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Solar light is widely recognized as one of the most valuable renewable energy sources
for the future. However, the development of solar energy technologies is severely
hindered by poor energy conversion efficiencies due to low optical absorption
coefficient and low quantum conversion yield of current generation materials. Huge
efforts have been devoted to investigate new strategies to improve the utilization of
solar energy. Different chemical and physical strategies have been used to extend the
spectral range or increase the conversion efficiency of materials, leading to very
promising results. However, these methods have now begun to reach their limits.
What is therefore the next big concept that could efficiently be used to enhance light
harvesting? Despite its discovery many years ago with the potential for becoming a
powerful tool for enhanced light harvesting, the slow photon effect, a manifestation of
light propagation control due to photonic structures, has largely been overlooked. This
review presents theoretical as well as experimental progress on this effect, revealing
that the photoreactivity of materials can be dramatically enhanced by exploiting slow
photons. We predict that successful implementation of this strategy may open a very

promising avenue for a broad spectrum of light energy conversion technologies.
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1. Introduction

The year 2015 has been proclaimed as the International Year of Light and
Light-based Technologies. Through this, the United Nations (UN) General
Assembly have recognized the important role light-based technologies and
applications have been playing in promoting sustainable development, taking up
global energy challenges and improving quality of life. Indeed, light plays a vital role
in our daily lives in the 21% century. Its successful exploitation is essential and
warrants an interdisciplinary approach across many scientific fields.

Solar light is widely recognized as one of the most promising alternatives to fossil
fuel-based energy sources. Significant endeavors have been devoted to the study,
design and synthesis of novel materials able to convert solar energy into heat,
electricity and chemical energy. In this regard, semiconductor materials have been
extensively studied due to their capability of generating photo-excited electrons,
which can, in turn, be used to generate electricity or induce chemical reactions.
Therefore, irrespective of the way solar energy is exploited, light harvesting is always
the primary concern as it determines the amount of photo-induced carriers. To date,
solar energy technologies have mostly been developed for photocatalysis and
photovoltaics. For example, perovskite-based solar cells have attracted a huge interest
due to high conversion efficiency; above 20% with small laboratory-level cells and
11-13% with small module-level cells.! Indeed, the highest reported power
conversion efficiency (PCE) of perovskite solar cell (27.6%) is a new record for

single-junction solar cells under 1 sun illumination.” On the other hand,
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polycrystalline chalcopyrite Cu(In,Ga)(Se,S), (CIGS) solar cells have yielded the
highest reported PCE of 21.7% . In spite of the huge strides made in photovoltaics
technologies, their efficiency remains lower than expected. For instance, the
theoretical maximum PCE of Cu,ZnSnS, is 30%"! while the practical maximum is
only 12.7%,"*"! partly due to the low optical absorption coefficient and quantum
conversion efficiency of the material. Innovative concepts boosting the development
of new materials and new processes are the only solution to address the present
situation.

In general, the methods used to enhance light harvesting can be categorized
depending on whether they belong to one of the two following approaches. The first
one is to enlarge the spectral region of the optical response of the semiconductor
while the second one is to manipulate light in order to enhance its interaction with the
semiconductor. The first approach has many options, which we describe hereafter.
The semiconductors commonly adopted in photocatalysis applications, such as TiO,
or ZnO, absorb mainly UV light due to their wide electronic bandgap. Since UV light
represents only ~4% of the solar radiation on Earth, %7 * most of the solar energy is
therefore not exploited, reducing the efficiency of light harvesting technologies based
on these semiconductors. In order to increase the range of exploitable energy
spectrum, several techniques have been implemented.”” One technique is to dope the
semiconductor with various transition metal cations in order to shift the optical
absorption edge to the visible spectrum.!'” However, the performance of these doped

11, 12, 13

semiconductors in photocatalysis! I"and photovoltaics™ 'Y has been found to

4
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decrease over time, even in the UV region, due to thermal instability or increase in

10]

carrier recombination centers.” Another technique involves doping with

(1 [17

non-metallic ions such as fluorine,!"”! nitrogen,[l6] sulfur'” and carbon!" in order to
decrease the electronic bandgap of the semiconductor. These dopant atoms enter the
lattice and substitute oxygen, shifting the optical absorption edge to lower photon
energies.!"” ') The photoreactivity is generally enhanced due to higher light

harvesting in the visible region”.

However, it has been reported that the
photoreactivity decreases in certain cases due to the lower redox potential of the
photogenerated electrons and holes. "> The third technique relies on the plasmonic
effect, which has been recently introduced in solar energy applications and has

attracted much attention.!'> >"*> %

I Noble metal nanoparticles such as Au*>** and
Ag® %1 can be incorporated into semiconductors. Their localized surface plasmon

resonance improves the light harvesting capability of the nanocomposite. The fourth

technique involves sensitizing wide bandgap semiconductors with ruthenium

7] 29, 30]

B and narrow bandgap

complex,”” organic dyes,** quantum dots
semiconductors.”> **! The general idea is to use these sensitizers in order to absorb
visible light and then transfer the photogenerated carriers to the wide bandgap
semiconductors. A few other approaches have also been recently explored. For
example, organometal halide perovskite materials have been used in solar cells,
leading to increased efficiencies of up to 20%.°**> ! Also, infrared-to-ultraviolet

up-conversion luminescence agents such as Y,05: YD, Tm**, a -NaYFsYb,Tm...B”

38 . . . . . .
I have been introduced into semiconductors. Up-conversion luminescence is a

5
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process through which multiple photons of lower energy are sequentially absorbed
and eventually converted into one emitted photon of higher energy.””** These high
energy photons can then generate carriers in the wide bandgap semiconductor.””! The
second approach for improving interaction of light with the semiconductor involves
manipulation of light propagation in various material structures. For instance, multiple

40, 41]

scattering' can be used to allow more photons to be absorbed under a given light

incidence condition. Random scattering by large particles'*! or spherical voids'**! has
also been applied in dye-sensitized solar cells. Besides, hierarchically structured

porous materials provide interconnected porosity at different length scales, which are

[

very favorable for light harvesting. **! The use of opal and inverse opal (IO)

structures, a kind of photonic crystals with periodicity in structure, have attracted
much attention due to their structure effect in light harvesting which we will discuss
in following sections. In addition to opal and inverse opal (IO) structures, light

harvesting enhancement, in a broader sense, may also be achieved by using other

[45, 46, 47] [48,

photonic structures, such as photonic crystal fibers , Or micro/nano-prisms

49, 50, 51 [52, 53]

I"and lenses . Photonic crystals, however, are the best material ever
devised for light manipulation. In the next section, we will focus on their potential use

for the improvement of light harvesting.

2. Photonic crystals and slow photons.
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Learning from nature can provide significant insights on the development of new
physical concepts for light harvesting improvement. In nature, in addition to mineral
opals, there are many species of butterflies, weevils, beetles and so on and so forth
which exhibit vivid, iridescent colors due to internal or external structures, beside
colors due to chemical pigments (Figure 1).°* Today, it is well known that these
structural colors originate from thin layers, layer stacks or more elaborated photonic
crystal (PC) periodic structures.

Butterflies are one of the most colorful animal species. There are two mechanisms
explaining their very diverse wing colors: pigmentary and structural colorations.”>>®
°7-381 The pigmentary coloration arises from chemical pigments which absorb light in
certain wavelength ranges while the structural coloration is due to the interference of
light travelling in the intricating and nanostructured wing, which results in strong,
spectrally selective reflectance.”> " Figure 1b and 1c presents SEM images of the
forewing and hindwing of Gonepteryx Cleopatra butterfly, in which the upper side of
the scales covering the wings is composed of a stack of lamellae formed by folded
densely packed, longitudinal ridges.”® Within the lamellar stack, which is raised
parallel to the scalesurface, individual lamellae are tilted with respect to the scale
surface. These lamellae stacks form regular periodic multilayers, which create

37901 Wilts’s work indicates that the number of the lamellae, the tilt

iridescent color.!
angle and the thickness of each layer varies among the species and so does the

reflectance spectrum.” All the reflectance spectra shown in Figure 2a have similar

features: a distinct reflectance band with variable amplitude in the shorter wavelength

7
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range which is due to the multilayered ridges forming an interferential reflector; a
reflectance minimum caused by the pigment absorbing the incident light; a high
reflectance plateau in the longer wavelength range which is due to the scattering of

[55

the incident light™ Thus the species-characteristic wing colors are produced by

pigment absorption, scattering and wavelength-selective multilayer reflection.®” ®"

62] 55]

In addition, in all the studied species in this work,” the reflectance
peak-wavelength shows a clear -dependence on the light incidence angle (Figure 2b),
typical of multilayered structures where the reflectance peak wavelength decreases
with increasing light incidence angle. The study of reflectance spectra reveals that the
iridescent color of the butterfly wing is related to the reflectance peak wavelength of
its nanostructured wing (Figure 3). [ %

Photonic crystals are periodic ordered structures composed of two constituents, one
with a low refractive index (RI) and the other with a high RI. The spatial periodicity
in the RI creates a photonic band gap (PBG) or stopband,'® analogous to the
electronic band gap in semiconductor materials. The PBG forbids certain wavelengths
to propagate in the photonic crystal (Figure 4).1° The periodic RI structure affects
the motion of photons in the same way as ionic lattice affects the motion of electrons
in solids'®. As illustrated in Figure 4, on the lower photon energy edge (red edge) of
the photonic band gap, the light standing wave peaks are primarily localized in the
high RI dielectric sections of the photonic crystal, whereas on the higher photon

energy edge (blue edge), they are localized in the low RI dielectric sections. This

mechanism provides photonic crystals with the capability of manipulating light in a

8
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unique manner. Most importantly, on both the blue and red edges of the photonic
band gap, vanishing group velocity is observed.!®”! These photons with reduced group
velocity are termed as “slow photons” (or “slow light).[> 7!

In general, the red-edge slow photons are believed to have relatively more practical
applications as light intensity, in this case, is mainly localized in the high RI regions
of the PC structure (e.g. the skeleton of an inverse opal) as revealed in photocatalysis

(66, 67. 68, 61 Most recently, Deparis and Su demonstrated,

and photovoltaic devices.
through rigorous couple wave analysis simulations of light intensity distribution in
inverse opals, that the blue-edge slow photons are also able to enhance light
harvesting. The blue-edge enhancement has also experimentally been demonstrated
by Su and others”” " 7?1, However, the comparison of photocatalytic enhancement
between red-edge and blue-edge slow photons has rarely been experimentally
investigated and remains a controversial issue, to the best of our knowledge. In spite
of this, the slow photon effect in photonic crystals continues to attract huge interest.
The formation of slow photons arises from the interaction between the wave packet
reflected by the photonic band gap and the non-reflected (i.e. transmitted) wave
packet, at wavelengths outside but close to the gap. This interaction creates a
stationary wave packet with a strongly reduced group velocity (equal to zero for an
ideal PC) (Figure 4). The reduced group velocity implies a longer lifetime of the
photons and a largely increased optical path length of the light wave in the material,
promoting the interaction between light and material. Slow light has therefore an

immense potential for light harvesting enhancement in solar energy applications.!”> ™!

9
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In the seventies, Bykov!””! and Ohtakal’® theoretically studied the peculiarity of
photonic crystals and the formation of a photonic band gap. In the early nineties,
Yablonovich’s work on the synthesis of artificial photonic crystals'’”! drew much
interest in these new materials. Since then, photonic crystals have been synthesized by
simple chemical methods.[’® 7% 8- 81-82.83- 841 Among them, inverse opal type photonic
crystals have been extensively used in photocatalysis due to their open structure.® *%!
Indeed, the advantages of such ordered macroporous skeleton structures in terms of
enhanced light-matter interaction (and thus enhanced optical absorption and
photochemical reactions) suggest that photonic crystals can play an important role in
improving photocatalytic activity.*” * ¥! However, the observed photoreactivity
enhancement is often attributed to the more efficient mass transport in the
macroporous structure of the material and the slow photon effect is sometimes
claimed but without evidence. Only recently, researchers have begun to exploit the
slow photon effect in solar energy applications. For instance, Ozin’s group pioneered
the demonstration of photodegradation enhancement in TiO, inverse opals via the
slow photon effect!””). Mallouk’s group observed light harvesting enhancement in
dye-sensitized solar cells by coupling photonic crystals to semiconductor materials./**!
Also, Su’s group theoretically and experimentally demonstrated correlations between
the slow photon effect and the photocatalytic activity enhancement in inverse opals
based on both TiO, and ZnO.®**"! Another possible application of the slow photon

45, 52, 82]

effect is in photoelectrochemical cells.! WOs3 photoanodes based on

3D-photonic crystals were fabricated by Ye’s group.°” *?! The authors found that

10
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when the red-edge of the photonic band gap of WOj; inverse opals overlapped with the
WO; electronic absorption edge (E; = 2.6-2.8 eV) the photocurrent intensity was
increased by up to 100% under visible light irradiation compared to the intensity from
a disordered porous WO; photoanode. !

Although the slow photon concept is very promising for light harvesting
enhancement and thus for improving the efficiencies of solar cells and photocatalysts,
its exploration remains a great challenge. This is partly due to the fact that the
absorption enhancement due to slow photons in semiconductor materials can occur
only if the wavelength at the photonic band red or blue edgematches the electronic

]

excitation wavelength."””) Moreover, preliminary studies in photocatalysis have

[67, 80,91, 93, 94

mostly focused on the degradation of organic pollutants. I'To date, only a

few studies on the exploitation of the slow photon effect for photocatalytic

Water-Splitting,[‘)i 96, 97

one of the most important solar energy conversion reactions
for green fuel production, have been reported. In addition, the exploitation of the slow
photon effect for the development of highly efficient solar cells has also been very
limited "> %47 %!

In this review article, we discuss both theoretically and experimentally the
significance of the slow photon effect in light harvesting enhancement and the
feasibility of its exploitation in applications,. The formation mechanism of slow
photons is explained at first. We also give an introduction to the methods used to

achieve the slow photon effect. Various applications of slow photons for an improved

utilization of solar energy are then described. The feasibility of photoreactivity

11
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enhancement due to slow photons is also highlighted in these applications. We then
present our perspectives on this topic, concluding that slow photons have a strong and
realistic potential to bring a step-change improvement in light harvesting through

several strategies and is likely to attract a widespread attention in the near future.
2.1. The origin of the slow photon effect in photonic crystals

In the targeted solar energy applications, photons are absorbed by the
semiconductor material and coupled with the photonic crystal structure. The basic
idea is the following: if photons could reside in the material for a longer time, then the
interaction between matter and light would be enhanced. A photonic crystal is
characterized by its dispersion band curve, i.e. light frequency w versus wavevector £,

of which the Bloch modes near the photonic band gap edges are the focus here.!***

100. 101,102 181 11y 3 photonic crystal of length L along the propagation direction, light
travels in a Bloch mode with a lifetime 7 given by 1/ 7= V/L+a/4n)2n
/L)*+..., where Vg 1s the group velocity of light (Vo= d w/dk) and a 1is the curvature
of the Bloch mode dispersion curve (a =d”® /dk’).!®! It is obvious that, at the
minimal curvature point ( @ ~0) which corresponds to vanishing group velocity (V,~0),
the corresponding Bloch mode has the longest lifetime and for this reason, is termed
as the “slow Bloch mode”. Due to its very long lifetime, the slow Bloch mode
interacts much more strongly with the material than other modes so that coupling of
the incident light with that mode eventually leads to higher absorption.

In 1984, Asher’s group discovered that a three-dimensional photonic crystal

colloidal array of polystyrene spheres could reject light of certain wavelengths due to

12
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Bragg scattering and band gap formation.!"** % In 2003, Mallouk’s group found that
the inverse opal type of photonic crystal can not only act as a dielectric mirror but also
cause a significant change in dye absorbance, likely due to slow photons, which leads
to enhancement of the light harvesting efficiency of dye-sensitized photoelectrodes'®*.
In 2005, Miguez’s group theoretically investigated the effect of photonic crystals in
light harvesting enhancement and suggested that the propagation of slow photons
could result in absorption enhancement.'’ Figure 5a-c¢ shows SEM images of
bilayer photonic crystal-nano TiO, photoeletrodes extracted from Ref 64. Figure 5d
shows the calculated photonic band structure along the I'-L direction for a
dye-sensitized close-packed inverse opal TiO, faced-centered cubic structure. Figure
Se and 5f present simulated reflectance and absorbance spectra at normal incidence,
respectively, using the same parameters as in Figure 5d, while Figure 5g shows the
effective group velocity (c/V,y). The reflectance and absorbance spectra of a
non-structured dye-sensitized TiO, slab are also shown for comparison.

A reflection peak is observed (Figure Se) at the wavelengths that are not allowed
to propagate in the photonic crystal (corresponding to the band gap frequencies in
Figure 5d). As a result of the finite size of the photonic crystal slab, evanescent
waves within the band gap are coupled to the outside medium, causing reflection to be
lower than unity, wider spectral width compared to the band gap width in Figure 5d
and side lobes. Accordingly, a sharp enhancement of the absorbance is observed at

both edges of the band gap, together with a deep reduction within the band gap

(vertical dashed lines indicate the absorbance enhancement maxima in Figure 5f).

13
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From the four plots in Figure 5, it is possible to make a quick analysis of the slow
photon propagation in the photonic crystal. It is obvious that the absorbance maxima
are positioned at both the higher (blue) and lower (red) energy edge of the band gap,
which coincide with the maxima of the effective group velocity (C/V,), i.e. the
minima of the group velocity (V). This effect is the consequence of the band
curvature in the dispersion relation of periodic dielectric media.!'’” The light
retardation, i.e. reduced group velocity (or increased effective group velocity), is the
consequence of the slow photon formation at the edges of the photonic band gap and
manifests directly its effect on the absorbance as an enhancement.

As suggested in the inset of Figure 4 in the case of a one-dimensional photonic
crystal, light is preferentially localized in the high refractive index regions of the
photonic crystal at the red edge while it is primarily localized in the low refractive
index regions at the blue edge.!®” This situation is analogous to the one encountered
with electrons in semiconductors. When the photon energy is below the photonic band
gap, the standing wave is localized preferentially in the high dielectric regions, here
the semiconductor skeleton of the inverse opal (for instance, Figure 6). Meanwhile,
when the photon energy is above the photonic band gap, the standing wave is more
likely localized in the low refractive index regions (i.e. the air voids). It is obvious
that the localization of light depends on the photon energy and this fact suggests that
the high refractive index medium (i.e. the semiconductor) interacts more strongly with
the light at the red edge than at the blue edge of the photonic band gap. In

photoreaction processes, if the incident photon energy overlaps with the red edge of

14
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the photonic band gap, the interaction between the light and the absorber medium is
effectively enhanced by the slow photon propagation, resulting in a higher
photo-conversion efficiency. However, a few cases showed that when the photon
energy overlaps with the blue edge of the photonic band gap, the photonic crystal
material also exhibits higher photo-conversion efficiency.®™ '®! Very recently,
Deparis and Su et al theoretically investigated the origin of light harvesting
enhancement in inverse opals due to the slow photon effect and revealed a previously
overlooked yet important aspect of 1D photonic crystals: the fact that the blue edge

%1 This theoretical result suggests

photons can also experience enhanced absorption.
that not only red but also blue edge tuning may lead to enhancement of absorption
through resonant enhancement of electromagnetic field intensity due to the
confinement of light. The enhancement by blue edge photons still calls for further
theoretical and experimental investigations.
2.2 The synthetic methods of fabricating photonic crystals for slow photon
applications

Theory of light propagation in photonic crystals has shown the feasibility of
exploiting slow photons to photoreactions. However, the lack of scalability and

controllability, cost and structural defects”> '**!

in natural photonic crystals prevents
their practical usage. It is therefore necessary to develop appropriate methods to
synthesize artificial photonic crystal structures for slow photon applications.

In order to benefit from light coming from any incident directions (i.e.

omnidirectional illumination) a complete photonic band gap must be created. This

15
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implies two conditions. The first one is that the contrast should be at least equal to 2.8

between the refractive indices of the two constitutive materials of the photonic

(o

crystal.l''”! The second one is the utilization of a three-dimensional photonic crystal

(111

since only a three-dimensional structure can exhibit a complete band gap though
partial photonic band gaps can be observed in uni-, bi- and three-dimensional
photonic crystals. The band gap width is dependent on the refractive indices of the
constitutive materials, their volume fractions, and structural defects."'> '] Bragg’s
equation and Snell’s law (modified for photonic crystals) allow calculating the central
wavelength A,,, of the photonic band gap of inverse opals cut along the (111)

crystallographic direction:!''?!

A =2d,\n’, - sin® @ (1)
n, =1-n+0-7)-n, (2)

where d;;; is the lattice constant, n.y is the effective refractive index, n; is the
refractive index of the higher refractive index material (here, semiconductor) and #; is
the refractive index of the lower refractive index material (here, air), f is the
compactness factor of the structure (i.e. volume fraction of the semiconductor
material) and @ is the incidence angle of light (defined with respect to the normal to
the crystal surface). In the case of touching spheres (f=0.26), d;;,= ((2/3)D)"? where
D is the sphere diameter. Thus, by controlling the sphere diameter, the incidence
angle of light, the volume fraction and the effective refractive index, the band gap

wavelength can be tuned.

16



WILEY-VCH

The synthesis of uni- and bi-directional photonic crystal structures is well

4 while the

documented and has already been used for industrial applications'"
synthesis of the most important three-dimensional structure is still under development
as the quality and the cost are yet to be optimized. In 1991, Yablonovich’s group
reported the first artificial three-dimensional photonic crystal with a complete
photonic band gap operating in the microwave region.””! The authors fabricated the
structure by direct drilling into a commercial, low-loss, dielectric material. Later,
structures with complete PBG in the infrared region were demonstrated.!''™ In 1998,

another structure, termed as “woodpile” structure!!'®

was proposed and fabricated
using standard microelectronics fabrication technology (standard lithographic
techniques). Although the fabricated photonic crystal materials presented a complete
photonic band gap in the IR range, the exaggerated cost from lithographic synthesis
forbids the use of such structures in the wide range of applications envisaged for these
materials. New methods of synthesis, relying on chemical approaches, were also
subsequently adopted.>* %8 1"7- 18] Jsing chemical synthesis methods, good quality
materials were obtained based on a simple natural structure: the opal. However,
synthesizing spheres of photoactive materials and assembling them in opals present
challenges since the precise control over the sphere size, their mechanical stability
and the assembly process cannot be easily achieved. Thus, the synthesis of opals lost
attention while its replica, the so-called “inverse opal” (the structure resulting from

the inversion of solid and hollow regions, with similar optical properties) attracted

much interest.’" 1% 119 120 1211 T obtain an inverse opal structure, the first step

17
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requires the synthesis of the spherical template particles (polystyrene,®” '**!

123]

poly-methyl-methacrylate!'**! or silical'**") with controlled size and low polydispersity.

In a second step, these spheres are assembled by various techniques such as

125] 6] [127] [128]

sedimentation,[ de osition,[12 self-assembly, hysical confinement or
P y phy

emulsion templating."'* In a third step, the interstices of the opal template structure

[130, 131, 132

are filled (Figure 6) via sol infiltration, I' chemical vapor deposition

134, 135] 134]

(CVD) 1% 31 atomic layer deposition,! co-assembly!**! or electrochemical
filling of pores."** *7! Finally, the template is removed, via either calcination for
polymeric spheres or hydrofluoric acid etching for silica spheres, in order to obtain
the inverse opal structure. The schematic process of the inverse opal synthesis is
shown in Figure 6, which also includes typical scanning electronic microscope (SEM)
images of the opal (left) and inverse opal (right) structure assembled using silica
spheres!*®.

Photonic applications of inverse opals have demonstrated their well-preserved optical

properties as photonic crystals.!"*>'* Since 2005, inverse opals have drawn massive

{[79. 141, 142 [84, 85, 89]

attention in the environmen I"and energy research and application
fields due to the enhancement of photoreactions, the macropores for convenient mass
transfer, the ordered structure for the “slow photon” effect, and in some cases the
light-induced hydrophilic surface for intimate water contact. Indeed, the simplicity of
the inverse opal synthesis method and the flexible control of the sphere size for tuning

optical properties lay a solid experimental ground for exploiting the slow photon

effect in solar energy applications.

18
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3. The “slow photon” effect in photonic crystals for solar energy applications
3.1 Photocatalysis

Stimulated by its unique properties, the slow photon effect in photonic crystals is

now widely exploited in solar energy related areas such as photocatalysis'® > 4% 143!

[66, 144, 145, 146, 147, 148 [149,

and solar cells, I besides its conventional applications in lasers

150, 151 [152, 153, 154, 155

I"and other optoelectronic applications 1. Among the applications
mentioned above, as an environment-friendly technology, photocatalysis based on
photonic crystal nanostructures has aroused much attention due to its efficient
degradation rate of organic pollutants > %% 142 147, 136.137]

For photocatalytic applications, pure semiconductors such as TiO,, ZnO, Fe,O3 and
their composites drove tremendous attention in recent years, 12> 126 198, 159 160. 161, 162]
The most common semiconductor employed in photocatalysis is TiO," as it is
non-toxic, inexpensive and stable during photochemical reactions.!'® Early results by

. 68, 79, 80, 93, 164
Ozin’s group[ > 79, 80,93, 164]

used a three-dimensional photonic crystal ( inverse opal)
and demonstrated optically amplified photocatalytic reactions by slow photon
coupling.””! For this purpose, inverse opals made of anatase nanocrystals and of
different macropore sizes (denoted as i-nc-TiO,-0) were synthesized in order to obtain
different photonic stop band maximum positions.””! Figure 7b shows the photonic
stop band maxima with respect to the different macropore sizes. The shaded region
indicates the irradiation wavelength used for photodegradation experiment with

monochromatic light. The black and gray dashed curves are the extinction spectra of

nanocrystalline TiO, and methylene blue, respectively. The vertical black arrows
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point to the wavelength of the slow photons. It shows three distinct scenarios
according to the samples: i) the photonic stop band overlaps the monochromatic
irradiation wavelength, the case of 370-i-nc-TiO,-0 sample; ii) the slow photons at
370 nm overlap the red edge, the case of 345-i-nc-Ti0O;-o0 sample; and iii) no photonic
effect is observed, the case of 280-, 300-, 325-, 430-, and 500-i-nc-TiO,-0 samples. It
is evident that the stop band maximum at 345 nm has its red edge overlapping the
monochromatic irradiation wavelength, which could result in photocatalytic
enhancement. Figure 7¢ shows the photodegradation rates of TiO, inverse opal, TiO,
nanocrystalline for comaprison and mesoporous SiO; as the blank. The photocatalytic
results indicated that the inverse opal with 345-nm stop band maximum had the
highest photodegradation rate and therefore demonstrated that the direct coupling to
the slow photons resulted in optically amplified photocatalytic reaction.

According to the Bragg’s equation and the Snell’s law in Equation 1 and 2, the
photonic band gap maximum is affected by the light incidence angle. If the angle is
increased, the band gap maximum is shifted to the blue (i.e. to shorter wavelengths).

1 were carried out at

We note that when the above photocatalytic experiments
increasing incident angles, the inverse opal with the photonic band gap maximum at
370 nm was observed to have a higher photoactivity than the one with the maximum
at 345 nm. This was because the red edge of the photonic band gap of the former was
blue-shifted to the irradiation wavelength, allowing higher photoreactivity due to slow
photon coupling (Figure 7d). White light illumination at different incident angles was

used to simulate real photocatalysis conditions with TiO, inverse opal films, "% °7]

20



WILEY-VCH

which also demonstrates the tunable photocatalytic activity along with the slow
photon effect.

The photocatalytic activity and the photonic structure optical properties have to be
correlated in order to clearly demonstrate the effect of slow photons in the
photocatalytic enhancement when the photonic band gap edge coincided with the
electronic absorption band. Several factors need to be considered when the slow
photon effect is expected to be dominant in photocatalysis enhancement. If the
irradiation is white light instead of monochromatic light, strong reflectivity from the
stop band will compete with the absorption experienced by slow photons.””” Hence, a
delicate system with a very specific response should be designed which should have
suppressed reflectivity, while maintaining the photonic feature in order to allow the
slow photon effect to be dominant in the photocatalysis enhancement.®” '®! Ozin’s
group demonstrated such a system called here i-nc-TiO,-o0 (inverse opals made from
anatase nanocrystals and different macropore sizes). They found that the optimal stop
band position of i-nc-TiO,-0 for degrading organic molecules under white-light
irradiation was 300 nm with an enhancement factor of 2.3 in comparison with
conventional nanocrystallineTiO,..””) When the photocatalytic reactions occur in the
liquid phase, the refractive index contrast is decreased and the group velocity of slow
photons is increased, leading to the reduction of the photocatalytic enhancement.'®
This can be overcome by increasing the filling fraction of titania in the inverse opal

[68

structure.®™ Indeed, after treating the titania inverse opal with TiFs> to increase the

titania wall thickness, the photocatalytic efficiency was increased (Figure 8).
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Further research showed that using slow photons coupled with the electronic band
gap of titania allowed 24.8% higher efficiency compared with the commercial P25
titania in photocatalytic activity for the degradation of 1,2-dichlorobenzene; Figure
9.['"2I The photonic band gap of titania inverse opal (abbreviated as PBG-TiO,) had an
absorption at ~350 nm in the UV range while the commercial P25 presented no
characteristic feature in the transmission spectrum. Under this condition, the
PBG-TiO; was coupled with the electronic band gap of titania in order to facilitate the
appearance of the slow photon effect (Figure 9a). As a result, the degradation of
studied chemical 1,2-dichlorobenzene was enhanced in the PBG-TiO; through higher
photocatalytic activity compared to commercial P25 titania (Figure 9b). Similar
phenomenon was also observed previously.!'*"

For photocatalytic remediation in environmental applications, the photochemical
process occurs very often in aqueous solution.!'** 7l Thus, studying the slow photon
effect in aqueous solution instead of air is more useful for photocatalysis applications.
Su’s group reported observation of the slow photon effect in aqueous solution by
using TiO, inverse opal (abbreviated as TiO,-IO) films for photodegradation of
Rodamine B (RhB) dye pollutant in the aqueous phase.”” '*"! The slow photon effect
of TiO»-1O films in the photocatalytic degradation of RhB was revealed by tuning the
incidence angle and the sphere sizes in the opal films (Figure 10a and b). In
comparison with mesoporous TiO, (m-TiO;) films obtained under the same
90]

conditions, the TiO,-IO films demonstrated a much higher photocatalytic activity.

According to Equations 1 and 2, the increased incidence angle and the decreased
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sphere size cause the shift of the photonic band gap towards shorter wavelengths.
When the incident angle is zero, the TiO,-IO-700 film (macropore size: 185 nm,
calcined at 700°C) showed a better photocatalytic activity than the TiO,-10-800 film
(macropore size: 165 nm, calcined at 800°C). However, with increasing incident
angles, the photocatalytic activity of the TiO,-10-700 film decreased whilst that of the
Ti0,-10-800 film increased sharply. This tuning resulted in the alteration of the
overlap between the photonic band gap edge and the TiO, absorption edge, which
induces the slow photon effect, i.e. absoprtion enhancement. By contrast, the
photocatalytic activities of the m-TiO,-700 and m-TiO,-800 with mesoporous
structures remained unchanged little with the incident angle (Figure 10d), suggesting
only no influence of incident angle tuning in mesoporous structures. Excellent
agreement between experimental and theoretical reflectance spectra confirmed the
high quality of the photonic crystal structure of the samples. (Figure 11).°% °7 To the
best of our knowledge, this work P! was the first published report to explore the slow
photon effect in aqueous phase, which could have important implications in waste
water treatment.

Another common semiconductor for photocatalysis is ZnO which shows a better
photocatalytic activity in azo-dye degradation due to its high solar radiation
absorption efficiency, high exciton binding energy (60 meV) and high electron
mobility (200 cm?® V' §7).[167-168:169] The wettability of the inverse opal film is also
important when studying its photocatalytic activity because it affects the adsorption of

liquids on the surface, liquid mobility and effective area of the solid-liquid
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interface.”! To the best of our knowledge, this work " was the first published report
to demonstrate the slow photon effect in highly ordered, dense and continuous ZnO
inverse opal films and the unique property of photoinduced change in surface
wettability and hence, photocatalytic activity. Indeed, the surface wettability of these
Zn0O inverse opal films could be tuned from superhydrophobic to hydrophilic using
UV-visible irradiation through photogenerated holes. These reacted with lattice
oxygen to form surface oxygen vacancies, which ensured smooth progress of the
photocatalytic reaction (Figure 12a and b).”’! The hierarchically porous and photonic
crystal structure with the slow photon effect resulted in the highest photocatalytic
activity at an incidence angle of 9 =40° when compared to the ZnO film without
the 1O structure. It isinteresting to mention that it was observed that photons at blue
edge can also play an important role in accelerating photocatalytic degradation of
RhB. Moreover, our results suggested that slow photons at the red edge of photonic
band gap lead to a higher photocatalytic enhancement than those at the blue edge.
Therefore further investigation on the utilization of slow photons at both edges is
required and could be a new route to promote performance enhancement in all light
absorption related fields (Figure 12¢).

In addition to these two semiconductors, researchers also observed slow photon
effect in Fe,0;3 10 film (Figure 13)."°) The 3D-ordered macroporous nanocrystalline
Fe,Os film exhibits very good photostability and 2.4 times stronger photocatalytic
activity for photodegradation of crystal violet dye in presence of H,O, under visible

light compared to nanocrystalline @ -Fe,O; film without ordered macropores. The
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much stronger photocatalytic activity and photostability of 3D-ordered Fe,Os film
was attributed to the better light harvesting by slow photons and more convenient
mass transport through macropores in the I0. The PBG of 3D-ordered Fe,O; film in
crystal violet aqueous solution was changed from 631nm (in air) to 787nm as voids
were filled by water, increasing thereby the effective refractive index according to
Equation 1 and 2. Moreover, while the multiple scattering effects are expected to be
isotropic, the effect of PBG on the photocatalytic activity depends on the incident
angle. Thus, angle-dependent solid-state photodegradation experiment with
monochromatic irradiation at 550 nm (slightly less than the electronic absorption band
gap of Fe;O3: 2.2eV) was conducted in order to discriminate the effect of PBG on the
photocatalytic activity from other multiple scattering effects. The result showed a 1.63
times enhancement of the photocatalytic activity when the incidence angle was tuned
to 45°. This is because the energy of the slow photons near the red edge of PBG
moved into the monochromatic irradiation window when the incidence angle was
tuned.

Tuning the photonic bandgap edges through the adjustment of the 10 structure (e.g.
pore diameter) in order to match the dye absorbance is another way to exploit the
slow photon effect, especially in photodegradation of organic dyes exhibiting a
well-defined absorption peak. This enhancement can be attributed to the intensified

dye photosensitization by the slow photon effect.!'”"!

Meng and co-workers
synthesized ZnO inverse opals with different pore diameters (ZnO-510, ZnO-600,

Zn0-720 samples, where 510, 600 and 720 nm were their corresponding PBG
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position) and utilized various kinds of dyes with different absorption peaks as probe
molecules (such as methyl orange: MO, rhodamine B: RhB, methylene blue: MB,
4-chlorophenol: 4-CP) in order to study the influence of PBG position versus dye
absorption peak on the photocatalytic activities."'’”) The photonic band gap position
was altered by tuning the pore sizes. As a result, the blue and red edges either
overlapped or were far away from the probe molecule absorption peak. The rate
constant for photocatalytic degradation of RhB and MB was decreased first and then
increased when the pore size increased. However, as no adsorption was observed on
the surface of the ZnO IOs for the probe MO and 4-CP molecules, mass transport
became the key factor that resulted in the increase of the degradation rate constant
with increasing pore sizes (Figure 14b).

Even though the photocatalytic activity of semiconductor 10 structures can be
amplified through the slow photon effect, pure semiconductors can only utilize solar
light in certain wavelength ranges, such as the UV range. Also, the recombination of
photo-generated electron-hole pairs causes a decrease in the photocatalytic activity.!'’]
With respect to these considerations, doping the pure semiconductor IO skeleton with
metals as co-catalysts arouses tremendous attention and has been considered as a
promising way for photocatalytic enhancement since it can prolong lifetime of
photogenerated carriers by accelerating the separation of electrons and holes.!'””
Moreover, certain noble metals such as Au, Ag, Cu can act as photosensitizers in

order to improve the photocatalytic activity by local light intensity enhancement

approaches such as Surface Plasmon Resonance (SPR). The excitation of SPR results

26



WILEY-VCH

in collective oscillations of the free electrons and enhances the concentration of the
photogenerated charge carriers.!'* 2> 2]

For example, higher hydrogen generation rate in photocatalytic water splitting was
achieved in TiO; 10O skeleton thanks to the slow photon effect, by promoting light
absorption and generating more electron-hole pairs while Pt helped the separation of
the photogenerated electron-hole pairs.!"*® Titania IO has been also doped with
gold."*! The undoped inverse TiO, opals (denoted as i-TiO»-0) and the gold-doped
ones (denoted as i-Au-TiO,-0) with centimeter-scale long-range ordering showed
photocatalytic activities two- and five-fold higher than nanocrystalline TiO,,
respectively. This enhanced photocatalytic performance was attributed to the
synergetic effect on light absorption caused by slow photons and by surface plasmon
resonance of Au nanoparticles.”> '** **) Zhang et al ! constructed a TiO, bi-layer
structure in which a vertical array of TiO, nanorods (abbreviated as TiO,-NRPCs)
were covered by a highly-ordered TiO, photonic crystal layer (abbreviated as
TiO,-PCs) through a template-assisted sol-gel process. Au/TiO, composite
photoanodes were then constructed with such structures as skeletons supporting the
plasmonic Au nanoparticles (NPs) (Figure 15). The photonic band gap of TiO,-PCs
was altered carefully in order to couple it with the SPR of Au nanoparticles. The
purpose was to maximize light harvesting as well as to investigate the synergistic
effects of plasmonic metal nanostructures and semiconductor photonic crystals on

light harvesting and conversion efficiencies. The results indicated that the slow

photon effect could be tuned to the SPR and subsequently influence the
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solar-to-hydrogen efficiency in a specific wavelength region.”™ The calculated
conversion efficiency approached 0.71% for the Au/TiO, NRPC (250) photoanode,
which was designed to exhibit a slow photon effect in the SPR region (450—600 nm)
of Au NPs. This tremendous enhancement was attributed to the optimized coupling of
the slow photon effect and the surface plasmonic resonance of the Au NPs, as well as
the photoelectrode design.””!

In addition to noble metal loaded 10 composite photocatalysts, coupling other
semiconductors with photonic crystals offers a novel strategy to utilize slow photons

[23. 161, 162173 The recent works made by Su’s group on

in photocatalytic applications.
BiVO, nanoparticles®™! and ZnO quantum dots!'™¥  which  decorate
three-dimensionally ordered macroporous (abbreviated as 3DOM) photonic crystal
TiO, presented the combined positive effect of the semiconductor heterostructure and
the photonic crystal structure for photocatalytic degradation. Besides the binary
composites, Su et al **! further reported on a ternary photocatalyst TiO,-Au-CdS
based on 3DOM TiO, which enhances the light absorption by utilizing the slow
photon effect. The light absorption region was extended by CdS doping in
combination with the SPR effect of the Au NPs. In this work, the ternary
photocatalyst was designed to separate the photogenerated charge carriers and to
promote the water splitting efficiency. The results showed that the H, generation rate
of 3DOM TiO,-Au-CdS photocatalytst under visible light irradiation was 13-fold

higher than that achieved using the 3DOM Ti0,-CdS reference photocatalyst.'**! This

work presented an excellent example of the combined effect of slow photons and SPR
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in the light absorption enhancement by photonic crystals for water splitting
applications.

Based on these very encouraging achivements of BiVO,; nanoparticles (NPs)
sensitized TiO; inverse opal structures for visible photocatalysis and ZnO quantum
dots sensitized TiO; inverse opal structures for UV light phtotcatalysis, a new ternary
nanocomposite BiVOs NPs/ZnO QDs/TiO, inverse opal structure has been prepared
and showed much higher photocatalytic activity compared to ninary nanocomposites
of BiVO4 NPs/Ti0,-10 and ZnO QDs/Ti0,-10O and a symbiose effect of sensitization

and slow photons. "'

3.2 Photovoltaics

The slow photon effect, which results in the enhancement of solar light absorption,
is also a novel and efficient technique for increasing the photoconversion efficiency of
solar cells.!'** 181751761 Tndeed, solar cells based on silicon IO with a high refractive
index contrast attracted widespread attention because of the demonstration of a
complete photonic bandgap and large scale materials synthesis.!'’> '"*! Takashi's
group demonstrated that the inverse crystalline Si opal (abbreviated as i-cSi-o0), with
its three-dimensional open structure, has a comparable electrical conductivity to bulk
crystalline Si. In addition, such a structure can effectively trap light via slow photons

and/or prolong life time of minority charge carriers through inhibition of their

175,177 145]

recombination by the omnidirectional photonic band gap.! I'In another work,!
the authors evaluated the spectral response for the electrical properties of i-cSi-o with

600 nm and 280 nm sphere diameter templates and observed a slow photon enhanced
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photoconductivity (Figure 16). As hydrogen plasma passivation (HPP) was used to
decrease the grain-boundary potential barriers originating from Si dangling bonds, the
lifetime of photogenerated carriers was improved in order to make the slow photon
effect more obvious to observe. In fact, the results showed a large increase in the
photoconductivity enhancement ratio, not only on the photonic bandgap edges but
also within the photonic bandgap,!'*! likely originating from structural imperfections

[175, 177

of the millimeter size i-cSi-o samples. I Considering that i-cSi-o have defects

related to structural disorder,!'””

it is quite remarkable that the enhancement of the
internal quantum efficiency (IQE) by HPP was higher around the edges of photonic
bandgaps even with such structural imperfections. This is indeed an encouraging
indicator of the potential benefit of the slow photon effect in silicon photonic crystal
photovoltaics.!'**!

Another example of the usefulness of the slow photon effect for photovoltaics is the
WO5 photoanode based on 3D-photonic crystals./® The three dimensionally ordered
WOs; photonic crystals with a sphere template diameter of 260 nm (WO;-260)
produced 3-times higher photocurrent intensity as compared to the unpatterned WO;
sample. Moreover, the WO;3-260 sample showed higher absorbance due to the much
stronger interaction of light with the WO; matrix thanks to the slow light trapped in
the WO3; matrix by multiple scattering and diffraction. Therefore, as observed in the
IPCE (Incident Photon to Current Efficiency) enhancement factor curves, the

WOs-260 sample exhibited selective photoelectric conversion efficiency enhancement

in specific spectral regions. When the red-edge of the photonic band gap of WO; 10s
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overlapped with the WO; electronic absorption edge at E, = 2.6-2.8 eV, a maximum

of 100% increase in photocurrent intensity compared to that in a disordered porous

WOj5 photoanode was observed under visible light irradiation. (Figure 17).1

The slow photon effect has also been explored for the new generation of solar cells:
dye-sensitized solar cells (DSSCs) and quantum dot-sensitized solar cells (QDSCs).**
31,92, 98, 144, 146, 147, 176, 178, 1] A pplications of the slow photon effect were demonstrated

by matching the photonic band gap edge either to the semiconductor electronic band

[31, 147] [144]

gap or to the absorption peak of the sensitizer.

In the architecture of a dye-sensitized solar cell, a chemisorbed layer of dye

generating charge carriers is usually sandwiched by a semiconductor oxide film (i.e.

mesoporous Ti0,), and a liquid electrolyte for transport of electrons and holes.*> >

148 101 The main drawback of solar cells is the low optical absorption coefficient of

30- 1811 Several groups have worked on

the material in the red and near-infrared ranges.!
this issue using different approaches. One solution is to insert a highly scattering layer
with large particles."”! Although it enhances light harvesting, it renders the solar cell
opaque. Another solution is to use IOs or porous Bragg stacks as photonic band gap

(64, 112. 148, 178] The selected structure is the multilayer system presented in

layers.
Figure 18."*"! The difficulty in this method is to assemble the photonic band gap
layer with the previously deposited mesoporous TiO, without compromising the
optical quality. Different approaches have been used to achieve this.'®> '8 184

Mallouk’s work used a bi-layer structure by coupling a TiO, photonic crystal layer to

a conventional film of TiO, nanoparticles. The 10 photonic crystal aimed at
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exploiting two enhancement mechanisms: the first one involves a dielectric mirror
effect which causes significant light localization and the second one is the slow
photon effect . However, theoretical simulations showed that the absorption
enhancement was primarily due to multiple internal scattering and not due to the slow
photon effect.!"** '] Therefore, the role of slow photons in dye-sensitized solar cells
still remains controversial and requires further investigation.

The slow photon effect has also been demonstrated as a new method for

(98, 147. 179, 18] xia0’s work revealed that the

enhancement of QDSC performance.
highly ordered SnO, IO structure can effectively reduce charge recombination and
increase the open-circuit voltage (V,.), the fill factor and thereby the cell performance.
The optimum conversion efficiency of CdS/CdSe co-sensitized solar cells based on
SnO; IO structure can reach to 4.37% under AM 1.5 (100mW/cm?) illumination with
a high V,. of 700mV."*! A similar work reported in Ref [146] also exploited slow
photon in QDSCs. The authors fabricated TiO, 10s and unstructured nanocrystalline
TiO, (nc-TiO,) films which were both sensitized with CdSe QDs. By tuning the
absorbance of CdSe (absorption edges at 600nm and 650nm) to match the red or the
blue edges of the photonic band gap of TiO, 10s, a maximum average enhancement
factor of 6.7 £ 1.6 at 640 nm (60 nm to the blue of theTiO,-10 stop band gap center)
was achieved with respect to nc-TiO, films with comparable amount of CdSe

6] The significant amplification in the light-to-current conversion

sensitizer.
efficiency was the result of the slow light effect powered by the photonic crystal

environment in the QDSC.
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Applications of the slow photon effect can also be expanded in the field of
photoluminescence. Li et al '®! demonstrated up to 60.6 times enhancement in
fluorescence for 2,4,6-trinitrotoluene (TNT) detection in optimized PCs compared to
that of the control sample. The authors attributed this enhancement to a combination
of the slow photon effect and the large surface area of the SiO,-10 structure.!'®® The
quenching efficiency of the PC-based sensor reached 80% after exposure to TNT
vapor for 300 s.l'"! Another related application of the slow photon effect is the
enhancement of photoluminescence of SiC through their optimized photonic crystal

[186

structures.'*® Indeed, large-scale fabrication of such SiC structures is expected to

greatly extend industrial applications of PCs in harsh environments.!'"
4. Outlook

The slow photon effect has been demonstrated, both theoretically and
experimentally in an unequivocal manner, to be a promising solution for increasing
light absorption in semiconductors by extending the residence time of photons in the
material. In practice, as illustrated in Figure 19, when the irradiation source, the
electronic band gap of the material and either the red edge or the blue edge of the
photonic band gap of the structure overlap in the frequency (wavelength) domain,
slow photons are expected to produce a tremendous benefit for light harvesting. The
irradiation brings photon energy to the structured material, the slow photons on the

edges of the photonic band gap ensure a longer presence of that energy within the

structure, and the electronic band gap allows the photon energy to be transferred into
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electrons and holes. Coordination of these three phenomena is essential to extract the
benefit of slow photons for solar energy harvesting.

Since the slow photon effect plays a significant role in light harvesting
enhancement, as it has already been proven in TiO, and ZnO materials by numerous
theoretical and experimental works, the most important question is: “what is the next
research and development direction for slow photons?” To address this, three aspects
should be considered: materials, structures and applications (see Figure 20).

4.1 Materials: The choice of the IO skeleton material should be extended to
semiconductors with various electronic band gap energies such as oxides (CeO,,
Co0304 and La,O; etc), sulphides, nitrides and many kinds of metal salts. Hybrid
materials are also interesting in this context. Semiconductors that absorb visible light
directly will be more beneficial to solar energy utilization. Particular attention should
be given to the applications of slow photons employing opals and IOs in aqueous
medium (instead of air) because of the detrimental effect a lower refractive index

110] and

contrast (RIC) has in photonic bandgap properties. Both theoreticall
experimental"*”! studies suggest that the condition RIC>2 should be satisfied for an
efficient slow photon effect. However, even for 10s with RIC~2, an enhancement
factor of ~3 for light harvesting can be achieved.®” ' "% 1871 If the RIC between the
semiconductor and the surrounding medium (which is also the medium filling the
pores in an inverse opal) exceeds a certain value, an omnidirectional photonic

bandgap is expected.!''” For the IO structure, a complete photonic bandgap is

expected if the condition RIC>2.8 is satisfied. In this case, a very large depletion of

34



WILEY-VCH

the photonic density of states, called pseudogap, can be achieved.!''” '™ Therefore,
engineering appropriate materials composition in order to optimize RIC would be one
of the key research direction in the field of slow photons for photocatalysis and
photovoltaics.

4.2 Structures: The most common photonic crystal structures for utilizing slow
photons are opals and inverse opals. The quality of these structures is the
experimental ground that is required to observe and exploit the slow photon effect. It
is critical to have a large number of photonic crystal layers and an excellent order or
packing in order to really stand a chance of reducing the group velocity of light to the
levels that really lead to significant slow photon effects. Galisteo-Lopez !'*”!
systematically investigated the formation of the pseudogap associated with the (111)
photonic crystal planes as a function of the thickness in the direction perpendicular to
the planes using reflection and transmission measurements. The transmittance
monotonically decreases as the thickness of the sample increases when the number of
the sample layer is >30. Through the attenuation coefficient (obtained from the
transmittance and the crystal thickness), the extinction length is estimated to be ~8
layers. This estimation requires further investigation. The method of synthesis and
assembly of the structure should also be optimized. A study of the physical and
chemical interactions between the bead (i.e. templating sphere) surface and the
semiconductor material precursor would be an important step for the inversion of the

opal template. In addition, it is crucial to ensure complete infiltration of the precursor

in the spherical template interstices. Changing the size of beads and allowing the
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choice of organic or inorganic precursor materials are necessary to tune the photonic
and electronic band gap. In addition, surface defects formed during the synthesis,
often regarded as detrimental, could be utilized to enhance the photon localization

109 113187 Bottom-up gravity-induced

effect and bound to the story of slow photons.!
self-assembly of submicrometer spheres into a face-centered cubic opal lattice is the
most common and facile method to fabricate photonic crystals. However, defects such
as stacking faults and dislocations are inherent to the as-fabricated three dimensional
photonic crystals. These defects in the photonic crystal structure are responsible for an
incomplete photonic bandgap, and therefore regarded as a unfavorable factor in
theoretical studies. However, this structural disorder can be used to amplify
photocatalytic activity in practical applications. Chen!®®! adopted guest spheres 1.2
times larger than the host spheres to fabricate titania IOs. The results showed that the
photocatalytic enhancement can be observed when the guest-host substitution fraction
was as high as 0.4. The presence of disorder could significantly broaden the photonic
bandgap, resulting in the appearance of the strong light localization reported by YA
Vlasov.['®"]

Inverse opal is not the only example of photonic crystal structure. The slow photon
effect in a wood-pile structure and in a opal structure made of hollow spheres may
bring new perspectives in the field.* '*"! In addition, Bragg stacks and 1D photonic
crystals composed of nanocrystals have recently drawn great attention due to their
[191, 192, 193]

simpler structure, high quality synthesis and tunable color reflection.

Coloderro et al presented a fast, reliable method for fabricating nanoparticle-based 1D
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photonic crystals'®*. The authors demonstrated periodic modulation of the refractive
index by alternating SiO, and TiO, nanoparticles and introducing porosity in each
layer. The potential of the Bragg stacks as optical sensing materials for chemical and
biochemical analytes are enormous. Such structures would allow change of structural
colors when infiltrated by solvents with different refractive indices, enabling
molecular selectivity of the sensor,and thus opening widespread applications across
various areas.!'”> 1%

Constructing a single photonic crystal with different active materials and different
pore sizes could enable absorption over a broader spectral range. This could enable a
wide variety of applications and could potentially be an exciting new research
direction.

Finally, a better understanding of the effect of the blue edge slow photons and the

comparison with that the effect of red edge slow photons are also crucial for further

development of this field.

4.3 Applications: Since the slow photon effect is induced by light propagating in a

PC structure and since it aims to enhance light harvesting by the very same structure,

it could be applied in all light-related applications including photo-reactions,”> '*”

[82, 198 86, 199, 200, 201, 202

optical sensors I"and photovoltaics! 1. Moreover, which photonic
bandgap edge (blue or red) is more efficient in the slow photon effect still remains a
controversial question. So far, scientific reports have concentrated predominantly on

results obtained with the red edge of the photonic band gap while few have
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demonstrated better results with the blue edge. This requires systematic and careful
investigations.

Finally, the slow photon effect may not act alone in light harvesting. Indeed,
multiple scattering in 3D ordered structures can induce multiple resonant modes and
result in strong light localization, thereby also enhancing the interaction between light
and matter for amplified chemical reactions. The authors of Ref. 106,165 reported on
a homogeneous silica layer with different thicknesses on the surface of a TiO;
photonic crystal film. The presence of the external dielectric silica layer greatly
modified the optical properties due to the existence of photon resonant states.
Compared to conventional photoelectrodes, Mallouk et al®! achieved a 26%
enhancement in photocurrent by coupling a thin film of dye-sensitized TiO;
nanoparticles with titanium dioxide PC structures. In addition to the slow photon
effect, the authors attributed this photocurrent enhancement to the stronger light
absorption that the thin film provides through a modulation of the scattered light
intensity. The thickness and refractive index of the surface defect in a photonic crystal
greatly affect the optical absorption enhancement. This is useful e.g. for monitoring
the deposition process of thin films. These results shed a light on coupling the slow
photon effect with multiple scattering in PC structures, as it is shown here by building
a mirror-like slab or film on the surface of the PC in order to amplify light absorption.

[161]

Las but not least, contributions from other effects such as stop-band reflection' ”* and

[95, 143, 156]

surface plasmon resonance will also make the slow photon effect an

effective strategy to boost performance of future solar energy applications.
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Figure 1. Photograph (a), Scanning Electron Microscope (SEM) images of the
forewing (b) and hindwing (c) of G Cleopatra butterfly (scale bar 1 u m) P
(Copyright 2011, Springer).; Photograph (d), optical microscope (¢) and SEM image
(f) of the Brazilian weevil E. imperialis **! (Copyright 2010, Elsevier Science SA).
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Figure 2. Reflectance spectra of the iridescent wing areas of four butterfly species (G.
cleopatra, G. rhamni, H. glaucippe, C. regina) measured with an integrating sphere
(FW: forewing, HW: hindwing (a); Peak wavelength of the iridescence band as a
function of angle of incidence, with negative angles signifying a tilt of the ridge
multilayers towards the wing base. (b)) (Copyright 2011, Springer).
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Figure 3. Illustrations showing wings of Morpho butterflies which create blue color

upon reflection of visible light by diffracting and scattering it*"
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Figure 4. Simplified photonic band structure of a photonic crystal'®. Near the
Brillouin zone, center light travels with velocity cy/n, where ¢y is the speed of light in
a vacuum, and 7 is the average refractive index. At photon energies approaching a full
band gap or stop band from the red side, the group velocity of light decreases and
light can be increasingly described as a sinusoidal standing wave that has its highest
amplitude in the high refractive index part of the structure. At energies above the band
gap or stop band, the standing wave is predominantly localized in the low index part
of the photonic crystal, i.e., in the air voids. (Copyright 2003, the American Chemical
Society).
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Figure 5. (a-c)SEM images of bilayer photonic crystal-nano TiO, photoeletrode
extracted from ref ¥ (d) Calculated photonic band structure along the I -L
direction for a close-packed fcc titania inverse opal; (e) reflectance, (f) absorbance
and (g) ratio between light speed in vacuum (c¢) and group velocity (V,) for a slab of
titania inverse opal (solid lines) and a non-structured slab with same thickness and
amount of absorbing materials (dashed lines).'% (Copyright 2005, American
Chemical Society).
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Figure 6. Schematic processes for the synthesis of inverse opals and cross-sectional

SEM images of silica opal (a) and silica-based inverse opal (b)!"**). (Copyright 2001,

Nature).
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Figure 7. (a) SEM image of TiO, inverse opal; (b) Reflectance spectra of TiO,
inverse opals with different pore sizes along with the extinction spectra of
nanocrystalline TiO; (black dashed line) and methylene blue (gray dashed line). The
shaded area is the monochromatic irradiation wavelength used in the photocatalysis
experiments; (c) Photodegradation rate plot for TiO, inverse opals with stop band
maximum at 345 nm, 370 nm and 500 nm under 370 £10 nm irradiation. Mesoporous
Si0, was used as a blank for comparison; (d) Photoactivity enhancement factor for all
TiO, inverse opals versus the stopband (i.e. photonic band gap) position under the
same monochromatic irradiation wavelength, showing strong angular dependency!”.
(Copyright 2006, Wiley-VCH).
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Figure 8. Normalized first-order decay rate constant of liquid phase (dye solution)
photocatalysis as function of the dye accessible area for different films:
nanocrystalline TiO,, TiO, inverse opal and TiO, inverse opal with TiF¢™ treatment to
increase titania wall thickness!®!. (Copyright 2009, Royal Society Chemistry).
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Figure 9. (a) Transmission spectra of TiO, without photonic structure (TiO, W/O PS
template), TiO; inverse opal (PBG-TiO;) and commercial P25 TiO,; (b) Normalized
concentrations of 1,2-dichlorobenzene as a function of the irradiation time in the
presence of P25 TiO, powder (closed circles) or TiO, inverse opal (PBG TiO,, open
circles) showing the higher activity of PBG-TiO,!""*!. (Copyright 2006, American
Chemical Society).
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Figure 10. Reflectance spectra of TiO,-IO-700 (a) and TiO,-10-800 (b) films
measured in water, showing the variation of the photonic band gap position
(reflectance peak) at different light incidence angles ( 0 = 0°, 0 =20° and 0 = 45°).
The shaded region indicates the electronic absorption band edge of TiO,. The
absorbance spectrum of TiO,-IO is shown in black dashed line. Arrows show the
positions of red edge and blue edge of the PBG. (c¢) Photodegradation rate of RhB
solution on TiO,-I0-films ( 0 = 0°). (d) Photodegradation rate of RhB on TiO,-10
films (0 =0° 6=20°and 0= 45°) and mesoporous TiO, films ( 0 =0° ). All the
samples were calcinated at 700 © and 800 °C, respectively®”. (Copyright 2013, Royal
Society Chemistry).
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Figure 11. Theoretical reflectance spectra of water immersed TiO; inverse opal films
on quartz substrate (a): D=185 nm, (b): D=165 nm for (111) crystal orientation at
incidence angles equal to 0° (blue), 20° (magenta) and 45°(red): 5134 nm (a) and
4579 nm (b)®" (Copyright 2013, Royal Society Chemistry).
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Figure 12. Photographs of water droplet shape on ZnO-IO films using templates with
diameter of 260nm and 470nm (abbreviated as ZnO-10-260 and ZnO-10-470) before
and after UV-vis irradiation for 0.5 h: (a) ZnO-10-260; (b) ZnO-I0-470; (c)
photocatalytic reaction rates of ZnO-I0 films and ZnO films without IO
nanostructure(abbreviated as non-structured IO film at different incidence angles”").
(Copyright 2014, Royal Society Chemistry).
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Figure 13. (a-b)SEM images of the 3D-Fe,O; film; (c) photoactivity enhancement
factor for 3D-Fe,;Os film as a function of stop band (i.e. photonic band gap) position

under monochromatic irradiation (550nm) as different angles off-normal of the

film;(d) durability of the 3D-Fe,Os film for photodegradation of crystal violet under

visible irradiation

1901 (Copyright 2010, American Chemical Society).
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Figure 14. (a) Absorption spectra of the probe molecules and transmittance spectra of
ZnO inverse opals. (b) Reaction rate constant of photocatalytic degradation of the
probe molecules under UV (left) and visible light (right) irradiation'' "), (Copyright
2013, Royal Society Chemistry).
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Figure 15. (a) Low-magnification and (b) high-resolution SEM images of
Au/TiO,NRPC structures on the FTO substrate. (c) Low-magnification and (d) high
resolution TEM images of Au/TiO,NRPCs peeled from the FTO substrate. (¢) STEM
image of Au/TiO, NRPCs. (f—i) EDS element mapping images of Ti, O, and Au from
the selected area marked with red lines in (e)®). (Copyright 2014, Royal Society
Chemistry).
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Figure 16. Spectrum of the IQE enhancement (due to HPP post-treatment) ratio for an
i-cSi-o structure made from 280 nm spheres and the corresponding reflectance
spectrum. The shaded wavelength areas are the observed photonic bandgaps and their
peripheral band edges!'**!. (Copyright 2011, Applied Physics Letters).

64



WILEY-VCH

(a) o g Inverse opal WO,-260 i af
g 1.5 with photon-electron Absorbance IPCE
< | fresonance 843[ Enhancement Enhancement
g 2 Un-patterned WO, 5
2 il I 61 WO,-260
2 1 WO -260
o _ Un-patterned WO, 3
- 41300 340 380 420 460
c HHH H - Wavelength(nm)
: i,
8 1 J Juytuuy Un-patterned WO3I
00 . o5 10 18 300 320 340 360 380 400 420 440 460
Potential (V vs. SCE) Wavelength(nm)

Figure 17. Photocurrent potential curves of WO; inverse opals with template
diameters of 260 (WO3-260) and un-patterned WO;3; measured under visible light
irradiation (A > 400 nm) (the inset image is the SEM images of WO;-260) (a) IPCE
enhancement of WO3-260 and un-patterned WOs as a function of the wavelength ( the
inset image is the absorbance enhancement of WO3-260 and un-patterned WO3)'*%],
(Copyright 2011, American Chemical Society).
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Figure 18. Cross-section of a photonic crystal dye-sensitized solar cell!"*4.
(Copyright 2010, American Chemical Society).
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Figure 19. Three phenomena that require coordination for efficient exploitation of
slow photons.
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Photovoltaics

Figure 20. Illustration of the next research and development directions of slow
photons.
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Slow photons can dramatically enhance the photoreactivity of semiconducting
materials. It is believed that “slow photons” will break new ground to improve
light harvesting of various materials for all solar-related applications in the
future.
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