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1. Introduction

Three-dimensional (3D) photonic crystals (PCs) are crys-
talline materials where the refractive index is periodically
modulated on a length scale comparable to the light
wavelength of interest. Interference of the light waves
scattered from the dielectric lattice (i.e., Bragg scattering)
leads to omnidirectional stop bands or photonic band gaps
(PBGs), which are analogous to the electronic energy band
gaps in a semiconductor.!? The bandwidth and the frequency
of the PBG are determined by the refractive index contrast
between the high and low (typically air) dielectric materials,
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the structural symmetry and periodicity, and the filling
fraction and morphology of high-refractive-index materials.
Photonic crystals with a large, complete PBG are highly
desired, which act like an optical trap to reflect incident light
from any direction at a certain frequency range of light. Thus,
controlled functional structures can be engineered into the
3D structures to confine or guide photons of specific
wavelengths. Therefore, PCs potentially offer revolutionary
advances in the next-generation microphotonic devices and
the integration of existing optoelectronic devices, including
integrated optical circuits, lasers, sensing, spectroscopy, and
pulse shaping. In the last two decades, there has been much
interest in exploring new PC structures and studying the
related new phenomenon. Existing techniques for the large-
scale fabrication of microstructures with submicrometer
features mainly rely on the use of optical projection
lithography developed for silicon IC manufacturing. This
method is inherent 2D patterning and requires laborious
layer-by-layer photolithography and etching processes or
stacking and fold-up of the 2D layers to generate the
continuous 3D structures.>™* A promising 3D fabrication
technique should be able to do the following:

eproduce submicrometer periodicity for PBGs in the visible
to infrared (IR) spectral range

eaccess a large number of structures with tailored shapes,
functionalities, and sizes of motifs

eallow for mass-production over a large area

eprovide fine control of defects for photonic device applica-
tions

econstruct structures from materials with high refractive
indices for complete PBGs.

In recent years there has been a considerable effort to
develop novel methods for mass production of 3D PCs with
controlled size, symmetry, and defect(s) on a large scale basis
(see Table 1). They can be categorized into self-assembly
and lithography-based techniques. Self-assembly approaches,
such as crystallization of colloidal particles® or emulsions,
and microphase separation of block copolymers® or surfac-
tants, are simple, mass-producible, and least expensive.
However, it is inevitable to introduce random defects, such
as missing particles, uncontrolled orientation, mixture of
phases, and dislocations during the self-assembly processes.
In addition, the type of lattice from colloidal assembly is
rather limited, typically exhibiting face-centered-cubic (fcc)
symmetry. In comparison, the lithography-based techniques,
including three-axis micropositioner assisted deposition of
polymer melts and solutions (e.g., rapid prototyping,’ pres-
sure assisted microsyringe deposition,® focused-ion-beam
etching,” direct-write assembly'?), layer-by-layer stacking
through conventional photolithography? or soft lithography,!! ™13
and glancing angle deposition (GLAD),'*!> often require
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multiple steps to create any single structure. The advantage,
though, is that they are highly suitable to create structures
with arbitrary complexity. It will be ideal if we can combine
the benefits of mass-production using self-assembly ap-
proaches and the long-range ordering using lithographic
processes. A few nonconventional lithography approaches
based on a parallel optical interference process, including
multibeam or multifaced prism interference lithography,'®~2*
and phase mask interference lithography,?*32 have shown
promise for the rapid production of highly periodic 3D
structures with submicrometer periodicity that are defect-
free over a large area (up to cm?). Through single or multiple
exposures (for a few nanoseconds to seconds), the size and
shape of the fabricated structures can be conveniently
controlled through the proper arrangement of laser beams
or the grating in the phase mask. On the other hand, two-
photon lithography is well suited for constructing arbitrarily
shaped 3D microstructures and precise defect structures
through direct laser writing using a femtosecond laser.>*~%7

Although there has been a race in fabrication of a wide
range of 3D PCs for applications in visible to IR regions,
no complete PBG has been observed experimentally in the
directly fabricated 3D crystals from polymers or silica. This
is because in addition to periodicity and volume filling
fraction, the appearance of a complete PBG and its width is
highly dependent on the refractive index contrast. Among
every Bravais lattice and symmetry that have been explored,
theoretical calculation suggests that the diamond lattice is
the champion PC possessing the largest complete PBGs.? 4
Yet a minimum refractive index contrast of 1.9 is necessary
to open a complete PBG in diamond.***! In contrast, most
patterned films from polymer or silica have low refractive
index contrast (n < 1.7). Therefore, materials properties have
become the more pressing issues that limit the practical
realization of 3D PCs in optical devices. To address this
concern, a number of templating approaches have been
investigated, which use the fabricated polymer or silica
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structures as templates for backfilling of high-refractive-index
inorganic materials, followed by removal of the template,
resulting in inverse 3D inorganic or semiconducting PCs (see
detailed discussion in section 3). Meanwhile, PCs with
tunable band gaps offer promise in applications that do not
require complete PBGs, such as reflective displays,*>*
chemical/biological and optical sensors,*~* optical shutters,
and active filters and polarizers.>*™>® For this purpose,
polymeric or silica structures can be utilized through surface
functionalization or a templating method. For example, we
can engineer or tune the band gap by infiltrating functional
materials, such as metallic or magnetic nanoparticles,’’ %!
liquid crystals,**263 and stimuli responsive gels.*+4>49:64-69
Regardless of the fabrication/backfilling approaches, it is
critical to control materials chemistry to create desired 3D
structures with preferred materials properties, for example,
high refractive index, high transmission at the wavelength
of interest, wide tunability, and high thermal and mechanical
stability. There have been several comprehensive reviews
on various 3D fabrication techniques to create photonic band
gap structures, including microphase separation of block
copolymers,” colloidal assembly,>’" interference lithography,?>*
and two-photon lithography.*>~*7 However, few have re-
viewed the backfilling chemistry and fidelity in template
fabrication and backfilling processes (e.g., lattice distortion,
pattern collapse, incompleteness of backfilling, and crack
formation). In this review, we focus on the chemical aspects
in fabrication of high-refractive-index 3D PCs, especially
the recent advancement and breakthrough in large area
fabrication with high fidelity. First, we present the chemistry
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Table 1. Comparison of Different Types of 3D Microfabrication Techniques

technique materials pros cons ref
self-assembly (SA) emonodispersed polymeric or *a wide range of pattern sizes eslow (seconds to days) 5,
inorganic particles (10 nm — a few um) 71
eblock copolymers *inexpensive elimited to fcc lattice in the 6, 39,
case of colloid assembly 80—82

elarge pattern dimension

erandom defects

(10 cm x 10 cm)

interference lithography  ephotosensitive polymers
(IL) (organic and hybrids)

evarious lattice symmetries,

16, 17, 20, 22,
23

eperiodic structures only

fast (nanoseconds to a

few seconds)

epattern dimension
(10 cm x 10 cm)
enearly defect-free

two-photon lithography  ephotosensitive monomeric

earbitrary patterns

eslow (several mm/s), serial writing 33, 35—37,

(TPL) liquids, polymer films 203
(organic, hybrids)
enearly defect-free elow spatial resolution (>100 nm)
elimited pattern dimension
(100 um x 100 pm)
direct-write assembly epolyelectrolyte earbitrary patterns eslow (250 um/s) 10,
(DWA) 276
econcentrated colloidal gels, and enearly defect-free elow spatial resolution (>100 nm)
enanoparticle gels epattern dimension (1 cm x 1 cm)
glancing angle deposition esemiconductors edirect patterning of ehigh vacuum process 14,
(GLD) semiconductors, metals, or 15

metal oxides
enearly defect-free

emetals
emetal oxides

eslow (2—10 A/s)
elimited lattice structures

and recent advances in 3D fabrication of high quality
photonic structures and in design of stimulus-responsive
materials for dynamic tuning of photonic properties. We then
discuss various backfilling chemistries, including chemical
vapor deposition (CVD), atomic layer deposition (ALD),
sol—gel reactions, supercritical deposition, electrochemical
deposition, and chemical reduction.

2. Chemistry for 3D Fabrication of Photonic
Structures

Various fabrication methods, including self-assembly, the
standard microelectronic fabrication process, and noncon-
ventional optical lithography, have been pursued to create
various 3D microstructures with submicrometer periodicity
in a controlled manner. While the layer-by-layer techniques,
such as stacking via conventional photolithography? or soft
lithography,!' 13 and GLAD,'*!> are capable of direct
production of 3D PCs with high refractive index contrast,
these methods are laborious and expensive and often lack
control of random defects. Here, we focus on review of
several fabrication techniques that can create 3D photonic
structures rapidly and inexpensively over a large area,
including the self-assembly of block copolymers and col-
loidal particles, optical interference lithography, and direct-
writing techniques, and the chemical issues in fabrication.

2.1. Block Copolymer Assembly

Block copolymers (BCPs) consist of two or more chemi-
cally different polymers (or blocks), which are covalently
linked together at the junction of two blocks. The positive
enthalpy of mixing and low mixing entropy of the constituent
blocks drive the local segregation, often referred to as
microphase separation, of the blocks into domains since
macroscopic phase separation is restricted. At equilibrium,
the BCP chains will be arranged in minimum free energy
configurations, which are determined by the chemical
incompatibility (or segment—segment interaction parameter,

%) and composition, whereas the domain size is dependent
on the molecular weight of different polymer segments,
typically on the order of 10—100 nm. In the case of AB
diblock copolymers, we could expect at least four thermo-
dynamically equilibrium morphologies, including spherical,
cylindrical, gyroid, and lamellar structures.”” By adding a
third block, a wealth of one-, two-, and three-dimensional
periodic dielectric structures (at least twelve) can be obtained
with more complex morphologies.” Therefore, microphase
separation of block copolymers has been of great interest as
a simple yet efficient method to pattern a wide range of
wafer-size nanostructures in comparison to the expensive
photolithography processes for smaller and faster semicon-
ductor devices.”* "

Theoretical analysis of the BCP morphologies suggests
that there exists directional PBGs in these structures.?*70-30782
Specifically, 3D periodic bicontinuous cubic structures,
including single primitive, single diamond, and single gyroid
level surfaces, have shown large complete PBGs, and the
lowest index contrast (~1.9) to open a band gap is slightly
lower than that of dielectric or air spheres on a diamond
lattice.*® Because of the accessible length scale (10—100 nm),
BCPs are mostly interested for applications in visible and
UV spectra.®*81'82 For example, Urbas et al. have fabricated
porous nanostructures with gyroid networks from polystyrene-
b-polyisoprene (PS-b-PI) copolymers by selective etching
of polyisoprene block. Their calculation shows that gyroid
PC is comparable to diamond PC, which can open a complete
PBG with the refractive index contrast of about 2.3.4083

One major drawback of BCPs for practical applications,
however, is that these self-assembled structures are often
trapped in the nonequilibrium states on the pathway to
minimize the energy barrier, thus making it difficult to
achieve desired structures with long-range ordering, which
is critical for many practical applications. Various attempts
have been demonstrated to improve the ordering and orienta-
tion of the block copolymer nanostructures on a substrate,
as well as to control the feature size, including tuning solvent
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Figure 1. Schematic diagram of the structure of a photonic gel film and the tuning mechanism. The photonic gel film was prepared by
self-assembly of a diblock copolymer (PS-b-QP2 VP). Swelling/deswelling of the QP2 VP gel layers (blue) by aqueous solvents modulates
both the domain spacing and the refractive-index contrast, and accordingly shifts the wavelengths of light (hv) reflected by the stop band.
The hydrophobic and glassy polystyrene layers (red) limit expansion of the gel layers to the direction normal to the layers. (Reprinted from

ref 100. Copyright 2007 Nature Publishing Group.)

evaporation rate,* directed assembly on lithographically
defined templates,’>77838 application of an external field
(e.g., electric, magnetic, and shearing force),’ °* and an-
nealing the film above its glass transition temperature or

through solvent-induced swelling.*>%

While it remains challenging to control random defects,
grain boundaries, and orientation for device applications, one
outstanding advantage of the BCP assembly is its flexibility
to tune photonic properties, for example, by loading various
nanoparticles or introducing stimulus-responsive materials.””*°
Thermoresponsive band gap switching has been demonstrated
from the mixture of poly(styrene-b-4-vinylpyridium meth-
anesulphonate) (PS-b-P4 VP) and 3-n-pentadecyl phenol
(PDP).” Since the hydrogen bonding between PDP and PS-
b-P4 VP can be reversibly tuned, an on—off switching of
stop band can be achieved by varying environmental tem-
perature. Recently, Kang et al. have shown broad-wavelength
range tunabilility by using a hydrophobic block-hydrophilic
polyelectrolyte block polymer, polystyrene-b-quaternized
poly(2-vinylpyridine) (PS-5-QP2 VP) (Figure 1).'% Com-
pared to previous works using colloidal assemblies, which
typically show a shift of stop band ~100—200 nm,'°"-1%? the
lamella gel formed by the PS-b-QP2 VP shows >1250 nm
reversible shifts by swelling/deswelling of the QP2 VP gel
layer in aqueous solvent (Figure 2a). Further, the swelling
can be reduced by osmotic deswelling in a salt solution; thus,
the stop band can be tuned from UV to near-infrared (NIR)
simply by varying the salt concentration (Figure 2b).

2.2. Colloidal Assembly

Similar to BCP assemblies, colloidal assembly is a low-
cost and low-energy consumption method to fabricate 3D
photonic structures. The method is based on the self-assembly
of monodispersed colloidal particles into ordered crystalline
structure (see Figure 3). The assembly process is scalable to
an area over square centimeters, and the periodicity of PCs
can be tuned simply by varying the particle size from
hundreds of nanometers to micrometers. Equilibrium con-
figurations of colloidal assemblies are randomly close-packed
in general, while early experiments and simulations have
shown that fcc packings are favored over hexagonally close-
packed (hcp) structures even though the free energy differ-
ence between them is miniscule, on the order of 0.001k77/
particle. 037109

The application of colloidal crystals, however, could be
hampered by the difficulty of controlling long-range ordering,
similar to the BCP assembly, and the difficulty of creating
structures beyond fcc lattices. The competition between fcc
and hcp structures during colloidal particle packing has led
to the appearance of random defects, including vacancies,
macroscopic cracks, polycrystalline domains, and stacking
faults. Several mechanisms have been proposed to explain
the role of different forces in the assembly of ordered 3D
colloidal crystals, which is nicely reviewed by Norris et al.'"
More recent work has explored approaches to improve the
quality of colloidal crystals. To this end, we particle size
distribution and will overview the impact of surface char-
acteristics, solvent, and deposition methods on the assembly
of high quality colloidal crystals.!'!!

2.2.1. Synthesis of Colloidal Particles

Most high quality colloidal crystals are assembled from
monodispersed polystyrene (PS), poly(methylmethacrylate)
(PMMA), and silica particles with submicrometer size.''”
This is because large particle size variation can easily disrupt
the crystalline lattice. Simulation shows that high quality
colloidal crystals can be formed if the particle size is within
2% of standard deviation.!'> As the size distribution increases,
the intensity reflectance by the stop band decreases rapidly.
The complete PBG in the inverted structures disappears
completely when the standard deviation of particle diameter
is greater than ~5%.

The polymeric particles are typically prepared by emulsion
polymerization and dispersion polymerization.!'* Additional
functionalities can be introduced during the synthesis of
colloidal particles.''> For example, photoprocessable colloids
of poly(tert-butylmethyacrylate)''® and poly(styrene-co-gly-
cidyl methacrylate)!!” have been prepared to introduce defect
structures directly in the opal crystals through a UV
lithography process and to photo-cross-link the polymer opals
to create hierarchical arrays of nanopores, respectively.

Monodispersed silica particles are synthesized by sol—gel
reaction of tetraorthosilicate (TEOS) precursors using the
Stober method.!'® Hybrid silica particles with narrow size
distribution (< +2%) have been prepared by addition of
triethoxysilanes (RTES) or trimethoxysilanes (RTMS), where
the organic substitute R represents methyl, phenyl, octyl, and
vinyl groups. Nevertheless, colloidal crystals assembled from



Chemical Aspects of Three-Dimensional Photonic Crystals

(a)

(b)

Chemical Reviews, 2010, Vol. 110, No. 1 551

c=025M

c=05M

Absorbance (a.u.)

c=10M

c=15M

c=20M

c=25M

Dry

T T

T T T
800 1,200 1,600

Wavelength (nm)

T
400

Figure 2. Photonic gel film. (a) SEM micrograph of a dry PS-b-QP2 VP lamellar photonic film deposited on a silicon wafer. The left TEM
inset image is the same film stained with I, vapor (dark layers are I,-stained QP2 VP domains). The right inset image is a reflection-mode
laser-scanning confocal microscope image (xz scan) of a swollen film showing defect channels (marked by arrows) across the layers. (b)
Ultraviolet—visible—near-infrared absorbance spectra of PS-b-QP2 VP photonic gels swollen by contact with different concentrations of
NH,CI aqueous solution. The gray region represents the visible wavelength region. (Reprinted from ref 100. Copyright 2007 Nature Publishing

Group.)
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Figure 3. Schematic presentation of the particle and water fluxes
in the vicinity of multilayer particle arrays growing on a substrate
plate that is being withdrawn from a colloidal solution. (Reprinted
from ref 125. Copyright 2007 American Chemical Society.)

polymer or (hybrid) silica particles are often used as
templates for backfilling of high-refractive-index semicon-
ductor materials and responsive gels. A detailed discussion
of backfilling chemistry and the fidelity will be presented
later in section 3.

Colloidal particles prepared from high-refractive-index
semiconductors, such as CdS, ZnS (n > 2.5, transparent in
the NIR region), and TiO, (n > 2.0, transparent in the visible
wavelengths), are preferred for complete PBGs. However,
it is challenging to synthesize monodispersed semiconductor
colloids due to the relatively high reactivity of the precursors.
It has been suspected that the hydrolysis rate of these
precursors is too fast such that it is difficult to separate the
nucleation and growth steps.!!” Therefore, nucleation events
occur continuously through the entire sol—gel process,
leading to the formation of polydispersed particles. In the
case of titania, the monodispersed particles have been
synthesized by controlling hydrolysis of glycolated titanium
butoxide in acetone and using surfactant as a stabilizer
(Tween 20).'?° Particle size to within tens of nanometers has
been demonstrated by varying the concentrations of titanium
butoxide and surfactant.

2.2.2. Coating and Assembly of Colloidal Crystals

Equilibrium configurations of colloidal assemblies are
randomly close-packed, although slow sedimentation favors
fcc packings over hep structures. Nonequilibrium hydrody-
namic interactions on settling and colloidal particle interac-
tions might drive the formation of fcc packings. Most
practical applications of colloidal crystals require the colloidal
particles to be assembled on substrates in a relatively short
period of time. Various processes, including sedimentation,
vertical dip-coating deposition, infiltration in the capillary,
epitaxial growth on a patterned substrate, and spin-coating,
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Figure 4. (a) Photograph of a 3D ordered nanocomposite film on
a 4-in. silicon wafer illuminated with white light. The sample is
made from 325 nm diameter colloidal spheres. (b,c) Typical
scanning electron microscope (SEM) images of a spin-coated
colloidal crystal —polymer nanocomposite film. The inset shows a
Fourier transform of a 40 x 40 um? region. (Reprinted from ref
129. Copyright 2004 American Chemical Society.)

have been developed.'?'~'?* Most of them are based on
evaporation-driven convective assembly. In the case of the
vertical deposition, the substrate is withdrawn from the
colloidal solution or the solvent is evaporated by controlling
the temperature gradient to move down the meniscus level.
The deposition begins with the pinning of the colloidal
particle on the menisci region, and then other colloidal
particles move to the pinned particle by the water influx from
water evaporation. Finally, they assemble into ordered
structures driven by capillary force, which is mediated by a
bridging meniscus as shown in Figure 3.'% The number of
colloidal layers can be estimated as'?

Bl Je®

k= 0605dv, +T'(1 — )

&)

where f is the ratio between the velocity of a particle in
solution and fluid velocity, [ is the meniscus height, d is the
diameter of the particles, vy, is the substrate withdrawal rate,
I" is the water volume flux between particles, j. is the water
evaporation flux, and ¢ is the particle volume fraction.
According to eq 1, the thickness of colloidal crystals can be
controlled in an experiment by varying the volume fraction
of the colloidal solution and the withdrawing rate. Recently,
the colloidal crystal growth has been interpreted in terms of
the convective steering hypothesis,''%!':126 which suggests
that solvent flow into and through the pore space of the
crystal may play a major role in the assembly. However,
this method is limited to film thickness no more than 20 um.

Further, external forces, such as the shear effect, the
electric field, and infrared heating, can be applied to increase
the quality of colloidal crystals.!?” Kanai et al. showed the
pressure-driven shear alignment in crystalline colloids,
resulting in high spectral quality and centimeter-sized col-
loidal crystals.'?® Jiang et al. have demonstrated formation
of wafer-size colloidal crystals from silica spheres with
uniform thickness and long-range ordering simply by spin-
coating the colloidal silica particle solution (see Figure 4)

Moon and Yang

dispersed in a mixture of a viscous, nonvolatile monomer,
ethoxylated trimethylolpropane triacrylate (ETPTA) (~20 vol
%), and a photoinitiator.'?~13! Because of the refractive index
and density matching between silica and ETPTA, the van
der Waals attraction and sedimentation are greatly reduced,
resulting in stable colloids. During the spin-coating, the
particles were assembled into non-close-packed crystals filled
with ETPTA, and the crystallization is achieved by shear-
induced ordering. The monomers surrounding the particles
are photopolymerized to provide mechanical support to the
film. The high shear rates (>10°/s) exert high centrifugal and
viscous forces to the particles; therefore, hexagonally packed
colloidal layers are readily formed. However, the requirement
of a viscous monomer solution as a dispersion medium adds
length in fabrication steps, which could limit the application
of the spin-coating technique to other colloidal particle
systems. Later, Mihi et al. have reported a modified spin-
coating technique by dispersing the silica and sulfonated
polystyrene microspheres in different mixtures of volatile
solvents, including ethanol, water, and ethylene glycol.!*
The key is to control the volatility of the solvent such that
it will allow enough time for particles to order by shearing
but practically evaporate within a few minutes. Compared
to the method of Jiang et al., this approach offers better
stability against aggregation and no additional selective
etching is needed to obtain a colloidal crystal with high
dielectric contrast. The viscosity and volatility of the solution
can be controlled by varying the ratio of solvents and the
concentration of particles in order to control the thickness
and orientation of colloidal crystal films with respect to the
substrate. To address the crack formation due to volume
shrinkage during the drying of the colloidal crystal films,
Wang et al. have employed a mixture solution of silica
particles and silica precursor (from an acidic tetraethyl
orthosilicate (TEOS) solution) for dip-coating.'** The inter-
stices between silica beads are filled with hydrolysis produced
silica species to prevent crack formation, which can be
selectively removed by exposure to hydrofluoric acid vapor.

For the stability of colloids in solution and their assembly,
it is critical to control the interparticle potentials, which are
influenced by the surface charge of colloidal particles and
the surrounding media, such as pH, salt concentration, and
ionic strength. For example, in the case of silica particles
synthesized by sol—gel reactions, the presence of silanol
groups on a particle surface causes electrostatic repulsion
between particles. Due to the weakly acidic silanol groups,
silica particles are positively charged in water at a pH below
1.5 and become negatively charged at a pH above 3.5.'%
The negative surface charge can be further enhanced by
addition of a base.!*> 137 Yamanaka et al. showed the charge-
induced crystallization to obtain one-directional crystal
growth over centimeter size regions. They applied a weak
base, pyridine, through a gel membrane, and the colloidal
particles are assembled by the increase of surface charge
along the diffusion of the base (see Figure 5).!% Meanwhile,
adding salt could diminish the range of repulsive electrostatic
forces.!*® In the study of crystallization confined in 2D,
Rodner et al. show that the domain size of colloidal crystals
decreases exponentially with the increase of salt concentra-
tion.!® Bevan et al. study the effect of ionic strength
systematically by using confocal scanning laser microscopy
in real-time."*® They conclude that the high ionic strength
can rupture the crystalline phase, leading to disordered
structures. By varying the surface chemistry, one can
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Figure 5. (a) Experimental system and (b) images of the one-
directional growth process. (Reprinted from ref 135. Copyright 2004
American Chemical Society)

Table 2. Maximum Photonic Band Gap Width of Colloidal PCs
of Silicon (Refractive Index Contrast of Silicon—Air, 3.41)
(Adapted from Ref 145)

structure gap/midgap % volume filling fraction, f
tetrastack 13.7 0.43
inverted tetrastack 253 0.21
diamond 129 0.41
inverted diamond 26.9 0.2
inverted fcc 4.8 0.28

optimize the colloidal assembly and create responsive PCs.
The latter has been utilized as pH and ionic strength sensors
for detection of chemical and biological species.*~40:4964140-142

2.2.3. Assembly of Binary Colloidal Particles

Theoretically, inverted fcc arrays of air spheres in a high
refractive index medium (refractive index contrast, >2.9) have
been shown to possess a complete PBG in the visible
wavelength. However, only a limited number of materials
possess both high refractive index and transparency in visible
light, including titania (rutile phase)'** and Sb,S;.'* Further,
the growth of crystalline titania in the rutile phase requires
a high sintering temperature, ~900 °C, leading to the
formation of cracks due to thermal shrinkage and growth of
the crystalline domain. Recent work reveals that, among
various sphere-based PCs, the diamond and tetrastack
structures are most favorable for large complete PBGs, as
summarized in Table 2.'* By numerical phase-diagram
analysis, Hynninen et al. proposed to fabricate both diamond
and tetrastack structures via assembly of binary colloidal
particles.'* The binary spheres can be mixed to form Laves
phases, which is analogous to the atomic lattice of MgCus,,
MgZn,, or MgNi, crystals (Figure 6a—c). Specifically, in
the phase diagram, there is a stable state of Laves structures,
as shown in Figure 7. In the case of MgCu, (Figure 6d), the
lattice consists of a diamond structure of large spheres and
a tetrastack structure of small spheres. Therefore, the selective
removal of spheres can form both lattices (Figure 6e,f).
However, the authors also showed that the three different
Laves structures possess a similar free-energy difference to
that of the colloidal crystal with the same-sized spheres,
which often forms a random hexagonal close-packed crystal.
A few Laves structures have been observed experimentally
from the assemblies of nanometer-sized particles.'¥” While
it remains challenging to assemble highly ordered colloidal
crystals from several hundred nanometer diameter particles,
Leunisssen et al. have reported a breakthrough by charge-
induced assembly of binary colloidal crystals.'*® They applied
apolar colloids to match the density and refractive index and
to avoid sedimentation and van der Waals attraction. The
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Figure 6. Large spheres are red, and small spheres are yellow.
(a) MgCu2. (b) MgZn2. (c) MgNi2. (d—f) The MgCu, structure.
Part d is a combination of a diamond structure of large spheres (e)
and a tetrastack structure of small spheres (f). (Reprinted from ref
146. Copyright 2007 Nature Publishing Group.)
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Figure 7. The phase diagram is shown in the composition x,
reduced pressure p, representation, where x = Ns/(Ns + Np) is the
number fraction of small spheres. The labels “’fcc.” and “fccs”
denote the fcc crystals of large and small particles, respectively.
There are stable Larves structures where the pressure region p =
22.8—59.6 and the composition x = 0.667. (Reprinted from ref
146. Copyright 2007 Nature Publishing Group.)

charges of the particles were fine-tuned by adding surfactants
of opposite and dissimilar charges to avoid irreversible
aggregation. The assembled lattices showed almost the same
sizes from a mixture of large and small particles. Even with
micrometer-sized spheres, the authors were able to show
various equilibrium phases, analogous to the atomic lattices
of CsClI and NaCl. Nevertheless, challenges remain in large-
scale production and assembly of such binary particles on a
substrate for photonic device applications.

2.3. Interference Lithography

In comparison to self-assembly approaches, top-down
lithographic processes are intrinsically free of random defects.
Periodic structures can be fabricated in photoresists by optical
interference lithography, including (1) focusing multiple
coherent beams (multibeam interference, MBIL, or holo-
graphic lithography, HL)'®!7"19723.181 and (2) interference of
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Post-exposure
Expose bake Develop

Figure 8. Schematic illustration of a holographic lithography
process using an umbrella-like four beam setup, forming diamond-
like interference patterns. When the interference pattern is subjected
to a negative-tone photoresist, the exposed regions are cross-linked,
whereas unexposed or weakly exposed regions are removed by a
developer, resulting in a microporous 3D photonic structure.

diffracted beams passing through a grating, so-called phase
mask interference lithography (PMIL).24 732149

2.3.1. Multibeam Interference Lithography (MBIL) or
Holographic Lithography (HL)

When n (=2) coherent optical waves are present simul-
taneously in the same region of space, the waves interfere
and generate periodic variations in intensity if the difference
between the wave vectors is noncoplanar.!> The intensity
distribution of the interference field can be described by a
Fourier superposition
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where r is the position vector and k and € are the wave vector
and polarization vector, respectively. a,, = &g is the
magnitude and G, = k; — k,, is the difference between two
of the laser-beam wave vectors. G;,, determines translational
symmetry, and Gy, together with g, determine symmetries
present in the structure (i.e., space group). Interference among
any n (=4) noncoplanar laser beams produces an intensity
grating with (n — 1) dimensional periodicity. The symmetry
of the resulting structures can be controlled by the wave
vectors and polarizations of the interfering beams. When
subjecting this light intensity profile to a photoresist, the
exposed region will be polymerized/cross-linked (negative-
tone) or decomposed (positive-tone) based on the same
photochemistry used in the conventional lithography,'!
resulting in formation of a periodic 3D structure without the
use of a photomask (see Figure 8). HL can rapidly produce
a large volume of artificial micrometer polymer crystals
rather efficiently at ambient temperature in a single exposure
step (nanoseconds to seconds) that are defect-free in an area
up to several square centimeters. Moreover, HL is mask-
free and versatile: one can change the beam geometry to
create various periodic 3D optical structures that are normally
difficult to access by other microfabrication techniques,
although for some structures the optical setup could be
complex. To simplify the optical setup, multifaceted prisms
are often implemented.?!%%!52 The porosity (10—80%) and
pore size (~100 nm to a few micrometers) can be varied
conveniently by changing the beam intensity, the exposure
time, or the concentration of base additives. A wide range
of functional 2D and 3D periodic structures with a variety
of lattice symmetries, including hexagonal biomimetic mi-
crolens arrays with integrated pores,'> fcc,!”-!8 simple cubic
(P), diamond (D), diamond-like, and gyroid (G) structures, 921154

Moon and Yang
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Figure 9. Schematic illustration of steps for using a high-resolution
conformable, elastomeric phase mask to produce 3D structures.
Placing such a mask (upper left) on the surface of a solid
photopolymer film leads to intimate, conformal contact (upper right).
Shining light through the mask (lower right) generates a complex
intensity distribution throughout the thickness of the film (inset).
Interaction of the light with the polymer results in cross-linking
reactions. Washing away the uncross-linked polymer yields 3D
patterns (lower left). (Reprinted from ref 24. Copyright 2004 The
National Academy of Sciences of the USA).

quasi-crystals'#!315 and compound structures,'>”!>® with

periods of 0.3—6 um, have been demonstrated both theoreti-
cally and experimentally.

2.3.2. Phase Mask Interference Lithography (PMIL)

Mass production of 3D crystals by MBIL, however, could
be limited by (1) the accessible size of the unit cell, which
is fixed once the beam geometry (incidence angles and
polarization vectors) is chosen for a certain crystal symmetry,
and (2) the expandable laser beam size (typically a few
millimeters in diameter). Using triple exposure of a pair of
beams, a simple cubic structure with variable size has been
demonstrated by changing the angles between the beams of
the individual gratings.?’ However, multiple exposures could
be constrained by the accessible optical setups and nonlinear
optical response in photoresists. PMIL has been recently
developed to create 3D structures with a wide range of
symmetry and size over a large area.’* 32! Figure 9
illustrates the PMIL placing a conformal, elastomeric phase
mask from poly(dimethylsiloxane) (PDMS) on a solid
photoresist film to produce 3D structures. It is based on
diffraction of light through an optical phase mask and
therefore is a single-exposure, single-beam lithographic
technique. When illuminating the phase mask with a
normally incident, monochromatic beam, it produces a
multibeam diffraction pattern throughout the film thickness,
where the exposed regions will be cross-linked and the
uncross-linked regions will be washed away by an organic
solvent, yielding a 3D pattern. The phase mask can be replica
molded from a patterned Si master, an approach commonly
used in soft lithography. The conformal contact of the PDMS
mask with the photoresist film allows mass-production of a
3D film over 10 cm in diameter and up to 100 um thick.?*

The number of beams per diffracted order is usually
determined by the rotational symmetry of the 2D phase mask.
For example, a 2D square lattice phase mask produces four
beams per order. It is noted, however, that the more
propagating beams in the exposure region, the smaller the
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Table 3. Typical Photoresist Systems Used in Interference Lithography
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contrast of the 3D intensity pattern, and the more challenge
to obtain the structure in the recording photoresist. To
improve lithographic contrast, it is necessary to design the
phase mask, allowing for only the lowest diffracted order
modes to propagate in the exposed region, while keeping
all higher order modes evanescent.

2.3.3. Photoresists for Optical Interference Lithography

A variety of photosensitive materials, including negative-
tone and positive-tone organic—inorganic hybrids and re-
sponsive hydrogels, have been investigated to fabricate 3D
photonic structures using optical interference lithography.
The chemical structures and their applications have been
summarized in Table 3.

Negative-Tone Photoresist, SU-8. In optical interference
lithography, the negative-tone photoresist SU-8, a bisphenol-
A novolac resin derivative with an average of eight epoxy
groups per monomer,'® is most commonly used. It is highly
soluble in many organic solvents, which enables preparation
of ultrathick films (up to 2 mm),'®162 and is highly
transparent in the near-UV and visible region.'®! Upon
exposure to UV or visible light, SU-8 becomes highly cross-
linked and exhibits excellent thermal (7, > 200 °C) and
mechanical (Young’s modulus E up to 5.0 GPa) strength.
Therefore, it has been widely used to fabricate microelec-
tromechanical systems (MEMS) devices,'®® microfluidic
channels,'®* high-aspect ratio (=20) microstructures, 0!-162165-167
3D photonic structures,'®"1822 and substrates for biological
applications.'®*!% Commercially available SU-8 photoresists
(Microchem Inc.) consisting of EPON SU-8 (from Shell
Chemicals) and triaryl sulphonium salts as UV photoacid

generators (PAGs) are dissolved in y-butyrolactone (GBL)
or cyclopentanone (CP).

In a typical interference lithography process, the SU-8
solution is spun onto a transparent substrate (e.g., cover glass)
and prebaked on a hot plate at 95 °C to evaporate the solvent.
During exposure, the PAGs release photoacids, followed by
a postexposure bake at 95 °C to accelerate acid diffusion,
resulting in cationic polymerization of the epoxy groups in
SU-8. The unexposed film is then removed by the developer
propylene glycol methyl ether acetate (PGMEA). The
relatively high glass transition temperature of SU-8 photo-
resists, 50 °C, plays an important role in minimizing the acid
diffusion before the postexposure bake. A high glass transi-
tion temperature has been one of the key resist design criteria
to achieve submicrometer resolution in deep UV lithography
of chemically amplified photoresists. It is equally important
in interference lithography, since polymerization during
exposure is not desired: it would disturb the original
interference pattern due to the change of refractive index of
the cross-linked film. When the film is exposed at room
temperature and then baked at 95 °C, the beam interference
stage is separated from the film cross-linking stage.

Although SU-8 resin is quite transparent in the near-UV
region, it is more appealing to perform interference lithog-
raphy using visible light. Not only is the visible continuous
wave (cw) laser more readily accessible in the lab than the
UV pulse laser, but the longer wavelength is also advanta-
geous to realize a larger lattice period. Further, the transmis-
sion of the photoresists increases significantly in the visible
region; therefore, interference of visible light (i) is more
flexible and applicable to a wide range of photosensitive
materials and (ii) provides a more even exposure throughout
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Scheme 1. General Scheme for Photosensitized Cationic Polymerization (Reprinted from ref 17. Copyright 2002 American

Chemical Society.)
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the thick films and better control of the interference pattern.
Since most of the photoacid generators do not have absorp-
tion at visible wavelengths, the initiating system typically
includes a photosensitizer, which absorbs the visible light
and electron transfers to an onium salt via the formation of

a charge transfer complex to generate the acids (see Scheme
1).1707172 Typically diaryliodionium salts instead of triaryl-
sulfonium salts are chosen as photoacid generators due to
the low reduction potential of iodionium salts for energy
transfer. The photoacids initiate ring-opening reactions of
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Table 4. Lattice Parameters for the Interference Patterns in Air and SU-8 (¢ = 2a/d and d = 1.38 pm) (Reprinted from ref 176.

Copyright 2007 Optical Society of America.)

lattice planes in [111]
direction 4y, (um)

Medium Air SU8 (considering | SU8 (considering both
refraction effect only)
refraction and film shrinkage)

b, = c[-1,1,1]; b, = c[~1.140,0.860,0.860]; | b/ = c[~1.006,0.994,0.994];
= b, = c[0.860,~1.140,0.860]; | b, = c[0.994,-1.006,0.994];
b, =c[1,-1,1]; = =

Reciprocal lattice vectors . = c[0.860, 0.860, ~1.140]; | b, = c[0.994,0.994,-1.006];
b, = c[1,1,-1].

Real lattice vectors G, =0.5d[0,1,1]; G =0.743d [0.327,1,1]; a, =0.506d [0.013,1,1];
G, =0.5d[1,0,1; a, =0.743d [1,0327,1]; a, =0.506d [1,0.013,1;
a, = 0.5d[1,1,0]. a, =0.743d [1,1,0.327]; G =0.506d [1,1,0.013];
[
A

Plot of real lattices

Translational symmetry fee rhombohedral rhombohedral

Lattice constant d (um) 1.38 1.78 1.39

| 5,-| (um) 0.98 1.49 0.99

Angle between 4, &, 60° 38.3° 59.1°

Distance between the nearest | 0.98 0.98 0.98

lattice points in (111) plane

(pm)

Distance between the adjacent | 0.80 0.81

Space  groups of  the | No. 166 (R3m)
corresponding level surfaces

No.155 (R32)

No.155 (R32)

epoxy groups, and the acids are regenerated in the subsequent
steps.!’® The polymerization is thus chemically amplified,
resulting in a highly cross-linked film. Several visible
photosensitizer/PAG systems for the SU-8 photoresist have
been studied (see Scheme 2), including xanthene dyes,
2,4,5,7-tetraiodo-6-hydroxy-3-fluorone (H-Nu 535 from Spec-
tra Group Ltd.), and diaryliodionium hexafluoroantimonate
(SR1012 from Sartomer),'” 5,7-diiodo-3-butoxy-6-fluorone
(H-Nu 470 from Spectra Group Ltd.), and [4-[(octyloxy)phe-
nyl]phenylJiodonium hexafluoroantimonate (OPPI from Spec-
tra Group Ltd. or Uvacure 1600 from UCB Chemicals
Corp.).?17317* A single photoinitiation system, (17°-naphtha-
lene)(;°-cyclopentadienyl)iron(II) hexafluorophosphate (Ir-
gacure 261 from Ciba Specialty Chemicals), which has weak
absorption in visible light and generates Lewis acids upon
exposure, is also demonstrated.'>315%17

Low-Shrinkage, Negative-Tone Photoresists. During HL
experiments, the influence of refraction at the air/film
interface cannot be ignored when the beams travel from the
air into the resist film. This problem may be addressed by
the use of prisms and/or index matching liquids to precom-

pensate the effects of refraction.’ However, it is not

uncommon to observe large shrinkage of the photoresists
during photoexposure and development, especially in the case
of negative-tone resists. Thus, the fabricated structure may
possess a different lattice symmetry and periodicity from the
original design, which in turn may affect the quality of
PBGs.!”¢ For example, a large volumetric shrinkage (as high
as ca. 41%; see Table 4) has been observed in the diamond-
like SU-8 structure after postexposure baking (PEB) and
development, leading to the decrease of the translational
symmetry from fcc in air to rhombohedral in SU-8, and the
overall symmetry of the lattice changed from space group
No. 166 (R3m) in air to No. 155 (R32) in SU-8.!7
Furthermore, if the film is attached to the substrate, cracks
may occur and propagate due to the residual strain generated
from large film shrinkage, further degrading the optical
quality of PCs.

While the percentage of shrinkage can be tuned by varying
the exposure dosage and PEB time and temperature funda-
mentally, the shrinkage is caused by the increase of film
density during the polymerization, where the van der Waals
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Table 5. Comparison between Volumetric Shrinkage of PGMA (DP = 35) and SU-8 under the Same Fabrication Conditions (Reprinted
from ref 178. Copyright 2008 Royal Society of Chemistry)
PGMA (n = 1.52, DP = 35)

distance between the

SU-8 (n = 1.60)

distance between the

materials pitch in the (111) plane adjacent lattice planes pitch in the (111) plane adjacent lattice planes
in the [111] direction in the [111] direction
experimental («m) 1.05 1.07 0.97 0.81
calculated” (um) 0.98 1.30 0.98 1.38
shrinkage (%) =7.1 18 1.0 41
volume shrinkage (%) 5.9 42

* Obtained from a level surface by considering the influence of refraction at the photoresist film/air interface.

separation of monomer units is replaced by covalent bonds.
In addition, during development, the organic solvent would
swell the cross-linked film, which further distorts the
patterned film after drying. We note that the distortion caused
by resist shrinkage is different from the pattern collapse
caused by capillary force exerted during development,
rinsing, and drying steps, which is dependent on the wetting
contact angle, the surface tension of the developer/rinsing
solvent, and the pattern geometry. For the later, it can be
addressed by the use of supercritical drying'”** or the
selection of a solvent with a sufficiently large contact
angle.'”” However, these methods do not alleviate the film
shrinkage, which is dependent on the level of functionality
involved in photo-cross-linking and the related film cross-
linking density.

One approach to address the film shrinkage is to design
highly branched multifunctional monomers such that forma-
tion of only a few bonds can lead to a dramatic switching of
solubility, thus simultaneously improving viscosity and
lowering film shrinkage. Dendrimeric methacrylates are
examples of branched monomers. Still, there is generally a
volume shrinkage of ~15 — 20% using vinyl monomers.
Recently, Hayek et al.'’® used an epoxy-based system with
a controllable number of epoxy groups in an effort to
optimize the trade-offs between solubility of the resin for
good film formation and number of epoxy groups required
to switch solubility. Using the atom-transfer radical polym-
erization method, they synthesized poly(glycidyl methacry-
late) (PGMA) with well-controlled average molecular weights
and narrow molecular weight distributions. The shrinkage
of PGMA materials was measured from SEM images. As
seen from Table 5, the 3D structure fabricated from PGMA
(degree of polymerization, DP = 35) shows much lower
shrinkage (18%) in the [111] direction in comparison to that
from SU-8, 41%. In the (111) plane, while the SU-8 structure
had ~1% shrinkage, PGMA structures (DP = 35) showed
7.1% expansion. Overall, the volume shrinkage of the 3D
structure is 5.9% for PGMA films, much lower than that
from SU-8, 42%. For both PGMA and SU-8 templates, the
anisotropic shrinkage in different directions can be attributed
to the substrate confinement effect, where the porous
structure can shrink freely in the vertical direction but is
restricted in the horizontal plane. Compared with the SU-8
material, the PGMA material always shows a higher pitch
in the (111) plane, further confirming the lower shrinkage
of the latter material.

Low-Shrinkage, Positive-Tone Photoresists. Although
various types of 3D photonic structures have been fabricated
from polymers, to obtain a PC with a complete PBG,
polymeric structures are often used as sacrificial templates
for infiltration of a higher index inorganic material. After
removal of the polymer template, an inverse inorganic PC

is obtained (see later discussion in section 3). Currently most
of the 3D polymer microstructures are created in negative-
tone photoresists, which form highly cross-linked 3D net-
works that are difficult to remove by solvent or heat below
400 °C. It will be advantageous to pattern 3D structures in
positive-tone resists that can be easily dissolved in an organic
solvent after infiltration. In addition, positive-tone photore-
sists generally possess low or no shrinkage and the solubility
in aqueous base developer is attributed to the polarity change
before and after exposure to light.!”*!3° A handful of groups
have used commercially available positive-tone resist, AZ5214
(Clariant International Ltd.), to create 2D and 3D structures.?>'8!
AZ5214 is a two-component resist system, a novolac resin
as matrix and a diazonaphthoquinone as photoactive com-
ponent or sensitizer. Upon exposure, the base-insoluble
diazonaphthoquinone undergoes photolysis and Wolff rear-
rangement to form a ketene.'”' In the presence of trace water,
the ketene forms a base-soluble indenecarboxylic acid and
generates a positive-tone feature. The unexposed regions can
be removed with acetone. It seems that positive-tone resists
give better contrast and sharper corners than negative-tone
resists. However, they are not widely used for PC fabrication
due to strong absorption of the aromatic groups in AZ5214
in the UV—vis region and issues such as wettability and
dissolution rate of aqueous base in a relatively hydrophobic
thick film, therefore limiting the film thickness to less than
5 um.'8!

Organic—Inorganic Hybrids. As discussed above, a 3D
polymer structure can be used as a template for infiltration
of a higher refractive index material into the pores to obtain
the inverse 3D PC. Backfilling and calcination processes,
however, often suffer from volume shrinkage that causes
pattern collapse and crack formation, and, more importantly,
incomplete filling. An alternative approach is to directly
pattern 3D photonic structures from an organic—inorganic
hybrid photoresist. Organosilicates have been prepared from
3-methacryloxypropyl trimethoxysilane with water and an
acid catalyst through sol—gel reaction.'$>!8 The addition of
transition metal alkoxide precursors, such as zirconium
propoxide and titanium propoxide, to methacrylic acid (MA)
produces photo-cross-linkable organic—inorganic composites
(also see discussion in section 2.4). Other titanium-containing
photoresists have been synthesized from the mixture of
titanium ethoxide (TE), methacrylic acid, and ethylene glycol
dimethacrylate (EGDMA).'3* The TE and MA produce the
titania—acrylate composites while EGDMA acts as a cross-
linker. Nevertheless, the increase of refractive index of using
hybrid materials is rather limited to less than 2.0.

Another potential advantage of hybrid materials is their
high thermal and mechanical robustness. In addition to
sol—gel reactions to prepare the hybrid materials, inorganic
nanoparticles, such as silica, have been dispersed in the
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Scheme 3. Illustration of Photoacid Generation and
Crosslinking Reaction in Poly(2-hydroxyethyl
methacrylate-co-methyl methacrylate). (Reprinted from ref
190. Copyright 2005 Royal Society of Chemistry.)

HaC
HsC HsC {4
n m
n m hv © 0
O . o
© + Crosslinker+ PAG ~— OCH,
crosslinking
o OCH;
H,CO—  /~OCHs & ~ocH,
N N
o< =0
OH JNIN 0=< I >= o
H3CO —0OCH, NN
. hy H,CO—~"
Crosslinker q 3 \O
PAG H" S
OCH,
*HaC, /—OCH; o
N N le) o)
o= I —o m n
NTTN
HyCo—" CH," CH,

CHa
Photoacid (PAG)

ol
12 q) +©\r+ 172 Fe(PFe)
- Fe

Fe PFe
I hn B
B ———
- @7 Fe
Lewis acid

t185

photoresist formation as a reinforcemen However, the
high loading of inorganic materials could significantly lower
the resist photosensitivity and make the film crack-prone as
film thickness increases. The higher refractive index of the
resists during 3D fabrication could also cause lattice distor-
tion during the HL fabrication due to a refraction effect at
the air—film interface (see earlier discussion on low-
shrinkage materials). Moon et al. have investigated the direct
fabrication of 3D silica-like structures from epoxy-function-
alized cyclohexyl polyhedral oligomeric silsesquioxanes
(POSS) using holographic lithography.'®¢ POSS is a unique
class of hybrid materials, which possess the structure of cube-
octameric frameworks with eight organic corner groups.'®’
It has the chemical composition RSiO; s with thermal and
mechanical properties intermediate between SiO, and organic
polymers. Unlike SiO,, each POSS molecule contains
nonreactive organic moieties, making it compatible with
various polymer systems and enhancing its crack resistance.
The 3D epoxy POSS structures were maintained without
global volume shrinkage during the heat treatment (up to
400 °C) by thinning the struts that connect motifs. Further,
they could be conveniently converted to 3D silica structures,
which can be subsequently removed by aqueous hydrofluoric
acid (HF) solution at room temperature, thus being suitable
for infiltration of a wide range of organic and inorganic
materials.

Responsive Materials from Hydrogels. Responsive hy-
drogels have been widely used as smart materials because
they exhibit large volume and shape changes in response to
external stimuli, such as pH and temperature, electric
potential, chemicals, and biological agents. 3D hydrogels
have been fabricated for microfluidic switches and actua-
tors,'3® sensors,* % and cell scaffolds.'® So far, most of them
are fabricated by backfilling a colloidal crystal template with
liquid precursors, followed by UV curing through radical
polymerization and removal of the template by solvent.**~6:189
During each of the processing steps, it is possible to introduce
additional defects, and template materials suitable for room
temperature backfilling and removal without pattern collapse
are rather limited.

Direct photopatterning of hydrogels from its liquid mono-
mers or prepolymers using interference lithography methods
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Figure 10. Structure and optical reflectance of 3D hydrogel PCs
via holographic lithography. Typical SEM images of (a) tilted cross-
section of a fractured sample. The inset shows windows between
lattices on the (—110) plane. Scale bar: 500 nm. (b) reflectance
spectrum of a nitrogen-dried hydrogel structure measured by Fourier
transform IR at room temperature. (Reprinted from ref 68.
Copyright 2008 Wiley-VCH Verlag GmbH & Co. KGaA.)
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Figure 11. (a) Reflectance peak shift in response to the structural
change with time after the dried sample was exposed in the humid
air with 100% relative humidity. (b) Cross-sectional SEM images
of bare hydrogel PC at the dry state. (c,d) SEM images of inverted
silica structures from hydrogel PCs after deposition of silica using
dry and swollen hydrogel PCs, respectively. All scale bars are 500
nm. (Reprinted from ref 68. Copyright 2008 Wiley-VCH Verlag
GmbH & Co. KGaA.)

is not possible. Photo-cross-linking during exposure will
disturb the original interference pattern due to the change
of refractive index, and inhomogeneity of radical formation
and diffusion in the exposed regions will limit the achievable
resolution to a few micrometers. Yang et al. have developed
a photosensitive hydrogel precursor, poly(2-hydroxyethyl
methacrylate-co-methyl methacrylate) (PHEMA-co-PMMA),
for fabrication of soft, biomimetic microlens arrays.'” The
side chain hydroxyl groups of PHEMA can be cross-linked
by photoacid generators (PAG) and external cross-linkers,
tetramethoxymethyl glycouluril (TMMGU) (see Scheme 3).
The copolymer has a high 7, (=100 °C); therefore, acid
diffusion occurs only at the post-exposure baking (PEB)
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Figure 12. (a) Schematic illustration of two-photon 3D lithography. (Reprinted from ref 35. Copyright 2006 John Wiley & Sons, Ltd.)
(b—d) Examples of arbitrarily shaped 3D microstructures fabricated by two-photon lithography: (b) wood-pile photonic band gap structures
from zirconium sol—gel material (Reprinted with permission from ref 209. Copyright 2008 American Chemical Society), (c) tapered waveguide
structure, and (d) array of cantilevers from triacrylate (Reprinted with permission from ref 33. Copyright 1999 Nature Publishing Group),
(e) a stack of microcapillaries of various lengths with inner diameters of <2 um, and (f) microcapillary intersections from PDMS. (Reprinted

from ref 205. Copyright 2004 American Chemical Society.)

stage. PMMA is copolymerized with PHEMA to control the
content of hydroxyl groups and avoid physical gelation of
PHEMA by itself. The hydroxyl groups will allow for
introduction of many types of functional groups (e.g., acrylic
acid, glycidylmethacrylate, and acrylamide) in the copoly-
mers to realize different 3D hydrogel structures with tailored
architectures, tunability, and functionalities. Based on this
photochemistry, Kang et al. fabricated 3D thermoresponsive
hydrogel PCs using prism holographic lithography.®® Figure
10 shows typical scanning electron microscopy (SEM)
images and reflection spectra of 3D hydrogel PCs, respec-
tively. The spacing between motifs and the lattice spacing
are around 680 and 770 nm, respectively. Within 10 min
exposure to humid air (100% relative humidity), the reflec-
tance peak was red-shifted from 2.10 to 2.22 um (Figure
11a) due to swelling of the hydrogel network by water. The
structural change in the course of swelling was captured by
chemical vapor deposition (CVD) of silica on the hydrogel
surface (see Figure 11b—d). The lattice spacing from the
inverted silica structure (or swollen hydrogel) was elongated
in the [111] direction by 10% relative to that from the dried
hydrogel, while the lateral dimensions remained unchanged
due to the pinning of the structure at the substrate. The
swollen hydrogel PCs exhibited thermoresponsive behavior,
which could be explained by the lowered T, during swelling.
Therefore, the hydrogel network deforms in response to the
temperature change, where the connecting bridges between
the motifs are collapsed in order to lower the surface energy.
Such deformation is reversible below 50 °C, which can be
attributed to the elasticity of cross-linked hydrogels.

Later, Jang et al. adapted the above chemistry to synthesize
a photopatternable random terpolymer of poly(hydroxyethyl

methacrylate-ran-methyl methacrylate-ran-methacrylic acid),
poly(HEMA-r-MMA-r-MAA). Using PMIL, they fabricated
3D networks as a new platform for biomedical applications.®’
The fully open 3D hydrogel/air networks were demonstrated
as a pH-responsive polymeric drug-release system for the
delivery of neurotrophins to enhance the performance of
neural prosthetic devices. Additionally, the open hydrogel
structure could provide direct access of neuronal growth to
the device for improved electrical coupling.

2.4. Two-Photon Lithography (TPL)

Although interference lithography has been shown as a
promising method to photopattern 1D, 2D, and 3D periodic
photonic structures with submicrometer periodicity over a
large area, it is not suitable to fabricate arbitrary structures,
such as cavity defects and waveguide structures, for device
functions. In contrast, two-photon lithography is well suited
for constructing arbitrarily shaped 3D structures.*~%’

By tightly focusing a femtosecond near-IR laser beam
(typically from a Ti:sapphire pulse laser) into the resin,
subsequent photoinduced reactions, such as polymerization
of triacrylates,?>!%! SU-8,3*192193 and deprotection of poly-
(methacrylates),!” occur only in the vicinity of the focal
point, allowing direct writing of 3D complex patterns by
scanning the sample on motorized stages (Figure 12).

In the case of TPP of acrylates, viscous liquid resins
become solidified in the exposed region, analogous to a
negative-tone lithographic process. The desired 3D structure
is fabricated via two-photon absorption and subsequent
photopolymerization, followed by removal of the unreacted
liquid resin by a solvent. In two-photon absorption (TPA),
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Figure 13. SEM images and modeling of 3D structures made
through (A) a one photon process and (B) a two photon process
with mask 1(square array of circular dots, d = 570 nm, 2 = 510
nm, p = 710 nm). (A) (a) Large area angled view, (b) top view,
(c) cross-sectional view and modeling (inset). (B) (a) Large area
angled view and top view (inset), (b and c) cross-sectional views
at different angles. (Reprinted from ref 195. Copyright 2006 Optical
Society of America.)

changes of the physical or chemical properties of the resin
are quadratically dependent on the intensity of the laser
beam,'”* such that the rate at which two-photon dye
molecules are excited decreases rapidly (as z™#) with the
distance from the focus and the excitation is confined in a
small volume around the focus (on the order of A3, where 4
is the wavelength of the incident beam). Therefore, two-
photon lithography not only allows for fabrication of
structures that are difficult to access by conventional single-
photon processes but also offers greater spatial resolution
than other 3D microfabrication techniques by far.3#!°! By
taking advantage of such a quadratic dependence of TPA
probability on the photon fluence density and radical
scavenger from dissolved oxygen molecules near the focal
volume, Kawata et al. demonstrated a subdiffraction-limit
spatial resolution of 120 nm using a Ti:sapphire laser (1 =
780 nm).** Haske et al., on the other hand, produced
nanoscale features as small as 65 & 5 nm reproducibly by
using 520 nm femtosecond pulsed excitation of a 4,4 bis(di-
n-butylamino)biphenyl chromophore to initiate cross-linking
in a triacrylate blend.'”!

Chemical Reviews, 2010, Vol. 110, No. 1 561

Recently, Jeon et al. has explored the combination of two-
photon absorption with PMIL to fabricate a wider range of
3D structures with variable geometries.'*> In PMIL, passage
of unfocused laser pulses through transparent phase masks
generates complex but well-defined 3D distributions of
intensity near the surfaces of the masks. Using the same
mask, the SU-8 films were exposed to UV and near IR light
for one-photon and two-photon lithography, respectively. It
was found that the dominant in-plane periodicities of the one-
and two-photon structures were similar except that the depth
variations of the geometries were quite different due to the
different intensity distributions of the light within the polymer
film. Figure 13 shows 3D structures of SU-8 fabricated from
one photon (A = 355 nm) and two photon (4 = 810 nm),
respectively, together with a phase mask (d = 570 nm, h =
510 nm, p = 710 nm, circular dots in square array). As seen
in Figure 13B, the two photon process produced a simple
body centered tetragonal (bct) structure, with geometries
close to fcc, and the lattice parameters of a = 710 nm and
b = 1780 nm.

2.4.1. Two-Photon Photoinitiators

Successful structuring by TPA with high resolution is
critically dependent on the sensitivity of the two-photon
initiators at the processing wavelength. A low aspect ratio
of a voxel (volumetric pixel) at the focal point will allow
for layer-by-layer fabrication of 3D microstructures using
TPP.* To achieve a high spatial resolution and minimize
the aspect ratio of voxels, it is necessary to keep the low
laser power and short exposure time near the threshold
energy, therefore reducing focal spot duplication and voxel
growth. Commercially available PIs (typically single-photon
UV initiators) often show low activity. Highly efficient TP
photoinitiators (PIs) that exhibit larger TPA cross sections,
0, have been synthesized for 3D fabrication.’%!7%191:196-200
Planar chromophores with extended sz-system and donor (D)
and acceptor (A) groups, D-7-D, D-w-A-7-D, and A-7-D-
7-A (where 7 is a ;m-conjugated bridge), have been shown
with large o relative to the parent unsubstituted conjugated
molecules.*® A series of bis dialkylamino- or diarylamino-
substituted diphenylpolyenes and bis(styryl)benzenes have
been investigated.'”® The type and length of the conjugated
chain and the position of dialkylamino or diarylamino
substitution play a role in the magnitude of the peak two-
photon absorptivity. Increasing the length of the conjugated
linker in D-7z-D molecules, through use of diphenylpolyene
or phenylene-vinylene-type bridges, also results in increased
0. This increase is essentially linear with chain length but
depends on the type of bridge, with the phenylene-vinylenes
showing the larger increase. Likewise, derivatives of single
photon PI, 1,5-diphenylpenta-1,4-diyne-3-one (DPD), with
auxochromic groups (—OMe, —SMe, —NMe,, and —NPh,)
were synthesized to shift the absorption from ultraviolet—visible
(UV—vis) into the visible range of the spectrum. By para-
substitution of the benzo-aromatic moiety with different
auxochromes such as a methoxy-group (O-DPD), a thiom-
ethyl-group (S-DPD), or a dimethylamino-group (N-DPD),
a red-shift in the absorption spectrum to the visible region
was observed. Compared to single-photon initiators, N-DPD
offered outstanding performance in patterning PDMS at
~800 nm, while the PI content was a factor of 100 lower.2
As shown in Figure 14,% these chromophores can be
classified into three groups according to their sz-centers: (i)
fluorene derivatives (Ia—Ib), (ii) dithieno[3,2-5;20,30-
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Figure 14. Molecular structures of two-photon absorbing materials. (Reprinted from ref 36. Copyright 2006 John Wiley & Sons, Ltd.)

d]thiophene (DTT) derivatives (Ila—Ild), and (iii) phenyle-
nevinylene derivatives (Illa—Illc) and phenyleneethynylene
derivatives (IVa—IVc).

2.4.2. Photosensitive Materials Used in Two-Photon
Lithography

To date, many of the 3D microstructures fabricated by
two-photon lithography have been based on radical-initiated
polymerization of multifunctional (meth)acrylates partly due
to the readily available monomers (see Figure 15a) and
tertiary amines for electron transfer to generate radicals upon
two-photon excitation.*»*! Owing to the insensitivity of
environmental oxygen, a radical scavenger, and high 7, of
SU-8 (Figure 15b), photoinitiated cationic polymerization of
epoxides has received increasing attention in TPP for
fabrication of robust 3D PCs, typically from commercially
available photoresist SU-8 (MicroChem) consisting of a one-
photon UV photoinitiator (mixed triarylsulphonium/hexaflu-
oroantimonate salt in propylene carbonate solvent),3*19%193:202.203
However, traditional one-photon UV-sensitive PAGs have
very low two-photon sensitivity; therefore, the working
window to direct write 3D structures by TPP could be

narrow. Highly sensitive photoacid generators were synthe-
sized by covalently attaching sulfonium moieties to the two-
photon chromophore to fabricate 3D photonic structures via
photoacids and the chemical amplification mechanism.!”
Recently nonionic PAGs have been synthesized,?™ of which
a chromophore and a photocleavable group are covalently
linked by a flexible joint, thus allowing for microfabrication
of 3D structures via both radical and cationic polymerization
mechanisms under one- and two-photon excitation conditions.

Photocurable PDMS System. Besides applications in
photonics, TPP has been used to fabricate microelectrome-
chanical systems (MEMS), microfluidics, tissue scaffolds,
and biomedical devices. To this end, poly(dimethylsiloxane)
(PDMS)-based microstructures have been fabricated by TPP
via photohydrosilylation and radical-initiated cross-linking
of a viscous liquid composed primarily of dimethylvinyl-
terminated PDMS, poly(methylhydrosiloxane-co-dimethyl-
siloxane), such as Sylgard 184 (Dow Corning), which is
biocompatible and has been widely used in soft lithography
and microfluidic channels (see Figure 15¢).2°%2% In addition,
the elastomeric nature of PDMS makes it deformable in
organic solvent and/or under mechanical stretching; therefore,
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Figure 15. Chemical structures of monomers and polymers used in two-photon lithography and related chemical reactions: (a) multifunctional
acrylates; (b) SU-8; (c) illustration of photohydrosilylation of dimethylvinyl-terminated PDMS, poly(methylhydrosiloxane-co-dimethylsiloxane),
via platinum catalyst, (75-cyclopentadienyl)trialkylplatinum; (d) positive-tone resist, PTHPMA-PMMA; (e) methyl silsesquioxane (MSQ);
(f) synthesis of low-shrinkage, photosensitive, zirconium sol—gel material. (Reprinted from ref 209. Copyright 2008.)

3D PDMS structures are of interest as tunable photonic'®!
or phononic crystals.'?!

Positive-Tone Resists. As discussed earlier in section
2.3.3, chemically amplified positive-tone photoresists can be

particularly useful for fabrication of high fidelity 3D
structures. In comparison to acrylate based materials, posi-
tive-tone resists (typically methacrylate based polymers)
exhibit much lower shrinkage and can be readily removed
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using organic solvent at room temperature. A random
copolymer of tetrahydropyranyl methacrylate (THPMA) and
methyl methacrylate (MMA), with or without fers-butyl
methacrylate (tBMA), was synthesized.'®® MMA was chosen
to provide mechanical strength and optical transparency,
THPMA and rBMA were to offer solubility change upon
photoacid catalyzed deprotection reactions, converting THP
and/or tert-butyl ester groups to carboxylic acid groups,
therefore rendering the exposed regions soluble in an aqueous
base developer. Cleavage of THP ester linkages requires
much lower activation energy than that of fert-butyl ester
linkages; therefore, resists containing THPMA will be more
desirable in thick film fabrication. However, such resists
could also undergo “dark reaction” to cleave the ester linkage
at room temperature. To increase shelf life, copolymeri-
zation of high activation energy tBMA or addition of base
in the system to suppress the “dark reaction” is a common
practice.

Photosensitive Hybrid Materials. Another class of ma-
terial of interestin directlaser writing by TPPis inorganic—organic
hybrids, such as ORMOCERs.?® Typically, the hybrid
precursors are prepared in two steps: first, an inorganic—organic
sol with photopatternable organic moieties, including (oligo-)
methacryl, styryl, and epoxy groups, is synthesized by
hydrolysis/polycondensation reactions, followed by partial
cross-linking of the polycondensed alkoxysilanes. The
sol—gel becomes solidified and patterned upon exposure to
a femtosecond pulse laser, whereas the unexposed regions
will be removed using an organic solvent as developer. Their
physical and chemical properties can be tailored by the
organic moiety, the organic/inorganic ratio, and the structure
of the resulting sol—gel precursor. For example, refractive
indices can be varied in the range between 1.44 and 1.56.
The Young modulus and, thus, the mechanical and thermal
stability can be increased by increasing the amount of
inorganics. As a result, the coefficient of thermal expansion
(CTE) and the optical losses in the NIR regime are reduced.
For most hybrids, however, their organic components
decompose at relatively low temperatures (<300 °C).

Recently, Jun et al. have synthesized methylsilsequioxane
(CH;S10; 5, MSQ, Figure 15e) precursors with a ladder
structure for direct laser writing (DLW) woodpile 3D PCs
using TPP.2” This photoresist has the lowest amount of
organic groups, resulting in high thermal stability. The
decomposition of methyl groups starts at ca. 590 °C in
nitrogen and ca. 430 °C in air, making the MSQ 3D structures
compatible with typical silicon infiltration steps, such as low-
pressure chemical vapor deposition (LPCVD) using silane
at 500—550 °C. The silsesquioxane-based photoresist chem-
istry was recently modified and applied to conformal phase
mask interference lithography to create 3D periodic inorganic
microstructures.?’

Nevertheless, structures fabricated via photopolymerization
of viscous liquids often suffer large shrinkage, leading to
structure distortion and raising questions about structure
stability and reproducibility. From a copolymer of meth-
acryloxypropyl trimethoxysilane (MAPTMS) and zirconium
n-propoxide (ZPO) (see Figure 15f), Ovsianikov et al.
investigated fabrication of 3D PCs by TPP.2” By organically
modifying ZPO only partially (up to 30 mol %), they
fabricated ultralow shrinkage woodpile PCs with good
resolution (3.6 um long free-hanging lines and a structure
period of 1.2 um). In addition, the addition of ZPO
significantly increases the photosensitivity of the photopoly-
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mer. A clear band-stop in the near-IR region was observed.
The low shrinkage was attributed to the double polymeri-
zation ability of sol—gels.?!° During the pre-exposure baking,
the film underwent preshinkage through condensation of the
alkoxy groups, releasing alcohol, water, and any other
solvents present in the film, to form an inorganic matrix. In
the subsequent TPP, an organic network was formed without
the release of any small molecules; volume reduction was
found directly related to the average irradiation dosage. When
well above the polymerization threshold, the 3D structures
exhibited very low shrinkage.

Chalcogenide Glasses. Wong et al. explored the possibil-
ity to directly write a high-refractive-index woodpile PC in
As,S; chalcogenide glasses.?!! As,S; is an amorphous
semiconductor material with high refractive index (n =
2.45—2.53) and is highly transparent throughout the near-
IR and IR spectral regions. Chalcogenide glasses are known
for their photoinduced metastabilities.>'> They have been used
widely in optical storage media. First, As,S; was thermally
evaporated on a substrate, mainly composed of AssS¢ cage
molecules. Under local photoexposure, the AssSq cage
molecules are polymerized, forming a cross-linked As,S;
glassy network. This allows for selective wet etching of AsySe
cage molecules in the unexposed regions by a mixture of a
secondary amine (e.g., diisopentylamine) and a polar solvent
(e.g., dimethylsulfoxide). Neither shrinkage nor expansion
of the written structure was observed. The fabricated
woodpile structure exhibited a complete gap of 3.5% in the
IR. The direct fabrication of high-refractive-index PCs is
advantageous, since it eliminates the need for subsequent
inversion, which will be discussed in detail in the following
section. Larger PBGs could be achieved when higher
refractive index chalcogenide glasses, such as As,Se; (n =
2.78) or As—Se—Te composites (n up to 3.2), are used for
3D patterning.

2.4.3. Introducing Controlled Defects in Photonic Crystals

Although a wide range of 3D micro- and nano-objects have
been fabricated using two-photon lithography, the serial
writing nature of this method leads to relatively slow
patterning throughput compared to the aforementioned
interference lithography. Therefore, it is often attractive to
create defect structures in 3D PCs fabricated by other
techniques, for example, holographic lithography?'3~2!% and
colloidal assembly.?’!2167218 Incorporation of controlled
defects is the precondition for manipulating photons in PCs.
There have been two recent reviews detailing the efforts
taken to this end.!¢2!

Lee et al. first reported on writing defect structures in
colloidal crystals using a tightly focused multiphoton laser
beam.?! Typically, photo-cross-linkable resins are infiltrated
in colloidal PCs or their inverted structures, followed by two-
photon polymerization to write the defects (or waveguide
structures).' 3215218 T the post-fabrication process, precise
registration between the embedded defect structures and the
surrounding 3D lattice is critical to obtain low-loss high
quality waveguides. However, in the past the low resolution
of the reflectance imaging from the monomer/colloid inter-
face has limited the degree of control on the registration.
By switching from a reflective to a fluorescent imaging
technique, Nelson et al.>! recently have demonstrated the
possibility to achieve concurrent high resolution imaging and
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Figure 16. Latent images of a waveguide in a holographic pattern
created by sequential holographic and scanning two-photon optical
exposure. (a) The target structure: the sum of the calculated
photoacid densities created in the two-step exposure process. (b)
Experimentally measured photoacid density: confocal sections are
recorded at 0.4 Im intervals. (c) Confocal section (top) recorded
after holographic exposure and used to align the waveguide-writing
step and the corresponding section (bottom) after waveguide writing.
The overlay of white dots indicates reference points used to align
the test device. (Reprinted from ref 214. Copyright 2006 Wiley-
VCH Verlag GmbH & Co. KGaA.)

feature writing during TPP, enabling excellent lattice reg-
istration and exact placement of defect features in colloidal
crystals.

TPP has also been applied to holographic lithography
patterns. In this case, it is not necessary to infiltrate
photopolymerizable resin after HL since the photoresist
system can be formulated to be sensitive to both visible light
and two-photon excitation in IR. For example, by adding
pH-sensitive dye coumarin 6 in conventional SU-8 photo-
resists to visualize the photoacid distribution under a
florescence microscope, Scrimgeour et al.>!* have patterned
a 3D structure by HL, immediately followed by defect-
writing using TPP before subjecting the pattern to PEB and
developing steps. Here, the coumarin 6 can be protonated
by the released photoacids, resulting in a red-shift of
adsorption in the spectra. As seen in Figure 16, excellent
registration between the defect and the underlying HL 3D
pattern has been achieved, and the lateral resolution of two-
photon writing was clearly good enough to restrict the defect
to one motif of the 3D structures.

3. Backfilling Chemistry

Although major progress has been made in developing
fabrication methods to create a wide range of 3D photonic
structures, the low refractive index of the patterned films (n
< 1.7) has become the bottleneck that limits the realization
of complete PBGs in the fabricated 3D crystals for device
applications. The minimum required refractive index contrast
to open a band gap is 1.8 for a diamond D structure.** Many
research groups have investigated the backfilling strategy to
create high-refractive-index PCs from inorganic materials,
including titania (n = 2.2—3.0),'%143220 gelenium (n = 2.5),'**
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cadmium—selenium (n = 2.5—2.75),>*! amorphous silicon
(}’l — 3'45_4.2),10,154,215,218,2227226 gemlanium (n — 4'0),2277229
and Si/Ge multilayer shells®® using the fabricated 3D
structures as templates. These inorganic materials can be
deposited through either a dry process, including chemical
vapor deposition (CVD),!0154215.218.222-228.230 aomic layer
deposition (ALD),*'"2% and melting,'*® or wet chemical
methods, including liquid phase sol—gel reaction,'®:143:236-238
electrochemical reaction,??!?** and precipitation.?**?*! The
template is subsequently removed by solvent, thermal
decomposition, or selective chemical etching to backfill high
refractive index PCs with the inverse structure.

Most templates studied so far for backfilling are from
closely packed colloidal crystals, which have been reviewed
by several groups on choice of materials, the backfilling
morphologies, and PBG properties.?** ¥’ Figure 17 illustrates
several possible backfilling morphologies in inverse opals,
including residual volume structures (RVS), shell structures
(ShS), and skeleton structures (SkS).>*® The RVS and ShS
show a complete filling of residual volume and conformal
coating, respectively. The SkS consists of cylinders con-
necting crossings in octahedral and tetrahedral voids of the
opal. Theory has shown that the inverted fcc structures can
possess a complete PBG between the eighth and the ninth
bands, with 4.25 and 7.35% from high-refractive-index Si
and Ge, respectively.?* In the case of skeleton structures,
theoretical calculation has suggested a larger PBG at the
eighth or ninth band over shell structures and the appearance
of an additional PBG at the fifth or sixth band.?*” Neverthe-
less, it seems that the morphology of backfilled inorganics
does not have a large effect on PBG width but can tune the
band gap position within <200 nm wavelength.>>

In comparison, 3D lithography approaches are more
versatile to create a wide range of lattices. For example,
various triply periodic cubic phases, including simple cubic
P, gyroid G, and diamond D, can be formed by holographic
lithography?®* and are of particular interest because they
possess wide complete PBGs. It has been calculated that the
minimum required refractive index contrast is 2.8 for P, 1.9
for G, and 1.8 for D, respectively.** Compared to the colloidal
crystals, the volume fraction of air cavities can be conve-
niently controlled by the exposure intensity or the degree of
polymerization in a 3D lithography process. However, the
3D structures often possess a narrow pore connection, making
it challenging to completely fill the pores. In the case of triply
periodic bicontinuous structures, the pore sizes are not
uniform within the structure, where the motifs at the lattice
points of the corresponding structure are connected by
bridges to their nearest neighbors. As the inorganic layer
grows conformally and continuously over the template
surface, typically in the dry process of backfilling, the surface
of the pore network pinches off (i.e., disconnects) at the
narrowest pore channels before the interstitial voids are
completely filled (see Figure 18), resulting in the loss of
PBGs. 34233 Theoretical simulation of conformal coating on
P, G, and D templates suggests that the practically achievable
filling fractions at the pinch-off are 84% for D, 98% for G,
and 54% for P templates, respectively, resulting in 77% for
D and 98% for G of the corresponding maximum PBGs,
respectively, and the band gap does not open for P at the
pinch-off filling fraction.?! The study further suggested that
the band gap frequencies are not very sensitive to the subtle
morphology difference of the deposited layer.
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Figure 17. Schematic illustration of the building block concept to produce inverse opals. Three resulting structures with a fcc lattice are
residual volume structures (RVS), shell structures (ShS), and skeleton structures (SkS), from left to right. (Reprinted from ref 248. Copyright
2003 Wiley-VCH Verlag GmbH & Co. KGaA.)

age £

Figure 18. SEM images of diamond-like SU-8 structures (a) and
the inverted silica replica before (b) and after (c) the removal of
the template. The insets in parts a and ¢ show the (111) plane.
Scale bar: 1 um. The arrows in parts b and c indicate the unfilled
air voids. (Reprinted from ref 154. Copyright 2006 Optical Society
of America.)

3.1. Chemical Vapor Deposition (CVD)

Of many high-refractive-index materials, silicon receives
the most attention because of its high refractive index (n =
3.5—3.9), transparency in the near-IR and IR regions, and
compatibility with existing Si technology. Silicon PCs can
provide extreme confinement of light at the diffraction limit
and a possible way to manipulate light in micro-optical
circuits at telecommunication wavelength. Low pressure
CVD (LPCVD) using disilane (Si,Hg) as precursor has been
widely used to deposit silicon (hydrogenated, amorphous)
onto colloidal crystals?!#227226 and holographic!**?*'> and
two-photon lithography structures.?’’

Since the thermal decomposition of disilane requires high
temperature (above 300 °C), at which the polymer templates
begin to decompose as well, a double templating method is
employed using a sequential SiO,/Si CVD.??%2>2 First, the
polymer photonic structure is converted to a silica inverse
structure through consecutive exposures to SiCl, vapor and

Figure 19. SEM images of the (a) top view and (b) cross section
of polymer—air photonic crystals fabricated by holographic lithog-
raphy with an umbrella beam geometry. SEM images of (c) top
view and (d) SEM cross section images of air—silicon photonic
crystals from polymer templates. (Reprinted from ref 215. Copyright
2008 American Institute of Physics.)

water vapor using atmospheric pressure at room tempera-
ture.>>> Alternatively, a combination of Al,03/SiO, bilayer
coating was also investigated before subsequent deposition
of high-refractive-index inorganic materials (e.g., Ge).?”® A
20 nm AlO; layer was first deposited on the polymer
scaffold by an ALD process at 180 °C, followed by CVD
of SiO, from SiCly(g). The ALO; layer offers higher
mechanical and thermal stability than the SiO, layer obtained
by using CVD, therefore enhancing the stability of the
deposited SiO, layer and preventing crack formation during
subsequent processing steps. Taking this knowledge, Ra-
manan et al.”!® have attempted a single inversion procedure
to convert HL patterned SU-8 3D structures to silicon—air
structures by depositing a 30 nm conformal layer of alumina
at 90 °C by ALD, followed by LPCVD of disilane at 325
°C for 15 h (see Figure 19). The Al,Os; thin layer acted as a
sacrificial layer, which was later removed by HF, thus
exposing the polymer network to air. This strategy was found
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Figure 20. SEM images of titania inverse opal fabricated by a low-temperature ALD process: (a) ion-milled (111) surface; (b) fracture
surface; (c) reflectivity data from stepwise TiO,-infiltrated SiO, opal. Measured spectra versus ALD cycles. (Reprinted from ref 231. Copyright

2005 Wiley-VCH Verlag GmbH & Co. KGaA.)

useful to limit crack formation when calcinating the SU-8
template at 410 °C for 4 h.

Recently, laser-assisted CVD has been applied to deposit
silicon on silica colloidal crystals.>*** A continuous wave
Nd:YAG laser (1064 nm wavelength)*? or a continuous-
wave CO; laser (10.6 um wavelength)** was used to deposit
silicon shells by thermally decomposing disilane gas. By
removing the silica particles enclosed in the silicon shells
using hydrofluoric acid, hollow spherical silicon-shell ar-
rays>? and silica-core—silicon-shell*** PBG structures were
produced. By adjusting the silica particle size and Si-shell
thickness using different LCVD parameters, this technique
is capable of fabricating structures with various morpholo-
gies, therefore, will enable engineering the position and width
of PBGs.

3.2. Atomic Layer Deposition (ALD)

ALD is an improved version of the CVD process, allowing
more uniform conformal coating at a very slow deposition
rate. Typically, a binary reaction is split into two half
reactions. The growth of inorganic materials in ALD is
achieved layer-by-layer through sequential exposure to one
of two complementary chemical species, where individual
precursors are supplied to the reactor one at a time, coupled
with substrate temperature optimization.? Therefore, one
distinctive characteristic of ALD over CVD is the self-
limiting film growth, which enables accurate film thickness
control, uniformity over large areas, and good conformity
and reproducibility. Various materials, including SiO,, WN,
Ti0,,231233234 73S:Mn,>*? TaNs, GaAs, and Al,05,2% have
been deposited onto a sacrificial template to create high-
refractive-index PCs. For example, King et al. fabricated
TiO, inverse opals by a low-temperature ALD process
(Figure 20a,b).>*' The ALD growth was performed by
alternating pulses of TiCly and H,O precursors. The reflec-
tivity from the I'—L direction was measured after each step
and demonstrated high precision infiltration of TiO, (<I nm)
through ALD (Figure 20c). At a growth rate of 0.51 A per
cycle at 100 °C, maximum infiltration (88%) was achieved

|
!
|

c.
'
'
'
:
'
'
'
'
E
D
<

A, A, B c

Figure 21. (a) SEM image of titania skeleton structures. (b)
Schematic representation of the hypothetical processes during
calcination. (Reprinted from ref 250. Copyright 2007 Elsevier.)

1
[
P

by the 350th ALD cycle. Later, the same ALD chemistry
was applied onto the holographically patterned SU-8 tem-
plates, followed by the reactive ion etching to remove the
polymer.?33 Although the growth rate could be further
increased by optimizing the ALD conditions, in general ALD
is a very slow process.

3.3. Sol—Gel Reactions

In contrast to dry deposition approaches, wet chemical
methods offer greater potential to achieve maximal filling
of inorganic materials in the 3D templates.?¥-241:236257
Moreover, Dong et al. discovered a new skeleton morphology
when filling the colloidal crystal template with concentrated
titania precursor in ethanol solution. The skeleton structure
possessed a larger PBG between the eighth and ninth band
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Figure 22. (A) SEM image of titania inverse opals. (B) (a) Calculated high-frequency and (b) low-frequency band structure diagram
showing the I'—L [111] direction for an inverse opal. Stop gaps are indicated by the hatched regions. Optical reflectance spectra of titania
inverse opal with lattice constants of (c) 535 nm and (d) 310 nm. Inset: SEM titania inverse opal. (Reprinted from ref 238. Copyright 2008

American Chemical Society.)

over shell structures, and an additional band gap between
the fifth and sixth band.?****” They assumed that the obtained
skeletons were snapshots on the synthesis pathway from a
titania gel to a solid structure during the heat treatment.?"
Briefly, during calcination removal of the PS colloidal
template concurs with polycondensation of the sol—gel,
resulting in large shrinkage of the film. If the PS particles
are burned or melted, the titania gel will reshape into
cylinders (in Figure 21b: A1 — A2) to lower the surface
tension. After the reshaping, the global shrinkage of the
whole structure starts isotropically (A2 — B). However, a
local change in the structure cannot always be followed by
the whole system. Therefore, the cylinder can only shrink
in its radius (B — C), forming a skeleton morphology.
Various sol—gel precursors for SiO,, ZrO,, TiO,, and
Al,O, have been studied to form inverse opals,2#2243:258:259
Although fabrication is relatively simple, the sol—gel reaction
often lacks the quality and precision of conformal coating
by the top-down CVD or ALD process. TiO, precursors, e.g.
titanium-alkoxides, are typically air/moisture sensitive, mak-
ing it difficult to control the degree of infiltration in an open

environment. In addition, multiple deposition/drying cycles
are required to create a robust 3D structure without pattern
collapse. However, in any deposition cycle, there is a
possibility that the deposition is not confined in the template
and/or the residual precursors may block the template,
resulting in incomplete filling. There has been a wide range
of study to optimize the precursor solution for better
infiltration and more uniform coating.?**2* Recently, Galusha
et al. have shown a much improved sol—gel infiltration and
processing method, resulting in planar titania inverse opals
with controlled thickness and a uniformly flat and open
surface without the need of postinfiltration structural etching/
milling steps.?*® They prepared the precursor solution by the
mixture of titanium—alkoxide and fluorinated organic and
strong inorganic acids. Solubilizing titanium-alkoxides to-
gether with trifluoroacetic acid molecules form stable build-
ing blocks for further cross-linking. In addition, the presence
of fluorinated acid improves the hydrophobic character of
the precursor, allowing for a more uniform wetting of the
polystyrene template. Figure 22 shows the SEM image, band
gap diagram, and reflectance spectrum of their TiO, inverse
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Figure 23. SEM images of 3D inverse titania crystals after preannealing at 375 °C and calcination at 500 °C for 3 h. (a) Top view and
(b, c) cross-sectional views at different magnifications. The film was electrodeposited for ~79 min. (Reprinted from ref 239. Copyright

2008 American Chemical Society.)

opals. In addition to the first-order PBG, they can measure
the PBG at a higher-frequency region, which is very sensitive
to structural defects due to the increased density of optical
bands. This reveals the excellent quality of the inverse opals.

3.4. Supercritical Deposition

Superecritical deposition is in between liquid and vapor
deposition, where the precursor is deposited onto substrates
through supercritical state fluids. Specifically, supercritical
carbon dioxide (scCO,) is most frequently used as a medium
because of its low cost and formed at low critical temperature
and pressure (7, = 31 °C, P. = 73.8 bar).?®® Many ceramic
precursors such as metal alkoxides can be dissolved in
5¢C0,.2°! Compared to the liquid phase deposition, scCO,
possesses low viscosity, high diffusivity, and very low
surface tension; therefore, the infiltration of precursors can
be much improved. Moreover, metal oxide can be selectively
deposited on the template surface by controlling the solubility
of ceramic precursors in scCO,. Cabanas et al. have showed
selective deposition of silica onto a colloidal crystal surface
by loading opals, silica precursor (TEOS), and water
separately in the high pressure reactor.?®> At the supercritical
state, TEOS and water are diffused into scCO,; however,
TEOS does not react in the supercritical phase. Instead, the
sol—gel reaction occurs only on the particle surface, where
the acidic catalyst is absorbed. It should be noted however
that many polymer particles can be highly soluble in
s¢CO,.263264 For example, the sorption of CO, in polystyrene
at 40 °C and 85 bar is 12—13 wt %, which reduces the glass
transition temperature of polymers. Although the 7, of PS
at atmospheric pressure is about 105 °C, it decreases as CO,
pressure increases, ~ 1 °C/bar up to 60 bar. This limitation
can be overcome by addition of cross-linkers during particle
synthesis and introduction of polar groups, such as carboxylic
acid, on the particle surface. The deposition in scCO, shows
less volume shrinkage after the removal of PS templates and
the silica shell coating on inverse opals showed much larger
surface areas, in comparison to the case of a conventional
liquid phase reaction.

3.5. Electrochemical Deposition

The electrochemical methods have been widely used to
deposit metals (e.g., Au, Ag, W, Pt, Pd, Co, Ni, Cu),>6>%7
metal chalcogenide (e.g., CdS*! and CdSe*®), and semi-
conductors (e.g., Ti0,?%® and ZnO**"). Since metals are
largely absorbing at visible and near-infrared light itself,
previous work has been mainly focused in polymeric and
dielectric PCs. Metallic PCs have attracted great attention
in recent years due to the potential for new properties and
phenomena, including tailored thermal emission,!? localized
surface plasmonic resonance (LSPR),?%%2% as well as PBG
properties at IR wavelengths.?’”® Gold*®® and silver?’! inverse

opals have been formed by electroplating the silica particles,
followed by colloidal assembly via sedimentation. Yu et al.
have prepared Ni inverse opals and showed the thermal
emission properties.?’?

Another unique characteristic of electrochemical deposition
is the possibility of complete filling, since the growth starts
from the bottom of the structures and then fills the voids
toward the surface.?”® Previous experimental studies have
shown that it is challenging to completely fill the holographi-
cally patterned structures through a top-down evaporation
process. Since the pore sizes within the 3D structures are
not uniform, the conformally coated pore surface begins to
pinch off at the narrowest channels before achieving
complete filling. Calculation further confirms that it is nearly
impossible to completely fill such templates by a conformal
coating process.?!

Xu et al. recently demonstrated electrodeposition of TiO,
within an insulating 3D polymer template patterned from
HL.>® The titania precursor solution was prepared by
oxidizing titanium powder in acidic solution containing
potassium nitrate (KNOj). The titania electrodeposition
occurred in three steps. First, the nitrate ions were electrore-
duced and generate hydroxide ions, increasing the local pH
and hydrolyzing the titania precursor to form a dispersion
of sol particles on the charged surface. As the electrochem-
istry proceeded, the sol particles were cross-linked to form
the titanium oxyhydroxide gel network. At the early deposi-
tion stage, a thin titania layer appeared to be conformally
coated on the SU-8 template. Since the polymer film is an
insulator, building up a conformal coating of a TiO, thin
“seed” layer on the polymer template at the initial stage is a
critical step for the subsequent electrodeposition throughout
the 3D microporous template. Once the seed layer was
established, the deposition proceeded rather quickly. The 3D
SU8 template was completely filled in a bottom-up fashion
(see Figure 23). In comparison to conventional sol—gel
backfilling, electrochemically induced sol—gel reaction offers
several advantages that appear attractive for potential com-
plete filling. First, the electrochemistry generates high local
pH and a pH gradient within the pore channel, leading to
formation of a compact film from the template bottom up*’
and filling small pores (diameter <20 nm).>*® Second, the
deposition thickness can be controlled by varying the
deposition time and current or potential of the counter
electrode. Third, the deposition rate could be manipulated
by the concentration of electrolyte solution and/or the current
or potential of the counter electrode.

3.6. Chemical Reduction

Although inverse high-refractive-index PCs have been
demonstrated through various templating approaches (see
section 3.1), questions remain as to whether the template is
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Figure 24. SEM images of (a) Aulacoseira diatom frustules and
(b) a MgO/Si composite replica after reaction of an Aulacoseira
frustule with Mg(g) at 650 °C for 2.5 h, (c) a silicon-bearing replica
produced by selective dissolution of magnesia from a MgO/Si
replica in an HCI solution, and (d) a silicon replica after the HCI
treatment and an additional treatment in a HF solution. (e, f) Energy
dispersive X-ray analyses obtained from silicon frustule replicas
of the type shown in parts ¢ and d, respectively. (Reprinted from
ref 274. Copyright 2007 Nature Publishing Group.)

completely filled. It is also critical to control the coating
thickness, preanneal the backfilled sample, and optimize the
heating rate to densify the infiltrated inorganic materials
before removal of the polymer template to prevent pattern
collapse.?*® Furthermore, the multiple steps involving back-
filling and template removal at high temperatures (=350 °C)
could induce defects and cracks. Bao et al.?’”* demonstrated
a shape-preserving method through magnesiothermic reduc-
tion for converting intricate nanostructured silica microshells
(frustules) of diatoms (unicellular algae) into microporous
nanocrystalline silicon replicas at a relatively low temperature
(650 °C) (see Figure 24). The silica nanostructures were
converted into cocontinuous, nanocrystalline mixtures of
silicon and magnesia by reaction with magnesium gas:

2Mg(g) + SiO,(s) — 2MgO(s) + Si(s)  (3)

The MgO can be removed by an HCI solution to obtain
the Si replica while preserving the original shape. Uniform
distribution of silicon and magnesia retains the 3D morphol-
ogy and nanoscale features (rows of fine pores, narrow
channels) during the etching of magnesia. The current yield
of reduction is 100 mg h™!; however, it is amenable to scale-
up. The shape-preserving magnesiothermic reduction process
can be applied to both biological and synthetic silica
templates.?”> Therefore, it is possible to engineer the micro-
and nanostructures to create large quantities of 3D silicon
crystal assemblies with similar or slightly different microscale
shapes and nanoscale features for applications, such as chemical
and biochemical sensing, and electronic and optical devices.

Moon and Yang

4. Summary and Outlook

3D PCs that can reflect light from any direction or guide
photons potentially offer revolutionary advances in the next-
generation microphotonic devices and the integration of
existing opto-electronic devices. In the last two decades, there
has been a race in developing new techniques to fabricate
3D PC structures with large complete PBGs. In recent years,
considerable effort has been directed to explore novel
materials that will enable mass production of 3D PCs with
controlled size, symmetry, defect(s), and high refractive index
over a large area. While self-assembly approaches are simple
and the least expensive, they inevitably will introduce random
defects during the assembling process. Thus, control of
surface chemistry, composition, and concentration of col-
loidal particles and choice of dispersion medium are critical
to the long-range ordering and orientation in colloidal
crystals. In comparison, top-down lithography offers an
intrinsically defect-free method to create perfect crystalline
structures. However, in practice (1) film shrinkage and optical
refraction during lithography steps can cause lattice distor-
tion, (2) incomplete filling can decrease the PBG width and
optical quality of the film, and (3) low thermal and
mechanical stability during backfilling and template removal
can lead to pattern collapse and crack formation in the 3D
structures. Therefore, investigation and development of high
fidelity materials have become pressing issues in 3D fabrica-
tion of PCs. However, the materials used in 3D fabrication
are rather limited, for example, mostly relying on com-
mercially available SU-8 in interference lithographic pro-
cesses. In this review, we discuss the recent advances in 3D
fabrication of PC structures over a large area from the
chemistry point of view. Since the backfilling process is
typically required to enhance photonic properties, various
backfilling chemistries, e.g. wet vs dry process, double
templating vs single templating, and organic vs inorganic
templates, are also reviewed. While the dry process, such as
CVD and ALD, offers precisely controlled and uniform
coatings on a template surface, it requires templates to be
thermally and mechanically stable at a high backfilling
temperature (typically above 400 °C). In addition, it is very
difficult to achieve complete filling by the top-down con-
formal coating process. In comparison, wet deposition
methods offer a broader range of backfilling chemistry and
the possibility of complete filling of the porous structures.

It will be ideal if one can combine the benefits of mass-
production using self-assembly approaches and of large-scale
production using a lithographic process. A few groups have
started to couple at least two nonconventional lithographic
approaches together in a parallel process and have shown
promise for the rapid production of 3D structures with
submicrometer periodicity and no defects over a large area
(up to cm?). In addition, there has been rising interest in
creating 3D structures from environmentally responsive
materials, such as hydrogels, and through infiltration of
responsive nanoparticles into the 3D templates. Although
these 3D crystals do not possess enough high-refractive-index
contrast to obtain complete PBGs, they open a new door to
tune the photonic properties (e.g., band gap width and
position) and, furthermore, present intriguing new discovery
and new phenomena beyond photonic applications, including
sensing, microfluidics, tissue scaffold, and mechanical and
structural materials.
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