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ABSTRACT: A versatile and rapid sol—gel technique for the fabrication of
high quality one-dimensional photonic bandgap materials was developed.
Silica/titania multilayer materials are fabricated by a sol—gel chemistry route
combined with dip-coating onto planar or curved substrates. A shock-cooling
step immediately following the thin-film heat-treatment process is introduced.
This step was found crucial in the prevention of film crack formation—
especially in silica/titania alternating stack materials with a high number of
layers. The versatility of this sol—gel method is demonstrated by the

fabrication of various Bragg stack-type materials with fine-tuned optical
properties by tailoring the number and sequence of alternating layers, the film thickness and the effective refractive index of the
deposited thin films. Measured optical properties show good agreement with theoretical simulations, confirming the high quality

of these sol—gel fabricated optical materials.
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B INTRODUCTION

Sol—gel chemistry has emerged as an attractive—simple, rapid
and inexpensive—alternative synthesis route to physical and
chemical deposition methods.~ The relatively mild synthesis
conditions and flexibility of sol—gel chemistry have opened the
door to a large variety of compounds that can be processed into
thin films, fibers, and monoliths. In addition, when combined
with molecular and/or colloidal assembly methods, it is
possible to create composites with internal three-dimensional
meso-to-macroscale periodic features and other hierarchical
structures.*”"? This large diversity of accessible compositions,
morphologies and internal structures makes sol—gel chemistry-
derived materials attractive candidates for numerous applica-
tions ranging from catalysis, separation, and sorption to uses in
electronics and photonics.*~¢"37'8

A remaining challenge for widespread commercial applica-
tions is to produce sol—gel-derived materials with structural
uniformity over large sample areas (>cm”) and controlled
batch-to-batch reproducibility. This is particularly true for thin-
film based materials and applications. Here, the level of
uniformity and control over thin-film parameters has been set
very high by physical and chemical deposition methods, such as
atomic layer deposition,'”*® chemical vapor deposition,”"**
molecular beam epitaxy,23 and various sputtering techni-
ques.>*™2¢ Therefore, for sol—gel processing to be considered
a viable fabrication alternative for commercial applications,
similar standards have to be achieved. The two foremost
challenges in sol—gel fabrication of thin films are the avoidance
of crack formation and the achievement of a uniform and
reproducible film thickness over large areas. Both of these
problems are directly related to solvent evaporation during
deposition of thin films (dip or spin coating, casting) and their
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densification in subsequent heat treatments (calcination,
annealing).>*”?* Conducting the thin film deposition process
under controlled environmental conditions (for example, a
dedicated clean room with controlled humidity, temperature,
substrate pretreatment, absence of dust particles in air) can help
to significantly increase the film quality. However, despite these
advances, sol—gel-derived thin films are still prone to
irregularities in film thickness (edge effects), and shrinkage
and crack formation during heat treatment.

Among the large family of interesting thin film compounds
the wide bandgap semiconductor titania has recently gained
tremendous attention due to its outstanding chemical and
physical properties. While high chemical stability and catalytic
activity make titania a prime candidate for photoanodes in solar
cells and water-splitting,*>*" its high refractive index
combined with optical transparency in the visible range of
the electromagnetic spectrum are ideal for producing reflective
coatings®> and other optical components.”> Furthermore, by
depositing titania thin films alternatingly in stack form with a
lower refractive index compound such as silica, interesting one-
dimensional (1D) photonic bandgap materials can be
fabricated, including reflectors, filters, and microcavities.>* 3¢
Such layering of thin films of different compounds with
different thermal expansion coefficients, however, poses a big
challenge for sol—gel fabrication. During film processing and
thermal treatments, different shrinkage properties within
alternating layers and at interfaces induces stresses and can
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lead to severe crack formation, delamination, and variation in
the film thicknesses.

A strategy for minimizing crack formation in titania/silica
thin-film stacks is the firing process.”®*” This is an additional
short heat-treatment step at high temperatures (900—1000 °C).
The purpose of this firing process is to take advantage of the
opposing thin film stresses for silica and titania at 900 °C.
While, studies by Rabaste et al.>” and Kozuka et al.*® revealed
an induced tensile stress for both silica and titania thin films up
to 800 °C, increasing the temperature to 900 °C resulted in a
compressive stress for silica. It is argued that these opposing
stresses result in an overall relaxed multistack and reduces the
formation of cracks. Contrasting this high-temperature
approach, Keszler et al. reported a low-temperature (5 °C)
solution-processing method followed by an annealing step at
modest temperatures (300 °C).*® This method allows for the
deposition of dense titania thin films. However, in this method
the deposition thickness is limited to ~18 nm for each
deposition cycle. To create alternating stack structures with
each layer having a thickness of several tens to hundreds of
nanometer thickness (as required for application as photonic
bandgap materials operating in the visible or near-infrared
range), this method would require deposition of multiple
consecutive films of the same compound.

In this paper, we describe an alternative sol—gel approach for
the rapid fabrication of high quality silica and titania thin films
and alternating silica/titania stack structures. Our method
allows deposition of these thin films and multilayer structures
on planar and curved structures without loss of film quality.
Regardless of stack structure, layer numbers and type of
substrate, the materials fabricated by our method have
predictable uniform thickness and are crack-free over large
areas. The versatility of our sol—gel method is demonstrated by
engineering different 1D photonic bandgap materials on planar
and curved substrates, including high quality Bragg reflectors
and filters, Fabry—Perot microcavities, and asymmetric stacks.
We show that the photonic properties of these structures can
be readily tuned by controlling the thickness and sequence of
the deposited films as well as by tailoring the refractive indices
of individual layers through the introduction of nanoporosity.
We will discuss the essential steps of our sol—gel deposition
and processing method and introduce several new process
parameters found to be critical for successfully producing crack-
free multilayer structures with uniform thickness. These
parameters include controlled solvent evaporation during and
after the film deposition and a shock-cooling step immediately
following the thermal annealing process at 350—500 °C. The
fabrication steps and the final samples were characterized by
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), variable-angle ellipsometry measurements,
X-ray diffraction (XRD), and optical reflection spectroscopy.
The measured optical reflection spectra are further compared
to simulated spectra using the transfer-matrix method.*

B EXPERIMENTAL SECTION

Preparation of Precursor Solutions. The titania precursor
solution was prepared by mixing 60 mL of titanium(IV)isopropoxide
(98%, Acros) and 65 mL of ethanol under vigorous stirring for 30 min
(exothermic reaction). A solution of 124 mL of ethanol, 0.6 mL of
hydrochloric acid (12 M) and 1.15 mL of 18 Q deionized water (DI
water) was then added to the titania solution and stirred for an
additional 30 min. This titania precursor solution (titania stock
solution) with a molar ratio of 1:16.15:0.42:0.097 titanium(IV)-
isopropoxide:EtOH:H,0:HCl was aged for at least 48 h at room

5178

temperature before further use. The silica precursor solution was
prepared by adding 105 mL tetraethylorthosilicate (Aldrich) to a
mixture of 12.3 mL of DI water, 76 mL of ethanol, and 6.3 mL of HCI
(0.01 M) and mixing for 30 min at room temperature. This silica
precursor solution (silica stock solution) with a molar ratio of
1:2.77:1.92:0.004 tetraethylorthosilicate:EtOH:H,O:HCI was aged for
at least 48 h at 60 °C before further use. Both the titania and the silica
precursor solutions are stable for at least one week when stored in the
dark.
Deposition of Thin-Film Single and Multilayer Structures.

Figure 1 illustrates the four-step thin-film deposition cycle. Thin films
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Figure 1. (Left) Thin-film deposition cycle for the fabrication of sol—
gel thin-film layers. (a) Step 1, dip-coating; (b) step 2, dry-blowing;
(c) step 3, heat-treatment (annealing); (d) step 4, shock-cooling.
(Right) Flowchart depicting the main steps of the deposition cycle.

were deposited by dip-coating precursor solutions onto cleaned
substrates. Cleaning was done by rinsing with isopropanol and drying
in a stream of nitrogen. Substrates were immersed into the sol (titania
or silica precursor solution) and vertically withdrawn at a constant
speed of 12.5 cm/min (step 1). The dip-coating process was
immediately followed by heating the deposited film in a flowing
stream of hot air (100—200 °C; produced by a heat gun) for rapid
evaporation of volatile solvents (step 2). The dried films were further
heat-treated (calcined) for 1 min at 350—500 °C in a muffle furnace
(step 3). The final step of the thin-film deposition cycle was a shock-
cooling procedure (step 4). This was accomplished by taking the
sample out of the hot furnace and either placing it onto a Pyrex glass
substrate at room temperature or dipping it into a water/isopropanol
mixture. The selection of the cooling method depends on the
geometry of the substrate and the heat transfer ratio between the
substrate and the heat sink. While the former method was sufficient to
promote rapid cooling for thin films deposited onto thin silicon wafer
substrates, the latter method was necessary for curved substrates and
substrates made of thick silicon wafers and quartz or glass slides.
Titania or silica single-compound multilayers and alternating titania/
silica multilayer stacks were prepared by repeating this cycle using the
appropriate sols at each cycle. A final heat-treatment of the multilayer
structures at 400—500 °C for 1 h concluded the deposition process.

Fabrication of Bragg Stacks and Fabry—Perot Micro-
cavities. Bragg stacks (reflectors, filters) were fabricated by
deposition of at least 6 alternating silica/titania double-layers (12
layers in total). The thickness of each layer was controlled by either
diluting the precursor solutions with additional ethanol or by varying
the dip-coating speed, allowing for tuning the optical bandgap in the
visible range as discussed further in the Results and Discussion section.
For example, to fabricate a silica layer with a thickness of 88 + 2 nm
the original silica stock solution was diluted down to 25 vol % of its
original value. The fabrication of 80 + 2 nm titania layer requires a 20
vol % dilution of the stock solution with ethanol. This relationship of
film thickness and degree of dilution of the precursor solutions is also
depicted in Figure S1 (Supporting Information). Fabry—Perot optical
microcavities were fabricated by breaking the symmetry of a Bragg
stack, i.e., introduction of a “defect layer”. This was accomplished by
subsequently depositing two layers of the same compound. The
wavelength position and quality of the microcavity mode was tuned by
adjusting the thickness and dielectric properties of the defect layer with
respect to the multilayer stack.
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Refractive Index Tuning. The films’ effective refractive index was
tuned by introducing a certain degree of nanoporosity into a deposited
dielectric layer. This was achieved by dissolving various amounts of the
block copolymer surfactant Pluronic P123 in the sol prior to dip-
coating.** For example, to lower the refractive index of a titania layer,
between 0.1 and 0.5 g of P123 were dissolved in the titania precursor
solution (described above). To compensate for changes of the solution
viscosity due to the addition of surfactants, the dip-coating speed was
adjusted to keep the thickness of the deposited layers constant. Heat-
treatment of the samples caused the pyrolitic removal of the surfactant
molecules and formation of a disordered nanoporous framework. This
framework was then infiltrated during the succeeding deposition cycle
by the alternating precursor solution (e.g., silica), resulting in a
lowered effective refractive index from pure titania to that of a titania/
silica composite.

Characterization Studies. The film crystallinity was determined
by a Bruker D8 Advanced X-ray Diffractometer (Cu—Ka radiation).
The refractive index and thickness of thin films were measured with a
Woolam Variable Angle Spectroscopic Ellipsometer. SEM studies were
conducted on a FEI NovaNano (FEG-SEM630) microscope and a FEI
NovaNano (FEI DB237) focused ion beam microscope. TEM imaging
was done on a FEI Tecnai F30 microscope at 300 kV acceleration
voltage. Sample preparation for TEM measurements involved
scratching off the deposited thin film from the Si-waver substrate
with a sharp razor blade. The sample was then suspended in ethanol
and dispersed onto a copper TEM sample holder. Sample preparation
for SEM measurements involved splitting the thin film substrate
perpendicular to the deposited thin film stack and mounting the
exposed cross section of the sample on a vertical SEM specimen stub.
If necessary the mounted specimen was coated with a thin layer of
gold to minimize charging effects during SEM studies.

Optical Reflection Microscopy and Spectroscopy. Optical
reflection spectra were measured with a modified optical microscope
(Nikon ME600). The output of a broadband white light source was
focused onto the sample surface by a 20X objective (0.45 NA). The
reflected light was collected by the same objective and either imaged
by a CCD camera or fiber-coupled into an Ocean Optics USB-4000
UV—vis spectrometer. A broadband mirror (R > 0.96) was used as
reference.

Simulation of Optical Reflection Spectra. Optical reflection
spectra were simulated by the transfer-matrix method using Open-
Filters.*' OpenFilters is an open-source software with a built-in
graphical interface and is available at no charge under the GNU
General Public License.

B RESULTS AND DISCUSSION

Single and Multilayer Sol—Gel Dip-Coating Process.
The dominating challenge in fabricating high-quality thin film
single and multilayer structures is the suppression of crack
formation. Crack formation is the result of stresses occurring
during and after the deposition process that exceed the thin
film strength."*>* For inorganic thin films derived by sol—gel
chemistry cracks can form at multiple processing stages. We
designed a sol—gel dip-coating method optimized to address
these challenges at the three most important processing stages:
the initial film drying, the preannealing step, and the annealing
(heat treatment) process. The major steps of our process for
fabricating highly reproducible, large-area, crack-free, single and
multilayer structures of silica and titania, as well as stacks of
alternating layers of these two compounds, are schematically
shown in Figure 1.

During the drainage process, which starts immediately after
the film withdrawal in the dip-coating process, inhomogeneous
solvent evaporation within the film creates a pressure
gradient.27’44 The gradient causes a differential shrinkage of
the thin-film network, whereby the exterior of the network
shrinks faster than the interior. This leads to the build-up of
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tensile stresses that can fracture the thin film upon ongoing
solvent evaporation." We found this problem can be overcome
by designing the dip-coating process such that the freshly
deposited film is withdrawn into an environment of high
solution—vapor pressure. This is achieved simply by using a tall
vial that was only half-filled with the deposition solution
(Figure 1a). The deposited film is subsequently subjected to a
drying step in a flowing hot-air stream generated by a heat gun
(Figure 1b), resulting in a rapid and homogeneous solvent
evaporation. We found the combination of these two steps
counteracts the differential shrinkage within the deposited layer
and results in formation of crack-free films (Figure 2a, b). In

a

400 micron

Figure 2. Optical micrographs of 12 alternating silica/titania thin-film
layers deposited onto a silicon (100) wafer. Top: Samples fabricated
(a) including and (b) omitting the dry-blowing step in the deposition
cycle (Figure 1). Bottom: Samples fabricated (c) including and (d)
omitting the shock-cooling step in the deposition cycle (Figure 1).

addition, the heat-gun treatment greatly reduced the occurrence
of edge effects. Edge effects in deposited thin films are a known
phenomenon especially associated with dip-coating processes,
and are caused by substrate vibrations and inhomogeneous
solvent evaporation in the center and at the edges of deposited
films during the withdrawal process.*

Heat-treatment of the deposited films is the final stage of the
fabrication process. During heat-treatment residual solvent and
other organic components of the precursor solution are
pyrolytically removed and the loosely formed oxide network
is further densified. In the case of titania films, heat-treatment
also leads to partial crystallization of the initially amorphous
network. However, these reactions during heat-treatment also
lead to further film shrinkage, accompanied by an increase in
tensile stresses, potentially causing crack formation. On the
other hand, it is known that rapid heating rates increase the
viscoelasticity of the initially forming amorphous oxide
network.”**>* This network relaxation counteracts the tensile
stress formation and suppresses crack formation. We found
placing the deposited and hot-air treated films into a preheated
oven at 350—500 °C for 1 min gave the best results (Figure 1c).

Similar to the heating process the cool-down stage must be
optimized to create high-quality films. While this stage of the

heat-treatment is often neglected, we found it to be of particular
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importance for fabricating crack-free thin-film stacks composed
of alternating layers of silica and titania. Several factors are
responsible for the formation of cracks during the cool-down
process. One source is the difference in expansion coefficients
between the alternating deposited layers as well as between the
substrate and the deposited film. Another source of cracking is
reorganization of the thin film metal oxide network. This
reorganization is caused by phase transitions of the amorphous
or amorphous/polycrystalline network upon cooling, leading to
build-up of stresses that can fracture the film network.”® We
studied the cool-down process in detail and found that—similar
to the heating stage—rapid cooling rates are beneficial in the
prevention of crack formation (Figure 2c, d). Although perhaps
counterintuitive, we found the best results were obtained by
shock-cooling the film samples to room temperature
immediately following the 1 min heating period. Shock-cooling
was achieved by placing the hot samples onto a Pyrex glass
substrate at room temperature or immersing them into a water/
isopropanol mixture (Figure 1d). While the exact mechanism is
still under investigation, we propose rapid cooling minimizes
the occurrence of interfacial stresses (due the difference in
thermal expansion coefficients of alternating layers). In
addition, temperature quenching freezes high-temperature
amorphous/polycrystalline phases,*® maintaining high viscoe-
lasticity of the oxide network at room temperature.
Deposition of Bragg Stacks on Various Substrates.

To demonstrate the effectiveness of our sol—gel process in
fabricating high-quality multilayer structures, we fabricated a
Bragg stack of seven alternating silica/titania layers (14 layers in
total). The Bragg stack was fabricated on a silicon wafer (100)
substrate using the thin film deposition cycle described above
(Figure 3a). The deposition parameters were tuned to yield
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Figure 3. (a) Photograph and (b) cross-sectional SEM image of a thin-
film Bragg stack consisting of 14 alternating layers of silica (88 + 2
nm; dark layers) and titania (75 + 2 nm; bright layers) deposited onto
a silicon (100) wafer. (c) Corresponding optical reflection spectrum
(solid line) and simulated spectrum (dotted line).

layer thicknesses of 88 + 2 nm (silica) and 75 + 2 nm (titania)
after calcination at 500 °C. At this temperature, the titania
network predominantly forms an anatase polycrystalline
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8
phase,*”** as was confirmed by XRD measurements. The

structural features of the Bragg stack were examined by optical
and electron microscopy. Optical imaging revealed a smooth
surface and absence of even microcracks, and cross-sectional
SEM imaging verified the high degree of thickness uniformity
throughout the multilayer stack (Figure 3b). It should be
emphasized that this deposition process is capable of producing
uniform multilayer stacks over large areas. For example, Figure
S2 (Supporting Information) shows a Bragg stack of six
alternating silica/titania layers (12 layers in total) deposited
over an area of 20 cm?

The excellent structural uniformity is also reflected in the
optical properties of the Bragg stacks, acting as 1D photonic
bandgap materials. As expected for a high-quality 1D photonic
bandgap structure, our 14-layer sample displayed an optical
reflection peak with a broad wavelength range of 100%
reflectivity (Figures 3c). In general, we found six to seven
alternating double layers are necessary to achieve a bandgap
with 100% reflectivity in the visible range of the electro-
magnetic spectrum. For the 88/75 nm silica/titania Bragg stack
we measured a broad reflection band centered at a wavelength
position of 5§75 nm and a width of 6200 cm™ (around 200 nm)
at normal incidence. The reproducibility of our deposition
process was confirmed by fabricating three samples at different
times but under the same experimental conditions (ie.,
precursor solution composition, dip-coating parameters, drying
and heat treatments). The optical reflection properties of the
three samples are given in Figure S3 (Supporting Information)
and show near-identical optical features in terms of reflection
band position, width and shape (including side bands).
Importantly, the measured reflection data are in excellent
agreement with the calculated reflection spectrum (dotted line
in Figure 3c). For the calculation, we used the film thickness
(SEM imaging, ellipsometry), the number of layers, and the
refractive index of each layer (determined by ellipsometry) as
input parameters.

It should be emphasized that our sol—gel deposition method
can be applied to a number of different substrates. For example,
to produce optical filters we used quartz or borosilicate glass
substrates (Figure 4a). Optical characterization reveals almost
identical reflection features, confirming the high optical quality
of the samples regardless of the substrate (Figure 4c). Note that
borosilicate substrates, for example, would be incompatible with
often-used high-temperature (900—1000 °C) firing methods.
The versatility of our sol—gel method is further demonstrated
by depositing the same Bragg stacks onto curved quartz and
glass substrates. As shown in image b and panel d in Figure 4,
samples deposited onto curved substrates show excellent
optical properties and are interesting candidates for parabolic
high-power laser mirrors and solar radiation collectors. For all
samples, the calculated reflection spectra are also included
(dotted lines), demonstrating again the good optical perform-
ance of the Bragg stacks regardless of the substrates used.

Tuning the Position and Width of the Photonic
Bandgap. Because Bragg stacks behave as 1D photonic
bandgap materials, the width and the position of the optical
reflection band (bandgap) can be tuned by adjusting the
refractive index difference and the thickness, respectively, of the
alternating layers.*”*° The ability to tune the bandgap position
is demonstrated in Figure S. Varying the lattice constant (one
silica/titania double-layer) from 148 + 2 to 168 + 2 nm (in §
nm steps) shifts the reflection band throughout the entire
visible range. The lattice constant variation was achieved by
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Figure 4. (a, b) Photographs of thin-film Bragg stacks consisting of 12 alternating layers of silica (88 + 2 nm; dark layers) and titania (75 + 2 nm;
bright layers) deposited onto (a) a planar borosilicate glass substrate and (b) a curved quartz-glass substrate. (c, d) Corresponding optical reflection
spectra (solid lines) of the stacks on (c) a planar borosilicate glass substrate and (d) a curved quartz-glass substrate. Simulated spectra are given as

dotted lines.
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Figure S. Optical reflection spectra of Bragg stacks of 12 alternating
silica/titania layers. The silica layer thickness was held constant at 88 +
2 nm, whereas the titania layer thickness was varied between 60 + 2

and 80 + 2 nm, as indicated in the figure. The simulated spectra are
given as dotted lines.

adjusting the titania layer thickness for each sample while
keeping the silica layer thickness constant at 88 + 2 nm.
Experimentally, this was done simply by diluting the titania
precursor solution with additional ethanol while keeping the
silica precursor concentration and the dip-coating parameters
constant. The degree of dissolution was adjusted in response to
ellipsometry measurements and SEM cross-sectional imaging
(see also Figure S1 in Supporting Information). Additionally,
simulations were used to verify the experimentally obtained
reflection band positions and other optical features. Again, as
shown by the dotted spectra in Figure S, excellent agreement
was achieved.

The width of the photonic bandgap can be tuned by
modifying the difference in the refractive indices of the
alternating layers; in general, the smaller the difference the
narrower the gap. Although the refractive indices of titania and
silica obtained by our sol—gel method are fixed (2.34 % 0.02 for
titania and 1.48 + 0.02 for silica), we found that tuning the
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difference is possible by fabricating composite layers. For
example, diluting the titania layers with a given amount of silica,
lowers the effective refractive index from 2.34 to a value given
by the silica volume fraction (dilution factor). Building a Bragg
stack with silica-diluted titania layers while leaving the silica
layers unchanged thus reduces the refractive index difference
and should narrow the bandgap.

Diluting the titania layers was achieved by first adding a block
copolymer surfactant (Pluronic P123) to the titania precursor
solution.%*" After film dip-coating the organic surfactant is
thermally removed during the heat-treatment, leaving behind a
disordered nanoporous titania framework. A TEM image of a
titania film deposited from a precursor solution containing 0.5 g
of P123 is shown in Figure 6a and reveals the nanoscale
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Figure 6. (a) TEM image of a nanoporous titania thin-film sample.
Some of the pores are indicated by arrows. (b) Optical reflection
spectra of three 14-layer silica/titania Bragg stacks with differing
refractive indices of the titania layer deposited onto a silicon (100)
substrate. The titania layer refractive indices are 2.34 + 0.02 (red
spectrum), 2.1 + 0.1 (green spectrum), and 1.8 + 0.1 (blue spectrum).
Simulated spectra are given as dotted lines.

porosity. During the following dip-coating step of a layer of
silica, also the porous titania framework is infiltrated with the
silica precursor solution. Because the degree of silica dilution is
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given by the degree of porosity of the titania layer, it can readily
be tuned by the amount of P123 mixed into the titania
precursor solution. For example, addition of 0.3 and 0.5 g of
P123 resulted in silica—titania composite layers with refractive
indices of 2.1 + 0.1 and 1.8 + 0.1, respectively. These values
were obtained by fitting the measured optical reflectance data
to simulated spectra of Bragg stacks with known lattice
constants and layer thicknesses (measured by SEM imaging).
Figure 6b illustrates the tunability of the reflection bandwidth
(photonic bandgap) for three Bragg stacks with decreasing
refractive index differences between the alternating layers.
Design of Optical Microcavities and Asymmetric
Stacks. The simplicity and flexibility of our sol—gel dip-
coating route readily allows to create multilayer structures with
built-in asymmetry. For example, Figure 7a shows a cross-
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Figure 7. (a) Cross-sectional SEM image and (b) optical reflection
spectrum of a Fabry—Perot microcavity structure deposited onto a
silicon (100) substrate. The microcavity is composed of a central silica
defect layer with a thickness of 176 + 2 nm sandwiched between two
8-layer silica/titania Bragg stacks with silica and titania thicknesses of
88 + 2 and 70 + 2 nm, respectively. The optical cavity mode occurs at
a wavelength position of 568 nm. The simulated spectrum is given as
dotted line.

section SEM image of a multilayer stack with a central “defect
layer”, breaking the symmetry of the periodic stack. The overall
structure consists of a central silica layer with a thickness of 176
+ 2 nm sandwiched between two Bragg stacks each composed
of four silica/titania double layers with a lattice constant of 158
+ 2 nm and individual layer thicknesses of 88 + 2 nm (silica)

and 70 + 2 nm (titania). The 176 nm silica layer was fabricated
simply by depositing two successive 88 nm silica layers. The
optical reflection spectrum of the final structure is given in
Figure 7b and displays the typical characteristic of a Fabry—
Perot microcavity, namely, a narrow high-transmittance region
(localized optical mode) within the optical reflection band
(photonic bandgap). The transmission peak maximum (70%
transmittance) is located at a wavelength position of 568 nm
and has a full-width-half-maxim value, A4, of S nm for normal
incidence of unpolarized light. This yields a quality factor, Q =
AA/2, of 112 for the microcavity. Similar to tuning the optical
properties of Bragg stacks, the wavelength position of the
localized cavity mode can be tuned by modifying the structural
features (lattice constant and layer thicknesses) of the Fabry—
Perot microcavity design.

Another possibility of producing interesting optical features
is to gradually induce asymmetry into a multilayer stack. An
example is shown in Figure 8a. In this 2S5-layer structure of
alternating silica and titania films the silica layer thickness was
held constant at 44 + 2 nm, while the thickness of the titania
layers is successively increased from 68 + 2 nm (left edge) to
88 + 2 nm (center) in S nm steps, and then successively
decreased again to 68 + 2 nm (right edge). The resulting
optical reflection spectrum (Figure 8b) shows interesting
features with the appearance of four narrow transmission
modes between 400 and 550 nm, which are in excellent
agreement with the calculated spectra. This agreement between
experiment and theory for such an elaborate asymmetric
multilayer stack not only shows the precise control over single-
layer thickness deposition, but also confirms the reproducibility
of our simple sol—gel deposition approach over tens of
consecutive layers. The presence of these narrow optical modes
in our microcavity structures and asymmetric Bragg stacks
should make these samples interesting candidates for light
amplification applications and we are currently investigating
possibilities to incorporate light sources into our samples.

B CONCLUSIONS

We have developed a sol—gel chemistry-based dip-coating
method with all the desirable attributes of solution process-
ing—simple, fast, inexpensive, and versatile—and yet produces
high-quality thin-film single and multilayer structures, rivaling
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Figure 8. (a) Cross-sectional SEM image and (b) optical reflection spectrum of an asymmetric 25-layer silica/titania Bragg stack deposited onto a
silicon (100) substrate. The silica layer thickness was held constant at 44 + 2 nm, whereas the titania layer thickness was varied in 5 nm steps from
68 + 2 nm to 88 + 2 nm and back to 68 + 2 nm. The simulated spectrum is given as dotted line.

5182

dx.doi.org/10.1021/cm202019b | Chem. Mater. 2011, 23, 5177—5184



Chemistry of Materials

those fabricated by expensive physical and chemical deposition
methods. We discussed causes of typical limitations of sol—gel
thin-film processing such as crack formation and occurrence of
structural inhomogeneities in multilayer stacks, and introduced
strategies to overcome these limitations. We demonstrated that
controlled and homogeneous solvent evaporation of the as-
deposited films as well as rapid heating and cooling rates are
keys in preventing crack formation. The latter proved
particularly important for the fabrication of crack-free silica/
titania multilayer stacks with precise and reproducible
thicknesses of up to 25 alternating layers. Moreover, we
showed that such multilayer stacks can be deposited on a
variety of substrates over large areas with planar and even
curved geometries without loss of structural features.

We used our sol—gel dip-coating process to fabricate high-
quality optical components, including Bragg-type reflectors and
filters, Fabry—Perot microcavities, and asymmetric stacks.
These photonic bandgap-based structures displayed tunable
optical properties with wide reflection bands and well-defined
localized cavity modes. The wavelength position of the
photonic bandgap and the cavity mode can readily be tuned
throughout the entire visible range by controlling the layer
thickness during the dip-coating process. Tuning the width of
the optical reflection band was demonstrated by fabricating
titania-silica nanostructured composite layers with different
titania-to-silica ratios. Experimentally obtained reflection
spectra were also compared to results from simulations using
the transfer-matrix method. Very good agreement was found
between the measured and calculated results, confirming again
the high precision and reproducibility of the fabrication process.
To conclude, the versatility of sol—gel chemistry combined
with our inexpensive and rapid thin-film processing route (a 20-
layer silica/titania stack can be fabricated in less than 2 h)
makes our method an attractive alternative to conventional
physical/chemical deposition and sputtering techniques. The
fabricated multilayer photonic bandgap structures possess
excellent structural and optical properties and should be
interesting candidates for use in optical and electronic
applications.

B ASSOCIATED CONTENT

© Supporting Information

Photograph of a large-area (S X 4 cm) multilayer stack sample,
reflection spectra showing sample-to-sample reproducibility,
and graphs depicting the thickness of deposited films vs degree
of dilution of the precursor solution with ethanol. This material
is available free of charge via the Internet at http://pubs.acs.org.
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