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Abstract: The assembly of colloidal building-blocks is an efficient, inexpensive and flexible approach
for the fabrication of a wide variety of photonic materials with designed shapes and large areas. In this
review, the various assembly routes to the fabrication of colloidal crystals and their post-assembly
modifications to the production of photonic materials are first described. Then, the emerging
applications of the colloidal photonic structures in various fields such as biological and chemical
sensing, anti-reflection, photovoltaics, and light extraction are summarized.
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1. Introduction
The building, manipulating, and characterizing of optically active nanostructures are related to the
field of nanophotonics. By investigating the fabrication techniques and resulting material properties,
we can aim to design new capabilities in instrumentation for the nanoscale, chemical and biomedical
sensing, disease treatment, enhanced solar cells and lighting, information and communications
technologies, and many other applications.
The basic concepts of photonics have been known for the last 40 to 50 years, but it is only in the last
decade where they have really attracted attention from the scientific community based on discoveries
in nanoscience. Since the 1960s, photonic materials and devices have played a pervasive role in
communications, energy conversion, and sensing. Nanophotonics, or photonics at the nanoscale, can
be defined as “the science and engineering of light-matter interactions that take place on wavelength
and subwavelength scales where the physical, chemical, or structural nature of natural or artificial
nanostructure matter controls the interactions” [1]. 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 information systems with lower power dissipation.
Advances in the fabrication of optical structures at the nanoscale and improved control of materials
properties have allowed researchers to demonstrate and realize the potential of nanophotonics, and
this provides a strong motivation to continue the investigations in this fields which could further the
understanding about the nature of light-matter interactions [2].
While the fabrication of photonic nanostructures have traditionally been dominated by top-down
lithography techniques, recent advances in the past decades has shown new light on the scalability
and ease of using bottom-up assembly approaches to construct large arrays of homogeneous
nano-patterned surfaces and materials. In addition, the relatively low cost of bottom-up assembly
methods compared with top-down fabrication approaches have made the field of bottom-up assembly
very accessible to a large number of research groups. With the large volumes of research work that is
being churned out in this field, it is difficult to compile everything into one review paper. Hence, this
review is a selective compilation of some of the published works available.
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In this review, we will start by providing a conceptual overview of photonic crystals, followed by
In this review, we will start by providing a conceptual overview of photonic crystals, followed
a description of the various strategies that have been developed to fabricate them, with a focus
by a description of the various strategies that have been developed to fabricate them, with a focus of
of bottom-up colloidal assembly techniques. We will also give an overview of post-assembly
bottom-up colloidal assembly techniques. We will also give an overview of post-assembly
modifications that can be done on the assembled colloidal crystals to use them as templates for
modifications that can be done on the assembled colloidal crystals to use them as templates for the
the production of photonic materials with unique patterns and morphologies. The applications of
production of photonic materials with unique patterns and morphologies. The applications of the
the photonic materials made by bottom assembly will be reviewed in the last section where we will
photonic materials made by bottom assembly will be reviewed in the last section where we will
discuss about how they can be used to manage photons in photovoltaics, in light emitting diodes
discuss about how they can be used to manage photons in photovoltaics, in light emitting diodes
(LEDs) and for use as sensors.
(LEDs) and for use as sensors.
The presented material is not exhaustive but should be sufficient for the reader to grasp the
The presented material is not exhaustive but should be sufficient for the reader to grasp the
general methodologies available today for the fabrication of these colloidal photonic materials and the
general methodologies available today for the fabrication of these colloidal photonic materials and
associated applications described in this review. Earlier reviews by other authors, which have focused
the associated applications described in this review. Earlier reviews by other authors, which have
on different aspects of the physical properties, fabrication and applications colloidal crystals, can be
focused on different aspects of the physical properties, fabrication and applications colloidal crystals,
read for more information [3–16].
can be read for more information [3–16].
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Figure 2. Analogy between the (a) energy gap in semiconductors and the (b) band-gap in
Figure 2. Analogy between the (a) energy gap in semiconductors and the (b) band-gap in photonic
photonic crystals.
crystals.
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3.1. Top-Down vs. Bottom-Up
3.1. Top-Down vs. Bottom-Up
The spike in the interest and research on the photonics over the last decade has been boosted by
The spike in the interest and research on the photonics over the last decade has been boosted by
various factors, including the significant advances in computational design tools and their accessibility,
various factors, including the significant advances in computational design tools and their
the emergence of new nanofabrication techniques, and the realization of new optical and structural
accessibility, the emergence of new nanofabrication techniques, and the realization of new optical
characterization methods. Undoubtedly, the most important factor has been the progress in the area
and structural characterization methods. Undoubtedly, the most important factor has been the
of fabricating photonic devices that have dimensions on the order of or below the wavelength of
progress in the area of fabricating photonic devices that have dimensions on the order of or below
light [2]. For example, in order for a photonic crystal to have applications in the visible or near infrared
the wavelength of light [2]. For example, in order for a photonic crystal to have applications in the
(NIR) regimes, they would need to have spatial modulations of the refractive index of a few hundred
visible or near infrared (NIR) regimes, they would need to have spatial modulations of the refractive
nanometers to one micron, since the working range of a photonic crystal is directly related to the
index of a few hundred nanometers to one micron, since the working range of a photonic crystal is
spatial periodicity of the refractive index. Fabrication techniques at this scale have traditionally been an
directly related to the spatial periodicity of the refractive index. Fabrication techniques at this scale
enormous challenge in the past, and even with the current technology available and the introduction
have traditionally been an enormous challenge in the past, and even with the current technology
of new fabrication techniques, it still remains a challenge to discover a cost effective, reproducible,
available and the introduction of new fabrication techniques, it still remains a challenge to discover
large scale and precise approach to fabricating such structures.
a cost effective, reproducible, large scale and precise approach to fabricating such structures.
Fabrication of synthetic (i.e., man-made) photonic materials can be generally categorized by one
Fabrication of synthetic (i.e., man-made) photonic materials can be generally categorized by one
of two approaches: top-down or bottom-up. Top-down approaches, such as lithography techniques
of two approaches: top-down or bottom-up. Top-down approaches, such as lithography techniques
using electrons, photons, atoms and ions as well as embossing and scanning tip methodologies, offer
using electrons, photons, atoms and ions as well as embossing and scanning tip methodologies, offer
high precision and resolution to the final structure of the photonic crystal made. However, top-down
high
precision and resolution to the final structure of the photonic crystal made. However, top-down
approaches are generally expensive and require a longer time to fabricate the structures over a larger
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. In contrast, bottom-up approaches rely on the
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3.2. Colloidal Assembly
3.2. Colloidal Assembly
Bottom-up approaches to make photonic colloidal crystals commonly make use of spherical beads
Bottom-up approaches to make photonic colloidal crystals commonly make use of spherical
or, more rarely, anisotropic particles as building blocks for self-assembly. Typically, these particles
beads or, more rarely, anisotropic particles as building blocks for self-assembly. Typically, these
are either silica or polystyrene (PS) latex particles because of their ease of synthesis. Monodisperse
particles are either silica or polystyrene (PS) latex particles because of their ease of synthesis.
anisotropic particles have been rarely used to fabricate colloidal crystals [19,20].
Monodisperse anisotropic particles have been rarely used to fabricate colloidal crystals [19,20].
The bottom-up assembly of a colloidal crystal is self-driven, implying that there are colloidal forces
The bottom-up assembly of a colloidal crystal is self-driven, implying that there are colloidal
at work that brings the tiny building blocks together. In colloidal assembly, these forces are crucial
forces at work that brings the tiny building blocks together. In colloidal assembly, these forces are
and there are three types of forces that should be highlighted. The first type is the presence of intrinsic
crucial and there are three types of forces that should be highlighted. The first type is the presence of
driving forces for ordering which could be the entropically favorable packing of monodisperse colloids
intrinsic driving forces for ordering which could be the entropically favorable packing of
into ordered arrays. For this, the monodispersity of the particles (i.e., size and shape homogeneity) is
monodisperse colloids into ordered arrays. For this, the monodispersity of the particles (i.e., size and
crucial. The second type to consider is the long range external forces, such as gravity or centrifugation,
shape homogeneity) is crucial. The second type to consider is the long range external forces, such as
gravity or centrifugation, which act to bring the particles together. The third type is the repulsion
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which act to bring the particles together. The third type is the repulsion forces between particles to
prevent premature aggregation that could arise from Van der Waals forces. Electrostatic repulsions [21]
by charge stabilization in polar solvents and steric repulsions [22] by solvated absorbed layers are two
examples for these kind of repulsion forces.
There is a variety of assembly methods available in literature [3,7,13,23] for the fabrication
of colloidal crystals depending on, the type of building blocks used, the resulting structure
(two-dimensional monolayers or three-dimensional bulk crystals), and the application it is aimed at.
Table 1 lists the common methods that are used to fabricate colloidal crystals.
Table 1. List of methods commonly used for colloidal assembly.
Method

Remarks

Drop casting
(Sedimentation) [24,25]

Simple but slow process.
Patches of colloidal crystals formed.
Difficult to control exact conditions

Vertical deposition [26–28]

Requires very good control of evaporation conditions (i.e., temperature and
humidity) for a good deposition.
Slow process (days).
Very good quality of colloidal crystals formed under the proper conditions
Gradient in the thickness of colloidal crystal formed

Centrifugation [29]

Simple and fast process.
Generally big bulky colloidal crystals formed.

Spin-coating [30–35]

Simple and fast process.
Monolayer formation possible.
Patches of small coating area of monolayers.

Dip-coating [36–38]

Can control thickness of layers by the speed of withdrawal.
Gradient in layer thickness. [27]

Shear ordering [39]

Requires very good control of process parameters
Slow process
Makes thin films

Langmuir-Blodgett [40–44]

Monolayer compressed on water surface by mobile arms.
Short range order of closed packed regions within the monolayer.
Monolayer transfer onto substrate can be repeated to deposit multilayers
exactly as desired.
Takes time for preparation of equipment and spreading of particles.

Direct assembly on water
surface [45–48]

Simple and fast process.
Good two-dimensional closed pack array on water surface.
One monolayer at a time can be transferred.
Can be repeated to deposit multilayers exactly as desired.

Magnetic self-assembly [49–51]

Requires highly-charged monodisperse magnetic colloidal particles
Self-assembly occurs inside liquid medium
Can be controlled by external magnetic field

The simplest and most basic method of direct assembly onto a substrate is by sedimentation, which
is the process by which natural opals are formed as a result of gravity on the tiny individual particles
that build the opal [24]. Another simple method is by drop casting. In this case, a drop of colloidal
suspension is literally dropped onto the substrate surface and allowed to dry by evaporation [25].
As water evaporates, the receding meniscus helps to pull the particles together and they rearrange
themselves in the lowest surface energy configuration. Temperature and humidity control, suspension
concentration, choice of substrates are some of the factors that can be adjusted to obtain higher quality
colloidal crystals.
Centrifugation and spin-coating are two methods that require the use of centrifugational forces
to help compact the particles in a colloidal suspension. For centrifugation, a colloidal suspension in
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placed in a centrifuge and spun at high speeds to compact the particles together. This results in bulk
colloidal crystals that are of very good quality [29]. Spin coating on the other hand, is used to make thin
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Figure 3. Schematics of colloidal assembly by: (a) spin-coating [30]; (b) vertical deposition; (c) dip
Figure 3. Schematics of colloidal assembly by: (a) spin-coating [30]; (b) vertical deposition; (c) dip
coating [38]; and (d) shear alignment [39].
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The vertical
vertical deposition
deposition method
method (Figure
(Figure 3)
3) also
also involves
involves evaporation
evaporationof
ofthe
theliquid
liquidphase
phaseof
ofaa
The
thethe
convective
assembly
of a colloidal
crystal crystal
onto a substrate.
However,
colloidal suspension
suspensiontotoinduce
induce
convective
assembly
of a colloidal
onto a substrate.
unlike drop
casting
where
the where
substrate
horizontal,
the substrate
held vertically
(or at a slight
However,
unlike
drop
casting
the lays
substrate
lays horizontal,
the is
substrate
is held vertically
(or
angle)
and
partially
submerged
in
a
colloidal
suspension
[26,27,53].
This
method
requires
very
good
at a slight angle) and partially submerged in a colloidal suspension [26,27,53]. This method requires
control
of control
the deposition
conditionsconditions
and environment
(suspension
concentration,
type of type
solvent,
very
good
of the deposition
and environment
(suspension
concentration,
of
temperature,
humidity,
ground vibrations,
wind, etc.),
and
long
deposition
time of time
a fewofdays
to
solvent,
temperature,
humidity,
ground vibrations,
wind,
etc.),
and
long deposition
a few
allowtofor
all the
water) to
evaporate.
Any interruptions
during during
the drying
days
allow
forliquid
all the(usually
liquid (usually
water)
to evaporate.
Any interruptions
the process
drying
will severely
the affect
qualitythe
of the
colloidal
crystal
obtained.
Nonetheless,
if done correctly,
very
process
will affect
severely
quality
of the
colloidal
crystal
obtained. Nonetheless,
if done
high
quality
of
colloidal
crystals
can
be
obtained
by
this
method.
Cai
et
al.
further
demonstrated
the
correctly, very high quality of colloidal crystals can be obtained by this method. Cai et al. further
possibility of fabricating
two-dimensional
non-close
packed colloidal
crystals
usingcolloidal
a combination
of
demonstrated
the possibility
of fabricating
two-dimensional
non-close
packed
crystals
polystyrene
spheres and
tetraethylorthosilicate
[54].
using
a combination
of polystyrene
spheres andsol
tetraethylorthosilicate
sol [54].
Dip coating
controlled
withdrawal
of a of
substrate
from afrom
colloidal
suspension
[36–38].
Dip
coatinginvolves
involvesthe
the
controlled
withdrawal
a substrate
a colloidal
suspension
The substrate
is vertically
held on one
first and
submerged
into a colloidal
It is then
[36–38].
The substrate
is vertically
heldend
on and
one end
first submerged
into a suspension.
colloidal suspension.
slowly
pulled
uppulled
from the
suspension,
and convective
assemblyassembly
takes place
at the
interface
between
It
is then
slowly
up from
the suspension,
and convective
takes
place
at the interface
the substrate
surface and
the air/liquid
phenomenon
is similar toisvertical
between
the substrate
surface
and the interface
air/liquid(the
interface
(the phenomenon
similardeposition).
to vertical
The thickness
of thickness
the colloidal
crystal
deposited
be tuned
speed the
of substrate
deposition).
The
of the
colloidal
crystal can
deposited
canby
beadjusting
tuned by the
adjusting
speed of
withdrawal.
Shear ordering
usemakes
of a narrow
between
two
planes two
to confine
induce
substrate
withdrawal.
Shearmakes
ordering
use ofchannel
a narrow
channel
between
planesand
to confine
packing
of the
particles
in particles
a colloidal
by shear forces
[39]. forces
This method
is difficult
and
induce
packing
of the
in suspension
a colloidal suspension
by shear
[39]. This
method to
is
perform to
because
of the
complexity
in maintaining
a uniform shear
force throughout
process. the
difficult
perform
because
of the complexity
in maintaining
a uniform
shear forcethe
throughout
The Langmuir-Blodgett (LB) technique is slightly different compared with the abovementioned
process.
methods.
The previous methods
involvedisthe
fabrication
of compared
colloidal crystals
onto the
The Langmuir–Blodgett
(LB) technique
slightly
different
with the directly
abovementioned
methods. The previous methods involved the fabrication of colloidal crystals directly onto the
substrates, while the Langmuir–Blodgett technique is a two-step process whereby a two-dimensional
colloidal crystal monolayer is first formed on a water surface before it is transferred onto the substrate
[41,44,55]. The monolayer of particles is formed by first spreading a colloidal suspension onto the
surface of water and then followed by compacting the particles on the water surface by using mobile
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Figure 4. (a) SEM image of close packed PS monolayer. Scale bar is 2 µm (b) Photographs of PS
Figure 4. (a) SEM image of close packed PS monolayer. Scale bar is 2 µm (b) Photographs of PS
monolayer on a 1 m² glass substrate, Adapted with permission from Nano Lett. 15, 4591–4598.
monolayer on a 1 m² glass substrate, Adapted with permission from Nano Lett. 15, 4591–4598. Copyright
Copyright (2015) American Chemical Society [48]. (c) PS monolayers of 420 nm spheres. (d) PS
(2015) American Chemical Society [48]. (c) PS monolayers of 420 nm spheres. (d) PS monolayers of
monolayers of 337 nm spheres. (e) (2 + 1)D colloidal photonic crystal superlattice formed by stacking
337 nm spheres. (e) (2 + 1)D colloidal photonic crystal superlattice formed by stacking colloidal
colloidal
monolayers of 420 nm and 337 nm in ABABAB arrangement [57]. (f) Photograph of a
monolayers of 420 nm and 337 nm in ABABAB arrangement [57]. (f) Photograph of a non-closed pack
non-closed
pack deposited
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deposited
on a(g)
four
inch
wafer.
SEM
image of PS
a non
close-packed
PS monolayer
on a four
inch wafer.
SEM
image
of a(g)
non
close-packed
monolayer
[34].
PS monolayer [34].

The use of magnetic self-assembly of paramagnetic colloidal particles is another unique of
The use of magnetic self-assembly of paramagnetic colloidal particles is another unique of
fabricating colloidal photonic crystals. The main requirement here is the use of highly charged,
fabricating colloidal photonic crystals. The main requirement here is the use of highly charged,
monodisperse superparamagnetic colloidal particles. Due to their highly charged nature, the colloidal
monodisperse
superparamagnetic colloidal particles. Due to their highly charged nature, the
particles have a tendency to self-assemble into ordered arrangements that have the possibility to be
colloidal
particles
have magnetic
a tendency
to Several
self-assemble
into ordered
arrangements
have by
the
controlled by external
fields.
related works
on this subject
have beenthat
reported
possibility
controlled bythe
external
magnetic
works on
this subject
have
Asher et to
al.,be
demonstrating
different
synthesisfields.
routesSeveral
to makerelated
such colloidal
particles
and their
been
reported
by
Asher
et
al.,
demonstrating
the
different
synthesis
routes
to
make
such
colloidal
subsequent self-assembly [49–51].

particles and their subsequent self-assembly [49–51].
4. Post-Assembly Modification
4.1. Nanosphere Lithography
The term “nanosphere lithography” was first coined by Van Duyne and co-workers two decades
ago [58]. Today, nanosphere lithography is a well-known technique used to produce homogeneous
and regular arrays of nanoparticles of various sizes [59,60]. In general, nanosphere lithography
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4. Post-Assembly Modification
4.1. Nanosphere Lithography
The term “nanosphere lithography” was first coined by Van Duyne and co-workers two decades
ago [58]. Today, nanosphere lithography is a well-known technique used to produce homogeneous and
regular arrays of nanoparticles of various sizes [59,60]. In general, nanosphere lithography involves the
preparation of a template consisting of a hexagonal close packed monolayer or bilayer of monodisperse
Crystals
2016, 6,particles
54
7 of
spherical
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demonstrated. These include, but are not limited to, nanotriangles [61,62], nanodots [61,68,72],
Several interesting nanostructures made of different materials have, so far, been demonstrated.
nanopillars [63,65,69,73–76], nanorods [68], nanopyramids [64], nanorings [68,77], nanowells/
These include, but are not limited to, nanotriangles [61,62], nanodots [61,68,72], nanopillars
bowls [67,69] and inverted nanocones [78]. Vogel et al. described a simple process of using oxgen
[63,65,69,73–76], nanorods [68], nanopyramids [64], nanorings [68,77], nanowells/bowls [67,69] and
plasma etching to modify a close packed monolayer of polystyrene beads into a non-closed packed
inverted nanocones [78]. Vogel et al. described a simple process of using oxgen plasma etching to
monolayer (Figure 5) [45]. Kosiorek et al. reported the use of shadow nanosphere lithography
modify a close packed monolayer of polystyrene beads into a non-closed packed monolayer
to prepare two-dimensional metallic nanostructures such as rings, dots and rods. This was done
(Figure
5) [45]. Kosiorek et al. reported the use of shadow nanosphere lithography to prepare twoby modifying the mask morphology via temperature processing and by varying the evaporation
dimensional
nanostructures
such as rings, dots and rods. This was done by modifying the mask
conditionsmetallic
(Figure 6)
[68].

morphology via temperature processing and by varying the evaporation conditions (Figure 6) [68].
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Figure 5. Making of non-closed packed polystyrene monolayer arrays by oxygen plasma etching
8 of 25
under different etching conditions [45]. Scale bars: 200 nm, insets: 500 nm.
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7. (a,b)
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permissionfrom
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Copyright (2015) American Chemical Society) and (c,d) nanopyramid [64] arrays made by nanosphere
Copyright (2015) American Chemical Society) and (c,d) nanopyramid [64] arrays made by nanosphere
lithography (adapted with permission from J. Phys. Chem. C 117, 14778–14786. Copyright (2013)
lithography (adapted with permission from J. Phys. Chem. C 117, 14778–14786. Copyright (2013)
American Chemical Society).
American Chemical Society).

Overall, nanosphere lithography is a relatively quick and simple way to create a homogeneous
pattern across a large surface area. Even though nanosphere lithography suffers from slight
imperfections due to the nature of the technique, the simplicity and speed of using this technique makes
it a viable alternative to traditional top-down lithography techniques when patterning a large area.
4.2. Inverse Opals
Inverse opals (also known as inverted opals or three-dimensionally ordered macroporous
(3DOM) materials) are the inverse replicas of a self-assembled colloidal crystal. They can be fabricated
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Overall, nanosphere lithography is a relatively quick and simple way to create a homogeneous
pattern across a large surface area. Even though nanosphere lithography suffers from slight
imperfections due to the nature of the technique, the simplicity and speed of using this technique makes
it a viable alternative to traditional top-down lithography techniques when patterning a large area.
4.2. Inverse Opals
Inverse opals (also known as inverted opals or three-dimensionally ordered macroporous (3DOM)
materials) are the inverse replicas of a self-assembled colloidal crystal. They can be fabricated by the
infiltration of the colloidal crystals with a desired material and subsequently removing the template.
An interesting property of inverse opals is that they can theoretically exhibit a complete photonic
bandgap (cPBG), if the difference in the refractive index of the constituent materials is sufficiently high
enough [80]. Due to their ability to “manage” light over the range of its bandgap [81–83], inorganic
semiconductor materials such as titania [84–89], silica [90–93], and zinc oxide [94] have all been made
into inverse opals and studied extensively. In addition, other materials such as metals [42,80,95–100]
and organic materials [101–105] have also been fabricated into inverse opals and investigated.
There are various methods available for the infiltration process depending of the material
desired. These methods include, but are not limited to, atomic layer deposition [106–109], chemical
vapor deposition [11,84,108,110], electrochemical deposition [97,111–114], and sol-gel techniques
(Figure
Crystals 2016,
6, 548) [85,87,91,93,115,116].
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Figure 8.Figure
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pore size by combining colloidal crystal templates with atomic layer deposition. Recently, Kim et al.
reported the successful fabrication of a silk inverse opal, a three-dimensional inverse opal photonic
crystal made entirely of purified silk fibroin, a natural protein (Figure 9) [101]. In general, inverse
opals
are an interesting class of materials because of their relative ease of fabrication and the
unique
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physical and optical properties associated with their structure.
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5.In Applications
the following section, we will discuss about some of the applications associated with the

nanostructured
photonic materials
that can be derived from the bottom-up colloidal assembly process.
5.1. Photon Management
in Photovoltaics
The use of photonic structures to manage light and optimize optical and electro-optical properties
in photovoltaic devices has been widely studied [117–122]. Photonic structures can enable the
“trapping” of photons and consequently enhance the photocurrent of a solar cell [120]. Suezaki et al.
reported that boron and phosphorous doped inverse opal silicon solar cells made by self-assembly
methods demonstrated acceptable performances for device applications [123]. Using nanosphere
lithography, Zhang et al. showed the possibility to create ordered arrays of silicon pillars by reactive
ion etching of 2D polystyrene arrays [63]. Garnett et al. demonstrated the fabrication of silicon
nanowire solar cells made by ion etching of monolayers of silica beads through a self-assembly process.
They reported that the ordered arrays of silicon nanowires increased the path length of incident solar
light radiation by up to a factor of 73 (Figure 10) [75]. Chen et al. demonstrated a surface texturing
“bottom-up” technique to spread silica microspheres onto the surface of a silicon solar cell resulting
in a superior omnidirectional anti-reflection property of silicon solar cells. They reported an increase
in the effective area for carrier collection and efficiency of the cells [124]. Zhang et al. demonstrated
the fabrication of inverted silicon nanocone arrays that exhibited broadband light anti-reflectance
properties [78].
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Figure 10. (a) Monolayer of silica beads on a silicon wafer. Scale bar: 10 µm, inset: 1 µm SEM images: (b)
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Figure 11. SEM images of: (a) one; (b) two; and (c) three layers of nanoshells [125]. Scale bars are 300 nm.
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Certain porous metallic materials made via self-assembled spherical particles could also be
interesting for light management in photovoltaics [97,98,126,127]. By electrodepositing gold into a
monolayer of close packed polystyrene particles, Teperik et al. reported that total absorption of light can
be achieved in nanostructured metal surfaces that sustain localized optical excitations [98,126]. In their
work, they reported that by controlling the thickness of gold just slightly above the particles, there is
an optimum thickness resulting in total absorption of incident light. In addition, they also theoretically
predicted possible omnidirectional absorption of light in such structures [98]. Recently, Zheng et al.
investigated the total omnidirectional light absorption properties of such porous gold surface and
confirmed experimentally the possibility of this phenomenon. They reported the observation of
quasi-omnidirectional total absorption of light on their fabricated surfaces as well as the tunability
of the absorption wavelength by varying the size of the spheres. The strongly enhanced absorption
was observed for angles of incidence up to 65˝ (Figure 12) [97]. A separate study on the quality of the
electrodeposited gold was also reported [128].

theoretically predicted possible omnidirectional absorption of light in such structures [98]. Recently,
Zheng et al. investigated the total omnidirectional light absorption properties of such porous gold
surface and confirmed experimentally the possibility of this phenomenon. They reported the
observation of quasi-omnidirectional total absorption of light on their fabricated surfaces as well as
the tunability of the absorption wavelength by varying the size of the spheres. The strongly enhanced
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absorption was observed for angles of incidence up to 65° (Figure 12) [97]. A separate study on the
quality of the electrodeposited gold was also reported [128].
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The use of self-assembled colloidal crystals in dye sensitized solar cells (DSSCs) has also drawn
The use of self-assembled colloidal crystals in dye sensitized solar cells (DSSCs) has also drawn
much interest in recent years [106,108,129–133]. DSSCs are an interesting alternative to conventional
much interest in recent years [106,108,129–133]. DSSCs are an interesting alternative to conventional
solid state semiconductor photovoltaic devices largely due to their low cost of production [134].
solid state semiconductor photovoltaic devices largely due to their low cost of production [134]. Miguez
Miguez and co-workers made theoretical investigations on the effect of the presence of a photonic
and co-workers made theoretical investigations on the effect of the presence of a photonic crystal on
crystal on the optical absorption of DSSCs. They concluded that significant light absorption
the optical absorption of DSSCs. They concluded that significant light absorption amplification over
amplification over a wide spectral range occurred in structures that combined the presence of a
a wide spectral range occurred in structures that combined the presence of a photonic crystal and a
photonic crystal and a layer of nanocrystalline absorbing material, and that the absorption
layer of nanocrystalline absorbing material, and that the absorption enhancement occurs in resonant
enhancement occurs in resonant modes localized within the absorbing nanocrystalline coating [83].
modes localized within the absorbing nanocrystalline coating [83]. In addition, it was predicted that
In addition, it was predicted that the piling up of different lattice constant crystals can lead to light
the piling up of different lattice constant crystals can lead to light harvesting enhancement in the
harvesting enhancement in the whole dye absorption range [82]. Several strategies have since been
whole dye absorption range [82]. Several strategies have since been developed to combine photonic
developed to combine photonic crystals and DSSCs by self-assembly techniques. Zhang et al.
crystals and DSSCs by self-assembly techniques. Zhang et al. demonstrated the use of photonic crystal
demonstrated the use of photonic crystal concentrators for DSSCs made by self-assembly of latex
concentrators for DSSCs made by self-assembly of latex spheres on concave watch glasses. They
spheres on concave watch glasses. They concluded that the wavelength selective photonic crystal
concluded that the wavelength selective photonic crystal concentrator can improve the maximum
concentrator
can improve the maximum power of the DSSC by more than five times while retaining
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power
of the
DSSC by more than five times while retaining a stable high performance (Figure 13)12[135].
a stable high performance (Figure 13) [135].
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Somani et al. reported the fabrication of solid state DSSC with titania inverse opal films to
increase the efficiency of the cells. They claimed that the ordered interconnected cavities forming the
microporous structure allow the easy penetration of both the dye and the solid-state hole conductor
material, which favors the intimate contact of both these elements through the whole depth of the
titania [131]. Lee et al. did a similar experiment with liquid DSSCs that contained bilayers of
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Figure 13. (a) Schematic illustration of the photovoltaic system with a photonic crystal concentrator.
The insert is a SEM image of the photonic crystal concentrator. (b) Photographs of the PC
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is
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Figure 15. Transfer of a silicon inverse opal photonic crystal onto dye sensitized ZnO nanowire

Figure 15. Transfer of a silicon inverse opal photonic crystal onto dye sensitized ZnO nanowire
electrodes [108].
electrodes [108].

Hwang et al. presented a design which integrated the nanocrystalline titania underlayer with the
optically active porous photonic crystal layer, along with a sequential infiltration process to introduce
additives into the solid electrolyte of the DSSC (Figure 16). Their design yielded an enhanced
absorption in specific spectral regions and they reported an improved performance of the fabricated
DSSCs by as much as 32% as compared with conventional DSSCs [136]. Recently, Lee et al. reported
the use of a plate-sliding coating method coupled with hot air flow to deposit mesoscale colloidal
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that arrays of silica nanosphere monolayers that were spin-casted onto a polymer layer on top of a
GaN surface can result in a hexagonal pattern of nanolenses that was shown to improve the light
extraction efficiency of ultra violet LEDs by 23% [138].
An et al. described the use of cone-shaped deep-pillar nanostructures to improve light extraction
in Honeycomb-type vertical GaN light emitting diodes (VLEDs). The cone-shaped pillar patterns
were made by spin-coating polystyrene nanospheres onto n-GaN substrates and subsequently etching
the surface under oxygen plasma. They reported that their structure increased the output power of
VLEDs by up to 214% at 350 mA versus a reference device, and they attributed this to the multiple light
scattering from the sidewalls of the cones (Figure 17) [139].
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multiple light scattering from the sidewalls of the cones (Figure 17) [139].
were made by spin-coating polystyrene nanospheres onto n-GaN substrates and subsequently
etching the surface under oxygen plasma. They reported that their structure increased the output
power of VLEDs by up to 214% at 350 mA versus a reference device, and they attributed this to the
multiple light scattering from the sidewalls of the cones (Figure 17) [139].
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5.3. Sensors
The photonic bandgaps and structural colors of self-assembled colloidal crystals are directly
dependent on the structure and nature of the component materials. Hence, this property makes them
suitable as materials for use in sensing technologies. Fenzl et al. published several works on the use of
photonic crystal as sensors for sensing ionic strength [143], potassium ions [144], organic solvents in
water [145], and acetylcholine/acetylcholinesterase inhibitors [146]. Hoi et al. reported a technique to
fabricate photonic chips that can integrate colloidal crystals, optical fibres and microfluidic channels
for lab-on-a-chip devices. They reported the tunability of their filters by modifying the type of colloidal
crystals used [147]. Xu et al. made use of colloidal crystal arrays to fabricate three-dimensional periodic
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different sensors (Figure 20) [149]. Lu et al. reported the fabrication of metal organic framework
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MOFs [150]. Using polydimethylsiloxane and a 3D colloidal crystal, Endo et al. reported a chemical
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sensing device for VOC that demonstrated colorimetric detection capabilities. Their device allowed
the detection of the type and concentration of the VOC, and can be easily observable with the naked
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Shin et al. reported a mechanically robust pH sensor made by templated photo-polymerization
of hydrogel monomers within a self-assembled colloidal photonic crystal. They demonstrated that
their photonic crystal could detect a pH change in under 10 s and that the sensors were also stable
over a long periods of time with no degradation of the response time nor the reproducibility of the
pH-driven color change (Figure 21) [152].

Figure 20. Reflection spectra of the various non-modified (solid lines) and porphyrin-modified
(dotted lines) colloidal crystals [149]. Adapted with permission from ACS Appl. Mater. Interfaces, 4,
Crystals 2016,
6, 54
17 of 25
6752–6757.
Copyright
(2012) American Chemical Society.
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Figure 21. (a) pH-dependent color change and respective reflectance spectra of hydrogel pH sensors
Figure 21.
(a) pH-dependent color change and respective reflectance spectra of hydrogel pH sensors
between pH of 1.26 and 6.99. A series of spectra were measured during pH increase (solid curves) and
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Honda
et
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a
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of polyelectrolyte gel. Their sensor is described to be responsive to pH changes and can be readily
colorimetric glucose-sensing system based on glucose-responsive hydrogel particles embedded in an
interpreted
from the interference colors or its optical spectra [153]. Honda et al. developed a synthetic
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to the change in the volume of the hydrogel particles as a result of a change in glucose concentration.
inverse opal
Their
system
capable
of producing
reversible
change
They polymer
claim that membrane.
a careful design
of the
systemiscan
allow the
diagnosis of a
diabetes
mellitus
[154]. in color
Huang
et al. fabricated
3D macroporous
polymersas
byausing
silica
crystals
due to the
change
in the volume
of the pH-responsive
hydrogel particles
result
ofcolloidal
a change
in glucose
as
templates.
They
reported
the
swelling
and
de-swelling
of
the
macroporous
polymer
films
due
concentration. They claim that a careful design of the system can allow the diagnosis of diabetes
external stimuli, which causes a change in the Bragg diffraction of the material. This allowed
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Huang et al. fabricated 3D macroporous pH-responsive polymers by using silica
the detection of pH or ionic strength of various solutions by optical signals [155]. Griffete et al.
colloidalfabricated
crystals inverse
as templates.
They reported the swelling and de-swelling of the macroporous
opal hydrogels containing a planar defect which allowed the detection of a pH
polymervariation
films due
to external
stimuli,
causesused
a change
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diffraction
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inverse
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found
to
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responses
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external
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(pH
or
Griffete et al. fabricated inverse opal hydrogels containing a planar defect which allowed
the
bisphenol A) with Bragg diffraction peak shifts depending upon the hydrogel film thickness [157,158].
detection of a pH variation in less than 10 s [156]. The same authors used colloidal crystals of silica
Cai et al. fabricated a two-dimensional photonic crystal protein hydrogel sensor for selective detection
particlesofthat
were built by the Langmuir–Blodgett technique as templates to elaborate inverse opal
the fungal pathogen Candida albicans. They made use of the shrinking of the hydrogel when
films of molecularly
The inverse
found
to translated
display large
responses to
exposed to theimprinted
pathogen topolymers.
modify the particle
spacingopals
in thewere
2D array,
which
to visually
shifts
of diffractedA)
light
thatBragg
could bediffraction
readily detected.
sensor
is a proof ofupon
concept
external evident
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(pH
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with
peakThe
shifts
depending
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utilizing recognition between microbial cell surface carbohydrates and lectins to detect microorganisms
in aqueous environments [159]. Men et al. reported that optical sensors based on hydrogel films with
2D colloidal arrays on both surfaces exhibited enhanced diffraction intensity and avoided the curling
problems on traditional hydrogel films with only a single colloidal array on one side [160]. They further
reported that the use of 2D gold nanosphere array on a hydrogel film displayed a stronger diffraction
intensity due the periodicity and larger scattering cross section of gold nanospheres. This type of 2D
gold nanosphere/hydrogel composite films could potentially be used for visual determination of an
analyte [161].
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The ability to respond to external stimuli and convert that information into visible signals makes
colloidal photonic crystal based sensors ideal for real life biosensing applications. Furthermore, the
various different types of materials that can be used and the corresponding environments they are used
in provide a high degree of configurability and adaptability to usage specific sensing applications.
6. Conclusions
The development of bottom-up assembly techniques has progressed significantly over the last
few decades. Improvements in the quality of the self-assembled structures, the increased scalability of
the processes and the shortening of the time required to prepare these materials have been pivotal for
their adaptations into novel applications.
With the inevitable growth of solar photovoltaic technologies, in light of the impending energy
crisis, there is a pressing need for photonic technologies that can be adapted to a large scale at low
cost for higher efficiency devices. The bottom fabrication of self-assembled photonic crystals and the
associated materials and structures that can be derived from them are perfectly positioned in this
respect. Fabrication of nanostructured materials that are able to manage light will be a key determinant
of the success of future photovoltaic technologies, as this technology is currently being held back
mainly because of the associated cost. At the same time, the use of colloidal photonic crystals for the
extraction of light from light emitting devices is also significant in the race to create lower energy
consumption and higher energy efficiency devices, without suffocating the technology with excessive
costs. The use of colloidal photonic crystal for sensing technologies is also a very promising field for
the future. The ease of detection of various compounds simply by observing the change in color of the
sensor makes it a powerful tool that can be easily applied in various situations.
In this review, we have covered the concepts and recent advancements in bottom-up self-assembly
processes to make 2D and 3D colloidal photonic crystals. We have explored some of the possibilities of
using self-assembled colloidal crystals as templates for fabricating inverse opals and for nanosphere
lithography. Furthermore, we have highlighted three domains of applications where the use of
bottom-up assembled colloidal crystals can be very useful.
We hope that this review has provided a clear introduction into the field of bottom-up self
assembled colloidal crystals for anyone new to this field and at the same time provided new insights
and ideas for the seasoned researchers in this field. Even though there still remains a lot more to be
discovered, in terms of the associated physics and the chemistry of these materials, it is simply a matter
of time before the next leap towards better understanding, improved fabrication technologies and
innovative new applications.
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