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a b s t r a c t

This review article describes the state-of-art methodologies, mainly self-assembly routes, which are in
practice to fabricate photonic crystals (PCs) for advanced applications. The self-assembly of colloidal
building blocks is an effective, affordable, and tunable approach to fabricate varieties of photonic ma-
terials of desired shapes and surface areas. Because of easy fabrication and controlled performance
factors, PCs emerged as a potential platform for designing and developing optical devices with desired
features such as photonic bandgap, high reflectance/transmittance, low loss, and lasing in the visible
range of wavelengths. To develop next-generation optoelectronics and optical system, significant efforts
are being made to explore novel and cost-effective fabrication methods to design and develop 3D-PCs
platform, which is covered in this mini-review. The challenges, potential alternatives, and prospects of
self-assembled 3D PCs are also discussed in this review.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The fabrication, manipulation, and characterization of optically
active nanostructures are related to the vast field of photonics.
Smart photonics are emerging as an advanced platform with
new capabilities in instrumentation for the nanoscale character-
ization, improved sensing, enhanced solar cells and lighting, infor-
mation and communication technologies, and other technologically
advanced applications [1]. To achieve the desired performance of an
optoelectronic system, the selection ofmaterials that exhibit desired
properties and easy fabrication method is crucial. Advancement of
materials science suggested that the introduction of nanotech-
nology in photonic materials development could be useful to ach-
ieve the tasks with minimum or reduced risk assessments [1e3].

Nano-enabled photonics, i.e., nanophotonics, can be defined as
the science and engineering of lightematter interactions that
take place on wavelength and sub-wavelength scales where the
physical, chemical, or structural nature of natural or artificial
nanostructure matters controls the interactions [1e3]. In the next
decade, nanophotonic structures and devices hold promise in
reducing the energies of device operations, enhancing the spatial
resolution for imaging, creating new sensors with increased
sensitivity and specificity, and creating densely integrated infor-
mation systems with lower power dissipation. Advances in the
fabrication of optical structures at the nanoscale and improved
control of material properties have allowed researchers to
demonstrate and realize the potential of nanophotonics. This pro-
vides a strong motivation to explore new investigations in these
fields, which could further contribute to the understanding about
the nature of lightematter interactions [2e5]. Although the fabri-
cation of photonic nanostructures has traditionally been dominated
by top-down lithography techniques, recent advances in the past
have shown new light on the scalability and ease of using bottom-
up assembly approaches to construct large arrays of homogeneous
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nano-patterned surfaces and materials [6e9]. In addition, the
relatively low cost of bottom-up assembly methods has made this
assembly approach quite accessible, adoptable, and affordable to
many researchers and industries. Significant research, both
fundamental and applied, with impressive outcomes has been
conducted. However, critical analysis of state-of-art developments
always raised the demand for investigating novel three
dimensional (3D) photonic crystals (PCs) to develop next-genera-
tion optoelectrical devices. For example, Lopez et al. demonstrated
fabrication of PCs using bottom-up colloidal assembly techniques.
Stein et al. reported an overview of post-assembly modifications
that can be done on the assembled colloidal crystals to use them as
templates to produce photonic materials with unique patterns and
morphologies [10e12].

Considering the advancements and developments, those are
being turned out in this field, it is difficult to compile everything
into one review paper. A compressive and focused analytical and
critical summary of 3D-PCmaterial fabrication techniques and their
applications is presented here in the form of a mini-review. Various
appropriate published reports [13e22] focused on different aspects

of the physical properties, fabrication, and applications of PCs were
used as reference foundation to make this report (see Table 1)

1.1. Brief introduction of PCs

The PCs are periodic optical materials or structures that are
designed to affect the motion of photons in a way similar to that of
the periodicity of semiconductor crystals affecting the motion of
electrons. PCs, which are also known as photonic bandgap mate-
rials, contain regularly repeating internal regions of high and low
dielectric constants approximately at a length-scale of the wave-
length of light. With enough dielectric contrast and appropriate
geometry, these materials can strongly confine and control the
propagation of light. The PCs have become an important and pop-
ular area of research, and it is believed that they will play a key role
in next-generation information technology [1]. A prominent
example of PCs in nature is opal, which contains a natural periodic
microstructure of silica microspheres responsible for its iridescent
color. As its artificial counterparts, ordered assembly of colloids or
colloidal microspheres, namely, colloidal crystals, have been

Table 1
Comparison Study of Top-Down and Bottom-Up Methods.

Method Schematic Remarks

Top-Down Method
Photo lithography Photo polymerization of a monomer in a colloidal crystal assembly where 2D

and 3D patterning are possible, different particles and periodicities combination
[46,47].

Micro imprint lithography Interplay of adhesion between particles and particles/substrate important,
different particles and periodicities combination [48,49].

Printing/plotting Printing of confined structure and controlled drying, rounded edges due to
drying [50,51].

Bottom-Up Method
Surface functionalization Wetting contrast between hydrophilic and hydrophobic areas [48,52].

Large topographic pattern Capillary forces-aided infiltration of trenches [53,54].

Microfluidic channels/micro-molding Infiltration and drying in closed channel [55].

3D molding Additional structuring in all three space dimensions [56e58].
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extensively studied as routes to photonic crystals and photonic
bandgap materials [2,3]. Typical colloidal crystals are ordered ar-
rays of highly monodispersed silica or polymer microspheres,
which afford periodic, spatial variations in dielectric properties on
the sub-micrometer length scale. Bragg diffraction of light within
these PCs gives rise to a stop-band, in which the propagation of
light within a narrow range of wavelengths in specific directions is
prohibited. PCs are candidates for constructing crystals at visible
and near-infrared wavelengths, if they possess enough refractive
index contrast, proper pecking order, and density [4]. Crystal
quality and crystal lattice are among the most important parame-
ters determining the performance of colloidal crystals in optical
applications. PCs typically contain a high density of defects such as
stacking faults, vacancies, and dislocations.

Most of the PCs prepared using the self-assembly approach are
entropy favorable face-centered cubic (fcc) and hexagonal close
packing (hcp) stacking. It has been shown that many other complex
crystal structures could be fabricated by controlled or template-
directed self-assembly. Such structures, mainly 1D, 2D, and 3D (as
illustrated in Fig. 1(a)), may possess novel optical properties.

The PCs have low loss periodic dielectric medium and this
theory provides control over optical properties Fig. 1(b) and
manipulation [23e34]. In 1987, Yablonovitch [1] and John [2]
theoretically predicted that high refractive index contrast 3D PCs
could possess an omnidirectional photonic bandgap, forbidding
light propagation for all directions and all polarizations [35,36].

It has been suggested by experts that PCs are material of choice
needed to design next-generation optoelectronics. The perfor-
mance of such devices with references to a targeted application
mainly depends on the fabrication of photonic arrays. The various
state-of-art photonic array fabricationmethods are described in the
next section.

2. Fabrication of 3D polymeric photonic arrays

Fabrication of photonic materials/arrays/platform is mainly
categorized into two approaches known as top-down and bottom-
up.

A) Top-down methods use lithography techniques such as
electron beam lithography, atom manipulation, and ion
beam lithography as well as embossing and scanning tip
methodologies along with the high precision resolution to
get the final structure of the photonic crystal. However, top-
down approaches are generally expensive and require a
longer time to fabricate the structures over a larger area
because of the serial nature of the approach [37]. In top-
down approaches, a structure is cut out from a bigger piece
manually or by a kind of self-structuring process. In some

sense, all of the current microelectronics is fabricated using
this approach. The top-down approach typically provides
better control but is limited to “countable” number of
structures. However, complicated process and high cost
related with the approach are issues that motivate experts to
explore an alternative technique, such as a bottom-up
approach [38e40].

The 3D PCs are gaining interest among optoelectronic experts
but possess the challenges of commercialization. The PCs need
structural and optical quality at sub-micron length scales. Inte-
grated PC devices can be prepared with the help of these methods
[41,42]. In this respect, the top-down nanofabrication technique
dubbed direct laser writing (DLW) that uses two-photon laser
patterning of diverse composition photoresists and is being
commercialized in Karlsruhe, Germany, by Nanoscribe GmbH
(www.nanoscribe.de). This is a well-known company, famous in
terms of providing DLW instrumentation, a range of photoresists,
and one would imagine photonic crystal products in the future. The
overriding demand for successful commercialization of all kinds of
photonic crystal optical components, whatever may be their
dimensionality and scale, is manufacturability with control over
intrinsic defects.

B) On the other hand, a bottom-up approach relies on the self-
driven assembly of basic building blocks into an ordered
periodic structure, that is generally faster, cheaper, and on a
larger scale than a top-down approach. However, the control
and precision in fabricating the structures may pale slightly
when compared with top-down approaches [43e45]. The
lower cost and ease of fabrication make the bottom-up
approach offer a viable and practical alternative that could
rival the top-down approach. Fabrication techniques at this
scale have traditionally been an enormous challenge in the
past, and even with the current technology available and the
introduction of new fabrication techniques, it remains a
challenge to discover a cost-effective, reproducible, large
scale, and precise approach to fabricate such structures. The
most commonly adopted fabrication method to fabricate
PC arrays is colloidal self-assembly. The state-of-art colloidal
self-assembly of PCs is described herein.

2.1. Colloidal self-assembly

Mono-disperse anisotropic particles fabricate the colloidal
crystals, a bottom-up approach. In the colloidal assembly process,
there are colloidal forces that bind building block particles together.
These forces are crucial and of three types as follows: first is the
presence of intrinsic driving forces for monodispersity of the par-
ticles, second is long-range external forces, such as gravity or
centrifugation, and third is the repulsion forces between particles
to prevent premature aggregation that could arise from Van Der
Waals forces [59]. The electrostatic repulsions are produced by
charge stabilization in polar solvents [60,61]. The colloidal self-
assembly technique has been utilized by several research groups
[3,7,16,26] to fabricate photonic systems and some of them are
compared in Table 2.

The simplest and most basic method of direct assembly of PCs
onto a substrate is through sedimentation. This is the process by
which natural opals are formed because of the gravity on the small
particles that builds the opal [69]. Another easy method is drop-
casting, wherein a drop of colloidal suspension is uniformly
spread onto a desired substrate surface and further allowed to dry
via evaporation [70e73]. As solvent such as water evaporates, the

Fig. 1. (a) Schematic representation of 1D, 2D, and 3D PCs [3], reproduced from
Ref. [3]. (b) Energy gap in semiconductors and bandgap in photonic crystals [3].
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receding meniscus helps to pull the particles together and they
rearrange themselves in the lowest surface energy configuration.
Some important factors such as temperature and humidity control,
suspension, concentration, and substrates can be adjusted to obtain
higher quality colloidal crystals.

Centrifugation and spin-coating are two methods for the fabri-
cation of colloidal crystals that use the centrifugation forces to
compact the particles in a colloidal suspension. For centrifugation, a
colloidal suspension is placed in a centrifuge and is spun at high
speeds to compact the particles together. This results in bulk
colloidal crystals that are of very good quality [74]. On the other
hand, spin coating is used to make thin films or monolayers of
colloidal crystals on planar substrates [75e78]. However, as the
force experienced by the suspension on different parts of the
substrate varies, the resulting colloidal crystal films formed on the
substrate also vary according to the position from the rotation axis
[79e86]. The colloidal crystal films are usually patchy across the
substrate. Jiang et al. developed a robust, simple, and cost-effective
spin-coating technology that is scalable and compatible with
standard top-down microfabrication [71e73]. Furthermore, they
have also demonstrated the possibility to fabricate non-close
packed 2D colloidal crystal arrays using the spin-coating approach.

As a first report, Jiang et al. [90] fabricated 3D PCs using a vertical
deposition. In this process, a glass slide was placed vertically into a

beaker, which contains the colloidal particle suspension. The
colloidal suspensionwets the substrate and ameniscus forms at the
line where the substrate, air, and liquid meet. The spheres are
pushed towards the substrate and attracted to each other because
of capillary forces, which tend to order them in a closely packed
monolayer. Solvent flows towards the meniscus region. As water
evaporates, particles deposited onto the glass slide and assemble to
form a colloidal crystal film via capillary forces [91e96]. Colloidal
crystal film thickness can be controlled as a function of particle
concentration in the suspension. Sedimentation can be avoided by
placing the vial containing the solution in an oven at a fixed tem-
perature. In this case, there is an advantage of working with poly-
mer colloids in water. As a result, the effect of sedimentation may
be compensated using a much lower temperature than with silica
colloids, because of the smaller density difference. As a caution, this
technique always requires properly treated substrates (Fig. 2).

Several relatively simple 3D mesostructured systems based on
layer-by-layer patterning have recently been fabricated as a pro-
totype. Such structures exhibited the signature of complete
bandgap lowering down to the near-infrared region [97,98]. How-
ever, there are several processing difficulties observed in the for-
mation of such 3D periodic structures.

The vertical deposition method (Fig. 3) also involves the
evaporation of the liquid phase of a colloidal suspension to

Table 2
Self- Assembly Methods of Fabricating PCs.

Photonic System Schematic Fabrication Methods Applications Remarks

Polymer (styrene)
104.15 g/mol

Drop-casting [69,70] Lansing action and solar
applications

This is a slow and simple process, but it is difficult to control
exact conditions

Polymer (PMMA)
100.12 g/mol

Vertical deposition [71
e73]

Sensing applications It provides good control of evaporation techniques. It is a
very slow process. PCs can deposit with very good quality.

Polymer 100.12 g/mol Centrifugation [74] This is generally for forming big bulky colloidal crystals. It is
a simple and fast process.

Silica/polymer LangmuireBlodgett [87
e91]

Amonolayer of particles compressed on the water surface is
transferred repeatedly to a substrate by mobile arms to
deposit multilayer structures as exactly desired.

Polymer (styrene)
104.15 g/mol

Spin coating [86e91] This is a simple and fast process. Monolayer formation is
possible.

Polymer (styrene)
104.15 g/mol

Magnetic self-assembly [87
e89]

Solar cells This process requires highly charged monodisperse
magnetic colloidal particles inside a liquid medium.

Polymer (styrene)
104.15 g/mol

Dip coating [82e85] Integrated devices It controls the thickness of layers by speed.
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induce the convective assembly of a colloidal crystal onto a
substrate. However, in this method, unlike the drop-casting
approach where the substrate lays horizontal, the substrate is
held vertically and partially submerged in a colloidal suspen-
sion [103e105]. This method requires very good control on
deposition conditions and environment. However, a long
deposition time, sometime a few days, is required for the sol-
vent (generally water) to evaporate. Any interruptions during
the drying process will severely affect the quality of the

colloidal crystal obtained. A very high quality of colloidal
crystals can be obtained using this methodology. Cai et al.
further demonstrated the possibility of fabricating 2D non-close
packed colloidal crystals using a combination of polystyrene
spheres and tetraethyl-orthosilicate sol [106].

Dip coating involves the controlled withdrawal of a substrate
from a colloidal suspension [107e109]. The substrate is vertically
held on one end and first submerged into a colloidal suspension.
The substrate slowly pulled up from the suspension and convective

Fig. 2. The schematic diagram of the entire vertical deposition self-assembly process from the prepared colloidal microspheres to the photonic crystals of the face-centered cubic
(fcc) structure on a piece of polyester fabric. Reproduced from Refs. [91,92]. a) Emulsion solution of the polymer, b) vertical deposition fill methods inside the container, c) photonic
crystal growth on the substrate, d) photonic crystal on the substrate, and e) photonic crystal owing to order crystal structure.

Fig. 3. Schematic representation of (a) the inward growing self-assembly mechanism (b) colloidal crystal films deposited on a horizontal solid substrate. The self-assembly of
colloidal particles in the vertical deposition technique for single and multilayered colloidal crystals [99]. (c) Self-assembly of latex particles driven by the liquid flow on a horizontal
hydrophilic substrate: nucleus formation and crystal growth [100,101]. (d) Latex particles assembly under the magnetic field. Reproduced from Ref. [102].
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assembly took place at the interface of substrate surface and air/
liquid. The thickness of the colloidal crystal deposited can be tuned
by adjusting the speed of substrate withdrawal. Shear ordering
makes use of a narrow channel between two planes to confine and
induce the packing of the particles in a colloidal suspension via
shear forces [110]. However, this method is difficult to perform
because of the complexity to maintain a uniform shear force
throughout.

The LangmuireBlodgett (LB) method is more precise and
accurate but different than above-discussed methods. The pre-
vious methods involved the fabrication of colloidal crystals
directly on to the substrates, whereas this technique is a two-
step process wherein a 2D colloidal crystal monolayer is
first formed on a water surface and then transferred onto the
substrate [111e113]. Zhang et al. reported the flexible control in
structure and stop-band position of 2D PC superlattices by
stacking of colloidal monolayers with different diameters of
polystyrene (Fig. 4) [114].

The use of magnetic self-assembly based on paramagnetic
colloidal particles is another important method of fabricating
colloidal photonic crystals easily. The main requirement in this
process is to use highly charged monodisperse super magnetic
colloidal particles. Because of their highly charged nature, the
colloidal particles tend to self-assemble in an ordered manner that
can easily be controlled by an external magnetic field. Asher et al.
demonstrated such various efforts using different synthesis routes
to make self-assembled colloidal particles [116e118].

3. State-of-art applications of 3D polymeric photonic arrays

Recent examples of 3D colloidal crystals utilized for various
potential applications are discussed in this section. State-of-art
investigations are selected based on their optical properties,
chemical composition, and nanostructures.

3.1. Laser interaction with polymer nanoparticles

There are only few reports available that focus on laser inter-
action with PCs. So far, the PCelasers interaction essentially relied
on photonic bandgap edge effects, because of the poor pass-band
quality achieved by previously reported engineering methods. Xu
et al. demonstrated lasing oscillation in PCs based on the defect
mode pass band-effect. For defect mode, Jiang et al. introduced a
high-quality monolayer of silica spheres internally functionalized
with laser dyes in a sandwiched type PC structure. Such function-
alized PCs provide new opportunities to develop low-threshold
lasers and highly efficient light-emitting devices. Recently, poly-
mers emerged as very important materials because of their flexible
properties for device fabrication and their tunability for optoelec-
tronic properties. Recently, some groups were successful to obtain
an optically excited laser action from high-quality film composed of
polymeric materials [119].

The 3D PCs have been fabricated on solid substrates with a self-
assembling method starting from a suspension of dye-doped
polymeric nanospheres in water. These systems showed an angle-

Fig. 4. (a) SEM image of a close-packed PS monolayer. (b) Photographs of PS monolayer on the glass substrate, (c) PS monolayers of 420 nm spheres. (d) PS monolayers of 337 nm
spheres. (e) (2 þ 1) D colloidal photonic crystal superlattice formed by stacking colloidal monolayers of 420 nm and 337 nm in ABABAB arrangement [114]. (f) Photograph of a non-
closed pack PS monolayer deposited on a four-inch wafer. (g) SEM image of a non-close packed PS monolayer [115]. Reproduced from Ref. [114].
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dependent stop-band for light transmission and, correspondingly,
Bragg reflection peak due to the PC lattice. Such type of PCs showed
angle-dependent suppression in spontaneous emission of the dye
in the wavelength range of the photonic stop-band and enhance-
ment near the band edge. In reflection geometries, spectral nar-
rowing and directional emission, indicative of stimulated emission,
were observed from the active PC matrix. The reflection spectra of
the opaline PC Rhodamine B (RhB), measured in specular configu-
ration at different angles of incidence are presented in Fig. 5 (a). The
reflection spectrum of the crystal showed the expected shift to-
wards a lower wavelength range for larger angles of incidence. The
peak reflectance and the FWHM (full width at half maximum) of
the reflection spectra remain almost constant whenmeasured with
an angle of incidence from 20 to 60 �C. This indicates awell-ordered
PC with few defects.

Luminescence spectra at low excitation power have been
measured in the range of collection angles from 20 to 50 �C, con-
cerning the direction of excitation beam as presented in Fig. 5 (a)
along with reflection spectra at the same angles for reference. By
varying the angle, Yadav et al. observed the appearance of a dip in
the emission spectra in the region where the dye emission and the
photonic stop-band overlap. The well-ordered PCs on the sub-
strates can be seen in Fig. 5 (b). The position of the dip in the
emission spectrum exactly matched with the peak in the reflection
spectrum. Within the stop-band, there were no photonic states
available for the propagation of the light. The emission cannot
emerge from the crystal at such angle and thus the spontaneous

emission is inhibited in correspondence of the reflection range. For
PC-RhB, Yadav et al. decided to fix the position of the detector at an
angle of 32 �C in a direction where there is a partial overlap be-
tween the RB-dye spontaneous emission and the stop-band. The
observed luminescence band at increasing pump power is reported
in Fig. 5(c). The red line in the figure represents the peak position of
the reflection spectrum at an angle of 32 �C. A narrow emission
band emerges in the long-wavelength side of the band on top of the
normal (low power) emission line shape as the excitation power
was increased. This group also extrapolated the narrow band line
shape subtracting the low power line shape from the total lumi-
nescence band at all the excitation powers.

The appearance of a narrow peak in the stimulated emission
spectrum in such type samples was attributed to the PC lasing
originating from multiple reflections in the PC structure along a
lattice direction. In most of these cases, it is expected that the lasing
wavelength corresponds to the stop-band edges due to the
enhanced density of allowed states. However, lasing occurs within
the photonic stop-band, which does not necessarily correspond to
stop-band edges (Fig. 5 (d)) [126,127]. Laser feedback from a scat-
tering material containing fluorescent emitters can also be pro-
duced by a different mechanism known as the random laser effect.
In this case, PCmay produce light amplification by randommultiple
light scattering in high gain disordered structures with the low
refractive index. The generated fluorescence light propagates in a
scattering material and makes a long random walk before it can
leave themedium and can be significantly amplified in between the

Fig. 5. a) Reflection spectra of PC-RhB samples, Spontaneous emission, and reflectance of PC-RhB at different angles. b) Scanning electron microscopy images PCs. c) Straight line
(red line) indicates the peak position of the reflection spectrum of the crystal at a 32-degree angle. d) Normalized peak intensity and FWHM of the narrowband versus the pump
power [126]. Reproduced from Ref. [126]. e) Schematic illustration of the colloidal crystal laser device and emission spectra from the colloidal crystal laser device. f) Emission spectra
were obtained from optical excitation with second harmonic light at 532 nm. Reproduced from Ref. [120].
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scattering events (Fig. 5 (e)). Unlike the ordinary lasers, the
resulting light emission is multidirectional and spectrally broad.
This is due to the superposition of many independent lasing lines
within the gain frequency windows [128]. Moreover, such mecha-
nism appears at a higher laser threshold with respect to photonic
crystal lasing [129]. The propagation of light within PCs is pro-
hibited in a narrow range of wavelengths in specific directions. This
enables their applications in optical devices [120e125] and de-
velops significant scope using as flexible polymer laser devices
using low-threshold optical excitation. Furumi et al. [120] used a
light-emitting polymer layer between a pair of colloidal crystal
films that played the role of a planar defect (Fig. 5 (f)) by over-
lapping the stop-band of the colloidal crystal films with the
maximum fluorescence wavelength of the dye in the defect layer
[130e135].

3.2. Self-assembled PCs for structurally colored contact lenses

Structurally colored contact lenses (Fig. 6 (a) and (b)) have been
proposed by replicating a self-assembled colloidal crystal template
in current molds. However, this process is very complex and in-
volves some extra procedures of preparing and removing the
colloidal crystal template. It also requires rigorous conditions to
obtain good quality templates by the self-assembly method of
colloidal crystal templates in molds [136e144]. Thus, the paint of
colloidal photonic crystal is greatly anticipated for directly casting
the structural color contact lens in the mold. As poly(2-

hydroxyethyl methacrylate) (PHEMA) is the most common host
material of soft contact lenses, the ideal paint should disperse
colloidal photonic crystal into 2-hydroxyethyl methacrylate
(HEMA, the precursor of PHEMA) [145,147e149], as shown in Fig. 6
(c).

Colored contact lenses, which can change the appearance of
eyes, are a popular fashion cosmetic product and arewidely used by
people of all generation. However, common risks of wearing the
colored contact lenses are corneal infection, ulcers, and other
complications [150,151]. These lenses harm the eyes because the
traditional processes of dyeing lenses, such as direct printing of
pigments and laser coloring, introduce an unstable and peeled
chemical pigment layer that easily penetrates the cornea.

3.3. Dye-sensitized solar cells applications

The application of self-assembled colloidal crystals to fabricate
dye-sensitized solar cells (DSSCs) has also gained significant
attention recently [146]. The DSSCs are an interesting alternative to
conventional solid-state semiconductor photovoltaic devices
largely because of their low production cost [152]. Miguez et al.
reported theoretical investigations based on the effect of PCs on the
optical absorption of DSSCs. They concluded that significant light
absorption amplification over a wide spectral range occurs in
structures that combine the presence of a PC and a layer of nano-
crystalline absorbing material. Overall, the absorption enhance-
ment occurs in resonant modes localized within the absorbing

Fig. 6. Self-assembled coffee-ring photonic crystals for structurally colored contact lenses [147]. a) and b) Photographs of structurally colored contact lenses. c) SEM image of the
cross-section of a structurally colored contact lens. Reproduced from Ref. [147].

Fig. 7. Schematic illustration of the photovoltaic system with a photonic crystal concentrator. The inset is a SEM image of the photonic crystal concentrator. (b) Photographs of the
PC concentrators with different colors. Reproduced with permission from Ref. [157].
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nanocrystalline coating [153,154]. In addition, it was also predicted
that the piling up of different lattice constant crystals could lead to
light harvesting enhancement in the whole dye absorption range
[155]. Several strategies were developed to combine PC and DSSCs
using self-assembly techniques. Zhang et al. demonstrated the use
of PC concentrators for DSSCs made by self-assembly of latex
spheres on concave watch glasses. This group concluded that the
wavelength selective PCs, in which concentrator can improve the
maximum power of the DSSC by more than five times while
retaining a stable high performance (Fig. 7 (a) and (b)) [156].

3.4. Liquid-crystalline dye-sensitized solar cells

Nanostructured liquid crystal (LC) electrolytes have been
developed for efficient and stable quasi-solid-state DSSCs. These
novel electrolyte designs open new path for developing DSSCs
capable of efficient conversion of light to electricity in a wide range
of temperatures. Self-assembly of these molecules emerged as an
attractive approach for designing functional materials [158e163].
Particularly, LC formed well-defined nanostructures of promising
function for energy and optoelectronic devices [164e171]. The LCs
owing to the easy fabrication process and thermally robust tech-
nique have shown versatility with respect to materials design and
associated application. Ionic LCs, formed via ionic channels, can
transport ion efficiently and have been proposed as a seminal
approach to develop electrolytes for energy devices [172e183].
These materials have been applied as electrolytes in lithium ion
batteries and DSSCs.

Yoshio et al. reported a new molecular design of functional LC
that significantly improves the performance of quasi-solid-state LC-
DSSCs. In this research, an efficient method was developed to
fabricate quasi-solid state DSSCs, exhibiting efficient performance

and thermal stability. Two types of LCs based electrolytes were
designed to achieve proposed goals (Fig. 8). The first design was
based on two-component LC assemblies (noncovalent type),
composed of mesogenic compounds functionalized with polar
moieties and ionic liquids (ILs) (Fig. 8, left). These two component
assemblies were designed for efficient ion transport. Shimura et al.
showed that LC assemblies based on binary mixtures of mesogenic
molecules and ILs are advantageous with respect to ion transport
[184]. In contrast, the second electrolyte design (covalent type)
consists of ionic mesogenic compounds covalently binding the
organic cations (Fig. 8, right). This design was expected to enhance
the thermal stability of the LC phases and to extend the maximum
working temperature of the LC-DSSCs. Furthermore, Yoshio et al.
introduced a polar and flexible oligo oxyethylene spacer in the
mesogenic molecular designs, which increases mass-transport of
the electrolyte and greatly decreases the interfacial resistance at
the electrodes in the LC-DSSCs. These new molecular designs lead
to LC-DSSCs exhibiting excellent conversion efficiencies and ther-
mal stability.

3.5. Photonic crystal for sensing application

The PC-based sensors development is emerging significantly
because of their unique advantages in preparation, functionaliza-
tion, and desired sensing performance. Recently, various important
accomplishments related to the development of novel colloidal PC-
based smart sensors with the features of fast response, high
sensitivity, miniaturization, selectivity, and affordability are
noticeable. In this section, we briefly summarize some of very
advance development in the field of making colloidal PC sensors
considering the aspects of materials, structures, and analysis
methods. To develop a PCs-based sensor is a multistep process

Fig. 8. Schematic illustration of the assembly of LC electrolytes into layered phases and an LC-based dye-sensitized solar cell. Blue areas represent insulating parts, and red areas
show ion conductive parts. FTO: fluoride-doped tin oxide.
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wherein selection of good quality responsive materials is crucial.
These structures are systematically categorized according to scale
variation i.e., nanoscale to macroscale. This class includes the
colloidal nanoparticles with novel structures, morphologies such as
themicro-sized (Fig. 9 (a) and (b)) PC units [149], and the integrated
PC devices. Besides, two series of new analysis methods namely
cross-reactive analysis based on PC sensors and time-resolved
reflection spectra analysis are described here in detail because
these methods improve the selectivity of recognition [154,155].

Fiber optic sensing probesmethod is illustrated in the top part of
(Fig. 9 (c) and (d)) as an example. This newand low-cost approach is
basedona3Dphotonic crystal dielectric structuredirectly deposited
on the tip of a multimode optical fiber. Such PCs were made of
polystyrene nanospheres with 200 nm diameter and the optical fi-
ber is a UVevis fiber with a core diameter of 200 mm. The obtained
fiber probes exhibited a resonant peak at 480 nm and an amplitude
enhancement of 3.7 concerning the bare fiber. The obtained results
were repeatable. A numerical tool based on a finite elementmethod
analysiswas developed to studyand analyze the 3D sub-wavelength
structures. Numerical results were in good agreement with the
observed experimental spectra. Moreover, refractive index mea-
surements were also carried out [148], which revealed a sensitivity
of 445 nm/RIU (RIU acronyms refractive index unit) in the 1.33e1.36

values range. These significant performance outcomes were ob-
tained using very small active areas, which were very easy to
fabricate. Such system based on fiber-optic probes has great pros-
pects for chemical and biological sensing applications [152].

The PC microspheres, a big family of PC units, are composed of
colloidal nanoparticles. During the fabrication process, first, water
droplets containing the colloidal nanoparticles were injected into
flowing oil phase. Further, the water droplets formwater-in-oil (W/
O) structure due to surface tension. The volume of droplet gradually
decreases as the water is evaporated. As a result, PC microspheres
composed of close-packed nanoparticles can be obtained.
Comparing with PC sensing film structures, the PC microspheres
are easy to be prepared. Their low-cost and continuous preparation
methods make them suitable for mass-production. Besides, this
kind of microsphere is isotropic i.e. without angle-dependence,
which is suitable for optical detection. Moreover, based on their
vivid and tunable structural colors, encoding and multicompound
analysis can be realized easily.

Besides the PCs with a stable assembled structure, colloidal PCs
with metastable structures were also introduced for sensing
application. Metastable colloidal PC is a kind of nanoparticle-
assembled clusters formed in a supersaturated solution. Based on
metastable colloidal PC micro-units, Ge et al. developed a series of

Fig. 9. Schematic diagram of the dip-coating process. Fiber tip is dipped at a constant speed into the colloidal solution. After solvent evaporation, a PS photonic crystal is formed
right at the fiber tip [152]. Reproduced from Ref. [152]. Colloidal PC sensors based on metastable microcrystals. a) The reversible transformation between the supersaturated
solution of particles and metastable microcrystals, and the tunable colors in different organic solvents. Reprinted with permission from Ref. [153]. b) Fast responsive colorimetric
sensor based on metastable PC crystals for deformation sensing. Reprinted with permission from Ref. [154]. c) Patterned deformation-responsive sensors prepared by selective
polymerization of metastable PC gel. Reprinted with permission from Ref. [155]. d) Electric-field-responsive PC sensors and screening devices composed of metastable PCs.
Reprinted with permission from Ref. [156].
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PCs, called colloidal crystalline array (CCA), and observed multi-
functional responses (Fig. 9). In a high-boiling-point solvent, the
supersaturated colloidal nanoparticles spontaneously precipitated
and assembled into solvent wrapped metastable PC crystals. The
metastable PC exhibited varied colors in different organic solvents.
Because of metastable interaction between colloidal spheres, the
equilibrium state can be broken by very low energy and transforms
into another state. Therefore, the sensors, composed of metastable
PCs, have higher sensitivity than traditional.

3.6. Bionic materials

In the field of biological science, many animals including neon
tetra, Hercules beetles, paradise whiptails, blue damselfish and
tortoise beetles have variable structural colors in response to
environmental stimuli because of interference of light on their or-
dered body microstructures (Fig. 10(a)) [185,186], which is essential
to the camouflage, predation, communication, and reproductive
behaviors of the species [188e191]. For instance, the blue dam-
selfish normally displays a structural color of blue, produced by the
interference of light on periodically stacked microstructures of
reflecting plates in skin cells. Under stressful conditions, the fish
changes its blue coloration rapidly to ultraviolet, triggered by the
simultaneous spacing variation of adjoining reflecting plates, to
evade its pursuers [192]. The Hercules beetle alters its color by
varying the amount of water in the cuticle and thereby the thick-
ness variation of the thin skin films is responsible for the interfer-
ence color [193]. By using the thin film interference phenomenon
occurring in monolayer or bilayer ordered arrays of polystyrene
spheres, a colloidal crystal-based bionic filmwith variable structure
colors, simulating the coloration mechanism of neon tetra or blue
damselfish, was realized ([187]. Cao and Cong fabricated a circular
stair-like bionic film of polystyrene colloidal crystals (Fig. 10 (a)) by
an evaporation deposition method. The film simulated the irides-
cent colors of peacock tail feathers vividly. Recently, Kolle et al.
mimicked the colorful wing scale structure of the papilio blumei
butterfly through a combination of layered deposition techniques
including colloidal self-assembly, sputtering, and atomic layer
deposition using colloidal crystals as masks [194], inspired by the
natural antireflective structures of moth eyes. Jiang and co-workers
[195,196] fabricated bionic coatings consisting of nipple arrays on

silicon and gallium antimonide via a colloidal crystal-assisted
etching process. The bionic coatings had excellent broadband
antireflection properties and thermal stabilities. Additionally, bi-
onic materials with micro-lens arrays that mimic brittle stars’ light
collection structures had been fabricated based on colloidal crystals
[187].

3.7. Biomedical engineering

In the biomedical engineering field, colloidal crystals have been
used as supports for immunoassay, chips for disease diagnosis, and
scaffolds for cell culture and tissue engineering [197e200]. For
example, Gu et al. developed a new kind of suspension array for
multiplexed immunoassay (Fig. 11 (a)) using silica colloidal crystal
beads as coding carriers. The colloidal crystal beads were more
sensitive than glass beads and planar carriers because the colloidal
carrier codes are derived from the structural color and could find
applications in genomics, drug screening, and clinical diagnosis
[201]. Kuo and co-workers fabricated heparin-conjugated scaffolds
with a pore structure of inverted colloidal crystals using a tem-
plating method. They applied the scaffolds for cartilage
regeneration and found that the ordered pores in the heparinized
inverted colloidal crystal constructs could favor the chondrocyte
culture to regenerate a uniform distribution of cartilage (Fig. 11(b))
[202]. They also successfully applied a similar scaffold with induced
pluripotent stem cells to nerve tissue engineering (Fig. 11 (c)) [203].
Recently, Jang et al. reported a Prussian blue-decorated 3D optical
material carbon, made from colloidal crystals. It could be used as a
highly effective adsorbent for targeting internalized radionuclides
in the human body. As it has a large specific area and pore volume,
the material is effective for the removal of 133-Cs with a maximum
adsorption capacity of 40.07 m-mol g�1 [204].

3.8. Other applications

PCs can also be employed as a low-cost approach to fabricate
microlens or photonic arrays for improving the extraction effi-
ciency of light emitting diodes (LEDs) [205e207]. Wei et al.
improved the light output power of GaN based LEDs using silica
microlens arrays generated via colloidal lithography. The microlens
arrays reduced the reflection at the LED/air interface and enhanced

Fig. 10. Bionic colloidal crystal thin films inspired by neon tetra: (a) photos and illustration of the variable structural color in neon tetra; (b) optical image of bilayer colloidal bionic
films before swelling; (c) optical image of bilayer colloidal bionic films after swelling; (d) optical image of bilayer colloidal bionic films after evaporation of swelling agent; (e) SEM
image of (d); (f) detail of the marked region of (e); (g) detail of the marked region of (f). Reproduced with permission from Ref. [187].
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the photo escape cone [208]. Additionally, functional defects
embedded in colloidal crystals can be used for DNA recognition and
polypeptide biodegradation studies [209,210]. PCs composed of
Janus particles can be used as templates to synthesize catalysts for
catalytic membrane reactors [211]. Moreover, other functional
materials with special morphologies and novel properties such as
opal balls, photonic chains, nanostar arrays, nanoprism super-
lattices, and multipodal nanoparticles have been fabricated facilely
based on colloidal crystals [212e216](Fig. 12).

4. Summary, challenges, and prospects

In summary, the concepts and recent advancements of self-
assembly processes for 3D colloidal PCs fabrication techniques
and their recent advanced applications have been discussed.

Besides, we also explored the possibilities of using self-assembled
PCs as templates for nano-sphere lithography application in this
report. Overall, this review provides a clear and fundamental
introduction of self-assembled PCs to new scholars and at the same
time provides new insights and ideas to seasoned researchers in
this field. Even though there remains a lot more to investigate in
terms of exploring associated physics, chemistry, and mechanistic
scientific reasoning of these materials, it seems simply a matter of
time before the next leap towards a better understanding of
improved fabrication technologies and innovative new
applications.

Varieties of self-assembly techniques have been investigated to
fabricate the PCs of desired properties and performance. However,
there are many challenges associated with the self-assembly ap-
proaches which limit practical applications of these PCs. A crack-
free PCs platform is always a demand to develop a high-quality
optical device but in the present scenario, this is a major obstacle
to overcome. Through this review, we suggest promoting this
research at a larger scale for the development of a new class of 3D
PCs, which are defect-free, scalable, and affordable. Such smart 3D
PCs will be useful to develop next-generation efficient optical sys-
tems. The outcomes of this review will be useful to motivate re-
searchers, who are conducting or planning similar research, to
select appropriate 3D PCs and fabrication methods for designing
and developing a photonic platform keeping the targeted applica-
tion in mind.
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