizing the number of fabrication steps (i.e., avoid-
ance of postassembly infiltration provides a time/cost/quality
advantage), and (v) the ability to form multilayered, hierarchical,
patterned, and curved film structures that are not easily possible
by any other method. Furthermore, we have demonstrated that

Fig. 4. Novel SiO2 inverse opal structures enabled by colloidal coassembly.
Schematics of the processes are shown on the left and the representative SEM
images are shown on the right. (A) Schematic presentation of the synthesis of
multilayered, hierarchical films with different pore sizes by successive layer
deposition prior to template removal (Left), and a SEM cross section images
of a bilayer SiO2 structure produced using 300 nm and 720 nm colloidal
spheres (Right). The top left and bottom left SEM images show the interface
between layers before and after calcination, respectively. (B) Schematic pre-
sentation of the oriented SiO2 structures grown on topologically patterned
substrates (Left), and an SEM fractured cross section of inverse opals grown in
4 μm wide, 5 μm deep channels on a Si substrate (Right). (C) Schematic pre-
sentation of the coassembly onto curved surfaces (Left), and SEM images
(Right) of a SiO2 inverse opal film layer (shown magnified, Inset) deposited
onto a sintered, macroporous Ti scaffold structure.
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these SiO2 inverse opal films are sufficiently robust and homoge-
neous to allow direct conversion, via morphology-preserving
gas/solid displacement reactions, into inverse opal films com-
prised of other materials (e.g., porous Si and TiO2). We discussed
the assembly mechanisms that underlie the unusual characteristic
features of the coassembled inverse opal films, such as their
preferred crystallographic orientation, the absence of defects
and remarkable atypical orientations of the crack patterns, which
all pose interesting fundamental questions in soft condensed
matter and fracture mechanics. This scalable route to highly or-
dered, large-area, chemically tailorable inverse opal films may be
utilized in a diverse range of applications. Due to the absence of
an overlayer, the high porosity of the coassembled films is readily
accessible from the top surface, which is especially important for
applications in catalysis (10, 15, 16), gas adsorption (55), or tissue
engineering (11, 12). These single-domain periodic inverse opal
films can also behave as large-area photonic band gap structures
for applications in photonics (6–10).

Methods
Monodispersed colloidal particles of PMMA or PS (250–400 nm diameter, ap-
proximately 3% standard deviation) were synthesized by surfactant-free
emulsion polymerization using an ammonium persulfate initiator (56), or
were purchased commercially (IDC/Invitrogen). 1.0 mL of a 2.5 vol% “stock”
colloidal suspension (cleaned by centrifugation) was added to 20 mL of
distilled/DI H2O, and x mL of added hydrolyzed TEOS solution, where x
was varied from 0 to 0.30 mL. The standard TEOS solution consisted of
1∶1∶1.5 ratio by weight of TEOS (98% Aldrich), 0.10 M HCl, and EtOH
(100%), respectively, stirred at room temperature for 1 h prior to use. Glass
or Si substrates (approximately 1 × 4 cm), cleaned in piranha solution, were
vertically suspended in the vial containing the colloid/TEOS suspension. The
solvent content was evaporated slowly over a period of 1–2 d in a 65 °C oven
on a pneumatic vibration-free table, to allow the deposition of a thin film
onto the suspended substrate (growing approximately 2 cm∕day). The films
were then fired in air at 500 °C for 2 h, with a 4 h ramp time (ThermoScien-
tific), to remove the polymer template and partially sinter the SiO2 structure.

An organosilica silsequioxane precursor (BTES, 1,2-Bis(triethoxysilyl)
ethane, Sigma-Aldrich, 96%) and TiBALDH (titanium(IV)- bis-lactato-bis-
ammonium dihydroxide, 25% solution, Sigma–Aldrich), a water-soluble

TiO2 precursor, were used as substitutes for the TEOS in solution (in molar
ratios equivalent to TEOS), and deposited onto substrates in identical condi-
tions described above. For example, 0.14 mL of 10% TiBALDH solution, or
0.15 mL of a BTES solution (1.7 g BTES, 2.0 g HCl (0.10 M), 3.0 g EtOH),
was added to 1.0 mL of the 2.5 vol% PMMA stock suspension in 20 mL DI
H2O. The organosilica and TiBALDH films were calcined at 400 °C and 750
°C in air, respectively. Reactive (magnesiothermic) conversion of the I-SiO2

films into Si∕MgO was achieved by sealing an I-SiO2 film on Si wafer with
a solid Mg vapor source (Alfa Aesar), inside a steel ampoule, in an Ar atmo-
sphere (43). The ampoule was heated at a rate of 5 °C∕min to 850 °C and held
at this temperature for 4 h to allow for conversion of the I-SiO2 film into a
Si∕MgO composite film. After cooling and removal from the steel ampoule,
the reacted film was immersed in a stirred 0.10 M HCl solution at 70 °C for 3 h
to selectively dissolve the MgO product to yield a porous Si inverse opal film.
For conversion into TiO2 (45), an I-SiO2 film was placed in a nickel boat and
then sealed, with a solid TiF4 vapor source (Alfa Aesar), inside a Ti ampoule in
an Ar atmosphere. The ampoule was heated at 5 °C∕min to 200 °C and held
for 2 h to allow for conversion of the SiO2 into TiOF2. After cooling and
removal from the ampoule, the reacted film was exposed to flowing H2O
vapor in oxygen (generated by passing oxygen through a water bath heated
to 60 °C) at 400 °C for 5 h to remove fluorine, and allow for full conversion
into an anatase TiO2 inverse opal film (45).

Optical spectra were taken in reflectance mode using a microscope-based
fiber optic spectrometer system (Ocean Optics USB2000þ) on a Leica DMRX
microscope using a 10× objective. Film structures were imaged by SEM (Zeiss
Ultra) at 10 kV after Pt/Pd-sputtering, and TEM (JEOL 2100) at 200 kV on
fragments of the films deposited onto Formvar-coated Cu grids (EMS).
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Fig. 5. Morphology-preserving reactive transformation of inverse opal SiO2 films intoMgO∕Si, Si, and TiO2. SEM images (left column), TEM images (center two
columns), and SAED analysis (right column) are shown for: (A) a starting I-SiO2 film, (B) a Si∕MgO replica after reaction with Mg(g) at 850 °C for 4 h, (C) a Si
replica film after selective MgO dissolution, and (D) a TiO2 replica film after reaction with TiF4ðgÞ at 200 °C for 2 h and with water vapor at 400 °C for 5 h.
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