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Abstract

Over the last three decades, photonic crystals (PhCs) have attracted intense interest thanks to their

broad potential applications in optics and photonics. Generally, these structures can be fabricated via
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either “top-down” lithographic or “bottom-up” self-assembly approaches. The self-assembly approaches
have attracted particular attention due to their low cost, simple fabrication processes, relative convenience
of scaling up, and the ease of creating complex structures with nanometer precision. The self-assembled
colloidal crystals (CCs), also known as colloidal PhCs, have offered unprecedented opportunities for
photonics, optics, optoelectronics, sensing, energy harvesting, environmental remediation, pigments, and
many other applications. The creation of high-quality CCs and their mass fabrication over large areas are
the critical limiting factors for real-world applications. This paper reviews the state-of-the-art techniques
in the self-assembly of colloidal particles for the fabrication of large-area high-quality CCs and CCs with
unique geometries to open a complete photonic bandgap (cPBG). The first part of this review summarizes
the types of defects commonly encountered in the fabrication process and their effects on the optical
properties of the resultant CCs. Next, the mechanisms of the formation of cracks/defects are discussed,
and a range of versatile fabrication methods to create large-area crack/defect-free two-dimensional and
three-dimensional CCs are described. Meanwhile, we also shed light on both the advantages and
limitations of these advanced approaches developed to fabricate high-quality CCs. The challenges and
achievements in the fabrication of CCs with a cPBG via self-assembly, such as those with cubic diamond
and pyrochlore structures, are discussed as well. Then emerging applications of large-area high-quality
CCs and unique photonic structures enabled by the advanced self-assembly methods are illustrated. At
the end of this review, we outlook the new approaches in the fabrication of perfect CCs, CCs with a cPBG

and highlight their novel real-world applications.
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1. Introduction

Photonic crystals (PhCs) are a class of novel optical materials,'? in which the dielectric materials are spatially
and artificially organized into a periodic structure. Initially, PhCs were first proposed independently by
Yablonovitch!' and John? in 1987 to control the spontaneous emission of light and to realize photon localization.
One of the extraordinary properties of a PhC is that it features a photonic band gap (PBG), in which electromagnetic
waves having energy within this band gap are prohibited from propagating through the PhCs. The formation of the
PBG is a result of the periodic arrangement of the dielectric materials. The most prominent feature of PhCs is that
they can display iridescence as a result of diffraction. In the 1960s, when trying to characterize natural opals under
SEM and X-ray, researchers discovered that they were, in fact, colloidal crystals (CCs).* > Some natural examples
are the multilayered structure of flashing wings of several insects (Figure 1a and d), peacock feather (Figure 1b),
pearls and natural opals (Figure 1c), and etc. A micrograph of a fractured iridescent green butterfly scale (/eft
bottom) reveals the submicrometer-size face-centered cubic (fcc) periodic structure inside (Figure 1a and d). Opals,
as shown in Figure 1c, consist of submicrometer-size silica (SiO,) spheres arranged in an fcc (close-packed)

structure. According to their structural periodicity, PhCs can be classified into one-dimensional (1D), two-

dimensional (2D) and three-dimensional (3D) PhCs (Figure 1e).
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Figure 1. Photonic crystals occurred in nature: (a) the blue iridescence from the Morpho butterfly and SEM image of the 1D structure of the
Morpho butterfly.® (b) A digital photograph (left) of multi-colored peacock feather (Image by Wikimedia Commons/CC BY-SA 3.0) and
TEM image (right) of the transverse cross-section of the 2D structure of the blue area of a wing.” (¢) A digital photograph (left) of natural
opal gemstone and SEM image (right) of the SiO: sphere structure inside the gemstone. 8(d) A digital photograph of the wing of the male
Sasakia Charonda butterfly (top) and SEM image (bottom) of the 3D structure of the iridescent white area.’ (€) Schematic representation of
1D, 2D, and 3D PhCs, with different colors indicating different dielectric constants.? Reprinted with permission from Journal of Materials

Chemistry C,'° copyright 2015 Royal Society of Chemistry.



In general, there are mainly four methods to fabricate 3D PhCs, namely “top-down” micromachining

)’23—29 and

(Figure 2a),'""!” holographic lithography (Figure 2b),'®2>? laser direct-writing technique (Figure 2¢
“bottom-up” self-assembly (Figure 2d-f).***° Although traditional “top-down” microfabrication techniques
provide precise control over structured defects, they are very tedious, expensive and have trouble in making 3D
PhC structures. The last “bottom-up” method, which is based on colloidal self-assembly, provides a straightforward
and cheap approach to fabricating 3D PhCs. Because the size of colloidal particles is comparable to the wavelength
of light, colloidal crystals (CCs) are good candidates for making PhCs. While conventional self-assembly of
colloidal particles itself generally does not yield a PhC with a complete photonic band gap (cPBG), it produces a
colloidal crystal (an artificial opal, Figure 2e), which can be utilized as a sacrificing template to prepare a 3D PhC
(an inverse opal, Figure 2f).3-** Moreover, a myriad of computational studies have indicated that self-assembly of
special building blocks can lead to the formation of diamond or pyrochlore structure colloidal PhCs, which are

sought-after for their ability to open a cPBG in the visible region at a low refractive index contrast.*!**> Recently,

using special DNA-coated colloidal particles, cubic diamond structure PhCs with a cPBG (Figure 2d)* and other

44-46

complicated structure PhCs were achieved via DNA-mediated self-assembly.

Figure 2. (a) SEM image of a cross-sectional view of 3D PhCs made of polycrystalline silicon (Si) via the photolithographic method.
Reprinted from Nature,'? copyright 1998 Springer Nature. (b) SEM image of polymeric PhCs generated using holographic lithography.



Reprinted with permission from Nature,' copyright 2000 Springer Nature. (¢) SEM image of 3D PhCs fabricated by direct laser writing.
Reprinted from Nature Materials,?® copyright 2004 Springer Nature. (d) SEM image of the (111) plane of diamond-like colloidal PhCs
prepared via colloidal self-assembly of patchy compressed clusters. Reprinted from Nature,3® copyright 2020 Springer Nature. (e) Cross-
sectional SEM image of planar colloidal PhCs (synthetic silica opals) prepared via self-assembly. Reprinted from Nature,>* copyright 2001
Springer Nature. (f) SEM image of internal (111) facet of Si PhCs fabricated with a colloidal crystal templating method. Reprinted from
Nature,> copyright 2000 Springer Nature.

The colloidal self-assembly approach to 3D PhCs typically begins with the crystallization of CCs (opals).
CCs are 2D or 3D periodic structures fabricated from sub-micron particles suspended in a colloidal solution via

47, 48

self-assembly. CCs have various potential applications such as PhCs, refractive flat-panel displays,* optical
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filters,>® 5! switches,’>>* lasers,> optical sensors, and non-bleachable color materials.*® ¢-62 Self-assembly
approaches have attracted intense interests as promising alternatives to conventional top-down methods for the
scalable, low-cost synthesis of PhCs.* ¢! 6366 The use of these self-assembly methods for large-area fabrication of
colloidal crystal films, however, has typically led to the formation of cracks, vacancies, domain boundaries,
dislocations and other types of defects.®” %8

The quality of the CCs is of paramount importance to the optical properties of the resultant PhCs. Researchers
have extensively investigated the influences of various defects and disorders in PhCs on the optical properties in
many different aspects.®’! The impact of those defects and disorders, including sphere vacancies, random position
errors, and line dislocations,’ planar stacking faults,” deviations of spheres sizes and positions,’* controlled defects

in PhCs,”>"” and correlated and uncorrelated disorders in 1D structures”™ has been investigated. In general, a long-

range disorder in PhCs, which refers to smooth distortion in lattice constant caused by size deviations of spheres or

72, 74,79 69,72,

nonhomogeneity of the PhCs, can widen the bandgap, as well as slightly diminish the reflectance peak
80-84 Furthermore, it is also found that, by introducing a particular type of long-range disorder into a PhC, the lower
part of the Bragg diffraction peak of the PhCs is enlarged, and the Bragg reflection peak of the PhCs varies from
inverted U-shape to inverted V-shape.®> Short-range disorder, including grain boundaries, point defects, and
unstructured colloids, widely exists in PhCs, and it can remarkably decrease the Bragg reflection peak. This mainly
can be attributed to the diffuse scattering caused by these short-range disorders. The diffuse scattering results in
much smaller reflectance intensity observed in experiments than that of being theoretically predicted from perfect
PhCs.* 87 Moreover, the reflectance of PhCs containing specific short-range disorders have two distinct features,
namely, a significant decrease of reflectance at the shortwave region, and slight alteration of the reflection peak

shape from an inverted “U” to a smooth inverted “V”.* Li ef al. demonstrated that the photonic bandgap of a self-

assembled 3D PhC is extremely sensitive to the presence of geometric disorder in the CCs.* Particularly, a



disordering strength of even less than 2% of the lattice constant will destroy the bandgap completely.®® Albeit full
of challenges, the fabrication of defect-free CCs is of both fundamental and practical importance. Therefore, various
methods have been developed so far to self-assemble colloidal spheres into CCs.

Among various defects and disorders, cracking in CCs after film formation is mainly ascribed to capillary
stresses and further fracture upon post-treatment, such as drying and sintering. The formation of cracks restricts the
application of the resulting colloidal PhC films in high-performance optical devices as the cracks significantly
degrade the optical quality and mechanical strength of the colloidal PhCs.*-*? In addition to cracks, the existence
of a variety of other defects, such as point defects, dislocations, and stacking faults generated during the self-
assembly process, drying stages, or infiltration steps, also prevents the utilization of the resulting colloidal PhCs in
many practical applications.”” Therefore, the most significant challenge that remains to be conquered before CCs
can be successfully engineered as PhC devices is their experimentally accomplishable degree of structural
perfection and optical quality.

An interesting question may be raised here: how perfect of CCs is ‘perfect’? For self-assembled CCs, a “perfect’
colloidal crystal sample should possess low crack density, low angular rotation between domains, large domain
size, high mechanical strength, good chemical and thermal resistance, as well as spectrally distinct reflectance
peaks.®”- >3 To date, considerable efforts have been devoted to growing CCs of high structural and optical quality,
and significant progress has been achieved. In this review, we will provide a comprehensive overview of the recent
progress achieved in the fabrication of defect-free CCs in large-area and self-assembly of CCs with the ability to
open a cPBG and present our outlook on the future development in this field. We start with the theoretical and
experimental studies on the intrinsic defects, with a specific focus on key parameters determining the defect
formation and colloidal crystal quality during and after the self-assembly process. Simulation studies on different
self-assembly routes to fabricate CCs with the ability to open a cPBG is also discussed. In the following section,
the general underneath strategies and individual methods to fabricate large-area high-quality CCs, including high-
quality 3D CCs (opals, cubic diamond structure CCs, etc.), inverse opals, and 2D CCs, will be refined. In particular,
a wide variety of novel methods on the minimization or elimination of cracks in these colloidal assemblies will be
reviewed. Then, we summarize the emerging applications of high-quality CCs in practical applications and
elucidate the working principles, practical strategies, advantages, and limitations of CCs in developing advanced
devices and functional materials. At the end of this review, a summary of current research activities on preparing

high-quality CCs is presented. Perspective on potential approaches to high-quality, large-scale CCs is also provided



to overcome several existing challenges in colloidal crystal production. Conventional self-assembly methods that
are used to fabricate PhCs will not be included here. Readers can refer to several excellent reviews published
elsewhere 3! 48 1. 96-102 The fabrication of large-area 1D PhCs is much more straightforward since it falls into the
conventional way of making defect-free films.!® For example, large-area and high-quality brush block copolymer
1D PhCs can be easily fabricated via self-assembly!'® 1% or direct-write 3D printing methods.!* One recent review
has summarized the fabrication and application of 1D PhCs.!%” Therefore, the fabrication of 1D PhCs will not be
reviewed here either. Instead, this review is mainly focused on the assembly of spherical building blocks, and

related work on the self-assembly of building blocks with other geometries will not be discussed much here.

2. Defect classification and description

A defect-free material is ideal and almost does not exist. In reality, any materials, no matter how perfect,
possess some sort of defects. Generally, defects in CCs can be classified into two categories: spontaneous defects
and designed defects. The spontancous defects, also known as intrinsic defects, are undesirable in most cases.
Therefore, it is necessary to eliminate or at least minimize them. The spontaneous defects include point defects,
domains, stacking faults, dislocations, and cracks.®®

A point defect in PhCs is often known in three types, (i) Schottky defect (missing of a sphere, Figure 3a), (ii)
Frenkel defect (a sphere in size is remarkably smaller than its adjacent counterparts, Figure 3b) and (iii) the
occurrence of a sphere that is notably larger than its neighboring spheres and alters the order of the lattice, thus
giving rise to long-range distortions (Figure 3c¢). Dislocations are extended defects that are present in two forms,
step dislocation and screw dislocation. In a step dislocation of CCs, the lattice close to the edge of the extra half-
plane is distorted by an extra half-plane of spheres. Screw dislocation in CCs involves the formation of a spiral
ramp from sphere planes wound around the line of the dislocation (Figure 3e). Distortions attributed to a single
defect can appear in the lattice that propagates much further than in atomic or molecular crystals. Domains generally
can be treated as volume defects (3D defects), which can vary substantially in their dimensions. Figure 3f indicates
a separated domain of a few tens of lattice constants. In addition, small volume defects consisting of local
rearrangements and clusters of vacancies can also occur (Figure 3c). The empty volumes create internal stress that
results in disturbed areas in the lattice (Figure 3d). The formation of cracks (Figure 3e) occurs during the drying
of wet ordered PhC structures upon shrinkage of the colloidal crystalline lattice. A recent review article provides

detailed discussions on defects in colloidal PhCs.%®
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Figure 3. Examples of defects in self-assembled CCs. SEM images showing point defects: (a) vacancy, (b) Frenkel defect; (¢,d) SEM images
of vacancy associations; (e) a crack and screw dislocations; (f) SEM image showing screw dislocations running into the page and forming
typical triangular features; (g) SEM image of a (111) plane displaying different defects (sedimented sample). The finite-length lines can be
attributed to a section of the observation plane with ribbons penetrating this plane at a certain angle. Reprinted from Angewandte Chemie
International Edition,”® copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA.

The aforementioned defects are spontaneously formed during CCs self-assembly. As a matter of fact, defects
can also be intentionally fabricated. In PhCs, it is believed that the imperfection of PhCs rather than their perfection
provides them with interesting properties. Recently, the design of specific functional defects in 3D PhCs have
developed into a hot research topic called “defect-engineering” in PhCs, which has been reviewed in previous
literature.!® 1% The reader is referred to these two excellent review papers for fundamental aspects as well as
practical applications of defect-engineering in PhCs. In the following sections, we will introduce the theoretical
and experimental studies on the intrinsic defects, which occur during and/or after the self-assembly process and

summarize the approaches developed to avoid or minimize these defects in self-assembled colloidal PhCs.

3. Fundamentals of self-assembly routes to CCs
3.1. Mechanism of defects formation and key factors affecting CCs quality
Spontaneous defects, which are inherent in all types of opaline CCs, are caused by a wealth of reasons. For

example, localized lattice distortions or vacancies can result from the utilization of polydispersed building blocks

in self-assembly. Besides, defects can generate during the self-assembly of colloidal particles for entropic reasons



and inadequate times of lattice optimization (kinetic effect).!!

Cracks have a considerable influence on scattered light with a wavelength smaller than the lattice constant
of the CCs. The formation mechanism of cracks, however, has been argued for many years because of the
complexity of the self-assembly process.!!! In preliminary studies, it was believed that cracks occurred as a result
of the solvent evaporation during the assembly process.!'*!!* Later, progressive studies confirmed that cracks
mainly formed at the drying stage to release the tensile stresses.!!> ''® To date, researchers generally believe that,
during the self-assembly and the drying stage of the fabrication of opaline CCs, the drying induced shrinkage of
colloidal spheres constrained by a rigid substrate gives rise to capillary stresses, which leads to the formation of
cracks. The conditions for the fabrication of inverse opals are a little bit more complicated. The cracks can also
form during the infiltration step and the calcination step in the fabrication of inverse opaline CCs.

Tremendous efforts have been devoted to understanding the mechanism on how drying films crack, and there
is much disputation on the origins of crack formation, with many competing mechanisms proposed.''* ''7 The
fundamental question stems from what stress induces the colloidal film to crack. Dufresne and co-workers found
that the evolution of the compaction front restricted the crack growth, which was regulated by an equilibrium of
evaporation and fluid flow at the drying surface.!'* Moreover, the cracking film was wet, except at the position of
cracks, indicating that the capillary forces were unambiguously accountable for the film failure. Lee and co-workers
compared the experimental spacing between cracks with predicted values based on a model by assuming
equilibrium between the released elastic energy and the consumed surface energy.!!"* They introduced a new scaling
for the spacing between cracks in drying dispersions, which was related to the solvent flow distance for capillary
stresses relief. It was found that the capillary pressures, generated by packed particle fronts horizontally traveling
across films, resulted in the failure in dried films. In another study, Tirumkudulu et al. utilized colloidal particles
of diverse radii to investigate conditions when capillary stresses normal to the film elastically deformed the particles
and generated tensile stresses in the plane of the film.!" In their experiments, the films cast from nanoparticle
dispersions generated tensile stresses. The films eventually became transparent even when water is absent, implying
that van der Waals forces can contort the colloidal particles. They further calculated the critical stress at cracking
and the concomitant crack spacing, which was consistent with the observed values. Zhou et al. also conducted a
computational study on the changing capillary in order to obtain a refined approach to controlling the growth of

CCs.'"?



a Particle layer b Particle multi-layers

-8

Solvent
evaporation Solvent
o - evaporation
s .l . <
E { 1‘Attr_actlve E
2 . capillary forces 2

Convective
particle flux

Convective ‘ .
particle flux ‘ . .

Figure 4. Schematic illustration showing the mechanism of self-assembly of colloidal particles in the vertical deposition method in the case

of (a) single- and (b) multi-layer colloidal crystal arrays. Reprinted from Sofi Matter,'?° copyright 2005 Royal Society of Chemistry.

Self-assembly approaches to PhC films possess their own unique features among various film formation
processes. For example, convective self-assembly is the most commonly used approach to fabricating 2D and 3D
CCs.'?!: 122 For the fabrication of 2D CCs, the mechanism of colloidal crystallization, i.e., convective assembly,
consists of two stages. In the first stage, attractive capillary immersion forces, mediated in the solvent meniscus
between the colloidal particles at the drying front, induce colloidal aggregation and initiate colloidal crystallization
(Figure 4a). In the second stage, solvent evaporation from the preformed ordered colloidal arrays generates a
convective colloidal particle flux from the bulk of the colloidal suspension to the drying colloidal particle layer.
The monotonic formation of 2D colloidal arrays is highly dependent on the intricate equilibrium between the
capillary forces and the convective flux of colloidal particles in the course of solvent evaporation.'?* With respect
to the self-assembly of 3D CCs, the process of convective transfer of colloidal particles from the bulk of the
suspension to the thin wetting film is dominant (Figure 4b). The evaporative solvent loss drives the colloids towards
the drying zone of the colloidal film. In the drying zone, colloidal particles are compressed towards the front of the
crystal by the solvent influx, which percolates through the cavities of the colloidal crystal arrays.'?! Capillary
bridges between particles are formed during the solvent evaporation from the colloidal drying film. These bridges
impose strong attractive capillary forces that can generate cracks in the dried colloidal films.

In a typical self-assembly process, solvent evaporation from a thin film of colloidal suspension on a non-
deformable substrate concentrates the sub-micron colloidal particles into a close-packed array. With further
evaporation, the liquid meniscus at the top layer of the particle network exerted a compressive capillary force on

the colloidal particle network.'?* In general, the colloidal crystal thin film binds to the substrate and counteracts
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deformation in the transverse direction, generating transverse tensile stresses.''® Soft colloidal particles are able to
deform to close the pores, while for hard colloidal particles, the resulting film tends to crack in order to release the
stresses. Even though many studies have investigated the cracking in a range of drying systems such as wet clays,'>>
128 ceramic films,'?* 139 latex, and model colloidal dispersions,'*!"!3 the underlying cracking mechanism has only
been explored recently.!!* 14 118 For example, it has been observed that only above a critical film thickness, cracks
nucleation occurs spontaneously, regardless of particle size and hardness. The reason lies in that the elastic energy
recovered by cracking in thin films is not adequate to propagate a single crack.

The solvent and solvent evaporation are believed to be vital in the formation of CCs via a vapor induced self-
assembly process. Routh and co-workers investigated the mechanism of the nonuniformity of latex films drying on
a substrate.!'? A drying front separated fluid domains from solidified regions when it passed across the film. A total
mass balance offered a solution for tremendous capillary pressure, and the positions of the fronts were determined
by the maximum capillary pressure. Therefore, selective or non-uniform evaporation may result in irregular
crystalline structures. The drying process was found to be a crucial factor in forming cracks in the study of Dufresne
and co-workers. They investigated the dynamics of fracture in colloidal SiO, drying films.!** During the drying
process, a liquid-saturated elastic network of particles formed as water evaporated from the nanoparticle dispersions.
In the meantime, cracks formation occurred to relieve drying-induced strain. The discrete motion of these cracks
was caused by the aging of the elastic network and the distortion of arrested crack tips. The evolution of a single
crack is widespread, depicted by the viscous dissipation rate of the interstitial fluid and the balance of the driving
elastic power with the total interfacial power. The Norris group investigated the underlying issues in the self-
assembly of CCs. They revealed that the solvent flow could play a pivotal role in controlling the formation
process.'3® Therefore, different preparation methods and solvents are expected to generate different types and
amounts of defects. Marlow and co-workers determined the factors influencing the quality of CCs in a capillary
deposition method by investigating the solvent effects on the fabrication of CCs from polystyrene (PS) colloidal
spheres suspensions.!*® They also optimized the solvent mixture for the fabrication of high-quality PhCs (opals)

film. The influence of dispersive media was further proved by another independent study,'*’

in which Miguez et al.
employed volatile solvents to fabricate high-quality CCs via a spin-coating method.
Apart from the solvent, there are also many other factors that may affect the quality of CCs, such as humidity

and temperature. In order to fabricate high-quality CCs, Meng et al. investigated the effects of different parameters

on the quality of final CCs, including colloidal particle size, volume ratio, evaporation temperature, relative
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humidity, and the ultimate drying conditions using a cooperative assembly method.®” Among these factors, the
temperature was found to be the most important one. Moreover, the capability of controlling and maintaining the
desired temperature is as significant as the chosen temperature. Temperature fluctuations can cause the formation
of exceptionally low-quality samples. The quality of the thin films has been improved by raising the temperature
to an optimum value of 50 °C at low values of a relative humidity of 30%.°’ In a similar study, using PS spheres of
300 nm in diameter, Kuai et al. optimized the self-assembly conditions to fabricate highly ordered CCs. It was
found that a 0.1-0.2% volume fraction, an evaporation temperature of ~ 60 °C, relative humidity of 80-90%, and a
quasi-equilibrium drying process were suitable to obtain high-quality CCs.!!® However, this observation contradicts
the previous understanding that high-quality CCs can only be obtained at low relative humidity even though the
same method was applied. It should be noted that all the optimized conditions mentioned above are only valid for
the given methods and solvents.

From the above studies, it seems that various factors may influence the density of cracks in a self-assembly
process. Cracks generally are formed upon lattice shrinkage during the drying of wet CCs. However, Marlow and
co-workers claimed that cracks seem to be notably independent of other parameters, such as temperature, the nature
of the building blocks, or dispersive media.®® Meng et al. found that no change in the cracking direction when
varying growth temperature, although temperature, in all different preparation conditions, was identified as the
most significant factor in the self-assembly of colloidal spheres.®” It is noteworthy that their claims are only valid
for a vertical deposition process, not applicable to other kinds of self-assembly methods.!*® For instance, in one

recent study conducted by the Zhao group,'*®

the composition of solvent was found to significantly affect the
direction of cracks in a horizontal deposition method."** Marlow and co-workers also indicated that the composition
of solvent could affect the crack formation of self-assembled CCs using a capillary deposition method.'®

In summary, various factors were found to affect the quality of CCs prepared via self-assembly. It is possible
to fabricate ‘perfect’ high-quality CCs in a relatively large domain once these factors are optimized. Defects of
vacancies and faults can be removed easily by improving the monodispersity of colloidal particles, which in turn
improves the crystallinity of CCs. However, the control of the crystallinity of CCs is more complicated since it
involves complex self-assembly thermodynamics. Woodcock’s calculation indicated that fcc and hexagonal closed-
packed (hcp) crystal structures might co-exist in the resulting CCs due to the negligible entropy difference.!'!® The

most serious and common defects, such as cracks, however, cannot be avoided entirely. The investigation of

cracking formation may provide alternatives for the fabrication of high-quality CCs without defects. Nowadays, it
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has been identified that cracking mainly arises from capillary stress, which is developed from drying-induced
shrinkage of colloidal particles and a rigid substrate imposed constraint on this shrinkage.'*® Hence, the avoidance
of the crack formation in the resulting films can be achieved by either entirely eliminating the restrictions of the
substrate imposed on the film or completely preventing latex shrinkage. Based on the cracking mechanism, a lot

methods have been proposed to avoid cracking in the self-assembly processes of PhC films.

3.2. Self-assembly of CCs with cPBG in silico

The PBG properties of self-assembled CCs with fcc structures are sensitive to various defects. Therefore,
high-quality perfect CCs are necessary for high-performance photonic devices. Moreover, 3D PhCs with a cPBG
are potentially useful for low-loss waveguides, platforms for optical microcircuits, thresholdless lasers, etc.> CCs
with fcc structures obtained by self-assembly of colloidal spheres are not well-suited to generate PhCs with a cPBG
due to degeneracy in the photonic band structure caused by the spherical symmetry of the lattice points. Under
certain conditions, inverse fcc crystals (air spheres) exhibit a cPBG,'*! but the bandgap opens between 8™ and 9™
bands, making it difficult for optical applications. In addition, to open a cPBG in inverse fcc, it requires materials

with higher refractive index contrast. The bandgap opens up when the refractive index of the materials is about 2.8

times great than that of the spheres.’*? The narrow relative bandgap width* (§ = i—f = 0.05, Af is the bandgap
[

width, f; is the central frequency of the photonic bandgap) makes it vulnerable to disorder and crystal defects.

An alternative to constructing advanced photonic devices is to produce CCs whose PBGs are wider and less
sensitive to imperfections, such as cubic diamond structure CCs.®* ¥ Calculation showed that colloidal diamond
crystals and pyrochlore crystals exhibit a complete and wide photonic bandgap and can be achieved at a refractive
index contrast of 2 (Figure. 5a).'** Moreover, inverse diamond crystals have an even wider photonic bandgap
(Figure. 5b, § = 0.20)! Although the bandgap width of pyrochlore can be optimized to some extent,** it is still
narrower compare to colloidal diamond. A lot of simulation work has been dedicated to model self-assembly routes
to fabricate different types of CCs (mainly diamond and pyrochlore structures) with the ability to open ¢cPBG at
low refractive index contrast, which will be discussed below.

A great deal of research has been devoted to the self-assembly of the colloidal diamond structure as the
diamond network is one of the best candidates for PhCs with a cPBG. It is important to distinguish between cubic

diamond and hexagonal diamond. They can be differentiated by the way each particle is linked to its four neighbors.
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In cubic diamond, all the four neighbors are connected in the staggered conformation. In hexagonal diamond, three
of the four neighbors are connected in the staggered conformation, and the fourth is connected in the eclipsed
conformation.*® Colloidal cubic diamond has a cPBG, whereas colloidal hexagonal diamond does not. Therefore,
to self-assemble colloidal cubic diamond, it is important to design particles that have tetrahedral valence (just like
sp’ carbon atoms) and that they favor the staggered conformation.'*

Nelson pioneered the concept of colloidal particles with tetrahedral valence.'*® In this particle design, the
tetrahedral valence came from four topological defects on a nematic liquid crystal droplet. Later on, based on the
experimental realization of colloidal tetrahedral clusters, Zhang et al.'*’" provided another particle design and
showed that these tetrahedral clusters could self-assemble into colloidal diamond, but it required an interaction that
prefers the staggered information. In 2012, Pine and co-workers* synthesized colloidal particles with valence,
which were referred to as patchy particles. The experimental realization of patchy particles offers a versatile
platform for computational studies toward the colloidal diamond. However, it was soon discovered that for self-
assembling colloidal diamond by patchy particles, the size of patches should be significantly small.'*® Otherwise,
random aggregates rather than diamond are thermodynamically stable.'* That means, if tetrahedral patchy particles
have big patches, the diamond region in the phase diagram disappears (Figure 5¢,d), and they can never crystallize
into the colloidal diamond. Although tetrahedral patchy particles with small patch sizes can be fabricated by
colloidal fusion,'*° they are predicted to produce a mixture of cubic and hexagonal diamond as there is no selection
between staggered and eclipsed conformation.!>! In the simulation, the selection of cubic diamond can be achieved
via layer-by-layer assembly of tetrahedral patchy particles'? or using particles with different sizes and different
affinity of interaction.'*?

In addition to tetrahedral patchy particles, other types of colloidal particles can also self-assemble into colloidal

154 There are two

diamond in silico. Romano et al. designed tri-block Janus particles with two triangle patches.
different cases: two triangles are eclipsed (the projected triangles overlap) or staggered (the projected triangles form
Star of David). It showed that when patches are large to bind with three other particles at the same time, Janus
particles with staggered triangle patches self-assemble into the colloidal diamond. Similarly, Chakrabarti and co-
workers designed tri-block Janus particles that have two circular patches but are different in size and have a

hierarchy of interaction strengths.** They obtained cubic diamond and body-centered cubic crystals via distinct

clusters of uniform size and shape. They further showed that a cascade of well-separated associations tetrahedral
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clusters and tetrastack (also known as pyrochlore) crystals could further suppress the formation of five- and seven-
membered rings that hinder the formation of crystals because only six-membered rings exist in crystals with
diamond symmetry.* More recently, Chakrabarti and co-workers investigated the self-assembly of di-patch

colloidal rods into colloidal diamond, which is robust to stacking faults.!>
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Figure 5. (a-b) Band diagrams of the direct and inverse colloidal diamond. (a) Calculated photonic band structure for a diamond dielectric
structure consisting of dielectric spheres of refractive index = 3.6 in an air background. The frequency is given in units of c/a, where a is the
cubic lattice constant of the diamond lattice, ¢ is the speed of light. (b) Relative bandgap width (&) for both direct (solid line) and inverse
(dashed line) colloidal diamond lattice. The relative bandgap width § = Af/f,, where f; is the central wavelength of the photonic bandgap,
and Af is the width of the photonic bandgap.'** (c-d) Phase diagram of patchy colloids with different patch sizes. Phase diagrams in the
dimensionless density (po?) - temperature (ksT/€) representation. Patch size is characterized by the opening angle 26. It shows that when
patches are large, the diamond region in the phase diagram disappears.'#® Reprinted with permission from Nature Physics,'*® copyright 2013
Springer Nature.(e-f) Binary Laves crystal structures. (e) A family of Laves phase can be produced by bi-dispersed colloidal particles with a
certain size ratio. Large spheres are red, and small spheres are yellow. MgCua superlattice is the only structure that contains cubic diamond
as a sublattice. Reprinted with permission from Nature Materials,** copyright 2007 Springer Nature. (f) Colloidal alloys with preassembled
clusters and spheres. By grouping the spheres in the pyrochlore lattices into tetrahedral clusters, it only produces MgCu.. Tetrahedral clusters
(red) and spheres (green) interact via DNA-mediated interaction. Reprinted with permission from Nature Materials,*>® copyright 2017

Springer Nature.

15



An alternative route to colloidal cubic diamond is to make a Frank-Kasper phase in which cubic diamond is
one of the sublattices. In particular, Hynninen et al.*! pointed out the MgCu, superlattice (a class of Laves phase)
has two sublattices: pyrochlore and cubic diamond, and they discovered that the MgCu, superlattice could be
produced by bi-dispersed colloidal particles with a certain size ratio (Figure Se). However, one of the disadvantages
is that their system will form a whole family of Laves phase (MgCu,, MgZn, and MgNi,) where MgCu is the only
structure that has the desired cubic diamond sublattice. The selectivity of MgCu, can be achieved by grouping the
spheres in the pyrochlore sublattice into preassembled tetrahedral clusters.!*® The new system contains tetrahedral
clusters and single spheres with a certain size ratio. They interact via complementary DNA sticky ends and self-
assemble into MgCus superlattice only (Figure 5f). Calculation further showed that both diamond and pyrochlore
sublattices possess a cPBG.'"** 157 Furthermore, using computer simulations, Dijkstra and co-workers!'>#160
investigated the fabrication of colloidal Laves phase via sedimentation and mapped out the phase diagram. Because
diamond crystals have a low volume fraction (34%), the strategy of making a Frank-Kasper phase solves the low-
packing-density problem, but how to remove one of the sublattices has yet to be demonstrated.

In simulations, the self-assembly of the colloidal diamond does not limit to colloidal spheres. Truncated

161

tetrahedra can self-assemble into colloidal diamond, °' but due to the high volume fraction of the resulting crystals,

it is not clear whether this structure has a cPBG. Because of the crystallinity, the cPBGs are highly anisotropic, a

possible drawback for many applications.'®?

Because the PBG in a diamond crystal is robust to disorder and crystal
defects, both ordered and random tetrahedral networks from by tetrahedral jacks can produce a cPBG.!%*!6° The
synthesis of tetrahedral jacks has been realized experimentally,* '>° but how to assemble them and extract them
from a colloidal suspension remains a challenge. Hyperuniform materials can also have a cPBG. The advantage is
that it offers an isotropic cPBG.'®

Colloidal diamond has served as the holy grail of colloidal self-assembly. Very recently, He et al. self-
assembled a colloidal diamond.*® They designed a particle interlock mechanism so that particles intrinsically carry
the rotational information that can select the staggered conformation, which is required for colloidal cubic diamond.

The calculation showed the inverse lattice exists a cPBG. The fabrication of CCs uses DNA-mediated interaction,

which will be discussed in detail in Section 4.1.7.

4. Fabrication of high-quality CCs in large areas
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In this section, we will summarize various methods developed in recent years to fabricate large-area, high-
quality CCs and shed light on the working principle of these methods. In particular, the first part is mainly on the
fabrication of opaline structures, while the following part is focused on the fabrication of inverse opaline structures.
Finally, typical approaches to the fabrication of high-quality 2D CCs in large-area will be reviewed in the last
section. In addition, some other novel methods of fabricating unique PhC structures will be included in this section

as well.

4.1. Fabrication of high-quality 3D PhCs in large areas

The fabrication of crack-free 3D PhCs in the large area usually takes similar strategies with those techniques
to suppress cracking of drying colloidal films, which generally target the three prominent elements during the
colloidal PhC film forming process. These elements are (i) adjusting the colloidal suspension chemistry, (ii)
manipulating the drying mechanism, and (iii) customizing the substrate properties.!%: 1% 167 The alteration in the

suspension chemistry leading to an increase in the film strength is usually achieved via the addition of surfactants,'¢®

170, 171 172-174

169 plasticizers,'”® polymeric binders, sol—gel precursors, or by inducing the flocculation of particles'*®

169-171 within the suspension, or by complete restraint of the shrinkage of the latex particles to rule out the tensile
stress generated during drying.!”> The control over the drying mechanism by supercritical'’® or humid!”” drying
methods can decrease the stress placed on the colloidal particles network from the gas—solvent interfacial tension.
The adjustment in the mechanical properties of the substrate through the utilization of deformable,'* or specially
surface-patterned substrates for favorable orientation in the low-density stacking crystal face via the template-

8

assisted self-assembly,'”® or via the alternation of the film—substrate interface to actuate particle—substrate slip,'*:

179. 180 alleviates the stress induced by the air—solvent interface on the drying colloidal particles arrangement, or
using a fluid substrate to maintain the free contraction of latex without limitation.!8! In addition to the above three
prominent elements of the film-forming process, tailoring the chemical nature of the colloidal particles can also
help to achieve high-quality PhC films.%* % 182183 A]] of these approaches have been reported to fabricate films
with a thickness of several folds of the critical thickness with a given colloidal particle and solvent. However, it

should be noted that some of these methods may make the film fabrication complicated and potentially lose their

functionality.'®*

4.1.1. External forces method
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External forces induced by, e.g., electric field, magnetic field, shear effect, and infrared heating, can be applied
to increase the quality of CCs. While self-assembly of colloidal particles purely driven by capillary force is the
most effective approach to CCs of different sizes, the ability to modulate the interparticle interactions during
colloidal assembly provides an additional degree of freedom to prepare high-quality CCs.'®® Introducing external
forces also enable efficient control over the positional and orientational orders of building blocks, which is expected
to anneal out existing defects and leads to perfect CCs in a considerably large scale. Since the CCs are driven by
external forces, maintaining a uniform force field is critical to prepare large-area crystals. One characteristic of this
approach is that it needs additional setups to direct the colloidal assembly process. This may increase the cost of
CCs in practical applications. Besides, the scale of as-prepared CCs is largely limited by the uniformity of the force
fields. In the very early stage, researchers developed a number of approaches based on external forces to improve
the quality of the CCs. These methods are generally based on the treatment of the building blocks prior or post-
self-assembly, including melting compression, ¢ heat treatment,!”® shearing induces,'®” and so forth.

Ruhl et al. reported a method to fabricate high-quality CCs without cracks, which is on the basis of shear flow

in the melts of polymer core@shell latex spheres.'®

In brief, polystyrene-polymethylmethacrylate-
polyethylacrylate (PS-PMMA-PEA) latex colloidal spheres with a hard crosslinked core and an elastomeric grafted-
on shell were firstly synthesized. Then the latex spheres flowed at elevated temperatures under uniaxial
compression, much like other polymer melts. The lattice was macroscopically oriented by the radial melt flow in
order to make each radial sector of the opal disk form a monodomain crystalline. Using this method, opaline CCs
were produced in wafer-scale (Figures 6a-c). The process is fast and can produce films with different thicknesses
in large-area, where the latex spheres are crystallized in fcc ordering.'®¢ 188 In addition, injection molding, extrusion,
and other large-scale polymer processing techniques were also applied to produce opaline CCs.'® One drawback
of the melt flow method is that the colloidal crystal films contain a disordered center layer. The advantage, however,
is that large-area CCs can be easily produced with a macroscopically oriented fcc lattice.

In an independent study, an air-pulse-driven technique was developed by Kanai and co-workers to fabricate
colloidal crystal films on a large-scale.!® In this study, pulse pressure generated from a compressed air can precisely
control the flow strength, which can effectively preserve the excellent crystalline quality by the steady stop of the
shear flow (Figure 6d). Consequently, a single domain crystal with angle-dependent structural colors was obtained

upon the pulse pressure exceeded a critical value (Figure 6e). It was found that the colloidal crystal texture, which

formed in the capillary, was a sensitive function of the air pressure. Beyond a critical pressure, the whole capillary
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exhibited an identical single-domain texture. In this method, the tensile generated during self-assembly was released
by the complete constraint of the shrinkage of the latex particles. This method is readily applicable to industrial
processes for mass production.

Moreover, a shear-induced organization of polymer opals was utilized to fabricate crack-free 3D CCs.!'®” The

polymer opals consisted of a coherently ordered “super-domain” characterized using a radial director vector and

showed anisotropic photonic behavior, which depended on the relative vectorial orientation of strain and director.

o
Pulse regulator

Figure 6. Colloidal crystal opal films fabricated with melt compression: (a) green (with a 5€ bill, to indicate the size of the film), (b) red on
a polycarbonate relief foil and (c) an opal film from very large latex spheres, which reflects light only in six radial sectors due to the reflection
from (220) planes. Reprinted from Polymer,*® copyright 2003 Elsevier. (d) Scheme of air-pulse-driven flow for the fabrication of CCs. (e)
Photograph of the CCs without cracks. Reprinted from Advanced Functional Materials,'* copyright 2005 Wiley-VCH Verlag GmbH & Co.
KGaA.

4.1.2. Template-directed method

The substrate mechanical properties can be tailored by utilizing deformable or surface-patterned substrates or
by altering the interface of film—substrate to induce particle-substrate slip, which can relieve the stress on the drying
colloidal particles arrangement exerted by the solvent—air interface. The template-directed method and epitaxial
method were developed based on these principles and proven to be effective and versatile in the fabrication of
crack-free or monocrystalline structures. One dramatic benefit associated with the use of templates is the flexible
choices of various templates with different patterns and features. These interesting templates can be readily

fabricated on an extremely large scale by many well-established methods, such as photolithography and soft
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lithography.'®! The interaction between templates and colloidal particles is beneficial to the production of crack-
free CCs, with cracks being normally observed in many free drying assembly processes. It also enables the design
of exposed facets of the assembled CCs if templates of specific surface features are used to deposit colloidal
particles. A noticeable example is the preparation of (100)-orientated CCs.!”> ' Several influential factors,
including the ratio of diameters of the colloidal particles to the size of the pattern, the depth of the pattern, and so
forth, were investigated systematically, which was summarized in a recent review article.'*® Here, we focus on the
fabrication of high-quality defect-free CCs with the template-directed method.

van Blaaderen et al. pioneered the template—directed colloidal crystallization (Figure 7a).!** They deposited
colloidal particles onto a patterned substrate (or template) via slow sedimentation, which could direct the
crystallization of bulk CCs, and also tailor the orientation, lattice structure, and size of the resulting crystals
(colloidal epitaxy). It was suggested that colloidal epitaxy would open new avenues for the design and fabrication
of materials based on CCs and also enable quantitative investigation of heterogeneous crystallization in real space.

By designing two specific patterns on a substrate, CCs with different orientations can be fabricated. In a
separate study, using patterned silicon substrates, fcc (111)-orientated 2D and 3D crack-free SiO, CCs were
fabricated through a modified vertical deposition method. In this study, Cai and his colleagues investigated the
influences of surface properties of substrates and the colloidal suspension concentration on the self-assembly
(Figure 7b).!*> SiO colloidal particles self-assembled into 2D CCs on a hydrophobic substrate while 3D SiO, CCs
formed on the hydrophilic substrate under identical conditions. The number of layers of CCs grown on the patterned
substrate monotonically increases with the concentrations of the colloidal particle suspensions. This study indicates
that the template-directed vertical deposition method can allow the formation of crack-free well-ordered 3D CCs
in a large area. The reasons for the formation of crack-free CCs are two folds. On the one hand, the patterns can
direct the growth of CCs along the substrate surface. On the other hand, the patterns can restrict the alignment of
SiO; spheres and release the tensile stress generated during self-assembly.'?

In addition to (111)-oriented CCs, 3D CCs with other crystalline orientations can be fabricated as well. Using
a template-assisted self-assembly method, Jin et al. fabricated cubic (100)-oriented 3D crack-free PhCs.!”® The key
factor of this method is the design of a patterned substrate. The fabricated (100)-oriented 3D opaline PhCs thin film
exhibited no cracks over areas without intrinsic size limit via a modified template-assisted colloidal self-assembly
approach (Figure 7¢). It is believed that this technology can potentially produce large-area single-crystalline PhCs,

which can be used for optoelectronic devices.
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Figure 7. (a) Scheme of the colloidal epitaxy procedure (bottom) and two confocal micrographs (top) showing the fluorescently labeled
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polymer template (left), and local crystal plane symmetry of crystals grown on fce (100) planes (right). Reprinted from Nature,'”* copyright

1997 Springer Nature. (b) SEM image displaying a (111)-oriented crystal grown on a patterned template. The inset SEM image showing the
cross-like pillar patterned substrate. Reprinted from The Journal of Physical Chemistry C,'*° copyright 2011 American Chemical Society.

(c) SEM images of a (100)-oriented crystal grown by the template-assisted colloidal self-assembly. A crack-free crystal on a large-scale can

be observed. The magnified view with arrows (inset) displaying the abnormally large and small spheres. Reprinted from Nano Letters,'”

copyright 2005 American Chemical Society. (d) SEM image of the (001)-oriented PhC grown on the template. Inset: An enlarged SEM

image of the pattern with a pillar spacing of 308 nm and the scale bar of the inset is 800 nm. Reprinted from Journal of Applied Physics,'’

copyright 2006 American Institute of Physics.

The template-directed self-assembly method is also versatile in the fabrication of PhCs with various
orientations through varying the topology and periodicity of the template. Jin and co-workers reported the
fabrication of a crack-free (001)-oriented 3D periodic PhCs using PS colloidal spheres as building blocks through
amodified template-assisted self-assembly method.'®’ The structure analysis revealed that this was a (001)-oriented
face-centered tetragonal PhC, which showed different optical properties from those cubic structures. The
spectroscopy study indicated a larger blue shift in the photonic stop band of the crack-free (001)-oriented PhCs
comparing with the same cubic structure oriented along the (001) direction (Figure 7d). Moreover, the template-
directed self-assembly method is also versatile to fabricate complex and functional photonic structures. Yin and
Xia et al. demonstrated the versatility of this template-assisted self-assembly method to prepare various complex

and controllable photonic nanostructures.!*®-2° They reported the capability and feasibility of the template-assisted
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self-assembly approach to organizing the PS or SiO; colloidal spheres into polygonal and polyhedral clusters,
zigzag, linear and spiral chains, as well as circular rings.?*

Song and co-workers presented an approach to the self-assembly of centimeter-scale CCs with narrow stop-
bands on superhydrophobic substrates with low adhesion capacity (Figure 8).°! The narrow stop-bands of CCs
can be attributed to the synergetic effects as a result of the thick CCs, highly ordered crystalline structure, large-
scale crack elimination, and a reduced void fraction. These excellent features can be ascribed to a special self-
assembly process on the superhydrophobic substrate with low-adhesivity (Figure 8a and b). First of all, the latex
colloidal suspension exhibited a diminishing three-phase contact line during evaporation on the substrate, which
led to a release of tensile stress in time actuated by latex shrinkage. This resulted in complete inhibition of cracks
as well as a more closely-packed structure in the CCs on the substrate (Figure 8a). Secondly, a highly ordered
crystalline colloidal structure was formed as a result of the simultaneous crystallization of latex colloidal particles
on the outermost layer of a spread liquid film (Figure 8b and c). Furthermore, the low-adhesive substrate allowed
sufficient time for the solvent to evaporate and the latex to self-assemble, which promoted the formation of highly
ordered structures during the rapid evaporation of the latex suspension. This simple approach to fabricating
centimeter-scale CCs with narrow stopbands is significant for the fabrication of novel optical devices.?’! However,
the complexity in designing a superhydrophobic substrate and the cost of developing such a superhydrophobic

substrate may hinder its potentials for mass production of CCs.
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Figure 8. (a) Scheme of colloidal PhCs assembled on low Fad superhydrophobic substrate CCs with narrow photonic stopbands assembled
from low-adhesive superhydrophobic substrates. (b-¢) SEM images of the as-prepared colloidal PhCs with a diameter of 224 nm assembled
on the low-adhesive superhydrophobic substrate. Inset in (b) is a photograph of the PhCs, with a scale bar of 0.5 cm. Inset in (c) is a Fourier
format (FFT) image acquired from a large-area SEM image. The SEM images show perfectly ordered latex arrangement and assembled
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close-packed PhCs structures. Reprinted from Journal of the American Chemical Society,*®' copyright 2012 American Chemical Society.
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The curvature surface of a glass vial can relieve shrinking stress during the drying of colloidal films. Recently,
Jiang et al. presented the rapid fabrication of centimeter-scale 3D colloidal crystal belts through a vertical deposition
method. This approach enabled the formation of centimeter-scale CCs by taking advantage of the curvature surface
and negative pressure of a glass vial. In this method, the curvature accounted for the control of the dimension of
the resulting colloidal crystal belts, while the well-tuned negative pressure was responsible for the rapid preparation
of well-ordered colloidal crystal belts. The closed packing feature of colloidal crystal belts can be attributed to
strong hydrogen bonding between carboxyl groups, which were functionalized on the surface of poly (acrylic acid-
co-DVBR80) colloidal particles.?*> Unfortunately, this method does not avoid the formation of cracks.

Kim et al. developed a method combining the merits of both elastomeric substrate and a surface relief
patterning structure to prepare crack-free 3D SiO, CCs.?” In this study, a surface relief structure was firstly
fabricated on an elastomeric polydimethylsiloxane (PDMS) stamp. The relief structures on the PDMS surfaces
enabled the growth of colloidal crystal assemblies that cannot be accomplished on a flat PDMS substrate because
of its hydrophobic surface. This approach not only provides one way for the fabrication of crack-free CCs on a soft
hydrophobic substrate surface with the lift-up method but also enables the transfer of the crack-free CCs onto a
curved surface.>®

Cracking can also be eliminated by utilizing a fluid substrate, which retains the free shrinkage of latex
particles.'®! The Zentel group achieved crack-free PhCs through crystallization on molten liquid gallium (Ga)
substrate.'®! Using this method, Zentel and co-workers prepared crack-free 3D “monocrystals” with an extremely
low defect density on a scale of millimeters. Besides Ga, mercury (Hg) surface was also used for the fabrication of
PhCs. The Asher group demonstrated a facile method for the mass production of 2D PhCs by spreading PS colloidal
aqueous/propanol suspension on mercury surface, which will be thoroughly discussed in Section 4.3.2* Though a
suitable liquid substrate can easily eliminate the lateral sticking of the substrate, it is still challenging to find a liquid

substrate possessing both a moderate melting point and low toxicity.

4.1.3. Spin and spray coating method

As discussed above, a wide variety of methods have been developed to fabricate CCs with single- or
polycrystalline domains ranging from millimeter to centimeter-size. However, these techniques take days to weeks
for the fabrication of CCs and are suitable for low volume, laboratory-scale production. It remains a challenge for

scale-up to an industrial-scale mass production owing to their sophisticated fabrication processes and
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incompatibility to the wafer-scale batch microfabrication, which are widely used in the semiconductor industry.
Furthermore, these methods result in either non-uniform CCs or uncontrollable thickness in CCs over large-area.
Bearing such restrictions in mind, Jiang ef al. developed a spin-coating method for mass-fabrication of CCs 2% 2%
The key to the mass production of crack-free CCs using this spin-coating method is the alteration of the suspension
chemistry through the addition of a polymeric binder (triacrylate monomers), which increases the strength of the
film.

There are three types of important materials that were fabricated rapidly using this spin coating method,
including macroporous polymer, colloidal crystal, and polymeric nanocomposite. Each of them was produced with
high crystalline qualities and in wafer-scale sizes (Figure 9a).2% In this method, the colloidal SiO, spheres were
dispersed into triacrylate monomers. The mixture was then spin-coated onto many kinds of substrates. The shear-
induced distinct ordering and successive photopolymerization may give rise to 3D ordered CCs, which were trapped
inside a polymer matrix (Figure 9b). Afterward, selective removal of SiO; colloidal spheres and the polymer matrix
resulted in the formation of three-dimensionally ordered macroporous (3DOM) polymers and large-area 3D CCs.
Furthermore, the thickness of the CCs was very conformal and could be tuned simply by varying the spin time and
speed.

They also extended this spin-coating method to fabricate periodic subwavelength structures, with a thickness
ranging from a single layer to hundreds of layers by varying the spin-coating conditions.?” The colloidal
monolayers were further used as a template to pattern sub-100 nm pillar arrays directly on silicon substrates. This
bottom-up method allows mass production of periodic nanostructures with high resolution over the optical
diffraction limit, which endow them with potential for critical technological applications, including optoelectronics,
high-density data storage, subwavelength optics, and biosensing.?%

The crystalline orientations of the resulting CCs are controllable via altering the dispersion components. Mihi
et al. developed a modified spin-coating method by dispersing the sulfonated PS and colloidal SiO, spheres in
different mixtures of solvents, such as water, ethylene glycol, and ethanol.!*” By varying the composition of the
solvent, CCs with different orientations can be obtained with this spin-coating technique.

The spin-coating method may pave a new avenue to the fundamental understanding of shear-induced melting,
crystallization, and relaxation. In addition, this spin-coating approach is compatible with standard semiconductor
microfabrication and permits the mass production of microstructures for potential device applications. However,

the re-dispersion procedure of highly viscous colloidal latex suspension and the use of special dispersant, which
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can impair the resulting optical property, may limit the broad applications of this technique. Moreover, the size of
the resulting CCs films was confined to the top surface area of the spin-coating substrate or wafer. These restrictions
force researchers to look for new solutions.

Ultrafast fabrication of CCs on a large-scale is highly desirable for real applications. Song et al. presented an
ultrafast fabrication approach to large-scale colloidal PhCs using a spray coating method (Figure 9¢).2%® Through
this technique, CCs could be easily produced within seconds regardless of the shape or dimension of the substrate.
In this method, the latex spheres were strategically designed with the hydrophobic core (PS) and hydrophilic shell
(PMMA-PAA). As a result of abundant COOH groups on the surface of the latex particles, the latex particles have
strong hydrogen bonding interactions, which enhanced the latex particles arrangement during the ultrafast spray
procedure. This appropriate arrangement of the latex particles during the rapid spray process resulted in close-
packed and well-ordered CCs. In addition, the adhesion force formed among the as-formed flexible and soft
PMMA-PAA shell of latex particles facilitates the self-assembly of colloidal particles into a close-packed ordered
structure. Consequently, close-packed well-ordered colloidal PhCs with bright color could be rapidly fabricated as

large as 7 x 12 cm? within 1 min on a variety of substrates.
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Figure 9. Representative approaches to large-scale fabrication of colloidal PhCs. (a—b) Spin coating. Reprinted from Journal of the American
Chemical Society,®® copyright 2004 American Chemical Society. (¢) Spray coating. Reprinted from Macromolecular Rapid
Communications,?®® copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA, and (d) doctor blade coating. Reprinted from Langmuir,?*
copyright 2010 American Chemical Society.

25



A simple, roll-to-roll compatible coating technology has been introduced to produce 3D highly ordered
colloidal PhCs with a doctor blade coating (Figure 9d).>” In this method, a vertically beveled doctor blade is
applied to align SiO» colloidal microsphere—monomer suspensions to create highly ordered nanocomposites in
large-area within one step. In this process, capillary force is the primary driving force for colloidal crystallization.
The shear-aligned crystal thickness depends on the coating speed and the colloidal suspension viscosity. The
resulting 3D well-ordered structures showed even diffractive colors. This method can be further extended to the
fabrication of large-area coatings for important technological applications, such as full-color displays, diffractive

optics, and size exclusive filtration membranes.

4.1.4. Colloidal particles functionalization (hydrogels) assisted self-assembly

Though Alfrey et al. first reported electronic photographs and optical properties of well-ordered PS CCs as
early as 1954,%0 it was not until 1984 that Asher and co-workers self-assembled 3D non-close packed (ncp) liquid
CCs and filed the first CCs patent, which were fabricated by sandwiching monodisperse PS aqueous colloids
between two quartz plates and named as “Crystalline Colloidal Arrays (CCAs)”.2!12!* Later, the self-assembled
CCAs were often polymerized within a responsive hydrogel to form polymerized crystalline colloidal arrays
(PCCAs) for optical devices and sensing applications.?!*?!° These are examples of ncp crack-free solid CCs that
were fabricated using self-assembly with the assistance of hydrogel polymerization.

Core@shell colloidal particles with soft shells can be utilized as building blocks to minimize the formation of
the cracks in CCs. The Hellmann group'®® and the Baumberg group'®’ independently reported an identical and
effective method using core@shell particles, where the soft shell collapses and fills the voids, prohibiting cracks
formation over large areas. The avoidance of cracks is a structural improvement using this method comparing to
other kinds of methods in opal film formation; however, all other types of defects still exist. In addition, the
flexibility of this method allows defects to be combined with continuous lattice distortions. A new colloidal particle
functionalization approach was reported to fabricate crack-free opal film.?2° A loosely packed colloidal crystal was
immobilized in a hydrogel, which was uniformly shrunk and dried and transformed into a crack-free opal film. This
sol-gel bounded method is very promising for the fabrication of CCs without cracks. Nevertheless, this method is
complicated, time- and chemical-consuming, and ineffective in fabricating inverse structures.

In recent years, hydrogel nanoparticles, for example, poly (N-isopropyl acrylamide) (PNIPAM) microgel

particles, have been used as building blocks to fabricate CCs without cracks in long-range ordering. This method
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is compelling in the fabrication of crack-free CCs due to the unique property of hydrogel nanoparticles. Asher and
co-workers pioneered the preparation of 3D ncp CCs as optical switches and limiters by self-assembling PNIPAM
gel particles.?”! Hellweg et al. fabricated CCs using PNIPAM hydrogel particles and then investigated the particles
with different cross-linker concentrations and their deswelling ratios.??? Subsequently, Zhou et al. successfully
fabricated CCs hydrogel films by self-crosslinking microgel (Figure 10a and b).??* In their study, they firstly
synthesized monodisperse microgel spheres consisted of a copolymer of PNIPAM and N-
hydroxymethylacrylamide (NMA). Then, a dilute microgels dispersion was allowed to dry in air, giving rise to
crystalline microgel structures at the air—dispersion interface. Taking advantage of the self-crosslinking property
of NMA, the adjacent PNIPAM-NMA microgels reacted with each other to yield covalent bonds, which stabilized
the crystalline structure after complete water evaporation from the particle dispersion at room temperature. When
immersed in water, this film not only behaved like a conventional hydrogel that absorbed a huge amount of water
but also displayed iridescent colors owing to the long-range ordering of the microgel arrays. The studies on
microgels offer an effective way for the large-scale fabrication of PhCs without cracks.

As a matter of fact, gelation-driven crack inhibition is a viable and straightforward method to prepare uniform
and crack-free coatings through the drying-mediated assembly of colloidal particles, which is thus also applicable
for colloidal crystal films.??* Iyer and Lyon exploited the utilization of soft colloidal particles to prepare crack-free
CCs. They showed that the resulting CCs are tolerant with respect to disruptions of the crystalline structure that
stems from the inclusion of a different sized colloidal particle.’”® The incorporation of such a particle normally
results in packing defects since it does not generally fit into the grid. This work clearly indicates that these PNIPAM
microgels are truly very “tolerant” with regard to defects, are not inclined to polydispersity, and thus can bear even
strong particle size deviations. Therefore, an alternative to obtaining crack-free PhCs is to fabricate microgel-based

photonic CCs.??
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Figure 10. Photographs showing the air—water interface of the PNIPAM-co-NMA particle dispersion with a polymer concentration of 0.8

wt%. The dispersion was exposed to air at room temperature for (a) 1 day and (b) 4 days. The left and right images are the top view and the

223

side view, respectively. The diameter of the beaker is 4.5 cm. Reprinted from Soft Matter,*> copyright 2005 Royal Society of Chemistry. (¢)

CCs of PNIPAM-co-AA and PNIPAM microgels self-assembled at different conditions (temperatures and sedimentation times). The
perceived color results from Bragg diffraction in the visible region. Reprinted from ChemPhysChem,?*® copyright 2009 Wiley-VCH Verlag
GmbH & Co. KGaA.

PNIPAM-based microgel PhCs were fabricated using a facile method called “high-temperature-induced
hydrophobic assembly” as well.?*® A vessel containing a PNIPAM microgel suspension (10 mL) was put into an
oven at a specific temperature (e.g., 80 °C). Then, water was evacuated from the PNIPAM colloids and evaporated
at high temperatures due to a hydrophilic to hydrophobic state transition, and the PNIPAM microgels self-
assembled into a milk-like mass. A particular time later, e.g., 40 min, the container was brought out and horizontally
placed on a table. After reaching an equilibrium (about 2 to 20 min), the PNIPAM microgel PhCs displayed brilliant
iridescent colors (Figure 10c¢). The assembly conditions changed the amount of water inside the crystals, thus
determining their structural color. The resulting PhCs were solvents sensitive and showed reversible color changes,
which can be observed with naked eyes.

The incorporation of a hydrogel network into a drying film can lead to the formation of crack-free colloidal
crystal films. First of all, the hydrogel network is able to hold the colloidal particles over a distance, which reduces

the capillary pressure that causes crack formation.””” Second, the polymer network can relieve structural stress by

28



providing a soft medium that can deform without crack formation.?*

The combination of a hydrogel network with a flexible substrate can result in high-quality CCs in a large area
as well. Recently, Song and co-workers explored an approach to fabricating crack-free PhCs using polymerization-
assisted assembly on aluminum foil (Figure 11a and b). During the self-assembly process, the monomer (NIPAm)
polymerized and formed an elastic polymer hydrogel in the voids among the colloidal particles. The elastic collapse

of the as-formed polymer counteracted the volume change resulting from latex spheres contraction and alleviated

the tensile stress. In the meantime, the substrate deformation released the residual stress (Figure 11¢-f).2*8

Figure 11. (a-b) Scheme of the crack-avoiding mechanism. Proper PNIPAM infiltration can minimize the tensile stress to 102 MPa during
the self-assembly process. (a) Substrates with Rpo2>102 MPa could not release the tensile stress in time, resulting in the stress accumulation
and crack formation in the PhCs. (b) The tensile stress generated from shrinkage of colloidal particles is released by the combined effects of
substrate deformation and polymer infiltration (with Rpo2 <102 MPa), which results in the crack-free PhCs. SEM images of the crack-free
PNIPAm/colloid composite opal (c—d) and PNIPAM inverse opals (e—f) assembled on Al foils. The inset in (¢) is a photograph of the crack-
free PhCs, and the scale bar is 1 cm. The inset in (d) is the magnified SEM image. These SEM images indicate that cracks were completely
eliminated from the PhCs. Reprinted from NPG Asia Materials,*® copyright 2012 Springer Nature.

By tailoring the nature of the building blocks of self-assembly, hybrid structures comprising of soft and hard
materials, as well as solvent-swollen microgels have been extensively used to fabricate defect-free CCs. During the
self-assembly process, the building blocks interact with each other with much softer interaction potentials. These
materials can dissipate defect energy over long distances through the lattice and thus give rise to intrinsic defect
tolerance.”” In contrast to hybrid materials and microgels, polymer colloidal spheres with tunable interaction
without undermining interstitial space were synthesized to prepare large volume PhCs with excellent
chemomechanical stability.”* Monodispersed PS colloidal spheres were firstly synthesized and then were followed
by swelling synthesis to obtain highly monodispersed microspheres with functional surface reactive side-chain

monomers, soft polymers, acids for anhydride formation, or physical crosslinkers by H-bonds and/or polarity. These
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motifs can create noncovalent and covalent homodimers or hetero-bridges after convective self-assembly. The
cross-linking at these special microspheres interfaces led to the least crack formation and a 10-fold enhancement in

chemomechanical stability against exposure to water and isopropanol.**

4.1.5. Modified vertical deposition method

The vertical deposition method, also known as the convective self-assembly method, is an efficient method to
fabricate CCs, which was firstly developed by the Nagayama group to fabricate 2D CCs and then was extended to
fabricate 3D CCs by Jiang et al.'*" '?? Typically, a substrate is dipped into the colloidal suspension containing
spherical building blocks, and the capillary force-induced meniscus at the interface of substrate and dispersion will
drive the crystallization of spheres into PhCs with a controllable thickness. During the drying process, the meniscus
will sweep continuously across the substrate, and consequently, opal photonic film will form on the surface.** Since
this process is accompanied by the sedimentation process of colloidal nanoparticles, it is commonly accepted that
this method is effectively limited to nanospheres smaller than 400 nm in diameter. For nanospheres out of this
criterion, sedimentation will dominate during the drying process and ruins the feasibility of uniform deposition. On
the other hand, the 3D CCs fabricated using this method may demonstrate cracks and thickness variations. In recent
years, researchers made a range of modifications and advances on this method to fabricate high-quality CCs or
extend this approach to larger colloidal nanospheres (larger than 500 nm) by controlling the assembly kinetics or
in-situ fixation.

3D PhC:s for the application in the field of telecommunication needs to meet an exceptionally high standard in
their degree of structural perfection and optical quality. To this end, the Ozin group developed a strategy for the
fabrication of SiO; colloidal crystal films with a substantially high degree of structural perfection and optical
property.?*? Figure 12a shows the scheme of the isothermal bath setup for isothermal heating evaporation-induced
self-assembly (IHEISA) of colloidal crystal films. Three key synergistic factors in the film-forming process should
be satisfied in order to obtain high-quality PhCs. The first one is to synthesize high-quality SiO, spheres with a
polydispersity index significantly better than 2%. Secondly, the population of spheres must be devoid of even the
smallest fraction of considerably smaller or larger spheres or spheres doublets. The third one is related to the film-
forming method itself, which necessitated the development of a novel process founded upon IHEISA of spheres on
a planar substrate. Using this IHEISA method, as shown in Figure 12b-e, highly ordered 3D PhCs with different

colloidal particle sizes were achieved. This new method is robust to deposit very high-quality SiO; colloidal crystal
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film rapidly over large areas, with a controlled thickness and without any restrictions on sphere sizes.

Apart from the above contribution, Ozin and his colleagues also proposed another approach to minimize crack
formation in this study, where small amounts of tetraethylorthosilicate (TEOS) or tetramethylorthosilicate (TMOS)
were added to the SiO, colloidal sphere dispersion in ethanol during IHEISA deposition to react with water
physisorbed on the surface and to form an additional SiO, layer, thus preventing SiO, spheres from shrinkage.?*%
21 Nevertheless, no further study or experimental results were reported on this proposed approach from the Ozin

group.
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Figure 12. (a) Scheme of the isothermal bath setup used for the fabrication of colloidal crystal films via IHEISA deposition.?3® SEM images
of a top view of the highly ordered colloidal crystals using SiO2 colloidal particles of (b) 480 nm, (¢) 635 nm, (d) 850 nm, and (e) 1.0 pm
in diameter as building blocks. Reprinted from Journal of the American Chemical Society,”>® copyright 2004 American Chemical Society.
(f) Schematic illustration of the steps of fabricating crack-free colloidal crystal films. (g) Top view of the sample after HF etching with an
inset image of higher magnification (the inset image of the scale bar is 100 nm). (h) SEM image showing an exposed nanobowl array of the
sample (the inset image is a magnified view, and the scale bar of the inset is 1 pm). Reprinted from Journal of the Physical Chemistry C,'7?

copyright 2007 American Chemical Society.

The Zhao group first experimentally demonstrated the use of TEOS to minimize cracking formation. They
presented a modified method based on vertical deposition to fabricate crack-free non-close packed (ncp) CCs.!”? In
this method, a SiO; colloidal suspension containing a SiO» precursor (an acidic TEOS solution) was used during
the vertical deposition process. Hydrolysis of the precursor of SiO; resulted in silicate species, which filled into the
interstices among the self-assembled SiO, spheres to avoid cracking upon drying of the colloidal crystal film. The

silicate species in the interstices of the SiO» spheres can be selectively removed using hydrofluoric acid (HF) vapor,
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leaving behind a highly crystalline and crack-free colloidal crystal film (Figure 12f-h). In their seminal work, Zhao
and co-workers proposed that the silicate species played the role of “glue” to adhere the SiO, beads together to
avoid cracks. The Zhao group further extended this method using PS colloidal beads instead of colloidal SiO, beads
as building blocks to fabricate crack-free PS/SiO, hybrid CCs.!*® 232233 The PS spheres can be selectively removed
via calcination or dissolution in benzene, resulting in 3DOM structures.!”> 232 The distinctive structure of the
resulting CCs lies in that the CCs on the same plane are ncp while the neighboring PS colloidal spheres on different
planes are still close-packed as revealed after HF etching.?* 2** The sol-gel matrix generated as a result of TEOS
hydrolysis during colloids self-assembly can glue the assembled colloidal spheres and release the capillary force
during self-assembly.!*® 232 The SiO, inverse opal heterostructures can be fabricated in the relatively large domain
without cracks. In addition, such kind of structure has a large surface/volume ratio and broad stopbands, which may
find broad applications in a wide variety of fields, such as solar cells and gradient drug release.

Cai et al. have further extended this method to self-assembly of 2D CCs. They developed a co-self-assembly
method to fabricate high-quality 2D CCs in large monodomain.?* The addition of TEOS sol into the colloids helps
prevent the formation of cracks during the co-assembly process. 2D plasmonic PhCs were also fabricated by
depositing Au onto the surface of the crack-free 2D CCs.?*> The mechanism of self-organization into crack-free
CCs, as yet completely understood, might provide insight into similar phenomena in colloids science. In this method,
the addition of sol—gel precursors within the suspension, which is similar to the addition of polymeric binders,
surfactant or plasticizers (e.g., Polyvinylpyrrolidone, PVP), consequently leads to an increase in the film strength
and relaxation of tensile within the interconnected Si-O-Si networks. In a separate study, Kang and co-workers
modified the surface of SiO, colloidal spheres with vinyltriethoxysilane (VTES) and then photo-cross-linked the
surface-modified SiO; colloidal spheres in situ during self-assembly. The resulting CCs showed no cracks in a large
area.?’® The above studies indicate that silane may be a good candidate for the fabrication of high-quality CCs
without cracks.

SiCl4(1), as one of the precursors of SiO,, can also be employed to fabricate high-quality CCs. Moreover, it
can be used to enhance the mechanical property of CCs. The Ozin group exploited a method to enhance the
mechanical stability of CCs through layer-by-layer (LbL) growth of continuous SiO, using a chemical vapor
deposition (CVD) method.”® They first fabricated SiO, CCs via the conventional vertical deposition method,'?? then
deposited SiO, onto the CCs using a CVD process at atmospheric pressure and room temperature. SiCls(1) was

placed in a bubbler through which an N (gas) stream was flown. This method not only greatly improves the
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mechanical stability of the lattice without distorting its long-range ordering but also can control the pore size and
microsphere connectivity of colloidal crystal lattices. A detailed discussion on the CVD approach will be given in
Section 4.2.2.

So far, the techniques discussed above are effective for nanospheres smaller than 500 nm in diameter generally.
In terms of applications, however, PhCs with bandgap in the near-infrared (NIR) range are highly desirable and
technologically important. One way to overcome the size-limitation induced by competitive sedimentation is by
creating controllable convective flow during drying deposition. More specifically, this was obtained by a
temperature gradient (from 80 °C at the bottom to 65 °C on the top) in the colloidal suspension. Such a vertical
convective flow can minimize the sedimentation process and bring large nanospheres to the meniscus, making those
processes applicable to sub-micrometer building blocks (~ 800 nm). The assembled planar opal PhCs showed
uniform periodicity with negligible defect density (~ 1% stacking fault and ~ 10 point defect) compared to the
sedimented opals (~ 20% stacking fault and ~ 10~ point defect ”*). In this way, multi-layer opals can be deposited
on the Si substrate on the scale of centimeters. The perfect periodic structures in large-scale were also evidenced
by the uniform blue color across the whole assembled films as well as a clear characteristic 6-spot diffraction pattern

with weak Kossel ring features.

4.1.6. Inkjet printing method

The aforementioned methods are effective for the fabrication of large-scale colloidal PhCs. However, they
are infeasible for the fabrication of PhCs with special patterns or structures, which are especially desirable in
photonic device fabrication and application. For meeting the needs, a variety of printing methods have been
proposed to fabricate patterned CCs through combining self-assembly with direct writing.?* 2% %" Moon et al. first
reported the use of single-orifice inkjet printing to fabricate patterned colloidal crystal arrays with two different
sized latex spheres.?*%24!

Recently, this inkjet printing method was further refined by Song and co-workers to fabricate large-scale
patterned PhCs.?** In their study, a typical inkjet printing technique was applied, and the resulting colloidal crystal
films showed a well-ordered structure and excellent optical properties (Figure 13a and b). Highly monodispersed

latex colloidal particles and an appropriate amount of solvent with a high boiling point (ethylene glycol) were used

as an ‘ink.” The addition of ethylene glycol facilitates the latex particles assembly on the substrate (Figure 13a). In
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addition, to promote the effective spreading of the colloidal latex suspension, optimization of the printing substrate
was also performed. It was found that, during the fabrication process, the wettability of the substrate was
accountable for the size and shape of the ink droplets, while the latex assembly occurred before the solvent front
started to dry. Therefore, the resultant PhCs quality was directly affected by the printing substrate wettability, the
evaporation conditions, and the ink content. For instance, the low-adhesive substrate was found to have a beneficial
impact on the well-ordered latex assembly. The inkjet printing technique for the fabrication of patterned PhCs has
many advantages over other methods. This method is capable of designing various images, flexible adjustment of
the ink composition, precise positioning of ink droplets, and a variety of deposition patterns by changing the
substrate. PhCs with customizable patterns fabricated via this facile inkjet printing method are promising for a good
variety of applications, such as optical circuits, photonic devices and so forth. For example, Chen ef al. developed
various patterned CCs and a white-lighting LED backlight device by combining a “colloids skin”-regulated
assembly with a bar coating method.>*

Kim and Yin et al. explored a high-resolution patterning of CCs with multiple structural colors for practical
applications.?* The fast fabrication of colloidal crystal films was achieved within seconds through successively
regulating and fixing the color with a single material accompanying a maskless lithography system (Figure 13¢
and d). In this study, a unique ‘Magnetic-Ink’ is used, which is a three-phase material system consisted of
superparamagnetic colloidal nanocrystal clusters (CNCs), a photocurable resin, and solvation liquid.?*> 246 The
CNCs were self-assembled to produce chain-like structures when an external magnetic field was applied. Therefore,
the structural color of the films can be easily adjusted by altering the interparticle spacing using an external
magnetic field. Deprived of the external magnetic field, the CNCs were randomly dispersed and showed a natural

brown color of the magnetite.
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Figure 13. Scheme of the protocol on the fabrication of patterned PhCs via printing techniques. (a) Fabrication of PhCs from inkjet printing
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and (b) the corresponding patterned PhCs. The scale bar is 1 cm. Reprinted from Journal of Materials Chemistry, *** copyright 2009 Royal

Society of Chemistry. (¢) Setup of maskless lithography for color fixing. Instantaneous exposure using patterned UV light reflected from a

digital micromirror array (DMD) modulator allows the fast production of structural color and (d) the corresponding patterned PhCs. The
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scale bar is 250 mm. Reprinted from Nature Photonics,*** copyright 2009 Springer Nature.

In addition to the above efforts on the fabrication of crack-free CCs, intense attention has also been paid to
the fabrication of high-quality 3DOM photonic structures, namely, inverse opals. The 3DOM materials intrigue

great interests owing to their novel structural properties and various applications.

4.1.7. DNA-mediated assembly to CCs with cPBG

The self-assembly of colloidal particles becomes a well-developed science, and a variety of attractive

interactions between colloidal particles have been explored extensively, including DNA-mediated interaction,* 4>

156, 247-262 263, 264 270-272

electrostatic interaction, depletion interaction,**>2%° hydrophobic interactions, critical Casimir

278-280 281-284 285, 286

forces,?”*?77 light-mediated interaction, capillary forces, molecular recognition, and interactions

287-289 290, 291

induced by electric or magnetic fields, or by topological defects in nematic liquid crystals.?***** Using

these interactions, different crystal structures were self-assembled from two-dimensional structures to fec,?#- 231253
254,295,296 Frank-Kasper phases,*! °¢ colloidal clathrate hydrates* and colloidal diamond.*® Among these types of
CCs, colloidal diamond is one of the best candidates for making materials with a cPBG and is very difficult to
fabricate. Therefore, colloidal diamond has been viewed as the holy grail of the colloidal self-assembly
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community.”’ In this section, we will briefly summarize the efforts toward the self-assembly of the colloidal
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diamond.

Carbon atoms in a diamond structure are tetrahedrally coordinated (sp® hybridization), and thus the self-
assembly of colloidal diamond requires colloidal particles have tetrahedral valence. These kinds of particles are
also referred to as tetrahedral patchy particles. Manoharan et al.?*® reported the synthesis of colloidal clusters with
tetrahedral configuration, which paved the way for patchy particles for colloidal diamond. In their experiments,
they made a toluene-in-water emulsion where crosslinked PS spheres are immersed in the toluene phase. After the
slow evaporation of toluene, PS spheres within the same oil droplet bind to each other and form colloidal clusters
with a certain configuration. Complete removal of the oil from the droplets leads to the dense packing of colloidal
particles that can minimize the second moment of mass distribution. If there are four particles in one oil droplet,

they form tetrahedral clusters (Figurelda). Later on, Wang et al.**

reported the synthesis of tetrahedral patchy
particles by encapsulating tetrahedral clusters with a different type of material (Figurel4b). Because of the

difference in surface groups, they can selectively functionalize patches with DNA and let these particles bind

through the patches. However, as mentioned in section 3.2, the crystallization of tetrahedral patchy particles
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requires sufficiently small patches, *® otherwise random aggregates are thermodynamically stable than crystals.

150 in which binary colloidal

Tetrahedral patchy particles with small patches can be synthesized by colloidal fusion,
particles first coordinated into tetrahedral clusters, and the introduction of a plasticizer deforms the tetrahedral
clusters and produces tetrahedral patchy particles (Figurel4c). However, the simulation shows that these particles
will crystallize into a mixture of cubic diamond, hexagonal diamond, and clathrate hydrates.'>!

In addition to tetrahedral patchy particles, there are several different approaches to colloidal diamond.*!
Ducrot et al.'*® fabricated colloidal MgCu, superstructures, in which cubic diamond and pyrochlore are two
sublattices. Both diamond and pyrochlore structures can exhibit a ¢cPBG,'** 37 but how to extract the diamond
sublattice from the superlattice remains unknown. Wang et al.?*® made colloidal double diamond using bi-dispersed
colloidal building blocks. The crystallization requires strong interactions between two species and weak interactions
between large particles and no interactions between small particles, but the double diamond crystals do not have a
PBG. By taking advantage of DNA origami, cubic diamond structures were realized in the nanoscale.?®! However,

the size of the particle is too small to have a ¢cPBG, and the crystals cannot be dried out, which makes further

applications difficult.
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Figure 14. Self-assembly of the colloidal diamond from colloidal patchy particles. (a), Synthesis of colloidal clusters. Reprinted with
permission from Science,?*® copyright 2003 American Association for the Advancement of Science. (b), Synthesis of tetrahedral patchy
particles and DNA functionalization of patches. Reprinted with permission from Nature,* copyright 2012 Springer Nature. (c), Synthesis of
tetrahedral patchy particles by colloidal fusion. Reprinted with permission from Nature,*>® copyright 2017 Springer Nature. (d-h), Self-
assembly of the colloidal diamond from compressed clusters. (d), Synthesis of tetrahedral compressed clusters. (e¢), SEM micrograph of
partially compressed clusters. Scale bar, 1 um. (f,g) Confocal micrographs showing the 111 (f) and 110 (g) planes of the self-assembled
colloidal diamond. Patches are fluorescently labeled, and spheres are not visible because they are not dyed. (h) SEM micrograph of the self-
assembled colloidal diamond by partially compressed clusters. Reprinted with permission from Nature,?® copyright 2020 Springer Nature.
Scale bar, 5 um.

Very recently, the colloidal diamond was realized in the Pine group. * He et al. prepared partially compressed
tetrahedral colloidal particles that intrinsically carry the rotational information required for the self-assembly of the

colloidal diamond (Figurel4d-h). The synthesis of these particles is based on colloidal fusion, and they can
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selectively functionalize the retracted patches with DNA. Upon annealing these particles on a thermal stage, they
can only bind to each other in the staggered conformation, which makes cubic diamond structures with 100%
selectivity (Figurel4d). In addition, because particles interlock in the crystal structure, these particles are highly
constrained, and the structure is mechanically stable, which makes it possible to dry the suspension and retain the

structure (Figurel4e-h). The calculation showed that the inverse diamond crystals have a complete and wide PBG.

4.1.8. Microfluidics-assisted assembly method

Spherical colloidal crystal beads (SCCBs) are one kind of unique PhCs due to their excellent angular
independence optical property.>°*-3%2 The unique optical performance is because of their spherical symmetry, which
broadens their applications, especially in optical devices and sensors.’®* Velev and co-workers pioneered the
fabrication of SCCBs.*% In their seminal work, both SCCBs and porous structures were fabricated via evaporative
assembly at the interface of organic solvent and air. From then on, the Yang research group,*?3%43% the Gu research

307,308 and several other research groups have achieved significant progress in the fabrication of spherical

group
PhCs using the microfluidics-assisted assembly method.

Both evaporation-induced colloids crystallization and polymerization of ordered colloids crystallization arrays
can give rise to SCCBs. However, both methods rely on the droplet template to produce SCCBs. Microfluidic
devices can produce uniform droplet templates, which facilitate the rapid and mass fabrication of various SCCBs
because they can continuously generate uniform droplet templates. Therefore, the introduction of microfluidic
device into the fabrication of SCCBs, which acts as one kind of powerful tools to assist the self-assembly of
spherical CCs, further boosted the development of this emerging field. To this end, this method is also known as
the microfluidics-assisted assembly method.

The microfluidics-assisted assembly method is so far the most widely used method to produce SCCBs.*” In a
typical process, a microfluidic device is first used to generate a monodisperse droplet template.?!° Then SCCBs are
formed on a large-scale by slowly evaporating the solvent of the droplets, which are composed of different
polymeric or inorganic colloidal particles as building blocks. In general, there are four types of SCCBs fabricated

in recent years, including spherical opal structured colloidal crystal beads,% 304 311-313

spherical inverse opal
structured colloidal crystal beads,*** 30314317 Janus or multicomponent colloidal crystal beads®'®*?! and core@shell
structured colloidal crystal beads.>*> 322327 In addition, we will also discuss the direct self-assembly in different

microdevices.
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Several different microfluidics-assisted assembly strategies were used to fabricate these different types of
SCCBs.*” Among various methods, evaporation induced colloidal self-assembly is the most widely used method.*
311,313,328 Similar to the fabrication of colloidal crystal film, capillary forces play a crucial role in the preparation of
SCCBs, which can compress the colloidal particles symmetrically and ultimately arrange them into close-packed
spherical beads with fcc structure (Figure 15a). It should be pointed out that the intrinsic defects or grain boundaries
cannot be avoided in the resulting SCCBs due to the curvature effect.

NCP SCCBs can be achieved from oil or water droplet templates that consist of highly charged colloidal
particles (Figure 15b).*?° During self-assembly, the strong electrostatic repulsion leads the colloidal particles to
form a thermodynamically stable non-close-packed fcc or bcc PhC structure within the droplets. The droplet
templates show distinct PBG properties, but the PhC structure can become disordered upon distribution or exposure
to ionic impurities. The way to solve this issue is to solidify such a non-close-packed structure with polymers or
hydrogels. For example, nonionic monomers such as NIPAm and PEG-DA can be polymerized into a hydrogel
network, which surrounds the non-close-packed PhC, to obtain stabilized non-close-packed SCCBs.**° In addition,
non-close-packed SCCBs can also be obtained from colloidal particle self-assembly within nonpolar oil phases.
Yang and co-workers recently developed an optofluidic-assisted assembly method to develop non-close-packed
SCCBs with negligible cracks.’®® They first dispersed monodispersed SiO» colloidal particles into viscous
ethoxylated trimethylolpropane triacrylate (ETPTA) resin. When the suspension was broken into silica-in-ETPTA
(oil-in-water) droplets at the tip of the microfluidic device, the colloidal particles started to form concentric
hexagonal-array spherical shells from the outer layer to the inner layer. This approach thus reduced the repulsive
energy. Then, the non-close-packed SiO, PhCs within ETPTA were consolidated with photopolymerizable ETPTA
with the UV exposure equipped with the microfluidic devices. Finally, non-close-packed SiO,-in-ETPTA SCCBs
were successfully obtained. However, the PhCs in the inner layer of the SCCBs are less ordered due to the high
concentration of SiOs colloidal particles. At low concertation, the SiO, colloidal particles can form a more ordered

structure as a result of a relatively larger repulsive potential comparing to the reduced van der Waals attraction.3%
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Figure 15. Photographs of (a) close-packed spherical CCs.?*! (b) Non-close-packed spherical CCs. The scale bar is 100 um.??° Spherical
CCs with (c) Janus 32 or (d) multicomponent structure. The scale bars are 100 um in (d).>3? (e, f) Spherical CCs with core@shell structure.3%?
333 Reprinted with permission from Small,>** copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA.

Spherical inverse opal beads, similar to inverse opal films, can be obtained through either replica of SCCBs
template or colloidal co-assembly. Many materials, including ultrafine nanoparticles, hydrogel monomer solution,
prepolymers, precursors, etc., can be infiltrated into the interstices of the prepared opaline SCCBs for the fabrication
of spherical inverse opal beads.?%>314316:335 Iy 3 typical process, the SCCBs need to be completely immersed in the
infiltration materials to achieve a full filling of the interstices. Subsequently, after removing the colloidal particles
via heat treatment or etching, a relatively robust spherical inverse opal bead structure can be obtained.**

The spherical inverse opal beads can also be prepared via the colloidal co-assembly approach, in which the
formation of SCCBs and infiltration of the desired framework materials occur simultaneously. 3°%317-33%337 Gy and
co-workers reported the fabrication of spherical inverse-opaline beads using the co-assembly of PS colloids as the
template and colloidal silica particles as the matrix.’3* Droplet templates were firstly prepared from an aqueous
suspension of PS and SiO; colloidal particles. The oil flows broke the suspension into droplets using a microfluidic
device, and then the droplets were collected in a container. The co-assembly process involves the evaporation of
the solvent within the droplets. During the evaporation process, the PS colloidal spheres self-assembled into highly

ordered CCs while the small SiO; particles just filled the interstices of the CCs. Then the silicon oil on the SCCBs
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was cleaned with hexane after solidification. In the end, the PS colloidal spheres were selectively removed to obtain
spherical inverse opal beads via calcination, which in turn enhanced their mechanical strength. They further
functionalized the spherical inverse opal beads for colorimetric tumor marker detection. It should be noted that a
PS to SiO; volume ratio of 9 was optimized for the co-assembly process to achieve the best performance.

“Janus” or multicomponent SCCBs, in general, can be fabricated from monodisperse droplet templates where
phase separation occurs among the colloidal particles.*'832° Gu and co-workers reported the fabrication of a Janus
SCCBs using droplet templates that contain both ultrafine magnetic particles and monodispersed SiO- colloidal
particles. Phase separation occurred upon applying a magnetic field. SiO; colloidal particles within the droplet self-
assemble into close-packed SCCBs when heated in an oven, while the magnetic particles infiltrated into the
interstices of the SiO; particles at the bottom of the microsphere (Figure 15¢).32° Apart from the magnetic properties,
the fabricated Janus SCCBs possess an anisotropic band structure.

The Janus SCCBs can also be obtained from the self-assembly of more than monophasic single droplets, which
are composed of two or more individual domains.*°32! Typically, a capillary microfluidic device with multibarreled
capillaries is used to prepare the emulsion droplet templates, where distinct fluids are introduced in parallel with
the angular distribution. Gu and colleagues developed a four-channel microfluidic device that can inject four
dispersed phases at one time. This novel microfluidic device can generate Janus emulsions on-demand.?*? They
used SiOs-in-ethoxylated trimethylolpropane triacrylate (SiO»-in-ETPTA) solutions as dispersed oil phase. The
fluids are miscible, which can form multiple parallel flows within the channels of the capillary microfluidic device.
Consequently, the flows were emulsified to generate multiphasic droplet templates at a junction, where a drag force
was placed on the parallel streams by a continuous phase. The compartments of the resulting droplet templates can
be preserved for a certain distance within the symmetric microfluidic channels. The Janus SCCBs were obtained
via polymerization of the droplet templates with the respective multiphasic geometry (Figure 15d).

Core@shell structured SCCBs can be produced using microfluidic device generated double emulsion droplet
templates.30% 322323338 Yang and co-workers first developed a microfluidic device that can produce double emulsion
droplet templates stepwise. After self-assembly, the non-close-packed CCs were encapsulated within the ETPTA
resin, which can preserve the droplet by forming a hard shell upon photopolymerization (Figure 15e).> The
resulting core@shell structured SCCBs can maintain the ordering of CCs inside since the ionic species cannot
penetrate into the hard shell. Using the same method, Weitz and co-workers demonstrated the fabrication of

core@shell structured SCCBs with CCs immobilized in the shell.>?* In this case, a microfluidic device was
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strategically designed to integrate both co-flow and flow-focusing structure, which enabled the generation of
monodispersed oil-in-water-in-oil (O/W/O) double emulsions with CC shells. The shell of the SCCBs was
subsequently photopolymerized to immobilize CCs within the hydrogel network (Figure 15e). Core@shell
structured SCCBs can also be fabricated through template replication of SiO, SCCBs similar to the methods used
to fabricate SCCB inverse opals. The partial etching was carefully conducted from the outer to the inner of the SiO»
SCCBs, where hydrogel formed via photopolymerization of the filled pre-gel solution of AA and PEGDA in the
interstices. The precise control over the etching process resulted in SCCBs with a core of opal SiO, PhCs and a
shell of inverse opal PhC hydrogels. The unique core@shell SCCBs gave rise to two distinctive PBGs, which are
very useful for immerse applications.*?¢

Chen and Weitz recently reported the fabrication of self-healable SCCBs with a modified microfluidics-assisted
assembly strategy.*® They first synthesized monodispersed core@shell colloidal particles (polystyrene@poly(2-
hydroxypropyl acrylate-co-N-vinylimidazole) (PS@poly(HPA-co-VI)). Later, the microfluidics-assisted assembly
method was used to produce emulsion-droplet dispersions with the colloidal particles, which subsequently formed
SCCBs. Then they injected a supermolecular system (B-cyclodextrin (host) and N-vinylimidazole (guest)) into
methacrylated gelatin (GelMA) to prepare a hydrogel precursor. After photopolymerization, a covalently
crosslinked hydrogel network was formed to solidify the SCCBs. Using this method, a broad range of photonic
structures, include spiral, planar and linear assemblies with defined micro-/nanostructures, were achieved for
different applications.

Though significant progress has been made in the microfluidic-assisted assembly, high-throughput fabrication
of high-quality CCs remains a challenge for two major reasons. First, the mass fabrication of SCCBs is still very
challenging though SCCBs can be produced continuously with the assist of microfluidic devices. In the future, the
development of emulsification technology could be a good alternative. Second, it remains a challenge to fabricate
defect-free SCCBs using the microfluidics-assisted assembly method. This is because the precise localization of
colloidal particles is very difficult using the microfluidics-assisted assembly.

Due to the possibility of mass fabrication of a broad range of SCCBs, this method may find potential
applications in selective separations, drug release, fuels, catalyst supports, as well as solar cells, which we will

discuss in detail in Section 5.

4.2. Fabrication of high-quality inverse opals
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It is well known that the fcc structure of 3D CCs does not open a cPBG due to the low refractive index of the
commonly used building blocks. It was demonstrated that the minimum required refractive index contrast to open
a complete PBG is ~2 for a diamond D structure.’* In order to realize high-refractive-index CCs from inorganic
materials, the inverse opals (also note as 3DOM) and many other functional photonic structures were proposed, and
many strategies have been developed in the past decade.”” 102341

The colloidal crystal templating (CCT) technique has attracted intense interest since the seminal work of Velev
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eta and the pioneering study of the Stein group.’** Up to date, the most frequently used method for the
fabrication of 3DOM materials is based on the CCT technique (Figure 16a). The CCT method generally involves
three steps: (i) the self-assembly of CCs with monodispersed latexes or SiO; colloidal spheres; (i) the infiltration
of matrix materials into the interstitial spaces of the template via a dry process or wet chemical methods; (iii)
selective removal of the template through dissolution or calcination or etching.**! However, most of the fabricated
inverse opals displayed various defects and cracks initially resulting from the template, infiltration process, or
thermal shrinkage due to sintering.

In addition to the CCT method, there are two crucial alternate assembly methods. One is to co-assemble small
nanoparticles with larger colloidal particles, producing analogous structures to those depicted above when
nanoparticles infill the interstices formed among the templating colloidal spheres during self-assembly (Figure
16b).>* This method can be very useful if nanoparticles of the desired composition are more readily prepared prior
to templating. The other alternate route involves the synthesis of core@shell colloidal particles followed by self-
assembly of the core@shell particles into a colloidal crystal (Figure 16¢).>*>-3% This method offers excellent control

over the shell thickness. Moreover, thicker shells maintain a relatively closed structure even after removing the

cores, resulting in the lower interconnectedness of macropores than that acquired by infiltration approaches.
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Figure 16. Schematic illustration of three typical routes to periodic macroporous structures via colloidal crystal templating methods. (a) A
preformed colloidal crystal is infiltrated with precursor material, which is processed to form the 3DOM structure after selectively removing
the template. (b) Highly uniform colloidal spheres and nanoparticles (NPs) are co-assembled to form a 3DOM structure after selective

removal of the template. (¢) Core@shell structures are assembled into periodic arrays, and removing the cores leads to the formation of
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close-packed hollow shells. Reprinted from Chemistry of Materials,*’ copyright 2008 American Chemical Society.

4.2.1. Wet chemical process

In a typical wet chemical process, there are two steps to prepare inverse opals. In the first step, CCs are
assembled normally on a substrate as an opal template. The second step involves the infiltration of reactive
precursors into the interstices of the 3D CCs template, polymerization or hydrolyzation of the precursors in a wet
chemical reaction, and removal of the initial templates using chemical etching or calcination.**® In the formation of
large-scale inverse opals, the initial quality of CCs is important because any defects in the initial template will ruin
the structures of the complementary inverse opals. In addition, the chemical reaction after precursor infiltration is
also likely to induce defects in the wet chemical environments, such as insufficient filtration of precursors or uneven
chemical reactions in the 3D interstices. To this end, chemists have established a few advanced methods to prepare
inverse opals using the wet chemical process.>#-3%

Despite its wide applications, the inverse opals without cracks can only be fabricated on a very small scale
using a conventional self-assembly approach, usually smaller than 10 um in one dimension. Zeng et al. described
a facile method to fabricate highly ordered inverse opals derived from the long-range ordering of the 3D CCs, which
were obtained by the self-assembly of highly charged PS spheres.!'!® They firstly fabricated highly ordered 3D CCs
by increasing the electrostatic screening length with the addition of a given amount of electrolytes into the colloidal
suspension and then infiltrated the SiO, precursor sol-gel solution into the interstices of the 3D CCs template. After
selective removal of the PS microspheres through calcination, the defect-free area of the resultant inverse opal
structured SiO, CCs extended to over 10 wm, which covered with thousands of voids. It is noteworthy that the
defect-free area of the SiO, inverse opal structure derived from the high-quality 3D CCs and the high-quality area
of inverse opal structure is less than 100 x 100 pm?.

The formation of cracks in an inverse opal structure in the CCT method usually transfers from the host opal
template or generates during the infiltration and pyrolysis steps. One way to avoid the formation of cracks in CCs
in the CCT method is to infiltrate “self-healing” precursors. Song and Xu ef al. reported the fabrication of crack-
free polysilazane-based inverse opal PhCs in large-area. They applied a poly (styrene-methyl methacrylate-acrylic

acid) [poly(St-MMA-AA)] opal film as a template and a thermosetting polysilazane (PSZ) as the infiltrating
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polymer to fabricate PSZ-based inverse opal PhCs.*!

Figure 17a-f shows the scheme of the fabrication process to
obtain a crack-free inverse opal hybrid PhC in a large-area. A vertical deposition method was firstly utilized to
fabricate poly(St-MMA-AA) opal film. Then liquid PSZ was infiltrated into the voids of the poly (St-MMA-AA)
opal to obtain a PSZ—opal composite template. Then the composite template was cured at 170 °C. The template
from the composite was removed via full pyrolysis of the composite at 500 °C. Meanwhile, the PSZ was
concomitantly transformed into an organic-inorganic hybrid (HPSZ). It is reported that PSZ can generate a
thermally stable and mechanically robust organic-inorganic hybrid material with a Si-N backbone and organic side
groups over 400 °C via solidification and pyrolysis.>>* Therefore, the hybrid structure rendered the resulting
material to be thermally stable and crack resistant.*>* Consequently, a large-area and crack-free hybrid PhC (I-HPSZ)
inverse opal was obtained. Figures 17g and h show crack-free I-HPSZ PhCs in large-area replicated from templates

with a colloidal sphere size of 240 nm and 300 nm in diameter, respectively. In addition, this approach also

eliminated the cracks from the opal template. The ‘‘self-healing’’ effect can be attributed to the unique character

of PSZ.
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Figure 17. Scheme of procedures for the preparation of HPSZ photonic crystals using poly (St-MMAAA) template. An opal template (a) is
dripping infiltrated with PSZ solution. When heated, the filled structure (b) undergoes a rearranging process to obtain a PSZ—opal composite
template with decreased cracks (c). After curing at 170 °C for 2 h, the viscous PSZ changes into a hard solid (d). Meantime, the spatial
arrangement of CCs is fixed. This hard-solid composite is transformed into the ultimate inverse opal structure (e) by calcination at 500 °C
under Ar to remove the opal template. (g) I-HPSZ 1 replicated from an opal template with 240-nm colloidal spheres. (h) I-HPSZ 2 replicated
from an opal template with 300-nm colloidal spheres. Reprinted from Journal of Materials Chemistry,*' copyright 2012 Royal Society of
Chemistry.

They further revealed the underlying mechanism for the preparation of crack-free [-HPSZs. Polysilazanes
(PSZs) are precursors of SiCN ceramics in the polymer-derived ceramics route, which can remain in liquid form
below 200 °C.3%** In this study, the PSZ can easily form a crosslinked solid through radical polymerization with

the addition of dicumyl peroxide at a temperature above 150 °C.* The slow flow of the viscous PSZ through the

45



interstices among CCs is sufficient to obtain uniform infiltration during both the infiltration step and drying step.
The PSZ does not evaporate or react at the drying stage. During the removal of the solvent, the PSZ retains its
viscous state at room temperature, thus preventing the formation of “glassy” cracks and general cracks caused by
capillary forces. The cracks can be effectively eliminated using this method since the viscous PSZ precursors serve

as ‘‘glue’’ to release the stress and to heal the cracks.

Figure 18. (a-f) Scheme of the fabrication of TiO2 inverse opals without overlayers using the sandwich-vacuum infiltration technique. (g)
TiO2 inverse opals prepared using a conventional colloidal crystal templating method; (h) TiOz inverse opals fabricated with the sandwich-

vacuum infiltration technique. Reprinted from Langmuir,3®° copyright 2011 American Chemical Society.

Among various defects in inverted CCs, the existence of overlayers on top of the films limits some of their
applications in photonics and light-energy conversion.”” 361362 This is because that the interconnected open pores
are critical for the transportation of mass and propagation of light.> 3% 3% Bartl and co-workers have attempted to
fabricate titanium dioxide (TiO,) without overlayers. It was proposed to use a modified TiO» precursor to facilitate
the infiltration of the interstices.*** 3> This method is effective in improving the infiltration of the TiO, precursor
into hydrophobic PS CCs. However, the overlayer of TiO, cannot be removed entirely. In the Zhao group, Cai et
al. developed a novel sandwich technique to completely remove the formation of the overlayers on top of the 3DOM
films.*? Briefly, a sandwich-vacuum method was used to fabricate binary TiO, inverse opals. Colloidal crystal
templates were firstly self-assembled via a convective deposition method'?? or horizontal deposition method'3% 366
on a substrate. The resultant colloidal crystal template was covered with another cover slide. Therefore, the
sandwich-like configuration was used to infiltrate the TiO, precursor into the interstices of the CCs and dried in the
air. The cover slide was then removed after drying. Finally, the sample was calcined to remove the colloidal crystal

template to obtain 3DOM TiO, without overlayers (Figure 18a-f). Figure 18g and h compares the TiO; inverse

46



opals prepared through a conventional CCT method and the sandwich-vacuum infiltration technique, respectively.
It is evident that the overlayers can be eliminated via this sandwich-vacuum infiltration technique. This approach
can avoid excess TiO, precursor atop the colloidal crystal template and prevent the formation of overlayers.
Moreover, it is simple and universal for the fabrication of many other metal oxides inverse opals without overlayers.
Cai, Liu, and co-workers recently developed an electrically tunable photonic crystal device using this sandwich-
vacuum infiltration method.’* They fabricated high-quality TiO> inverse opals on FTO glass slide and then
infiltrated the open macropores with electric-responsive liquid crystals (E7). The Bragg diffraction peaks of the
active photonic device can be switched by an electric bias voltage because the electric-responsive liquid crystal

molecules within the macropores of the TiO, inverse opals can be reoriented by the external electric field.

4.2.2. Chemical vapor deposition (CVD)

Apart from the wet chemical process, the dry process is often used to fabricate inverse opals with high
refractive index contrast as well. Compared with wet chemical methods, the dry process, such as chemical vapor
deposition (CVD) and atomic layer deposition (ALD), offers more precisely controlled and conformal coatings on
a template surface.

A CVD method can be applied to prevent the formation of cracks during the fabrication of inverse opals.
Initially, a double templating method is often employed using a sequential SiO»/Si CVD.?”*> Ramanan and co-
workers described a single conversion technique to convert holographic lithography (HL) patterned SU-8 3D
structures to silicon-air structures by depositing a 30-nm conformal layer of alumina (Al>O3) at 90 °C via ALD,
followed by low-pressure CVD of disilane at 325 °C for 15 h.*” The Al,Os thin layer was used as a sacrificial layer,
which was later removed by HF, thus exposing the polymer network to air (Figure 19a-d). This strategy was found
to be useful in restricting crack formation when calcinating the SU-8 template at 410 °C for 4 h. The Al,O; layer
demonstrated excellent mechanical and thermal stability, therefore enhancing the stability of the SiO; layer and
avoiding crack formation during subsequent processing steps.* Braun and co-workers recently applied self-
assembled CCs to replicate the growth of a refractory material deposited by CVD to generate hafnium diboride
(HfB2) PhCs, which can act as the selective thermal-emitting component of a solar thermophotovoltaic device.**®
The resulting photonic materials showed comparable thermal and optical properties to those tungsten PhCs at high

temperatures.*® 37" This is a general and scalable approach to producing high-temperature stable 3D PhCs.
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It should be noted that high-quality inverse opal structures must be grown upon a high-quality opaline template
using a CVD method. For example, Norris and co-workers found that, by sintering the SiO, spheres prior to
assembly of the opal, the cracks can be eliminated.!” They further demonstrated that by preshrinking the SiO,
spheres before self-assembly of the opal, the colloidal spheres do not shrink during the infiltration process. Thus,

high-quality inverse opals can be achieved without any cracks (Figure 19 e and f).
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Figure 19. SEM images of the (a) top view and (b) cross-section view of polymer-air PhCs prepared by holographic lithography with an
umbrella beam geometry. SEM images of (c) top view and (d) cross-section view of air-silicon PhCs from polymeric templates. Reprinted
from Applied Physics Letters,>®” copyright 2010 American Chemical Society. (¢) SEM image showing a heavily cracked Si inverse opal.
The opal template for the crystal was assembled of 850 nm-SiO2 spheres; the cracks appeared due to shrinkage of the spheres during Si low-
pressure CVD; (f) SEM image showing a “crack-free” Si inverse opal. The spheres were sintered as a dry powder at 600 °C for 4 h before
the assembly of the opal; after the heat treatment, the diameter of the spheres was reduced to 792 nm. Reprinted from Applied Physics
Letters,'” copyright 2004 American Institute of Physics.

Although homogeneous filtration has been reported as a reliable method to fill opal structures, it does not offer
efficient control over vapor deposition to fill thin planar opal films. Instead, a low-temperature CVD technique was
developed as a surface-reaction-limited process to a conformal filling gap within the opal structures. At lower
temperature (550 °C), the reduced sticking coefficient of the precursor could facilitate the homogeneous penetration

as well as the smooth deposition process, which are critical for the formation of uniform amorphous Si. Subsequent
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high-temperature annealing (600 °C) could transfer the amorphous Si to polycrystalline without losing the internal
interface smoothness. After deposition, the SiO, template was selectively removed via etching. The component
homogeneity with Si wafer rendered incorporation between them and enhanced the mechanical properties of inverse
opal. The uniformity of inverse opal structures was evidenced by the SEM images in Figure 20a-c, which showed
the cross-section view of opal structures with different thicknesses. No apparent defects, such as cracks or point
defects, were observed. In combination with reactive ion etching (RIE), different planar crystal surfaces were
clearly observed in Figure 20 d, e, and f. Based on the parameters derived from Figure 20e, a photonic bandgap

located at ~ 1.3 um was predlcted between the elghth and ninth bands
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Figure 20. Cross-section SEM images of inverse opal structures with layers of 2 (a), 4 (b) and 16 (c) layers. (d) SEM image of the sample
edge showing the (100) surface. (¢) SEM image showing the planar (111) crystal surface exposed by reactive ion etching (RIE). (f) SEM
image showing the (100) crystal surface exposed by RIE. The microsphere diameter is 670 nm (c and e), 855 nm (d and f) and 1 pm (a and
d), respectively. Reprinted from Nature,** copyright 2001 Springer Nature.

4.2.3. Atomic layer deposition (ALD)

Atomic layer deposition (ALD) is another flexible and practical method for the fabrication of high-performance
PhCs and optical microcavities. One prominent characteristic of ALD over CVD is the self-limiting film growth,
which enables accurate control over the film thickness, large-area uniformity, and good conformity and
reproducibility. ‘!

In a typical ALD process, a binary reaction is divided into two half-reactions. In ALD, the growth of inorganic
materials is obtained layer-by-layer via consecutive exposure to one of two complementary chemical species, where

individual precursors are fed into the reactor one at a time, coupled with optimization of the substrate temperature.
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King et al.**3" infiltrated ZnS: Mn and TiO; into SiO»-based opal templates with high filling fractions. Highly
conformal and uniform coatings were obtained, which contributed significantly to the PBG properties. A wealth of
materials, including WN, TiO,*> 3737 ZnS:Mn,*”! W,*® TaNs, AlLO;, and GaAs,’”> have been successfully
deposited onto a sacrificial template to create high refractive-index PhCs. Figures 21a and b show typical SEM
images of the TiO, inverse opals fabricated using an ALD method. The ALD can yield continuous and uniform
coatings and avoid the formation of cracks associated with liquid infiltration or drying. However, this approach is
relatively costly, time-consuming, and necessary to grow upon a defect-free colloidal template in order to obtain a
crack-free photonic crystal.

In an independent study, a spin coating method followed by an ALD approach was used to fabricate wafer-
scale 2D hole-arrays (Figure 21¢ and d).>’® The hole size and pitch can be controlled by heat treatment and using
PS colloidal spheres with different diameters, respectively. This ALD-assisted PS colloidal lithography would be

easily incorporated into the mass fabrication of optoelectronic devices, such as light-emitting diodes (LEDs).

10 um

Figure 21. SEM images of 433-nm TiO: inverse opal: (a) ion-milled (111) surface, and (b) fractured surface. Reprinted from Advanced
Materials,””* copyright 2005 Wiley-VCH Verlag GmbH & Co. KGaA. (¢) A photograph of a 4-inch wafer with a SiNx hole array pattern
under white light illumination. (d) SEM image and its corresponding fast Fourier transform (FFT) image (inset) of a hole-array. (¢) SEM
image of the hole-array pattern over a large area (~90 um x 45 um). Reprinted from Journal of Materials Chemistry,”’® copyright 2010 Royal
Society of Chemistry.

4.2.4. Co-self-assembly method

Whereas layer-by-layer vapor phase processes, such as ALD, may yield continuous and uniform coatings and
inhibit cracking associated with liquid infiltration or drying, these approaches are relatively time-consuming and

expensive and need to use a defect-free colloidal template to deposit upon. In addition, the templates need to be
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thermally and mechanically stable at a high backfilling temperature and may not be filled completely. Up to date,
only a few low-cost, reliable, scalable methods have been developed for preparing crack-free, robust inverse opal
films composed of single-crystal domains over large lateral dimensions. Among them, the co-self-assembly method
seems very promising. Compared with templating methods that involve multiple chemical and physical processes,
the co-self-assembly method produces inverse opals with reduced steps. In a typical preparation, the host opal
building locks will be assembled, and the interstitial guest materials will be infiltrated between the CCs
simultaneously. The interstitial guest materials can be small colloidal particles or reactive precursors. This advanced
technique avoids possible defect formation during the assembly of CCs templates and the precursor infiltration in
the templating methods.!”3"7

Cooperative-self-assembly (CSA) of multiple colloidal components of varying dimensions is one way to
fabricate ordered inverse opal structures.®”-*’® However, this method has suffered from low crystalline qualities of
the obtained PhC structure, long growth time, and limited size and materials of multiple colloids. More seriously,
a jamming effect occurs in CSA at a fairly large growth rate, which makes it very difficult to achieve optimized
conditions for fast CSA of multiscale colloids in high quality. Meng and co-workers recently developed an infrared-
assisted CSA (IACSA) method to prepare highly ordered multiscale porous materials.*” In this approach, a unique
infrared technique, which can speed local evaporation on the growth interface without varying the growth
environment, combined with a concise three-parameter (pressure, temperature, and IR intensity) CSA method to
efficiently conquer the jamming effect.>”” Both mono-scale and multiscale PhC inverse opals in a broad range of
lattice scales can be fabricated within 15-30 min, which makes this approach favorable for mass fabrication. The
several millimeters sized single-crystal domains can be achieved when the optimal growth conditions are obtained.
In addition, this method endows optimal conditions for CSA without restrictions on the sizes and materials of
multiple colloids. More importantly, this strategy makes a significant breakthrough in the applicability and
universality of both CCs and ordered porous materials. However, the growth temperature should be carefully
controlled to prevent property distortion of the building blocks.

Based on their previous work, one significant progress has been further achieved in fabricating crack-free
inverse opal films in the same group. Cai and co-workers firstly prepared PS opaline structure by adding a certain
amount of TEOS sol during the self-assembly process. Binary CCs and their inverse opal structures were fabricated
by this method as well.*? This method is derived from the fabrication of crack-free SiO, CCs via co-self-assembly

of SiOs colloidal spheres and TEOS sol.!”? Instead of SiO; colloidal spheres, PS colloidal spheres were used as the
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sacrificing template in order to fabricate an inverse opal structure. After co-self-assembly, the resulting binary CCs
were calcined to remove PS colloidal spheres and strengthen the inverse opal structure (Figure 22a). They further
extended this method to the fabrication of the inverse opal structure of SiO, and TiO; hybrid CCs. The
heterostructure of SiO, or TiO, CCs were fabricated by the sequential deposition of PS colloidal spheres with
Si0,/TiO; precursors followed by calcination. The resulting inverse opaline SiO»/TiO; heterostructure showed
long-range ordering with multiple photonic stop bands (Figure 22b).>** Moreover, by replacing the hydrochloride
with chloroauric acid, they fabricated high-quality Au-loaded SiO; and TiO; inverse opal structures for sensing and
photocatalytic applications.*®*33 Crack-free gold-loaded SiO» or TiO: inverse opals can be fabricated at a
comparable size scale with pure SiO» or inverse opals.?** 3% And the size-tunable Au nanoparticles can be relatively
uniformly distributed on the SiO» or TiO; inverse opal (i-Au-SiO;-o or i-Au-Ti0»-0) films, which further improve
their property and enhance their potential applications (Figure 22¢-f). It is worth noting that this method can be
extended to in situ load Au or other noble metal nanoparticles into the 3DOM structures to obtain various novel

photonic/plasmonic structures, which makes this method versatile for photonic and plasmonic applications.

Figure 22. Photonic structures fabricated by a co-self-assembly method. (a) Binary CCs in a relatively large area; Reprinted from Journal
of Colloid and Interface Science,? copyright 2012 Elsevier (b) SiO2/TiOz photonic heterostructures; Reprinted from ACS applied materials
and interfaces,?** copyright 2012 American Chemical Society. (¢) TEM image of i-Au-SiO2-0 in a relatively large area; (d) Au nanoparticles
are uniformly distributed in the i-Au-SiO2-o0 film; Reprinted from The Journal of Physical Chemistry C,3% copyright 2013 American
Chemical Society. (¢) TEM image of i-Au-TiO2-0 in a relatively large area; (f) Au nanoparticles are uniformly distributed in the i-Au-TiO2-
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o film. Reprinted from Journal of Materials Chemistry A,*®' copyright 2014 Royal Society of Chemistry.

Zhao and his colleagues pioneered the fabrication of crack-free opaline and inverse opaline CCs using their
improved vertical deposition (co-self-assembly) method.!”? Hatton et al. further extended Zhao’s work by co-self-
assembling PMMA/TEOS suspension to fabricate PMMA/SiO, composite CCs. Instead of SiO, and PS colloidal
spheres, PMMA colloidal spheres were utilized as building blocks to fabricate the sacrificing template.’® After
removal of the PMMA spheres via calcination, the high-quality, crack-free SiO» inverse opals were obtained
(Figure 23). They also demonstrated that these robust SiO» inverse opals could be converted into a variety of
materials via a “magnesiothermic” reaction,*® such as TiO, and Si, which keeps the morphology and order of the
original films as demonstrated by the reactive conversion. The colloidal co-assembly depicts a facile, scalable
method for creating high-quality, chemically tailorable inverse opals for various applications.*®” They also proposed
a possible underlying mechanism of this co-assembly method to fabricate crack-free inverse opal film. The
interconnected silicate network generated during self-assembly of the composite films was believed to prevent the
formation/propagation of cracks. Later, the Aizenberg group incorporated gold nanoparticles into a porous 3D SiO»
inverse opal structure using a three-phase co-assembly method, which is similar to the above co-assembly
method.*”- 3% In addition to TEOS sol, Chen et al. recently demonstrated the fabrication of crack-free films using
polyurethane, in which the isocyanate moieties can interact with carboxy moieties on colloidal spheres to form
hydrogen bonds to relieve the tensile generated during self-assembly and drying process, resulting in crack-free

CCs.*¥
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Figure 23. (a) Scheme of the fabrication process of the CCs without cracks by the co-assembly method. (b)-(¢) SEM images of the CCs
without cracks in a large area. (d) SEM images showing the cross-section of a bilayer SiOz structure prepared by utilizing 300-nm and 720-
nm PMMA colloidal spheres. (¢) SEM image showing the fractured cross-section of inverse opals grown in 4-um wide, 5-pum deep channels
on a Si substrate. Reprinted from Proceedings of the National Academy of Sciences of the United States of America,'’

National Academy of Sciences USA.

copyright 2010

4.3. Fabrication of large-area high-quality 2D CCs

The aforementioned methods mainly focus on the fabrication of 3D PhCs or PhC films with multi-layer of
CCs and their inverse structures. 2D CCs have attracted tremendous interest in recent years. 2D PhCs have found

! all-optical chips,** light-emitting

broad applications in photonics and others, including optical switches,*
diodes,**! and tunable superhydrophobic surface.**> Moreover, 2D CCs may expand applications of colloidal crystal
in angle-resolved nanosphere lithography (NSL) and in the fabrication of high-quality quasi-three-dimensional
plasmonic crystals. The fabrication of 2D PhCs, however, is dramatically different from their 3D counterparts. In
2D CCs systems, a meniscus is formed towards the missing dimension. The formation of a meniscus gives rise to
strong capillary forces between the colloidal particles that greatly affect the crystalline structure formation. 3D CCs
consist of multilayers instead of a single monolayer. In moving from a monolayer in 2D CCs to multilayers in 3D
CCs, the effect of the capillary forces does not have the same influence on the overall structure as 2D CCs as a

result of the complete wetting in the inner part of a thicker layer stack during crystal formation. This complete

wetting in the inner of multilayers excludes the meniscus effect and hence the influence of capillary forces.®®

4.3.1. Self-assembly of high-quality 2D CCs at interfaces

Tremendous efforts have been devoted to developing advanced approaches for the fabrication of crack-free 2D
single-domain CCs. These approaches include dip coating,*** spin coating,>*® and electrophoretic deposition®*** of
colloidal particles on planar substrates to prepare 2D colloidal crystal arrays. In addition, colloidal particle assembly
at the air-liquid interface can be used to fabricated 2D CC monolayers, t00.33% For example, 2D colloidal arrays
have previously been self-assembled on water surfaces.?**** During self-assembly, the water surface functions as
a substrate on which colloidal spheres can move and organize into an ordered structure more freely than on solid
substrates. Self-assembly of colloidal particles at the water-air interface has been evolved into a promising method
for the high-throughput fabrication of large-area 2D CCs. More importantly, cracking can be avoided since the used

substrate is fluid, which retains the free shrinkage of latex without limitation. Korley and colleagues first developed
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a colloidal crystal self-organization method at the water-air interface.** It should be noted that there are myriad
factors that may affect the self-assembly of CCs at the water-air interface.*”> Yan and co-workers first used this
method to fabricate CCs in a layer-by-layer way.**® Later, they extended this method to fabricate 2D binary CCs at
the water-air interface by adding surfactants.*”® By adding ethanol into the colloidal solution, Cai and co-workers
also fabricated the same 2D binary CCs at water/air interface in a large area (larger than 10 cm?) as a result of
convection flow of solvent caused by the rapid evaporation of ethanol.*”” This method avoids the needs of special
equipment or surfactants.

Similar to previous studies for the fabrication of 3D CCs on the liquid surface, the Asher group developed a
method for the mass production of 2D CCs by spreading PS colloidal aqueous/propanol suspension on mercury
surface (Figure 24a).2% This method derives from a previous study in which PS colloidal aqueous suspension was
spread on mercury surface to fabricate 2D CCs.**” On Hg surface, liquids with moderate surface tension promptly
spread as thin films. As a consequence, solvent evaporation during the rapid spreading of the colloidal particle
suspension leads to the self-assembly of monolayers. Figure 24b shows the bright diffraction of yellow light from
a PS colloidal crystal array on a surface of Hg. Figure 24c¢ further indicates the ordering of the 2D CCs. This
method is affordable for large-area 2D CCs fabrication. However, the mercury is acutely toxic to human health.

Later, the Asher group further improved this method and developed a needle tip flow method to self-assemble
PS on H,O surface, which avoids the use of toxic mercury.*® They fabricated large-area (hundreds of square
centimeters) 2D CCs within several minutes at the air/water interface by spreading a mixture of alcohol and
colloidal spheres on the air-water interface (Figure 24d). Meng et al. fabricated a 2D CC heterostructure with
PMMA colloidal spheres using an identical method.* 4% Typically, the air/water interface self-assembly utilizes
the Marangoni effect to spread the colloidal suspension, where a liquid surface is pushed away from the regions of
low surface tension as a result of a surface tension gradient. In this approach, the addition of an alcohol-containing
colloidal suspension onto the water surface causes the Marangoni flow. The colloidal suspension rapidly spreads
outwards due to the Marangoni flow, which overspreads the water surface with colloidal particles.*!° This is a facile
and novel method where the resulting 2D CCs can be transferred onto a number of substrates and functionalized
for chemical or biological sensing applications. Using an essentially identical method, Ye and co-workers fabricated
2D CCs as extraordinarily large as 1 m? on a glass substrate.*!! Unfortunately, both studies show that the resultant
2D CCs are in multi-domains and lack long-range ordering, which can be confirmed via Debye ring diffraction.*%

Moreover, the cracks cannot be avoided. Most recently, the Asher group developed a novel sensing technique based
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on the 2D PhCs,* in which the 2D PhC is incorporated into a hydrogel, forming crack-free 2D hydrogel PhCs.
They firstly prepared the 2D PhCs at the air-water interface and then transferred onto a hydrophilic glass slide, and
then cross-linked the monomer solution to form hydrogels on top of the 2D PhCs.*'>*!3 Later, Asher et al. reported
the fabrication of 2D ncp PhCs with controllable particle spacing through the swelling or shrinkage of the
hydrogel.*!* It should be pointed out that the ordering of the 2D PhCs within the hydrogel mainly depends on the
ordering of the original 2D PhCs on the glass slide. Transferring 2D PhCs from a glass slide to a hydrogel does not
change the ordering of 2D PhCs. In their methods, as mentioned earlier, the 2D PhCs are often in the form of multi-
domains.?* %% Fortunately, the sensing technology developed in the Asher group is tolerant to the presence of these
multi-domains.*® 41>418 This method is also affordable for the fabrication of free-standing CC films. By replacing
alcohol with toluene, Meng and co-workers fabricated free-standing 2D CCs with PMMA colloids using a similar

self-assembly approach.*"’
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Figure 24. (a) Scheme of fabrication of a 2D PhC on a Hg surface for sensing applications. (b) Photograph showing bright diffraction of
yellow light from a PS crystalline colloidal array on a Hg surface. (¢) SEM images of a 2D CCs transferred onto a plastic sheet after sputtering
with Au. Reprinted from Journal of the American Chemical Society,>** copyright 2011 American Chemical Society. (d) Fabrication of a 2D
PhC array using the needle tip flow method. The transfer of the 2D arrays onto a substrate is shown by draining out the water or by lifting
the array on a substrate. Photograph of 2D CCs on the water surface in a glass dish 19 cm in diameter using 580-nm PS colloidal particles
as building blocks. Reprinted from Angewandte Chemie International Edition,**® copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA.

Furthermore, Vogel et al. independently developed an identical method to fabricate close-packed PhC
monolayers, in which a glass slide was used to add colloidal suspensions to the air-water interface. They diluted
colloidal aqueous suspensions (typically =5 wt.-%) with ethanol to yield a mixture of dispersion and ethanol (50
vol.-%). Then, close-packed monolayer patches crystallized upon spreading of an ethanolic PS colloidal dispersion.

When further add colloids, the patches ultimately assembled into a monolayer covering the whole water surface.*?
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In a distinct study, Oh and colleagues developed a method combining the self-assembly of PS colloidal spheres
at the air-water interface and the layer-by-layer scooping transfer technique (Figure 25).**! They fabricated wafer-
scale 2D CCs in a 1D stack with a combination of these two simple steps. This approach can routinely produce
multilayers of PhCs over 4-inch wafers with controlled layer numbers and vertically crack-free over the wafer-scale
area (Figure 25b and c). In addition to the unary structure, they also investigated the fabrication of mixed binary
CCs. Later, Singh et al. fabricated multicomponent CCs over large areas using the layer-by-layer method as well.*??
However, this layer-by-layer method is laborious and expensive for practical applications. Moreover, the

crystallinity of the resultant CCs is poor since the crystalline structure of the next layer is determined by its bottom

layer.
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Figure 25. (a) Scheme of the fabrication process: dispersed PS microspheres floating on the water surface, the formation of a monolayer of
PS spheres at the air-water interface via self-assembly, scooping transfer to the glass surface, repetition of the scooping transfer of the PS
monolayer from the air-water interface to PS microsphere coated glass. A photograph of a transmission (b) and reflection (¢) images under
sunlight on a 4-inch glass substrate in diameter with fifteen layers of the multilayer CCs film (d=350 nm). (d) FESEM images of the top
view in the low magnification. Reprinted from Journal of Materials Chemistry,*?! copyright 2011 Royal Society of Chemistry.

4.3.2. Magnetic assembly

The nanoscale magnetic assembly uses external magnetic fields to direct the assembly of colloidal particles.**
Under carefully prepared conditions, it is possible to produce 2D CCs on a large scale. This assembly process is
fully reversible, remote, and fast to produce 2D CCs on a centimeter scale. It provides CCs with not only good
positional orders but also active control over the crystal orientation by simply changing the field directions.
Therefore, it offers an additional degree of freedom to modulate the assembled structures, which is not attainable
in other assembly methods. In addition, the easy control over the crystal periodicity and orientation represents an

open platform to prepare stimuli-responsive PhCs.?*>4** On the other hand, however, this method is only appliable
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to magnetic particles, and its scalability is limited by the uniformity of the applied magnetic field. For
superparamagnetic particles dispersed in solution, they will be magnetized upon an external magnetic field.*>>?
The induced magnetic dipole within individual nanoparticle couples with one another if nanoparticles are close
enough, forming dipole-dipole interactions. On the other hand, the induced dipole will couple with the external
magnetic field as well, known as the packing force under the gradient of the external magnetic field.** *** The

dipole-dipole interaction between two neighboring nanospheres can be expressed as
3(1 — 3cos?a)m?
= d4 Tr

where a, (between 0° and 90°), is the phase angle between the magnetic field direction and the line connecting the
centers of two nanoparticles, m is the magnitude of induced magnetic dipole moment, d is the distance between the
two nanoparticles, and r denotes the unit vector parallel to the line pointing from one nanoparticle to another.*
Based on this equation, the interaction between nanoparticles in an external magnetic field is highly dependent on
the relative configuration of the two nanoparticles. Basically, the dipole-dipole interaction is repulsive if the angle
is between 54.74° and 90° and attractive otherwise. Therefore, magnetic nanoparticles tend to assembly into chain-
like structures once the dipole-dipole interaction is strong enough to overcome the thermal fluctuations. Such
dipole-dipole attraction also couples to long-range inter-particle repulsion, like an electrostatic force between
nanoparticles carrying a large number of charges on the surface, hence establishing an equilibrium state with tunable
separations, 24 430 431

This scenario could be best fulfilled by superparamagnetic FesO4 colloidal nanocrystal clusters (CNCs) with
controllable diameters (between 100 and 200 nm).>”- 24> 432 Once exposed to an external magnetic field, they will
assemble into 1D chainlike structures dynamically regulated by the dipole-dipole attraction and surface electrostatic
repulsion under low concentrations.*”* Since the two forces dominating the assembly process are distance-
dependent, the separation, as well as the optical properties, can be immediately and reversibly tuned by the strength
of the applied magnetic field.”- 245433435 A shown in Figure 26a and b, the structural color was continuously tuned
from red to blue once the distance between the permanent magnet and colloidal suspension decreased (increased
field strength simultaneously). In terms of spectra, the reflection peak blue-shifted meanwhile. Figure 26¢ and d
illustrated dynamic equilibrium between the magnetic attraction-electrostatic repulsion force pairs during the tuning
process. Under the scenario of a weak strength, the interparticle separation (d) tends to increase until a new

equilibrium is established between the two forces. As field strength increases, d will decrease accordingly, resulting
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in blue-shift of reflected wavelength (A) originating from their linear correlation in Bragg’s Law.?!
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Figure 26. (a) Structural colors in a colloidal dispersion of CNCs under different distance from a permanent magnet. From left to right, the
distance increased gradually. (b) Reflectance spectra measured by varying the distance between the sample and a magnet. (¢) Schematic
illustration of inter-particle forces during magnetic assembly. (d) Schematic illustration of Bragg diffraction from the assembled chains.

Reprinted from Accounts of Chemical Research,*>® copyright 2012 American Chemical Society.

As the concentration of CNCs increases, the inter-chain interactions become effective under a strong
magnetic field. The system is thermodynamically unstable due to the strong repulsive force between chains so that
they tend to aggregate and form a zigzag 2D sheet to minimize the repulsive potential. By a sol-gel process, the
assembled structures can be fixed and stabilized without modifying their order uniformity.**® As shown in Figure
27, the assembled 2D sheet was uniformly made of monolayered CNCs, and the height was around ~20 um. Notably,
in an external magnetic field, the height direction of the assembled 2D sheet was parallel to the direction of the
field.**"** The inner arrangement of CNCs was observed in the TEM image as shown in Figure 27d, and three
neighboring nanoparticles formed an equilateral triangle roughly with a phase angle () of 60°. By simply varying
the diameter of building blocks, different structural colors were observed from the top of 2D sheets (Figure 27).
Since there was hard contact between nanoparticles, the diffraction was mainly determined by the size of the
building blocks. 2D nanosheets will diffract light with a longer wavelength one larger CNCs was used during
assembly.*** Further increase in the concentration induced phase change of assembled entity from 2D nanosheets
to high crystalline 3D structures. This crystallization was initiated by the local concentrating of nanoparticles under
the gradient of the external magnetic field, and 3D lattices with different phases were achieved by changing the

field strength.*!-442
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Figure 27. (a) Schematics illustrating the formation of 2D nanosheet. Dark field optical microscopy images of fixed 2D photonic structures
assembled by CNCs with diameters of (b) 120 nm, (¢) 150 nm and (d) 190 nm. (e) The corresponding reflectance spectra. (f-i) SEM images
of 2D photonic structures. Insert in (i) was the TEM image showing the zigzag arrangement of CNCs. Reprinted from Nano Letters,**

copyright 2010 American Chemical Society.

4.3.3. Langmuir-Blodgett method

Langmuir-Blodgett (LB) method is a method that is affordable for the growth of PhCs in a large area. The
LB technique involves the controlled contraction of molecular monolayers that are produced through spreading
amphiphilic compounds at the air-water interfaces. Although a monolayer can be fabricated with a well-ordered
structure, it is hard to fabricate a 3D ordering structure using this LB technique.** ** For the detailed description
of features and applications of this interesting technology, one can refer to a recent progress report on LB technique.
421

Vogel et al. reported the preparation of large-area binary colloidal monolayers in large areas with the
conventional LB technique.** In this method, the interstitial sites were tailorable, and the stoichiometry of binary
CCs could be controlled over a broad range of size ratios using a Langmuir trough. The films were transferred to
solid substrates by utilizing a surface lowering technique. A number of substrates with arbitrary topographies can
thus be decorated with colloidal monolayers in large areas. However, this method is not effective to fabricate high-
quality 2D CCs as one can observe the uneven structural color of the 2D CCs. The obtained 2D binary CCs via this
LB technique still contained many defects, such as grain boundaries, vacancy defects, and line defects, resulting in

a polycrystalline structure. For obtaining high-quality 2D CCs with LB technique, ultrasonic annealing at 1.2-1.5
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MHz and barrier-sway process were applied, and remarkably increases of the ordered area were achieved.**

In an independent study, Pan and colleagues invented a facile approach to promptly fabricating large-scale
monolayer colloidal crystal arrays (CCAs) on substrates.>” A close-packed colloidal crystal monolayer was first
assembled on a vortical water surface using latex particles; then, the monolayer was transferred onto substrates by
a withdrawer.*’ Conceptually, this approach is very similar to the LB method for film deposition but without the
need for an LB trough.*” The resulting samples show a large-scale periodic feature according to both SEM
observations and optical microscopy, and diffract the laser beam. This novel technique is time-saving, widely
accessible, and applicable to large colloidal particles (up to 2 um). It is thus very promising for nanofabrication.>*’

It should be noted that the application of the LB technique has been restricted by the size of the substrate for
depositing PhC structures. Most recently, Parchine and colleagues further improved the LB method and developed
a roll-to-roll LB method to fabricate 2D colloidal PhCs on flexible poly(ethylene terephthalate) (PET) film in an
area as large as 340 cm?to meet the demand of high volume manufacturing.**® A NIMA LB trough (model 1222D2)
was applied for the LB deposition process of SiO; spheres on the PET film. The difference between this roll-to-roll
LB method and the conventional LB method lies in that a special roll-to-roll unit replaces the standard alternate
dipper mechanism in the NIMA trough (Figure 28a and b). Figure 28c shows a large-area monolayer of SiO»
spheres fabricated with a roll-to-roll slot-die coater. Figure 28d displays the SEM image of SiO, monolayer
fabricated with this roll-to-roll LB method on the PET film, indicating the high quality of the 2D close-packed silica
spheres hexagonal structure. The roll-to-roll LB method enables large-area applications of colloidal PhCs, such as

flexible polymer solar cells, thin-film photovoltaic panels, colloidal lithography, flexible OLEDs, and others.*#*

—

PET film
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Figure 28. (a) Schematic illustration of the roll-to-roll LB method. (b) Photograph of the NIMA trough, the roll-to-roll unit, and the PET
substrate deposited with an LB monolayer of SiOz spheres. (¢) Photograph of the roll-to-roll slot-die coating with strips of optical adhesive
NOA164 on the PET substrate with the LB monolayer of 550-nm SiO: spheres. (d) SEM images of the monolayer of 550-nm SiO: spheres
assembled on the PET film using the roll-to-roll LB method. Reprinted from Langmuir,**® copyright 2016 American Chemical Society.

4.3.4. Spin-coating method

The spin-coating method is versatile for the fabrication of a wealth of 2D nanostructures as well. Jiang et al.
first fabricated wafer-scale 3D PhCs and 3DOM polymeric structure using a spin-coating method.?”® Later, they
fabricated 2D ncp CCs in wafer-scale using the same spin-coating method.* The key to fabricate 2D CCs via the
spin-coating method lies in the control of the spin-coating speed. In contrast to the abrupt acceleration (~2000 rpm/s)
as demonstrated in their previous spin-coating approach, the moderate increase of the spin speed (~200 rpm/s) was
found to be essential for the fabrication of high-quality monolayer CCs. After selective removal of the polymer
matrix using oxygen plasma etching, 2D ncp SiO, CCs were obtained (Figure 29a-b). These 2D ncp CCs can also
be used as a template to fabricate wafer-scale periodic nanohole arrays from a variety of functional materials,

ranging from metals, semiconductors to dielectrics.*°

Figure 29. (a) Photograph of a 4-inch wafer-sized sample illuminated with white light. (b) A typical cross-sectional SEM image of a
monolayer colloidal crystal-polymer nanocomposite prepared by spin coating. Reprinted from Applied Physics Letters,**® copyright 2006
American Institute of Physics. (¢) Photograph of a 4-inch wafer-scale PVA composite film with 330-nm SiO: colloidal spheres inside
illuminated with white light. (d) Cross-sectional SEM images of a periodic array of “mushrooms” composing of spherical SiO> caps and
ethoxylated trimethylolpropane triacrylate polymer stems made via combining spin-coating and oxygen plasma etching. Reprinted with

permission from Langmuir,*' copyright 2013 American Chemical Society.

Later, Jiang and his colleagues further developed a colloidal transfer technique that allows scalable fabrication

of 2D ncp SiO; CCs on a number of substrates via the spin-coating method. Using a spin-coating approach, 2D
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CCs with an unusual ncp structure were deposited on silicon wafers. Next, a polyvinyl alcohol (PVA) film was cast
upon the spin-coated CCs to transfer the ncp particle arrays onto a variety of substrates (Figure 29c). Thermal
treatment of the composite film can be used to easily tune the lattice spacing of the monolayer CCs by varying the
treatment duration.*”! After spin-coating and oxygen plasma etching, “mushrooms™ like 2D ncp SiO, CCs were

fabricated (Figure 29d).

4.3.5. Microgel self-assembly

It has long been well demonstrated in the fabrication of 3D PhCs in long-range ordering with the aid of
gelation. Similarly, large-area 2D PhCs can be fabricated as well using, e.g., PNIAM microgels. However, there are
few reports on the utilization of PNIPAM colloidal particles to fabricate crack-free and self-healing 2D PhCs in a
large area.*>*5 Recently, Quint and co-workers fabricated 2D ncp PhCs with exceptional long-range ordering using
PNIPAM microgels.**? In this work, PNIPAM microgel colloidal suspension was firstly deposited on a cleaned
glass slide. Then a drop of ethanol was added to the PNIPAM suspension to give rise to a gradient in surface tension.
The gradient in surface tension spontaneously divided the large droplet into several smaller droplets and coalesced
within several seconds. During this process, the PNIPAM microgel particles self-assembled into the ordered 2D
CCs at the air/liquid interface. The low solubility of PNIPAM microspheres in alcohol/water mixtures caused the
formation of highly ordered 2D CCs at the air/liquid interfaces. These small crystalline domains were merged into
monocrystalline using mechanical force. In prior to spin coating, grain boundaries were eliminated by treating the
2D PNIPAM CCs at the air/liquid interface with an oscillatory air stream. The applied shear force merged small
crystalline domains to a large monocrystalline area. Finally, spin coating was utilized to inhibit density stripes
formation in the crystal. The extraordinary long-range ordering 2D PNIPAM PhCs can be as large as square
millimeters using this method.

It has been well illustrated that 3D microgel CCs can intrinsically tolerate defects. As a matter of fact, one
can also derive 2D PhCs from highly ordered 3D PhCs. Most recently, Zhang and co-workers fabricated large-area
2D CCs starting from 3D CCs. They first assembled large-area and high-quality 3D CCs using SH-modified
PNIPAM microgel spheres.** The first layer of the 3D CCs close to the substrate was then in situ fixed onto the
substrate via the UV-induced interfacial thiol-ene click reaction. Subsequently, the reaction cell was opened, and
the substrate was thoroughly rinsed in water followed by air drying. The resulting 2D CCs inherit the highly ordered

crystalline structure from the 3D CCs in an area as large as 7.7 x 3.5 cm?. A similar method was also utilized by the
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same research group to fabricate high-quality 3D microgel CCs via alkyne-azide click reaction.*>

4.3.6. Confined convective assembly

Convective self-assembly, which was first devised by Dimitrov et al., has been successfully used to fabricate
2D CCs on a centimeter scale.'?! Convective self-assembly is driven by the solvent evaporation and convective
flow of solvent, during which a three-phase contact line forms at the meniscus of the colloidal suspension film, and
a laterally capillary force will bring the colloidal particles to the contact line upon the solvent thickness is
comparable to the size of the colloidal particles.

Despite its success in fabricating 2D CCs, this method still requires a long time and a large volume of colloidal
dispersions. For overcoming these obstacles, convective self-assembly confined between two planar substrates has
been developed to fabricate 2D CCs due to its simplicity and robustness.!?!: 43643 Using a confined convective
assembly method, Kim et al. explored a method for the rapid fabrication of well-ordered 2D and 3D colloidal
crystal films over a large surface area.*”’ In this study, the lift-up rate of the substrate can be controlled to modulate
the meniscus thinning rate in order to assemble the colloidal particles into 2D or 3D structures. In addition, the
method was also used to fabricate binary CCs by consecutively depositing colloidal particles with two different
sizes.

Though the confined self-assembly method can be employed to fabricate 2D CCs, the uniformity and
crystallinity of the resulting 2D CCs are still poor. The presence of a polycrystalline structure generated using this
method inhibits their broad applications. Template-directed self-assembly can be employed to address these
drawbacks. 9%-200-459-462 However, it is difficult to transfer the resulting 2D CCs from the patterned substrate to a flat
substrate. Single-domain 2D CCs with centimeter size were successfully fabricated by capillary forces under a
straight drying front generated in a wedge-shaped cell.** Three types of cells, including a rectangle-shaped cell
with one open side, a rectangle-shaped cell with three open sides, and a wedge-shaped cell with three open sides,
were applied to investigate the impact of the shape of the drying front line on colloidal crystal growth (Figure 30a-
¢). The formation of polycrystalline CCs was found can be inhibited to the greatest extent when a wedge-shaped
cell was applied to confine the assembly process. While altering the cell shape can curve the contact line of the
drying front, which consequently leads to the formation of colloidal crystal structures containing high-density
crystal domains. Figure 30d shows a typical optical microscopy image of the 2D CCs self-assembled in a wedge-

shaped cell.
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Figure 30. (a) Scheme of a wedge-shaped cell with three open sides. (b) Optical photograph of the colloidal PhCs self-assembled in a wedge-
shaped cell. (¢) A representative laser diffraction pattern when illustrating the laser beam on the sample surface. (d) An optical microscopy
image showing a typical area of the 2D CCs deposited in the wedge-shaped cell. Reprinted from Langmuir,*®> copyright 2010 American
Chemical Society.

4.3.7. Dynamic hard-template method

Apart from the 2D opaline structure, 2D inverse opaline structure based on CCTs has also been investigated
for their distinctive properties and potential applications in photocatalysis, solar cells, sensors, and electrochromic
devices. 64 46

Most recently, Djaoued and colleagues exploited a ‘dynamic-hard-template’ infiltration approach to prepare
crack-free 2D inverse opal films (WO3 and anatase TiO>) in large-area on both ITO coated rigid glass substrates
and flexible substrates (Figure 31a).%*® Since cracking mainly occurs during the infiltration and calcination steps,
it is important to develop a method to prevent crack formation during the two steps. For example, in the fabrication
of 2D TiO; inverse opal structure, Djaoued et al. applied a solution containing preformed anatase TiO- crystalline
nanoparticles to backfill the opal structure, and tetrahydrofuran (THF) was used to remove the PS CCT. In a typical
process, a dynamic 2D PS opal film was firstly self-assembled on the water surface containing surfactant sodium
dodecyl sulfate (SDS). Then, the preformed anatase TiO, nanoparticle sol was infiltrated into the PS colloidal
crystal interstices as a guest material from the bottom, which eliminates the high-temperature calcination step. The
resultant floating PS/TiO: colloidal crystal composite film was picked up and deposited on ITO substrates.
Optimized mild heat treatment was adopted to reinforce the structure, and THF was used to remove the PS template,
which consequently yielded 2D inverse TiO; opal films. The fabrication of 2D WOs inverse opal structures involves

identical steps except for the use of WO; powder or sol to replace crystalline anatase TiO, nanoparticles. %6 468
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Figures 31b-d show the structural color of 2D PhCs fabricated in large-scale on soft substrates with good ordering.
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Figure 31. (a) Steps of the dynamic hard template strategy. The first step (not shown in the scheme) is to prepare 2D opal film floating at
the air-solution interface with the aid of surfactant of SDS. Photographs and SEM images for (b) 2D PS opals; (¢) PS/TiO2 opal composite
and (d) anatase 2D-TiO: inverse opal films on soft ITO/PET substrates templated from 410-nm PS CCs. Scale bars in the SEM images: 500
nm. Reprinted from Journal of Materials Chemistry C,*7 copyright 2014 Royal Society of Chemistry.

4.3.8. Other methods

Apart from the above methods, there are still many other methods that can be used to fabricate high-quality
2D CCs in large-area. One representative method is called mechanical annealing, which was explored to diminish
grain boundaries in the CCs. Wei ef al. investigated the structures and dynamics of grain boundaries by embedding
2D colloids into a soap film.*’® The typical grain size was about 100 lattice spaces. When an external mechanical
vibration was employed to the bulk colloidal suspension, however, mitigation and rotation in the grain boundaries
were observed under the stress field generated by the vibration. The overall length of the grain boundaries
diminished logarithmically with time, with the rate constant being a function of the excitation strength. This
phenomenon, known as “mechanical annealing,” offers a straightforward route to prepare large 2D single-domain
crystals.

Colloidal epitaxy was proposed as a promising route for creating 3D CCs with defined structure and
orientation.*’! Epitaxial assembly attracted intense interest in recent years owing to its ease in the self-assembly of
block copolymer into 2D periodic structure'*® and fabricating 2D defect-free CCs.*’* Liu and co-workers developed
an epitaxial assembly method to guide the crystallization of 2D CCs under an alternating electric field (AEF). In
their study, the CCs with a predetermined orientation were prepared at a particular position of an electrode, where

a colloidal line was used as an epitaxial template. The control over both the AEF frequency and the template resulted
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in well-defined linear defects in the CCs. The undesired defects can be in situ avoided through a template-guided
annealing process.*’”> They also fabricated a variety of patterned CCs with adjustable lattice spacing and even with
binary lattice spacing by varying the electrode pattern geometry and the AEF.*** This epitaxial templating approach
is fast, amenable, and reversible for the preparation of large-area oriented patterning of CCs in a large area. It may
provide an alternative approach to the fabrication of novel optical/electrical materials and devices, such as
electrically tunable photonic waveguides and e-papers, whose properties and functions can be reversibly
changed.*”

In Section 4.1.5 and Section 4.2.4, we mentioned that TEOS could be used to fabricate crack-free 2D CCs
and inverse opals. In addition, a water-soluble polymer (PVP)*"* was also introduced into the colloidal suspension
to minimize the defect density in 2D CCs. The presence of PVP in the aqueous phase facilitates the arrangement of
the colloidal particles into more hexagonally close-packed single-crystalline domains during the self-assembly
process, leading to a decrease in the defect density. Moreover, the physical stability of the resulting 2D CCs can be
enhanced due to the interparticle-bonding and particle-substrate bonding caused by the polymer bridges.

Besides general CCs, photonic structures with special patterns also attracted intense interest. The Yang group
reported a method combining soft lithography technique*’> with controlled deformation of a PDMS elastomer stamp,
which can transform 2D hcp SiO, colloidal sphere arrays into 2D ncp crystal.*’® As shown in Figure 32a, self-
assembled 2D hcp colloidal sphere arrays were transferred onto the PDMS stamp surface using the lift-up approach.
Subsequently, both their lattice structure and lattice spacing could be tuned by mechanical stretching or solvent
swelling of as-prepared 2D ncp colloidal sphere arrays when they were transferred onto a flat PVA-coated substrate.
Afterward, the PVA film was removed via calcination. The resulting ncp arrays that fell on the substrate being intact
could be deformed, lifted up, and further transferred by another PDMS stamp. Thus, the lattice feature of the
patterned CCs could be altered stepwise. Finally, the 4cp colloidal arrays could be transformed into full-dimensional
ncp ones in all five 2D Bravais lattices through the combination of anisotropic mechanical stretching and isotropic
solvent swelling (Figure 32b). This method opens an alternative for preparing unique and complex 1D and 2D ncp
colloidal crystal structures (Figure 32c-e). These as-prepared structures may find broad applications in prototype

models or colloidal lithography for optical materials.
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Figure 32. (a) Schematic illustration showing the procedure for the fabrication of 2D ncp colloidal sphere arrays with tunable lattice spacing
and structures. (b) Low-magnification SEM image of the hexagonal ncp array of 560-nm SiOz colloidal spheres assembled on a silicon wafer
via the evaporation of suspension. (¢) SEM image of the hexagonal ncp arrays on a PVA-coated substrate prepared through swelling the
PDMS film using pure toluene. (d) SEM image of centered rectangular arrays with different parameters prepared by one stretching process.
(e) A high-resolution image of hexagon array with double-microsphere width. Reprinted from Langmuir,*’® copyright 2009 American
Chemical Society.

In addition to the above self-assembly methods, which rely on wet self-assembly technique, a ‘dry manual’
assembly approach was developed,*”’ in which dry colloidal spheres were rubbed into the patterned substrate to
quickly organize colloidal spheres into perfect 1D and 2D arrays in large scale. Comparing to the ‘wet self-assembly’
method, this is a manual assembly method. Therefore, it is referred to as ‘dry manual assembly.” The dry manual
assembly approach can organize the dry colloidal spheres into 1D and 2D single crystals on nanolithographically
patterned substrates. The obtained 1D and 2D single crystals can be as large as centimeters or larger scales with a
well-defined sphere networking pattern. This advanced strategy opens an alternative for the particle organization
beyond the conventional colloidal self-assembly in solution. It should be noted that this method is infeasible for the

fabrication of 3D CCs.

5. Emerging applications of advanced self-assembly methods

The self-assembly of CCs has attracted increasing interest due to their wide fundamental and practical
applications. A larger number of advanced self-assembly methods have been developed to meet the high
requirements of these applications. Meanwhile, in recent years, the rapid development of advanced self-assembly
methods further enabled and boosted many emerging applications of CCs, e.g., metasurfaces/metamaterials,*’® 47

microchips,*® nanolithography,*®! SERS,*? solar photovoltaics,*®* nanoelectronics,*®** white-lighting LED,?**
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486. 487 novel PhC sensors, 4 biomedical engineering,*! and

microfluidic chips,*’ barcodes,** drug delivery,
others.***4 In addition, successful fabrication of cubic diamond and pyrochlore structure of CCs via colloidal self-
assembly will open a cPBG at low refractive index contrast. These CCs with a cPBG can be used to improve the

performance of a wide range of optical applications, such as optical waveguides,’ optical cavities,** filters, and

496, 497 498-500

laser resonators,*® high-efficient lasers,*® enhancement of nonlinear optics, and optical computing.

In this section, we will review the emerging fundamental and practical applications of high-quality CCs and
unique photonic structures prepared through these advanced self-assembly approaches. Those conventional
applications of CCs and applications of PhCs fabricated from top-down methods will not be covered here. It is

apparent that high-quality CCs that can be fabricated on a large-scale with these advanced methods enable a broad

range of emerging applications that CCs made by conventional methods cannot achieve.

5.1 Metasurfaces and Metamaterials

The exploration of novel metamaterials and metasurfaces has attracted tremendous interest in the past two
decades for their unprecedented power in manipulating light properties and huge potentials brought forward for
novel photonic devices and applications.>" 392 Metasurfaces and metamaterials with deep sub-wavelength
structures in either a thin film or in a bulk material can be formed by either top-down lithography techniques or
bottom-up assembly method. The top-down approaches are much more widely adopted for proof of concept and
prototype demonstration but are usually high cost, low throughput, and more suitable for a flat surface. The
potentially low-cost, free form, and large area colloidal self-assembly method would greatly boost the development
of metasurfaces and metamaterials for their applications in, e.g., sensing, imaging, and quantum devices.*7% 303 504

Among various colloidal self-assembly methods, the most straightforward one is to directly self-assemble
colloidal particles into metamaterials/metasurfaces. Karg and co-workers demonstrated the fabrication of periodic
plasmonic metasurfaces via self-assembly of Ag@Au-PNIPAM nanoparticles (Figure 33a).5%: 5% Monodispersed
core@shell colloidal particles were firstly synthesized, and then a monolayer of the noble metal@hydrogel
core@shell metamaterials was fabricated via interfacial self-assembly with the assistance of s SDS. These studies
indicated that colloidal self-assembly could be a very powerful tool to fabricate nanophotonic devices.

The most scalable and cost-effective approach to colloidal metasurfaces is the template-assisted self-assembly
method. Its pronounced feature, as mentioned in the previous part, is that it can provide precise control of the

placement of colloidal particles. For instance, Brugger et al. demonstrated the fabrication of metamaterials via
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template-assisted self-assembly of Au nanorods on topographical templates.>"’

In this study, topographical
templates with low-wetting traps were used to give rise to highly ordered metamaterials structure, which provides
good control over the self-assembly. Through optimizing the overall self-assembly process, Au nanorod arrays with
excellent control over the orientations, positions, and interparticle spacing were achieved on the centimeter-sized
substrates (Figure 33b). Another merit of this method is that it is readily scalable with good reproducibility.

Yang et al. reported the self-assembly of Ag polyhedral particles into CCs with the size of millimeter-scale (>
25 mm?) for metamaterials (Figure 33¢).>® In this study, monodisperse Ag polyhedra were modified with PVP
dissolving in DMF and then self-assembled into plasmonic metamaterials via gravitational sedimentation in PDMS
reservoirs. The resulting 3D plasmonic metamaterials have great potential in nanophotonics and sensing.

Another strategy to fabricate metamaterials is based on the NSL, a combination of bottom-up self-assembly
and top-down lithography techniques. Ravaine et al. reported the preparation of double fishnet structured
metamaterials using the NSL method.’® They first assembled 2D PS CCs on a conductive substrate using the
interfacial self-assembly method. Then the PS colloidal particles were etched with oxygen plasma to reduce their
sizes and to subsequently obtain non-close-packed 2D CCs. The resulting 2D CCs were electrodeposited with Au
(Figure 33d). The double fishnet negative-index metamaterials were obtained and exhibited tunable extinction
resonances in NIR. Therefore, the combination of electrodeposition with NSL represents an efficient and powerful
method for the fabrication of large-area metamaterials at a low cost. Most recently, Ravaine and co-workers
demonstrated fishnet-like negative-index metamaterials that can respond to light ranging from visible to infrared.
They first used a self-assembly method to fabricated large-area CCs, followed by a combination of nanoimprint
and electrodeposition.’'® The resulting metamaterials can be prepared on conductive oxides substrate and thus can
be implemented for optoelectronic devices. They showed that the metamaterials could be used as an optical sensor
for the detection of different liquids. Interestingly, the combination of emerging technologies with PhC-based

metamaterials can create flexible and wearable point-of-care with extremely high sensitivity.>!!

70



200 nm

Figure 33. (a) Images of self-assembled Ag@Au colloidal arrays. (a1) A digital photograph of the samples (0.8 cm x 1.2 cm). Bright-field
optical microscopy images at (az) low and (a3) high magnification. Top-view SEM images at (a4) low and at (as) high magnification. (ae)
Side-view SEM images at a tilt angle of 15°. Reprinted from Advanced Optical Materials,>* copyright 2017 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim. (b) Capillary assembly of Au nanorods. (b1) Low-magnification and (b2) high-magnification SEM images at 45°
tilt view of Au nanorod dimers assembled within adjacent traps separated by a hydrogen silsesquioxane (HSQ) spacer (low magnification).
(b3) The interparticle gap is deterministically controlled by the width of the spacer, as shown in b, where SEM secondary detector images
showing Au nanorods (top row) and in-lens images showing Au nanorods, HSQ spacer and trap edges (bottom row). Reprinted from Nature

Nanotechnology,>’

copyright 2016 Springer Nature. (¢) SEM images of the colloidal lattices (left) and the corresponding diagrams of their
densest lattice packings (right): (c1) cubes; (c2) truncated cubes; (c3) cuboctahedra. Reprinted from Nature Materials,**® copyright 2011
Springer Nature. (d) Double fishnet structure metamaterials made by self-assembly and NSL. (d1) Tilted and (d2) top-view SEM images of
the hexagonally ordered double fishnet structure acquired after nickel dissolution. (ds) SEM image of a free-standing metamaterial membrane.
Photographs of the samples (d4) on a conductive substrate prior to nickel dissolution and (ds) on a glass substrate after removing nickel.

Reprinted from Nanoscale Advances,”® copyright 2019 The Royal Society of Chemistry.

5.2 Displays and LEDs

In the era of information, there is an increasing demand in the development of dynamic displaying technologies
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for the consideration of both environmental sustainability and advertising. Photonic crystal displays show
significant advantages in this field. The structural color of PhCs originates from the reflectance of a PhC due to the
existence of a PBG. The periodic structures in the PhCs generate photonic bandgap at a specific wavelength, and
their structural colors can be readily tuned by many structural and material parameters, such as the interparticle
separation, crystal orientation, surrounding dielectrics. This property can overcome the drawbacks of the current
emission display devices, which can be poorly seen under sunlight or high-light. Also, the structural colors from
PhCs do not photo-bleach, leading to higher color durability and structural stability compared with pigments or
dyes. Therefore, PhCs show multiple advantages for reflective displays/LEDs applications, such as bright color and
wide-viewing angles.>'> 13 In recent years, PhC displays have attracted a great deal of research interest.*

Ozin and co-workers pioneered the development of a full-color PhC display using electrically tuned PhCs via
self-assembly.’'* In their work, they used a photonic ink (P-Ink) to fabricate a dynamic electric tunable display. The
P-Ink consisted of highly ordered silica arrays as an inactive scaffold and a crosslinked polymer network
(polyferrocenylsilane, PFS) as an active component. This active component of PFS network can be utilized to adjust
the PhC lattice spacing of the SiO> colloidal spheres due to the swelling/contraction process in an electric field. The
resulting electric responsive materials were electrical bistable with bright light even in a high-light environment.
They were able to work at low voltage and can be integrated onto flexible substrates.

Gu and co-workers fabricated displays using the microfluidic-assisted assembly method.*** In this study, they
first prepared magnetochromatic microcapsule arrays, which consisted of a shell layer of transparent photocurable
ETPTA and a core of monodispersed magnetic particles. Then these magnetochromatic microcapsules were used
as display units, and the light diffraction was determined by the ordered structures that formed due to the external
magnetic field. The resulting dynamic tunable displays are very stable and viewing angle-independent.

Chen et al. reported a new triphasic microfluidic-directed assembly method to fabricate SCCBs with adjustable
controllable structures and shapes.*?! They designed a triphasic microfluidic device that comprises a co-flowing
system to generate continuous droplet templates with two immiscible phases. Using this method, monodispersed
droplet templates with varying shapes, such as crescent, ellipsoid and spherical, could be obtained through tuning
the interfacial tension of each phase within the microfluidic device. Later, highly ordered SCCBs were achieved
via self-assembly of the colloidal particles in the droplet templates. In addition to the shape of the resulting SCCBs
can be predicted via adjusting the interfacial tension, this method is versatile for the fabrication of core@shell or

Janus SCCBs. They incorporated magnetic nanoparticles into the Janus SCCBs, and fabricated a novel
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multifunctional Janus SCCBs. The Janus SCCBs demonstrated switchable optical properties from “dark™ to “bright”
when placed in a magnetic field. Therefore, these anisotropic SCCBs are very promising for displays or rewriteable
papers.

Onoe et al. recently fabricated viewing-angle independent full-color reflective displays with a facile
microfluidic-assisted assembly method.’> They developed a great variety of hemispherical dome-shaped
microfluidic channels, which were then injected with different colloidal suspensions by utilizing a channel cut
method. Multiple types of SCCBs were obtained within the networks of these single-layered microchannels by
centrifuge-based crystallization. The resulting SCCBs are viewing-angle independent, and the shape, type of
SCCBs, and patterning resolution are easy to tune. The shapes of SCCBs can be precisely controlled by changing
the shape and thickness and varying the branches of the microchannels. In addition, the ease in the fabrication of
microchannels with many glasses or polymers (e.g., polyethylene terephthalate and parylene) endows the potential
of this method to fabricate super thin and flexible displays with fine-resolution.

Song and co-workers reported the fabrication of patterned PhC domes for angle-independent displays using
an inkjet printing method.>"* To avoid the coffer-ring effects and crack formation during inkjet printing, they applied
a sliding three-phase contact line in a controlled manner to release the strain generated during the colloidal assembly.
The patterned PhC domes demonstrated a wide viewing angle and a 40-fold enhanced fluorescent intensity upon
the introduction of fluorescence molecules. The large-scale fabrication of high-quality angle-independent PhC
domes using the inkjet printing method enables potential applications for wide-viewing-angle flexible displays.

Recently, Chen and co-workers also developed one kind of SCCBs for white-lighting LED.** In this study, a
new route named “colloid skin” -regulated assembly is used to mitigate the coffee ring formed during self-assembly.
In addition, this approach can be easily combined with other high-throughput techniques, such as bar-coating and
inkjet printing, to fabricate different PhC patterns. For example, they combined the “colloid skin”-regulated
assembly with bar coating to prepare a high-quality CC film over 90 cm x 70 cm. The resulting CC film was doped

with rhodamine 6G and thus can be used for LED-based white-lighting applications.

5.3 Novel PhC Sensors and Microchips

Sensing is one of the most important applications of colloidal PhCs.>° One interesting example is
colorimetric sensors based on the structural colors of PhCs.*"37-%-51¢ When PhCs respond to physical, chemical, or

biological stimuli, their diffracted peaks will be altered because of the changes in the lattice spacing, orders and/or
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surrounding refractive index. This sequence of events produces distinct color changes for detecting target molecules
and species. The use of color changes is convenient to estimate the properties and concentrations of the analytes.
Measuring the reflection shift also provides additional accuracy to the detection.’’” Compared with electronic
sensors or electrochemical sensors, PhC sensors are free of additional power input and easy to perform point-of-
care analysis of analytes, which is of particular importance in biological sensing and detections.’'® Therefore,
significant advances have been made since the important invention of the PhC sensors by the Asher research
group.?!® The rapid development of various advanced self-assembly methods and novel materials further promotes
the development of novel PhCs sensors and microchips. #8849 518519 In recent years, scientists have developed
various novel sensors using these advanced self-assembly methods.

Using a tip-flow self-assembly method,**® the Asher research group fabricated 2D PhC in a large-area. Based
on the 2D PhCs fabricated at the air-liquid interface via self-assembly, they developed a novel 2D PhC sensing

technique,®

which can avoid the disordering of PhC during self-assembly in solutions containing highly
concentrated ions or when functionalizing molecular recognition to the hydrogels. Cai et al. developed a wide
variety of 2D PhC chemical and biosensors through the preparation of protein-based sensor materials using this 2D
PhC sensing technique.*!> 16417 They developed a bovine serum albumin (BSA) hydrogel 2D PhC coulometer for
the detection of charged ligands binding to the protein. The 2D PhC BSA hydrogel sensor can be utilized for the
detection of surfactants, metal ions, small drugs, and etc., which can bind to BSA protein monomers.*'? This method
is very versatile for the synthesis of many protein-based hydrogels. Later, Cai and co-workers developed
concanavalin A (Con A) for the detection of Candida albicans. The detection of microbial is crucially important
for the earlier diagnosis of infectious diseases. However, the detection of Candida albicans is very difficult because
of the interaction between Candida albicans and its specific protein. They fabricated a 2D PhC Con A hydrogel
sensor, which enabled multivalent Con A-mannan interaction.*'® Cai and co-workers also reported the use of a
glucose/galactose binding protein (GGBP) based 2D protein hydrogel sensor for the detection of glucose in
solution.*!” The binding of glucose can cause a conformational change of GGBP, resulting in the volume phase
change of the GGBP hydrogel.

The inkjet printing method is advantageous in the fabrication of patterned PhCs. Therefore, it is very suitable
for the development of printable PhC devices. Using the inkjet printing method, scientists developed PhC sensors

with PhC microdots.’?% 3! Song and co-workers fabricated colloidal PhC sensor that consisted of microdots for

humidity sensing using the inkjet printing method.’*° They mixed the responsive system of acrylamide and N-
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isopropyl acrylamide with the poly(St-MMA-AA) colloidal particles to make a colloidal ink, then inkjet printed
the ink into PhC microdots followed by UV irradiation. The resulting PhC microdot sensor showed a fast response
rate of 1.2 s to water vapor due to the hydrophobic transition of PNIPAm within the gel. Gu and co-workers also
developed a patterned colloidal PhC colorimetric sensor using the inkjet printing technology for the fast detection
of alcohol vapors.>?! Inspired by the color changes of Tmesisternus isabellae in an environment with different
humidity, they selected mesoporous SiO; particles and ethylene glycol as the ink to print into a tree-like pattern on
both soft and rigid templates. The resulting patterned PhC sensor demonstrated a response time of 0.5 s to saturated
ethanol vapor. This is mainly because the mesoporous structure of SiO, particle can facilitate the capillary
condensation of vapors within the hierarchical pores, leading to the refractive index and color shift of the patterned
PhCs. Moreover, the rapid response rate of both PhC sensors can also be attributed to the relatively large specific
surface area of the microdots.

The detection of DNA hybridization has attracted intense interest due to its significant role in
genetic/pathogenic disease diagnosis. Scientists have developed multiple PhC sensors for DNA hybridization
detection.*** 322 Song et al. reported the development of a fluorescence resonance energy transfer (FRET)-based
method for the detection of DNA hybridization.** In this study, a self-assembled PhC was utilized to amplify the
optical signal, and the detection system achieved greatly enhanced sensitivity with a limit of detection (LoD) of
13.5 M. This is mainly because the PhCs could enhance the fluorescence emission in the biosensors and thereby
improve their sensitivity.?*

Recently, Kerman ef al. reported the development of a copolymer-based 2D PhC sensor for the detection of
Alzheimer's disease(AD)-related DNA hybridization.’?® The existence of DNA polymorphism Apolipoprotein E4
gene sequence is thought to be the indicator of the development of AD. To detect this AD-related DNA hybridization,
they utilized a nanoimprint lithography method to prepare Au-coated 2D PhCs on a flexible copolymer film,
followed by decorating with a bi-functionalized polymer. This bi-functionalized polymer can react with the DNA
probe that is immobilized on the surface. Upon DNA hybridization, a Fresnel decrease in the reflection spectra of
the 2D PhCs or an increase in the LSPR spectra of Au-coated 2D PhCs occurred. Such a sensing platform can be
developed into wearable biosensors for disease diagnosis and defense monitoring.

Karr and co-workers explored a label-free PhC sensing method to detect the target p53 gene sequence using
a PCCA that was encapsulated with a DNA-responsive hydrogel.®?® In this study, self-assembled 3D colloidal

crystal arrays were embedded within the polymerized responsive hydrogel functionalized with DNA. Upon

75



hybridization of the target p53 sequence, the PhC responsive hydrogel sensor will swell, resulting in an increase in
the lattice spacing and correspondingly redshift in the Bragg diffraction. The DNA-responsive PhC hydrogel sensor
was shown to detect the target p53 gene sequence with a concentration as low as picomole using a complementary
capture probe strand. They also demonstrated that the method developed in this study is highly sensitive to

epigenetic changes of the fully methylated target p53 sequence.

5.4 Barcodes

A wide variety of SCCBs has been developed into immunoassays®*! (Figure 34a) or barcodes for sensing

applications. The SCCB assays or barcodes have been widely used for the detection of DNA(Figure 34b),33 336

cancer cells,*” tumor markers,**> %>’ microRNA,*** 3% metal ions (Figure 34¢),”° and many other species.*!
Gu and co-workers developed hydrogel SCCBs consisting of SiO» colloidal particles and poly (ethylene glycol)

diacrylate (PEG-DA) using a microfluidic device for the detection of DNA hybridization. **°

Droplet templates
containing SiO; colloidal particles and PEG-DA monomers solutions generated with the microfluidic device were
solidified via UV polymerization, resulting in hydrogel SCCBs, which can be covalently bonded with
oligonucleotide probes. The resulting SCCBs bioassays were utilized for the highly sensitive detection of target

DNA hybridization with an LoD of 0.66 pM due to their large coding capacity and homogeneous surroundings.

Such SCCB bioassays are very promising for gene typing, virus detection, and many other biological applications.
Immunoassays b DNA Recognization . lons Sensing

S B 74
Probe DNA -,f! (

Pl <
Target DNA

Figure 34. Multiple photonic crystal microspheres fabricated by a microfluidic system for a variety of applications. Microfluidic system for
fabricating photonic crystal microspheres through injecting water droplets containing colloidal particles into flowing oil phase (central
scheme). (a) Photonic crystal immunoassays prepared by incubation with fluorophore-tagged protein based on a fluorescence analysis

method.®! (b) Inverse opal photonic crystal microspheres for DNA recognition.?3¢ (¢) Photonic crystal hydrogel consisted of inverse opal
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photonic crystal microspheres for colorimetric Hg?" detection.”? (d) Opal hydrogel photonic crystal microspheres for cell culture.’*? (e)

Inverse opal hydrogel microspheres developed for cell capture and detection.>3 (f) Core@shell photonic crystal microspheres for drug

screening.*** Reprinted from Nano Today,>"’

copyright 2018 Elsevier.

Gu et al. developed hydrogel SCCBs tagged with QDs for multiplexing DNA detection (Figure 34b).33¢
During the label-free DNA detection, the specific hybridization between the target DNA and the single-stranded
DNA within the bioresponsive hydrogel SCCBs can cause the shrinkage of the hydrogel, leading to the blue shift
in the peak position of the Bragg diffraction of the SCCBs. Therefore, the shift in the wavelength can be used as a
readout to quantitatively determine the concentration of DNA. The label-free quantum-dot-encoded SCCBs were
highly selective and sensitive, and the detection limit was determined to be 10° M. Gu and co-workers explored
SCCB barcodes functionalized with aptamer for the capture and detection of circulating tumor cells (CTCs).>*’ In
this study, a single-emulsion glass capillary microfluidic device was applied to produce droplet templates
comprising of SiO, colloidal particles, which were used as building blocks to prepare SCCBs after drying. The
obtained SCCBs were calcinated at high temperature and subsequently etched with sodium hydroxide to achieve
non-closed-parked SCCBs. The resulting SCCB barcodes were then surface-functionalized with poly(amidoamine)
(PAMAM) dendrimer. The carboxyl groups on the PAMAM dendrimer can be utilized to immobilize specific DNA
aptamers, such as TD0S, Sgc8 and SgdS. Among these three different aptamers, TD05 and Sgc8 showed strong
selective and strong binding affinities to Ramos and “CCRF-CEM” cells, respectively. Due to the unique structure
of the SCCB barcodes, the larger surface area can facilitate the immobilization of the aptamers, while the patterned
nanostructure can promote bioreactions on them. The resulting aptamer-functionalized SCCB barcodes can capture,
detect and release different types of CTCs with enhanced sensitivity and reliability, which are very promising for
cell diagnosis and prognosis in clinical.

A novel multiplex immunoassays for label-free tumor-marker detection was presented by Gu and colleagues
using inverse opal SCCBs.**> The SCCBs were fabricated using the microfluidic-assisted assembly method by
mixing PS and SiO; colloidal particles with a certain ratio. After self-assembly, the PS colloidal particles were
selectively removed, leaving behind highly ordered SiO, inverse opal SCCBs. Then three different antibodies,
including anti-human CEA antibody, anti-human CA19-9 antibody, and anti-human CA125 antibody, were
covalently bonded to the surface of the SiO; inverse opal SCCBs. These three different immunoassays can be used
for the selective detection of tumor markers of human CEA, CA19-9, and CA125, respectively, according to the

Bragg diffraction shifts caused by the specific binding of these tumor markers to their specific antibodies. These
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tumor markers are strongly associated with tumor diseases, such as lung cancer, gastric cancer, and colorectal cancer,
respectively. Therefore, the novel multiplex immunoassays based on inverse opal SCCBs are potential for clinical
diagnosis, drug screening and discovery.

MiRNAs play significant roles in numerous biological processes, such as metabolism, signal transduction,
and cell proliferation. The miRNAs generally play two roles, tumor suppressor genes or human cancers as
oncogenes. The absence of certain types of miRNAs is strongly relevant to the invasion, metastasis, and formation
of cancer. Therefore, miRNAs are becoming crucial targets for noninvasive blood bioassays. Li et al. recently
developed mussel-inspired PhC barcodes decorated with GO for multiplexed miRNA quantification.’”® 1In this
study, adherable polydopamine mimicking mussels secreted proteins was used to assist the immobilization of GO
particles onto the surfaces of the SCCB barcodes. The decoration of GO neither changed the periodic structure of
the CCs, nor altered the characteristic reflection peaks of the barcodes. Instead, the encapsulation of GO can
improve both the anti-incoherent light-scattering and structural stability of the SCCB barcodes. Later, the SCCB
barcodes were functionalized with miRNAs probes using a hybridization chain reaction (HCR), which used to be
an effective method for the amplification of genomic and proteomic analysis. The resultant mussel-inspired GO-
decorated SCCB barcodes can be used to quickly quantify different miRNA with high sensitivity, high selectivity
and good reproducibility, indicating them an ideal platform for multiplexed miRNA quantification and many other
clinical applications.

Recently, 2D materials, such as molybdenum disulfide (MoS;) and graphene oxide (GO) have been integrated
with SCCBs for novel applications. Zhao et al. demonstrated the development of MoS»-integrated SCCBs for
multiplex miRNA label-free detection.’?” After the fabrication of SCCBs using the microfluidic-assisted assembly
of SiO; colloidal particles, the SCCBs were modified with 3-Aminopropyltriethoxysilane (APTES). The resulting
APTES-modified SCCBs were positively charged, and thus the MoS; nanosheets can be absorbed onto their surface
through electrostatic interaction. Then hairpin probes, which were decorated with quantum dots (QDs), were
selected to covalently link to MoS,. Upon coupling, MoS; and QDs could form a molecular beacon structure, which
led to the quench of the fluorescence. When the resultant MoS,-integrated SCCBs were exposed to targeting
miRNA, the hairpin probes on the SCCBs could bind to the targeting miRNA to form a double strand. This double
strand structure separated the QDs from MoS: nanosheets, which recovered their fluorescence. The concentration
of the miRNAs thus could be determined through the QDs fluorescence measurement since the release of QDs from

MoS, nanosheets were strongly relying on the hybridized miRNAs concentration. They constructed multiplexed
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miRNA arrays using different MoS;-integrated SCCBs and successfully demonstrated the selective and sensitive
detection of several miRNAs that are related to pancreatic cancer. An LoD of 4.2 £ 0.3 nM was optimized, and the
corresponding linear range of detection from 10 nM to 2 uM for the detection of miRNA associated with pancreatic
cancer. Therefore, such MoS;-integrated SCCBs are promising for tumor markers screening.

Chen et al. created porous hydrogel SCCB barcodes with integrated rolling circle amplification (RCA)
approach for multiplex circulating miRNA detection.’” They first fabricated SiO, SCCBs with a microfluidic-
assisted assembly method. The obtained SiO, SCCBs were used as templates for the fabrication of the porous
inverse opal hydrogel SCCB barcodes, in which acrylic acid was used as the monomer of the hydrogel, while PEG-
DA and poly (ethylene glycol) were used to fabricate scaffold. Then amino-modified DNA sequence probes were
immobilized to the porous hydrogel SCCB barcodes. The inverse opal hydrogel SCCB barcodes combined the
advantages of both PhC and RCA, giving rise to excellent performance in the quantification of trace amounts of
miRNAs with high sensitivity and good reproducibility. It was reported that the LoD could be as low as 20 fM.
Therefore, the inverse opal hydrogel SCCB barcodes can work as good platforms for multiplex quantification of

miRNAs.

5.5 Drug delivery/screening and cell microcarriers

CCs can also be explored for biomedical applications relying on their unique structural and optical properties.
While the 3D or 2D porous frameworks of PhCs provide mechanical supports for cell culture, their optical
properties are powerful tools for monitoring cell viability, screening the most effective drugs, and delivering drugs
to biological targets. One review has summarized the biomedical applications of inverse opal scaffolds, which will
not be covered here.*!

In recent years, many types of PhCs have been developed to act as microcarriers for drug delivery cargos and
cell culture (Figure 34 d-f).33% 48334538 Gy and co-workers developed novel barcode particles using a colloidal
suspension array, which composed of PhC microbubbles.*** These barcode microbubbles consisted of an inner core
of microbubbles, a middle shell of PhCs, and an outer shell of transparent polymers. They can be obtained via a
microfluidic devices-assisted assembly. Such a PhC coated shell structure endowed the SCCB microbubbles with
both stable codes and a flexible bioassays surface. Moreover, using a microfluidic device, they also fabricated
multifunctional SCCB microbubbles by producing multicompartmental microcapsule templates. The resulting

SCCB microbubbles can be coded with substantial levels, and their movement can be controlled precisely. Their
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sizes can also be tailored, and their overall density in suspension can also be tuned to match the target solution
density. These excellent properties endow them with excellent performances for multiplex detection and cell
cultures.

Colloidosome capsules are promising for cargo transportation and release. Khashab et al. reported the
development of nanoscale colloidosome capsules via the electrostatic assembly of organosilica colloidal particles
for controlled cargo release.**® Nitrophenylene-doped SiO; particles (NBSN-1 and NBSN-2, respectively) with
opposite surface charges were used to fabricate colloidosome capsules via electrostatic interactions. The originally
negatively charged SiO, particles were functionalized with nitrophenylene-ammonium-bridged alkoxysilane,
which is positively charged. Among these two different SiO, particles, NBSN-2 contained more nitrophenylene-
ammonium-bridged alkoxysilane than NBSN-1, and therefore were positively charged. Mixing NBSN-1 and
NBSN-2 produced ordered colloidosome capsules due to electrostatic attraction. Upon light irradiation, the
photoreaction of nitrophenylene-alkoxysilane moieties on NBSN-2 led the charge of NBSM-2 to reverse to be
negatively charged. Consequently, the colloidosome capsules collapsed due to the electrostatic repulsion and the
cargos released. The design of such colloidosome capsules can be used for the controlled release of hydrophobic
molecules, macromolecules and even nanoparticles, which is more advanced than those porous capsules that are
only available for relatively small cargos.

SCCBs made from biocompatible materials are also suitable for drug screening platforms, which are pivotal
for biomedical engineering applications. Zhao et al. explored core@shell hydrogel SCCBs barcodes based on
GelMA for drug screening.>*® Bioactive GeIMA hydrogels, which acted as shells, were polymerized to encapsulate
the SCCBs to form core@shell SCCBs barcodes. The SCCB barcodes created a 3D extracellular matrix
microenvironment, which can facilitate the culture of cells. In the SCCB barcodes, the PhC cores can encode cell
spheroids with diffraction peaks during the culture of the cells, whose biological response can be discriminated
against during drug screening. They investigated the cytotoxic effect of tegafur (TF) on the SCCB barcode particle-
loaded HCT-116 colonic tumor cell spheroids and liver HepG2 cell spheroids using this cell spheroids-on-barcodes
platform. The cell spheroids-on-barcodes platform was found to be highly efficient for drug screening and enhanced
the cytotoxicity of TF against the HCT-116 tumor cell spheroids using simultaneously cultured NIH-3T3 and
HepG2 cells.

Zhang and co-workers reported the development of a polyacrylamide (PAAm) hydrogel inverse opal SCCBs

for the capture and detection of a wide variety of blood cells.>*¢ 1t is challenging to separate and detect blood cells
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in patients while it is crucially important for hematological disorders diagnosis. The suspended barcode arrays of
PAAm hydrogel inverse opal SCCBs were replicated from opal SCCB templates. In these barcodes, the
characteristic reflection peaks arising from stop bands of the inverse opals were used as the code, which was very
stable and remained intact during the cell culture and capture. In these barcode SCCBs, the biocompatible hydrogels
and the porous structure facilitated the immobilization of probes on their surface, while the highly ordered
macropores can promote the bioreactions between the cell surface proteins and the probes. Furthermore, the
hydrophilicity property of the PAAm scaffolds of the barcode SCCBs demonstrated excellent performance in
capturing multiple blood cells with minimal damage. These exceptional features enabled these PAAm hydrogel
inverse opal SCCBs to be an ideal platform for hematological disorders diagnosis and prognosis through capture

and detection of multiple blood cells in patients.

5.6 Platform for Phase Transition Study

In addition to the above emerging practical applications, the self-assembly of colloidal particles is of
fundamental interest as well. Equipartition theorem shows that, in thermal equilibrium, any degree of freedom has
an average energy of %kB T, and the kinetic energy of atoms or molecules is on the order of kzT. The energy of
Brownian motion of colloidal particles is also on the order of kzT, comparable to their atomic counterparts.
However, because colloidal particles are much larger and their dynamics are much slower, it is possible to track
these particles under an optical microscope to study the behavior of their atomic counterparts.’*®-3*! Thus, the self-
assembly of colloidal particles can be used to study the nucleation and growth of crystals,?>* 342-3% the formation of

543, 548-551

dislocations and defects,>*® 3" the glass transition, protein folding,>>? polymerization kinetics,? or the

abnormal physical properties of water molecules caused by liquid-liquid phase transition.>34-%

In classic nucleation theory, the nucleus is first formed by local fluctuations. The size of the nucleus has to be
greater than a certain threshold to favor the growth of crystals, the nucleus with the threshold size is called the
critical nucleus. In the atomic regime, it is very hard to in-situ observe the size and shape of the critical nucleus as

well as kinetic pathways of nucleation. Gasser et al.>**

used colloidal particles to visualize the critical nucleus in
the early stage of crystallization, and the kinetic pathways were investigated by Xu and coworkers.’* The
dislocation and crystal defects can be studied using CCs.*® 57 For glassy state, the cage effect,™* 3! aging

dynamics®® and the glass transition can all be studied by colloidal systems.**3
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One interesting topic is to use colloidal systems to explain the abnormal physical properties of water. For
example, water has an abnormal thermal expansion behavior. Within 0 to 3.983°C, water expands on cooling, which
is usually called negative thermal expansion. The coefficient of thermal expansion drops to zero as it is cooled to
3.983°C and then becomes negative below this temperature. Therefore, water has a maximum density of 3.983°C.
This is because there are two types of liquid in water: high-density liquid and low-density liquid.**! The composition
of these liquids changes with temperature, which gives the abnormal physical properties. The liquid-liquid phase
transition applies to all the liquids that have tetrahedral symmetry. Under certain conditions, the phase separation
between high-density and low-density liquid can be realized in experiments, but it is very difficult.53% 362-366 The
liquid-liquid phase transition can be realized in the colloidal systems by designing colloidal particles with a certain
tetrahedral configuration. These tetrahedral colloidal building blocks can modify the phase diagram of liquid-liquid

149, 557, 558, 567

phase transition and ease the experimental realization of the phase transition.>¢’

6. Summary and outlook

The self-assembly of colloidal particles, in general, represents a low-cost and low-energy bottom-up method
to fabricate PhCs for various applications as compared to top-down methods. The application of CCs, however,
could be impeded by the difficulties in controlling long-range ordering and producing different lattice structures
other than fcc lattice. Many advances have been made in the past two decades towards the fabrication of high-
quality PhCs in a large area. These novel advanced self-assembly approaches, alternatively, enabled various
emerging applications, including metamaterials, sensing, displays, LEDs, drug screening and release, etc.
Nevertheless, these technologies to fabricate high-quality PhCs still needs to be further refined before they can be
widely used for various practical applications. The unavoidable fact is that CCs in any form are susceptible to
cracking after crystallization or thermal/chemical post-treatment. This essentially hinders their adoption as PhC
devices for telecommunication applications and makes them less effective in other PhC applications. During the
self-assembly process, a suitable dispersion may be one of the key factors in perfecting the crystalline structures.
In addition, it is essential to regulate the interparticle potentials, which are dependent on the surface charge of
colloidal particles and the properties of the dispersion, such as salt concentration,*®® pH,>* and ionic strength.>”°
Thus, one can optimize the conditions for colloidal assembly and create high-quality functional PhCs by varying
the surface chemistry.

To date, among various technologies, the template-directed self-assembly method seems to be a versatile and
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effective method for fabricating crack-free and controlling the crystalline of the resultant CCs in a large area.
However, it is necessary to further refine the method to transfer CCs from a patterned template to a flat substrate to
expand their applications. The spin-coating approach is powerful for the mass fabrication of crack-free CCs over
a considerably large area, but the crystalline quality is not satisfactory. The other approaches have their own
advantages and drawbacks as well. The functionalization of materials with robust and versatile properties and the
development of new self-assembly approaches to perfecting the crystalline structure should be emphasized in the
future. Tetrahedral colloidal particles coated with DNA have been self-assembled into cubic diamond CCs which
exhibited a cPBG.*® The fabrication of cubic diamond CCs on a large scale has yet to be achieved. Microhydrogel
seems to be a promising material in the fabrication of crack-free CCs but may have limitations from the hydrogel
itself and materials that can be used. Some colloidal semiconductor and metal building blocks may possess vast
applications, but it remains challenging to control grain boundaries, crystalline orientation, and random defects for
functional devices. The combination of the benefits of ease of building functional CCs using self-assembly methods
and high-throughput production using a printing technique may be an alternative to fabricate high-quality CCs for
a myriad of practical applications. Using self-assembly methods, complicated photonic structures, such as cubic
diamond and pyrochlore structure CCs, were achieved to open cPBG at low refractive index contrast, which will
enable tremendous high-performance optical devices in the future. Moreover, a large number of CCs can be
fabricated with different materials and different functions due to its ease of modification. With the aid of top-down
processes (etching, deposition, transfer printing, etc.), a number of useful PhC structures have been created for
various applications.?”> 371573 In the future, the incorporation of self-assembly of CCs into 3D printing could be
promising to fabricate on-demand photonic structures for optics, sensing, displays, biomedical, environmental,
safety, and other applications.?”-4%- 574575 The futuristic dream of synthetic all-optical computer can also be realized
using the CCs with ¢cPBG, which are also promising to fabricate all-optical devices for optical computing and

quantum computing.?%® 49
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