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Manipulating Luminescence of Light Emitters by Photonic

Crystals
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The modulation of luminescence is essential because unwanted spontaneous-
emission modes have a negative effect on the performance of luminescence-
based photonic devices. Photonic crystals are promising materials for the
control of light emission because of the variation in the local density of optical
modes within them. They have been widely investigated for the manipulation
of the emission intensity and lifetime of light emitters. Several groups have
achieved greatly enhanced emission by depositing emitters on the surface of
photonic crystals. Herein, the different modulating effects of photonic crystal
dimensions, light-emitter positions, photonic crystal structure type, and the
refractive index of photonic crystal building blocks are highlighted, with the
aim of evaluating the fundamental principles that determine light propaga-
tion. The applications of using photonic crystals to manipulate spontaneous
emission in light-emitting diodes and sensors are also reviewed. In addition,
potential future challenges and improvements in this field are presented.

dispersion by semiconductor devices based
on the electron energy bandgap—the for-
bidden energies separating allowed energy
bands. An example of photonic crystals
with simple periodic arrays formed from
dielectric spheres is shown in Figure 1.
According to Bragg’s equation,!¥] the wave-
length of the photons scattered from the
crystal lattice can be calculated by the
following formula (Equation (1))

Ammax =1.633(d/m )(n? _sinze)l/z 0

where d is the diameter of the sphere, m
is the Bragg reflection order, and 6 is the
angle between the normal and incident
light. The value of n, is defined as the

1. Introduction

Photonic crystals, which are characterized by periodic patterns
of materials with different dielectric constants or refractive
indices, were first introduced by Yablonovitch!l and John!? in
1987. Their periodicity must be comparable to the wavelength
of photons traveling through the material. The periodicity of the
dielectric material can be used to manipulate the dispersion of
photons to generate photonic bandgaps—frequency windows
in which photon propagation through the crystal is forbidden,
and light reflection occurs as a result. The control of photons
by photonic crystals closely resembles the control of electron
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weighted sum of sphere portion refractive
indices and the gap portion (Equation (2))&!

ni=3n} ¢, (2)

where n is the refractive index of different components inside
photonic crystals and ¢; is the volume fraction of each i portion.
For the close-packed structure, ¢; of the sphere portion is 0.74.

Photon propagation can be precisely controlled by designing
a photonic crystal with a specific photonic bandgap. Hence, a
future trend in the design of photonic crystals may lie in the
modification and realization of spontaneous emission by light
emitters integrated with these crystals.*-¢!

Spontaneous emission refers to an optical process in which
a quantum mechanical system in an excited state returns to a
lower-energy or ground state and releases energy in the form
of a photon. The quantum system could be an atom, molecule
or nanocrystal. The photoluminescence (PL) produced by spon-
taneous emission plays a crucial role in conventional modern
technologies used in daily lives, such as television screens
(cathode ray tubes), plasma display panels, and fluorescence
tubes.

While spontaneous emission has enabled the progress of sev-
eral technologies, uncontrolled spontaneous emission can limit
the performance of photonic devices in many applications. One
such limitation in device performance in light-emitting diodes
(LEDs) occurs when an excessive number of photons generated
from spontaneous emission are confined or trapped within the
device. This shortcoming is also observed in laser operation
when photon emission fails to couple with lasing processes,
resulting in energy loss and noise in the signal output. Con-
sequently, precise control over the propagation of spontaneous
emission is critical. Due to their ability to manipulate light
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Figure 1. Schematic illustration of controlling light propagation through
a photonic crystal made from periodic arrays of dielectric spheres.

propagation, photonic crystals are an ideal candidate to provide
such control capabilities.

Over the past decade, significant advances have occurred in
the controlled modulation of spontaneous emission by photonic
crystals. Key new developments in the exploitation of photonic
crystals are compiled in Figure 2a-j.’% Early studies con-
firmed that spontaneous emission will be completely quenched
when photons emit at a wavelength within the photonic
bandgap of a 3D photonic crystal comprising light emitters in
the lattice (Figure 2f). This phenomenon occurs due to the lack
of photonic modes that can disturb the atomic states."1222 In
2004, Lodahl et al. demonstrated dual control over the inhibi-
tion and enhancement of both emission intensity and lifetime
using QD-embedded inverse opal photonic crystals. This situ-
ation is dependent on optical emission frequencies that are
strongly influenced by the lattice parameters of the crystals
(Figure 2g).2%! Fujita et al.l reported that the spontaneous light
emission of a 2D photonic crystal could undergo simultaneous
inhibition and redistribution (Figure 2b). They found that the
2D photonic crystal can slow down the overall emission rate,
accompanied by simultaneous light redistribution from the 2D
plane in the direction normal to the crystal. This effect of simul-
taneous emission inhibition and redistribution has been har-
nessed to enhance the performance of LEDs. Notably, in early
studies, light emitters were typically embedded within the lattice
of photonic crystals. The field recently progressed with reports
of significant enhancement in quantum dot emissions when the
quantum dots were placed on the surface of 2D photonic crys-
tals (Figure 2c).Bl Noda and coworkers/?*l took one step further
and reported that photons can be modulated even at locations
where the spatial periodicity is terminated on the surface of 3D
photonic crystals (Figure 2h). The emission of both photolu-
minescence and upconversion materials was enhanced by the
3D photonic crystal surface effect (Figure 2i).252% Recently,
the manipulation of both the intensity and lifetime of upconver-
sion emissions by combining upconversion nanoparticles with
CdS photonic crystals has also been reported (Figure 2j).13%

Here, we review the current state of the art in the field of pho-
tonic crystals suitable for the controlled manipulation of sponta-
neous emission. Although a number of related reviews regarding
the application of photonic crystals in controlling spontaneous
emission have already been published, those reports are limited
to 2D photonic crystals and their application in LEDs and sensors.
As the spontaneous emission of an emitter is critically affected
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by its local environment or density of electromagnetic states,2021]

we place special emphasis on understanding the effects associ-
ated with changes in the local density of states in photonic crys-
tals with varied dimensions, structures and refractive indices
(Table 1).3%-67) Although the introduction of defects into crystal
structures is a viable method to shift propagating modes in
photonic bands for luminescence tuning,?®! we will not cover that
aspect because achieving precise control over site-specific defects
by conventional chemical methods has not been well established.
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Figure 2. Selected milestones in the manipulation of spontaneous emission using 2D photonic crystals (top panel) and 3D photonic crystals (bottom
panel). a) The first demonstration by Fan et allfl in the enhancement of extraction efficiency of a quantum well using a 2D slab photonic crystal.
b) The strategy developed by Fujita et al. for modulating 2D photonic crystals that can simultaneously inhibit and redistribute spontaneous emission.
b) Adapted with permission./l Copyright 2005, American Association for the Advancement of Science. c) Emission enhancement of quantum dots (QDs)
on the surface of 2D photonic crystals. Adapted with permission.®l Copyright 2007, Springer Nature. d) Periodic arrays of luminescent pillars devel-
oped in 2013 for extracting guided photons and enhancing light emission intensity. Adapted with permission.’! Copyright 2013, AIP Publishing.
e) Demonstration by Ra et al. in the enhanced emission of InGaN nanowire-based photonic crystals, fabricated by a bottom-up synthesis. Adapted with permis-
sion."% Copyright 2017, Wiley-VCH. f) Demonstration of complete inhibition of the spontaneous emission by Blanco et al.''l using light emitters embedded in
3D photonic crystals. g) Demonstration of control over inhibition and enhancement of both emission intensity and lifetime using QD-embedded inverse-opal
photonic crystals.?%l h) Experimentally validation by Noda and co-workers of manipulating photons at the surface of 3D photonic crystals. h) Adapted with
permission.2l Copyright 2009, Springer Nature. i) Emission enhancement of both photoluminescencel?l and upconversion materials?2% by harnessing the
surface effect of 3D photonic crystals. Adapted with permission.?’l Copyright 2011, American Chemical Society. j) Controlling the emission intensity and the

lifetime of upconversion nanoparticles using CdS-NaYF:Yb/Er photonic crystals. Adapted with permission.B% Copyright 2017, Royal Society of Chemistry.

We begin with a brief introduction to the fundamentals
aspects of photonic crystals that dictate the propagation of
photons. Next, we discuss the effects of 2D photonic crystal
structures on spontaneous emission. Considerable atten-
tion is devoted to probing the specific nature of the effects of
photonic crystals on spontaneous emission when light emitters
are located at different lattice sites, followed by highlighting
the application of 2D photonic crystals in enhancing the light
emission of LEDs. Then, the effects of 3D photonic crystals on
spontaneous emission are reviewed, with a particular emphasis
on locations where light emitters can give strong emission.

2. Fundamental Aspects of Photonic Crystals

2.1. Structure Characteristics and Fabrication Techniques

Photonic crystals can be fabricated in the form of 1D, 2D, and
3Dstructures. Herein, we will focus on 2D (Figure 3a—d) and
3D photonic crystals (Figure 3e-h), which have been widely
used to control light emission in recent years.

In essence, 2D photonic crystals are periodically arranged
materials that have distinct refractive indices along two
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directions, while in the third direction, the medium is uniform
(Figure 3a). Light propagation within the photonic bandgap in
the horizontal direction is separated from that in the orthog-
onal vertical direction. To date, semiconductor processing has
enabled considerable progress in the fabrication of 2D photonic
crystals.#16869 In principle, 2D photonic crystal fabrication
methods can be categorized into traditional top-down litho-
graphic approaches and recently developed bottom-up self
assembly approaches as shown in Figure 3a—d. The most
widely used lithographic technique is photolithography. How-
ever, due to its diffraction-limited resolution, this process is not
suitable for nanostructured fabrication.””) Other lithographic
methods using X-rays, electron beams, atomic force microscopy
and scanning tunneling microscopy are capable of fabricating
well-defined nanostructured patterns and can be utilized to
prepare 2D photonic nanomaterials.”!l However, the implemen-
tation of these nanofabrication techniques is hindered by a low-
throughput sampling process and high cost. In addition, soft
lithography methods,? such as replica molding,”*! microcon-
tact printing,”* and micromolding in capillaries,”! have also
been developed and applied to the synthesis of 2D photonic
crystals. Although they offer low-cost solutions and high-
throughput production, the soft lithographic methods require
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Table 1. Recent advances in luminescence manipulation through the use of photonic crystals.

Dimension Structure Photonic crystal material?) Light emitter Photonic crystal effect on Position of light emitter Ref.
spontaneous emission

2D Air pore Semiconductor Quantum well Inhibition and redistribution: ~ Under the photonic crystals [31-35]
enhancing extraction efficiency
in the vertical direction

Pillar Cr &GaN [36]
Monolayer colloidal PS Long persistence 37]
sphere phosphor
Air pore SiNx Y,05:Eu film [38]
Air pore Semiconductor Quantum dot Inside the photonic crystal [39]
Pillar (40]
Air pore Quantum well As the material [41]
Pillar 9]
Air pore TiO, Quantum dot Enhancing emission intensity On the top surface [8]
Ta,Os, Si Dye molecule [42,43]
TiO, Dye molecule Increasing fluorescence [44]
lifetime
3D Opal SiO,, PMMA, PS Quantum dot Suppression in the stop-band  Infiltrated in the interspace [4,11,45-47]

and enhancement at the edge
of the stop band

PS Dye molecule [48]
Inverse opal Alumina [49]
Polymer [50]
SiO, Dye molecule [51]
TiO, Quantum dot Change of emission intensity [23]
and lifetime
SnS, Dye molecule [52]
Woodpile Polymer Quantum dot [53]
GaAs Quantum-well [54]
Inverse woodpile Si Quantum dot [55]
Opal SiO, Dye molecule Enhanced emission at side of  Inside the building block [56]

the stop bands and inhibition
in the stop band center

Inverse opal Sio, LaF;:Tb** Increased luminescence [57]
lifetimes

Tio, Sm3+ (58]

Inverse opal SiO, SiO, Enhancing emission at side of  As the building material [59]

the stop bands and inhibition
in the stop band center

YBO;:Yb,Er Rare-earth ion [60-62]
LaPO,: Tb
NaYF,:Yb,Tm
ZnO semiconductor ZnO [63]
Opal Poly(St-MMA-AA) Long persistence Pure enhancing the emission On the top surface [64]
phosphor intensity
PMMA, PS Dye molecule [25,65]
PMMA, PS Upconversion [26,27,66,67]

nanoparticle

CdS Manipulating both upconver- Interspace of the building block [30]
sion emission and lifetime

APMMA: poly (methyl methacrylate); PS: polystyrene; MMA: methyl methacrylate; AA: acrylic acid.
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Figure 3. a,e) Schematic illustrations of simple examples of 2D and 3D photonic crystals, respectively. b—d) Self-assembly process of colloidal micropar-
ticles to form 2D monolayer photonic crystals and subsequently an inverse-structured crystal after removal of the template. f-h) The corresponding self-
assembly process for preparing a 3D opal photonic crystal and its inverse-opal counterpart. a,e) Adapted with permission.’8l Copyright 2006, Elsevier.

the use of a micro/nanopatterned elastomer as a preprepared
mold, stamp or mask during the fabrication process.l’7!

The formation of band structures in 2D photonic crystals
is different from that of their 3D equivalents (Figure 4). In
2D photonic crystals, the bandgap is found to be located in
k-space. In certain situations, the bandgap can be extended
to every in-plane direction (Figure 4a,b). In the case of 3D
photonic crystals, a complete bandgap forms when there is a
sufficiently large contrast in dielectric constant within the con-
stituent material (Figure 4c). This phenomenon suggests that
an all-direction photonic bandgap supports an omnidirectional
flow of light.”#8% Thus, one can rationalize the idea that the
inhibition of light emission could be achieved by the integration

real space reciprocal space

(a)

2D photonic crystal

(b)

top view of (a)

(c)

-’
3D photonic crystal

Figure 4. lllustration of bandgaps of 2D and 3D photonic crystals showing
the index distributions corresponding to various forbidden bands in real
and reciprocal space. a,b) 2D photonic crystals made of a series of infinite
vertical rods with stop bands. c¢) A 3D photonic crystal with bandgaps
from all directions. a—c) Adapted with permission.l’®l Copyright 2006,
Elsevier.
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of light emitters within 3D photonic crystals. Despite wide-
spread acceptance of this idea by researchers, the development
of complete photonic bandgaps for practical applications has
faced critical challenges. Inverse opals can be synthesized using
materials with a high refractive index and formed by infiltra-
tion and template removal.B132 The presence of a well-defined
photonic bandgap is extremely sensitive to nonuniformity in
crystals, such as variations in the radius of air spheres and their
positions.®¥ A fluctuation of only 2% in the lattice constant has
been reported to be sufficient to suppress the formation of band-
gaps. In addition, it has been challenging to realize diamond
structures (20% frequency) possessing larger bandgaps.®

With the support of advanced instrumentation and testing
tools, numerous artificial crystal structures have been fabricated
that display full 3D photonic bandgap effects in the micro-
wavel®! and NIR regimes.P8%1 However, photonic crystals
with bandgaps in the visible spectral range are highly desirable
due to their ability to directly interface with the perception of
color by the human eye. A general requirement for engineering
the formation of a full photonic bandgap is the realization of
low (ideally zero) transmission within the frequency or gap
wavelength interval for all incident light polarization.

2.2. Structural Coloration

In nature, many organisms display iridescent colors that do not
depend on a chemical or pigment, as exemplified by gem opals,
beetle carapaces, mother-of-pearl, peacock feathers, and Pachy-
rhynchus argus (Figure 5a,b). These colors, known as structural
colors, are produced by the interference of visible light with organic
and inorganic materials of different optical densities, a phenom-
enon that we are only beginning to understand. Organisms build
sophisticated nanoscale architectures to reflect and refract light in
different ways. The refraction occurring between two different
media can lead to constructive interference by merging two
light waves into a brighter one, which is the basis for the most

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

280 nm

220 nm

180 nm

Figure 5. a,b) Natural structural color of a beetle and a bird.
¢,d) Photographic and SEM images of 3D photonic crystals made from
polymer spheres. c,d) Adapted with permission.l””} Copyright 2009, Royal
Society of Chemistry.

brilliant colors observed in the natural world. Inspired by nature,
scientists have constructed a wide range of photonic crystal struc-
tures for rendering bright visible light (Figure 5c,d).””!

2.3. Interaction of Photonic Crystals with Light

The emission intensity of a light emitter can be expressed by
Equation (3):%°]

IF = Iexe QEnext (3)

where [ is the excitation field intensity, QF is the fluorophore
quantum efficiency, and 1.y, is the efficiency of extraction.

The internal quantum efficiency of spontaneous emission
is dependent on the material system and can be calculated
according to Equation (4):1%

1

___ TR
Qe = TR+ Tak “4)

where 1z and Tyg are the lifetimes of radiative and nonradia-
tive processes, respectively, or the inverse of the probabilities
for the radiative and nonradiative photon emission processes
pr and pyg. In this process, competition occurs between radia-
tive recombination and nonradiative routes. Hence, improve-
ments in 1o can be attained by reducing the nonradiative rate
pnr OF by increasing the radiative emission rate pg.’! Based on
Fermis golden rule, the availability of photon modes directly
influences the radiative transition rate, and py can be calculated
by Equation (5).°! It is obvious that pg is proportional to three
factors Mr(Ez1), pe(Ey) and po(vyi). Among them, My (Ey)
is the transition matrix element of the electronic wavefunctions
for a given electromagnetic field. While the latter two factors
refer to reduced electronic density of states and photonic den-
sity of states, respectively. Hence, the local density of states in
a photonic crystal is responsible for the modification of the
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spontaneous-emission rates of dipoles. Position and orienta-
tion are two additional variables that can influence the local
radiative density of states. To achieve the tuning of spontaneous
emission, control must be exercised over the number of optical
modes and the spatial distribution of the emitters

Pr ~27t/h|MT(E21)|2Pr(E21)Po(V21) ©)

The local density of electromagnetic states within photonic
crystal bandgaps can decrease or entirely vanish in all direc-
tions or in a specific direction (photonic stop band).’?! This
occurrence is dependent on the type of crystal structure and
the contrast between the dielectric constant of the crystal and
its surroundings.'? In addition, the local densities of electro-
magnetic states change with position as a result of variation
in the refractive index. Therefore, emitters occupying different
positions will exhibit different luminescence properties.” In
this regard, photonic crystals with bandgaps are exciting alter-
natives for manipulating the photon emission characteristics of
internal light origins. Many previous reports have shown that
photonic crystals possess the capability to effectively control the
light propagation of emitters.**%! In the following sections, we
will discuss the effects of photonic crystal structures on sponta-
neous emission in 2D and 3D photonic crystals.

3. Manipulating Luminescence by 2D Photonic
Crystals

Theoretical studies have shown that a photonic bandgap in 2D
photonic crystals occurs in the direction horizontal to the 2D
plane and is absent in the vertical direction. The presence of
this bandgap would inhibit photon propagation and photon
emission from the host material in the plane.’’l A suitably
designed 2D photonic crystal could generate a bandgap for
polarized light that is transverse electric (TE) with the electric
field confined to the xy plane.”®*! Due to the optical mode
inhibition in every 2D direction, the collective spontaneous
emission within 2D photonic crystals is decreased. At the same
time, the saved energy is redistributed, increasing the efficiency
of photon emission in the normal direction to the crystal,
because the bandgap affects only the plane of the material.[*?]
The anomalous resonance phenomenon allows phase-matched
externally incident radiation to be reradiated into free space,
which is also referred to as a “leaky eigenmode.”

Since the 1997 report of the thin-slab design of 2D photonic
crystals,BU which greatly enhances the extraction efficiency of
spontaneous emission, remarkable progress has been made
in the control of spontaneous emission by 2D photonic crys-
tals.[7:394468,100.101] Thig section describes the manipulation of
emission by 2D photonic crystals when the light emitters are
located in different positions.

3.1. Under the Layer of 2D Photonic Crystals
Generally, 2D photonic crystal structures and patterns are made

via periodically arrayed air holes in a thin slab,”#°0192] ordered
periodically arrayed pillarsl'®l or self-assembled monolayers

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) Schematic showing the light-guiding effect induced by a SrGa,S,:Eu?* film coated with an array of 2D PS nanospheres. b,c) The photo-
luminescence emission (A, = 365 nm) and excitation spectra (Aem = 529 nm) of the film, recorded without and with the nanospheres, respectively. The
insets in (b) show photographs of the SrGa,S:Eu? film without (left) and with (right) nanosphere coating, under excitation at 365 nm. a—c) Adapted

with permission.?”] Copyright 2008, American Chemical Society.

of colloidal spheres.’”) One method of exploiting 2D photonic
crystals to enhance luminescence in the vertical direction is
by placing a light-emitting layer under the 2D photonic crystal
(with or without contact with the 2D photonic crystals).[100-104
In 1997, the alteration of light emission patterns from a
quantum well (QW) “sandwiched” between two dielectric layers
was achieved, following the design and engineering of a 2D
photonic crystal thin slab.*!l The existence of a bandgap in the
horizontal direction of the 2D plane enabled the 2D photonic
crystal structure to carry out effective light extraction from the
modes that were dielectrically guided into the air. Hence, 2D
photonic crystals can be used efficiently to prevent light emis-
sion within the plane and to markedly enhance the emission
intensity in the normal direction.[3:33:3%100.105-10] Thjg phenom-
enon is also called light inhibition and redistribution.

In addition to 2D slabs, Ko et al.’’] coated 2D photonic crys-
tals of monolayer polystyrene (PS) nanospheres on sputtered
SrGa,S,:Eu?* luminescent films (Figure 6). They found that the
emission and excitation intensities of the sample were greatly
enhanced. Upon the integration of 580 nm PS nanospheres
in a 2D monolayer array, the PL extraction was enhanced by
a factor of 4.3 compared to that in a single SrGa,S,:Fu** film.
In addition, many studies have optimized light inhibition and
redistribution mainly by changing the air hole radius as well as
the lattice constant of the photonic crystal layers.?+119111 Eyen
though light extraction can be performed by the 2D photonic
crystals into the normal direction, allowing guided mode elimi-
nation, a part of the light emitted from the film will be trapped
in the substrate, reducing the extracting efficiency (Figure 7a,b)
when luminescent slabs are deposited onto substrates. Amelie
et al.l% introduced an intermediate porous SiO, layer between
the substrate and emitting layers to diminish the light emitted
into the substrate (Figure 7c,d) and obtained an eightfold
enhancement factor for the film emission extraction.

Most studies of the effects of 2D photonic crystals on lumi-
nescence have focused on their application in LEDs. Some 2D
photonic crystal structures have been integrated within the
p-GaN layer to increase the efficiency of light extraction within
the QW under the GaN layer.31:3236.10011L112] Nanopatterned
photonic crystals that are periodic in nature within the p-GaN
have been made via a plasma dry etching process.'3] However,
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this technique often damages the p-GaN layer and, on some
occasions, the QW. In addition, the dry etching process can
also cause surface defects and degradation of the p-GaN elec-
trical properties.'9104131 To overcome these problems, a
tunnel junction structure or a layer of SiO, was developed to
insulate the thick p-contact metal.'%112] However, the electrical
properties of photonic crystal LEDs still degraded compared to
those of reference LEDs. To minimize the electrical and optical
degradation of photonic crystal LEDs, engineering crystal pat-
tern selectivity on an area within the p-GaN and outside the
metal electrode was essential.**!

This structure is also useful for improving the emission effi-
ciency of phosphors based on rare-earth ions. Hoang et al.l*®
reported a 2D SiNx photonic crystal structure combined with
a downshifting layer (Y,05:Eu®") for efficient enhancement of
the luminescence properties of rare-earth materials. In this
paper, they realized a combined photon emission enhancement
factor of 77 times by improving the luminescent downshifting

[ Eu(TTAY/TO,
(a) Exjracied (b)

%G:ided modes

[ Poroussiica [ Glass substrate
Extracted

~~ Extraction of the guided modes
by photonic

Figure 7. a,b) Schematic showing the emission light path obtained
without or with surface-patterned photonic crystals. c,d) The effect of an
intermediate porous SiO, layer on emission profiles. a—d) Adapted with
permission.'92 Copyright 2011, IOP Science.
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efficiency via the photonic crystal Bloch mode resonances and  of a photonic crystal. Figures 8b,c show the emission spectra
even obtained giant luminescence enhancement, at specific ~ and time-resolved measurements of a series of 2D photonic
angles in the transmission direction, of up to a factor of 690.  crystal samples with various lattice constants a in the range
This light management approach made rare-earth materials  390-480 nm. When the emitted photons possess a wave-
promising for a wide spectrum of applications in photodetec-  length within the photonic bandgap, the overall emission rate
tors and LEDs. decreases by a factor of 5, while the emission lifetime increases.

At the same time, energy is redistributed toward the vertical

direction, where no bandgap exists (Figure 8b). This redistribu-

3.2. Inside 2D Photonic Crystals with High Refractive Index tion enhanced the emission efficiency by a factor of 15 in the
photonic bandgap zone compared to that outside the zone.
In addition to positioning a 2D photonic crystal layer on top However, the realization of a strong photonic bandgap effect

of the emitting layer, light emitters can be embedded within  using an ordered array of air holes in a semiconductor slab is
the substrate (referring to the high-refractive-index materials in ~ challenging due to poor optical confinement resulting from
a 2D photonic crystal) of a 2D photonic crystal. For example, low contrast in the refractive index between the cladding and
Fujita et al.”l reported a 2D photonic crystal consisting of  core. Hence, to resolve this limitation, a thin, freestanding air
GalnAsP modified with a light-emitting layer. This layer is  cladding made up of a semiconductor slab with a low refractive
also a single QW layer in which spontaneous emission is con-  index (n = 1) amalgamated with a semiconductor core with a
trolled using 2D bandgap effects (as shown in Figure 8a). In  high refractive index (n = 3) was developed./:3!]

addition, by analyzing the emission efficiency and rates in The strong photonic bandgap of the slab structure enables
the vertical direction, the changes in spontaneous emission  spontaneous emission to be inhibited and redistributed.
and redistribution of energy in the 2D photonic crystal can be  Furthermore, the overall emission rate is decreased tremen-
quantified.’®1%] The results were normalized based on values  dously due to optical mode inhibition by the 2D bandgap effect
obtained for equivalent patterns and structures in the absence  in all 2D plane directions.
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Figure 8. Manipulation of spontaneous emission by a 2D photonic crystal slab with a quantum-well emitter. a) SEM images of the slab from vertical
and lateral views. b,c) Time-integrated emission spectra and time-resolved photoluminescence measurements for crystal slabs with a series of lattice
constants. The blue regions in (b) indicate the corresponding photonic bandgap (PBG). A sharp increase in emission efficiency and lifetime (=5 folds)
is revealed for the emission peak within the region of the PBG in contrast to that outside of the region or without a photonic structure. a—c) Adapted
with permission.”l Copyright 2005, American Association for the Advancement of Science.
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Figure 9. a,b) SEM images of the nitride photonic crystals with a hole diameter/periodicity of 100/180 or 120/300 nm. c) Schematic setup for near-field
scanning optical microscopy (NSOM) measurement. d) 3D projection intensity mapping of the region patterned with photonic crystals. e) PL spectra
of the two case studies obtained at T= 300 K. f) Line scan across the NSOM image showing a huge increase in intensity in the region of the multiple
quantum well patterned with photonic crystals. a—e) Adapted with permission [l Copyright 2003, AIP Publishing.

Another contribution to the degree of emission inhibi-
tion by the 2D photonic crystal was from nonradiative surface
recombination of the QW emitters on the surface of these air
holes.?>1% Kounoike et al.3% introduced quantum dots (QDs)
that were capable of confining carriers from 3D into 2D crystal
channels. The emission decay times were prolonged by 15-fold
compared to those of the negative control without a photonic
structure when the QD PL had emission wavelengths that over-
lapped with the bandgap regions. This result was close to the
theoretically predicted value.3%

Recently, Ra et al.l'% demonstrated InGaN dot-in-nanowire
photonic crystals fabricated by a bottom-up synthesis process
with precisely controlled size, spacing, and morphology. The
luminescence emission from the structure coupled well with
the band-edge mode of InGaN photonic crystals, providing
enhanced emission efficiencies and reduced spectral broaden-
ings as well as remarkable stabilities: the peak positions and
spectral linewidths remained constant within a pumping power
range of 29 W cm™ to 17.5 kW cm™ and in a temperature
range of 5-300 K.

3.3. Light Emitters as 2D Photonic Crystal Materials

Another way to fabricate 2D photonic crystals is by etching
holes on a light-emitting layer. For instance, Oder et al.*!) fab-
ricated a 2D photonic crystal with a diameter/periodicity limit
of 100/180 nm on a multiple-QW layer made up of InGaN/
GaN (Figure 9a,b). The emission intensities of the photonic
crystals with patterned and unpatterned regions were measured
using the experimental setup as illustrated in Figure 9c, and
the 3D emission intensity image for the patterned region was
displayed in Figure 9d. As a result, the light emission intensity
of the QW was enhanced by a factor of 20 (Figure 9e,f). The
enhancement effect can be employed in the short wavelength
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ranges to improve the light extraction efficiency within nitride-
based LEDs. In this structure, similar to the result of embed-
ding emitters in the substrate, emitted light is prohibited occurs
where guided modes are not present within the full in-plane
bandgap. Hence, light emission can occur only in out-of-plane
modes, increasing the extraction efficiencies of the LEDs.

The above photonic crystal structures were made by fabri-
cating air holes in the InGaN/GaN layer. In addition, periodic
arrays of luminescent pillars can also extract guided photons and
enhance light emission.’] A photonic crystal composed of peri-
odic arrays of QW pillars was embedded using an epitaxial lateral
overgrowth technique to form a p-type GaN layer in an InGaN/
GaN LED (Figure 10a—c). This photonic crystal is fabricated as a
hexagonal closed-packed nanopillar array, while the capping layer
forms a current-injection device by causing disconnected pillars
to become planarized. The enhancement effects of photonic crys-
tals are decreased when embedded in an InGaN/GaN LED layer
due to absorption (Figure 10d). The luminescence spectrum
blueshifts with decrease in d spacing (Figure 10e).

In another example, a 2D photonic crystal composed of
diamond slabs with silicon vacancy (SiV) centers was prepared by
a bottom-up approach on a quartz template. The fabricated mate-
rial exhibited the cohesive matching of emitted light from SiV
centers with the light generated in leaky modes. This behavior
allowed an emitted light extraction enhancement of 14-fold in
the vertical direction and overcame the trap of light emission
within the diamond due to total internal reflection effects, gen-
erating narrow and efficient luminescence at =738 nm. This
outcome is promising for sensors and photonic devices.['!“]

3.4. In Contact with 2D Photonic Crystals from the Top Surface
In addition to placing light emitters under or inside photonic

crystals or making photonic crystals from light-emitting
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Figure 10. a) Schematic diagram showing an LED structure containing embedded photonic crystal. b,c) FE-SEM images showing the nanopillar array
coated with the regrown GaN layer (b) and cross-sectional view for the top layer covering the nanopillars (c). d) Enhancement ratios of the integrated
PL signals for the photonic crystals before and after epitaxial lateral growth of a p-GaN layer. ) Luminescence spectra of the photonic crystals after
regrowth, together with that of the as-grown photonic crystals. a—e) Adapted with permission.ll Copyright 2013, AIP Publishing.

materials, two groups®1%l reported significant fluorescence

enhancement from QDs layered on the surface of a 2D
photonic crystal (in contact and not inside the layer). The Cun-
ningham groupl® investigated the fluorescence emission of
surface-deposited colloidal QDs on 2D photonic crystal slabs
(Figure 11). Luminescence enhancement up to a factor of 108
was reported with leaky modes that overlay the absorption and
emission wavelengths in a 2D photonic crystal slab. Consistent
with previously described trends, a significantly lower lumines-
cence enhancement of 13 times was observed when externally
incident light was not in resonance with the photonic crystal.
This observation suggests that the combined resonance of pho-
tonic crystal leaky eigenmodes with both the absorption and
emission wavelengths is critical in enabling enhancement, as
the enhancement is clearly due to this combination. Although
greatly enhanced luminescence was observed, no change in
lifetime was mentioned in this work.

(a) (b)

Figure 11. a) Schematic diagram of 2D photonic crystal slabs. T, X, and
M are high-symmetry points. b) SEM image of the photonic crystal, Scale
bars = 500 nm. c,d) Pseudocolor fluorescence images of QDs coated on
the surface of photonic crystals with incident beams of 8 =11.2° (c) and
0=0° (d), corresponding to resonance and nonresonance models respec-
tively. The left circles in both (c) and (d) are regions without photonic
crystal. a—d) Adapted with permission.8l Copyright 2007, Springer Nature.
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Kaji et al.* studied how the fluorescence lifetime of a dye
molecule could be influenced by using 2D photonic crystals.
They used electron-beam lithography to prepare 2D air-bridged
TiO,-photonic crystal slabs and placed fluorescent perylene
diimide derivatives on them (as shown in Figure 12a—c). By
studying the spontaneous-emission rates of a single molecule
while varying orientation and position, they found that the
range of lifetime distributions with photonic crystals was wider
than that without a photonic crystal (Figure 12d—g). Due to the
photonic bandgap effect, the fluorescence lifetime of a single
molecule could be prolonged by 5.5 times (28.6 ns). The effects
of photonic bandgaps on prolonging fluorescence lifetime were
verified: a 2D photonic crystal slab efficiently prolonged the flu-
orescence lifetimes of perylene diimide derivatives due to the
radiation field it controlled. Such photonic crystals also contain
a bandgap for polarized light, which is TE. The same group also
fabricated a 2D Ta,0s photonic crystal with perylene diimide
deposited on it by electron-beam evaporation and achieved
emission enhancement.[*2l

The 2D photonic crystal surface effect can also be coupled
with the metal plasmonic resonance effect. Choi et al.*3! fabri-
cated a Si-photonic crystal slab coated with an Au film. Due to
the coupling of surface plasmon resonance and the photonic
crystal, the PL of R6G molecules on these structures within the
visible range was enhanced up to 100-fold compared to that of
nonprocessed Si wafers.

Recently, 2D photonic crystals have also been proposed to
enhance the light extraction efficiency of 2D transition metal
dichalcogenides (TMDs) in optical devices. Noori et al. provided
a scheme for coupling TMDs with a photonic crystal cavity
based on silicon rods. According to calculations using finite-
difference time domain simulations, TMD coupling with the
cavity would have highly directional emission with enhance-
ment of up to 400% compared to that on glass. In particular,
the strongest electric field intensities in the center of the cavity
were beneficial for optimum emission. "]

In summary, 2D photonic crystals have great effects on both
the emission efficiencies and the emission lifetimes of light
emitters on their surface.l'™® Importantly, the greatest emission
enhancement can be achieved when the photonic crystals have
leaky eigenmodes coupled with both the absorption and the
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Figure 12. a) lllustration, b) schematic diagrams, and c) SEM images with different magnifications of an air-bridged TiO, photonic crystal slab.
d,e) Fluorescence-lifetime distributions of the single light emitter outside (d) and inside (e) the photonic crystal with a lattice constant of 240 nm. f) Lifetimes
with maximum value obtained from a single molecule. g) Average lifetimes of the single-molecule (circles) and ensemble (squares) measurements. The
open circles in (f) and (g) show the results without a photonic crystal. a—g) Adapted with permission.[*!l Copyright 2013, American Chemical Society.

emission wavelengths of the emitters. Furthermore, the sur-
face effects can be combined with metal plasmonic resonance
effects to dramatically enhance the luminescence of an emitter.

The above discussion shows that 2D photonic crystals are
capable of realizing spontaneous-emission inhibition and redis-
tribution. These materials thus result in forbidden emission in
the 2D plane, while energy is redirected in the normal direc-
tion, towards the air. As a result, the emission efficiency in
the normal direction can be greatly enhanced by 2D photonic
crystals regardless of the position of light emitters, but they
cannot modify the shape of the emission spectra.

3.5. The Application of 2D Photonic Crystals in Enhancing
the Light-Emission Efficiency of LEDs

LEDs, with their high efficiencies, small sizes, and long
lifetimes, are beginning to replace traditional light sources.
While visible LEDs offer close to 100% quantum efficien-
cies, in practice, LEDs allow only =1/4n? (n is the refractive
index of the semiconductor material)l'® of the light to radiate
in vertical directions. Due to the presence of guided modes
within the semiconductor material, most light is lost. Only
=5% of the light emitted is extracted from the top surface of
the devices.

Given the importance of light extraction, there is a great
push toward the design and engineering of more effective
light-extracting structures. The use of photonic crystals offers
control and enhancement of the light extraction efficiencies in
LEDs. The main advantages associated with the use of photonic
periodic structures in the 2D regime are simple fabrication
processes and the engineering of bandgaps with low index dif-
ferences. Such characteristics offer wide applicability in the
enhancement of LED light extraction efficiencies.l>:68.69.115-117]
Using an embedded air gap photonic crystal approach, a 2D
photonic crystal-assisted LED can be optimized to reach 94%
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light extraction efficiency.””] In the following section, the devel-
opments in improving LED efficiency by using 2D photonic
crystals are reviewed.

Early studies on enhancing the light extraction efficiency
of LEDs by using 2D photonic crystals have focused on GaAs-
based near-infrared (NIR) LEDs.[0®9115-117] Tn an LED con-
taining a 2D photonic crystal embedded within the upper layer
of cladding with a QW structure that is asymmetric in nature
(Figure 13a), the light extraction efficiency was enhanced six
times near A = 925 nm in the vertical direction with zero con-
tact between photonic crystals and the active material.[%’]

After the emergence of I1I-nitride LEDs, the photonic crystal-
assisted light extraction of InGaN/GaN-based blue and green
LEDs has attracted much attention.’” In 2003, Oder et al. at
Kansas State University engineered emission enhancement
in a GaN-based blue LED. A photonic crystal array in a trian-
gular lattice was fabricated with a small 100/180 nm diameter/
periodicity ratio in a multiple QW consisting of InGaN/GaN.
A 20-fold enhancement in 475 nm light emission, parallel to
the G-K direction of the lattice, was achieved. Such extraction
efficiency enhancements were also developed for IIl-nitride
blue (460 nm) and UV (340 nm) LEDs based on photonic crys-
tals. Increases of 63% and 95% in blue and UV LEDs, respec-
tively, were obtained with an optical output power of 20 mA of
300 X 300 um? using unpackaged LED chips.'%) These studies
adopted a shallow etch method for two reasons: the hardness of
GaN allowed the development of shallow photonic crystals, and
the shallow etch method prevented the destruction of active
sites and allowed the active area to remain intact.

To minimize p-GaN damage, Wierer et al.l''!l demonstrated
an electrically operated InGaN/GaN photonic crystal LED con-
taining a tunnel junction (Figure 13b), which enables lateral
current spreading. Thus, recombination can occur beneath
the region containing the photonic crystals and away from
the metallic contact, enhancing light extraction efficiency by
1.5 times compared with that of the reference LED.!]
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Figure13. Schematicillustrations of different LED structures. a) LED containing atriangular photonic crystal. Adapted with permission.[®l Copyright 2001,
AIP Publishing. b) Schematic cross-section of an LED containing a tunnel junction structure. The white dashed line represents the cross section
shown in right. Adapted with permission.['"l Copyright 2004, AIP Publishing. c) Cross section of an LED in presence of a confining low-index layer.
Adapted with permission.l"' Copyright 2006, AIP Publishing. d) Cross section of an LED without the sapphire substrate (thin-film LED). Adapted with
permission.['?%l Copyright 2009, Springer Nature. e) Cross section of an LED with embedded photonic crystal. Adapted with permission.['?'l Copyright

2008, AIP Publishing.

Despite much effort to improve LED extraction efficiency
via shallow etch implementations, the resulting performance
(1.5-2 times) was not satisfactory. In addition, the GaN layer
contains only a small number of guided modes that are prone
to interactions with shallow photonic crystals, while large num-
bers of photonic modes are generated from the GaN wave-
guide’s multimode characteristics.'® This situation limits
the enhancement of extraction efficiency by shallow etch
methods using surface photonic crystal LEDs. To circumvent
these disadvantages, several approaches have been suggested
to improve the extraction efficiency of photonic crystal LED by
introducing advanced structures.

3.5.1. Distribution of Tailored Guided Modes

An initial approach to changing the guided modes distribution
was Dby altering the refractive index in LED structure profiles
while maintaining surface photonic crystals. David et al.l''% at
the University of California designed a photonic crystal LED
structure consisting of three components, namely, a layer with
a lower index (for instance, an Al,Ga;_,N layer), a gapping layer
of GaN and a photonic crystal layer (Figure 13c). Although the
former low-order modes exist in localized fashion within the
buffer, minimal light emission into these modes was observed
due to poor overlap with the QW region. Notably, a mode with
high n.g (nGaN > n.g > nAlGaN) can be developed by placing
a thick GaN cap layer on top of the AlGaN. This layer takes in
the majority of light emission at glancing angles due to its high
intensity within the QW region and the strong interactions
with the photonic crystal. However, the lack of optimization
of the structure and the surface photonic crystal etched in the
p-GaN region resulted in limited performance of the LED.
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3.5.2. Thin-Film Photonic Crystal LEDs

A further improvement in enhancing light extraction by
photonic crystals was investigated with no sapphire substrate
in the LEDs (thin-film photonic crystal LEDs). In 2009, David
et al.2% reported a highly efficient structure (Figure 13d) of
450 nm light-emitting III-nitride thin-film LEDs. To achieve an
optimal structure, they designed a series of experiments that
analyzed variables such as depth, pitch and photonic crystal lat-
tice types. The best structures displayed an extraction efficiency
of 73%. This work is the first report of superior performance
by a GaN LED based on photonic crystals compared to that
obtained by conventional random surface texturing.

3.5.3. Embedded Photonic Crystals

Due to the difficulty of ensuring strong interactions between
guided modes and diffracting photonic crystals, several groups
have developed an alternative method by inserting the photonic
crystal within the epitaxial layers.1?'"1241 Figure 13e illus-
trates a cross section of a conventional LED structure with an
embedded air gap photonic crystal. Photonic crystal-embedded
LEDs have many advantages over surface photonic crystal struc-
tures. First, increased interaction between the guided light and
photonic crystals both enables extraction with low-order modes
and enhances extraction with high-order modes. The strength
of photonic crystal diffraction can also be enhanced due to the
high contrast in refractive index between air and GaN. In addi-
tion, the planar top surface of the embedded photonic crystal
LED provides the best electrical contacts with the device. Finally,
this approach prevents potential etch-related damage to QWs
because the photonic crystals were formed prior to the growth
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Figure 14. a) Schematic diagram of GaN-based LED with square lattice hole
patterned photonic crystal structure. b) Typical SEM image of p-GaN for a
green LED with photonic crystal. ¢,d) Photoluminescence spectra of green
LEDs with a photonic crystal at a collection angle of 140° and 60°, respectively.
The curves in red, blue, purple, and black correspond to the spectra of pho-
tonic crystal having a frequency located within, at the blue and red edges of the
photonic bandgap, and spectra without the patterning structure, respectively.
a—d) Adapted with permission.2 Copyright 2007, AIP Publishing.

of the LED active site. Using this approach, a 2D photonic
crystal-assisted LED achieves 94% extraction efficiency with an
optimized design (extraction to epoxy).[124

In addition to the photonic crystal structures made by fabri-
cating air holes in the GaN layer or another material layer of an
LED, periodic arrays of pillars can also extract guided photons
and enhance the emission intensity of an LED. As shown in
Figure 10, periodic arrays made up of photonic crystals within
an InGaN/GaN LED structure have been developed. Compared
to as-grown LEDs, LEDs with such structures emitted 20% more
light. Furthermore, the embedded photonic crystal LED emission
wavelengths were nearly independent of the injection currents.
This phenomenon could be caused by partial suppression cre-
ated by the built-in piezoelectric effects within these QWs.!

The leaky nature of 2D photonic crystals has been success-
fully used to enhance extraction efficiency in the development
of LEDs.133 However, there were no reports on the use of the
photonic bandgaps of 2D photonic crystals to manipulate lumi-
nescence until 2007. In 2007, Kim et al.’? studied how the
properties of GaN-based green LEDs, which contained a layer
of p-GaN photonic crystals, change with frequency both inside
and outside the photonic bandgap. As shown in Figure 14a,b,
the 2D photonic crystal structure was fabricated in the p-GaN
layer. The electroluminescence output power of green LEDs
with a frequency within the photonic bandgap was increased
up to two times in comparison to that of LEDs with a fre-
quency outside the photonic bandgap. Tremendous increases
in the light extraction of LEDs can be achieved with a matched
photonic bandgap using 2D photonic crystals (Figure 14c,d).

4. Manipulating Luminescence of Light Emitters
by 3D Photonic Crystals

In contrast to 2D photonic crystals, 3D photonic crystals with
complete photonic bandgap structures result in forbidden light
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propagation in all directions when the light wavelength over-
laps the photonic bandgap region. Consequently, a 3D photonic
crystal structure was first proposed to have the potential to
manipulate spontaneous emission.

In 1987, Yablonovitch et al.ll proposed that in a 3D periodic
dielectric structure, which has a bandgap overlapping the emis-
sion wavelength of the emitter, the emission of an emitter inside
the 3D structure can be rigorously inhibited. Since then, many
researchers have reported the modulation of the PL of light
emitters by 3D photonic crystals.'>°%125126] However, the results
of these studies differ greatly from each other because the envi-
ronment around the emitter greatly influences spontaneous
emission, both the total decay rates and the direction-dependent
spectra. In the Wigner—Weisskopf approximation, according to
Fermi's “golden rule”,['?”] the radiative decay rate has a close rela-
tionship with the local density of electromagnetic states.['8l In
3D photonic crystals, the local density of electromagnetic states
varies with the position of emitters (Figure 15): in the interspace
of building blocks, inside the building blocks, as the building
blocks and on the top surface of the photonic crystals. Conse-
quently, the position of light emitters is one of the key factors
that govern the effect of photonic crystals on their PL. In this
section, we will review the modulating effect of 3D photonic
crystals on light emitters in terms of the emitters’ position.
Examples of 3D photonic crystals mainly include opal photonic
crystals, inverse-opal photonic crystals and woodpile structure
photonic crystals. The effect of photonic crystals on the emis-
sion of light emitters located in different positions of every type
of 3D photonic crystal will be evaluated.

4.1. In the Interspace of 3D Opal Photonic Crystals

Although 3D photonic crystals have been proposed to offer
the possibility of completely controlling light propagation due to
the existence of a complete photonic bandgap, the low refractive
index of the conventionally used building blocks results in weak
photonic bandgaps, limiting the effect of 3D photonic crystals
on spontaneous emission. In particular, minimal influence
on emission lifetimes is observed. Nevertheless, 3D photonic
crystal structures have been investigated intensively for the
manipulation of spontaneous emission because in certain struc-
tures, a strong photonic bandgap that will effectively manipulate
the propagation of light in all directions can be realized.

After Eli Yablonovitch proposed in 1987 that the emis-
sion of an atom could be rigorously forbidden by a 3D peri-
odic dielectric structure, Martorell et al.'¥l first reported that
emission was inhibited within a periodic photonic structure
composed of PS beads, while appreciating that these effects
might be attributed to the effects of chemical interaction
instead of the structure itself. Since then, there have been a
variety of experimental reports on the influence of photonic
crystals on spontaneous emission, including embedded dye
molecules,%125126,129-131] Dgl46:53] and rare-earth atomsl'32133
inside the 3D photonic crystals. The observed stop band effects
include a pure inhibition of the emission intensity within
the stop band,[1146:5259.126.134135] a3y inhibition within the
stop band accompanied by an enhancement at the stop band
edges, #4136l and the modification of radiative lifetimes.['6:18]
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Figure 15. lllustration of different photonic-crystal/light-emitter hybrid structure. a) Light emitters are infiltrated into the interspace of the photonic
crystal. b) Upconversion nanoparticles are on the surface of photonic crystal. c) Upconversion nanoparticles are on the film of Ag deposited on the
surface of photonic crystal. d) A polymer film containing a fluorescent dye is coated on the surface of a photonic crystal. e) A polymer film containing
a fluorescent dye is coated on the surface of Ag film deposited on a photonic crystal. f) Light emitters are inside the building block of photonic crystal.

4.1.1. Inhibition of the Emission Intensity

Emission inhibition was first reported in a dye-doped PS pho-
tonic crystal and CdS QD-embedded SiO, opal photonic crys-
tals in 1998. For instance, when CdS QDs were grown on the
SiO, spheres in SiO, opal photonic crystals,''*] the optical
results showed strong modification of the CdS luminescence
emission. Inhibition of the semiconductor PL was observed
when the emitted light matched the stop band of the 3D pho-
tonic crystal structure. The results proved that by changing the
photonic lattice parameters, this inhibition phenomenon can
be effectively controlled. A similar phenomenon has also been
discovered in other opal photonic crystals with embedded QDs
or dye molecules.[*8137]

4.1.2. Inhibition with Enhanced Emission Intensity

The inhibition and redistribution of spontaneous emission in
2D photonic crystals refer to inhibition in the plane direction
and enhancement in the normal direction without changing
the spectrum shape; in the 3D photonic crystals, however, the
inhibition and redistribution of spontaneous emission refer
to the inhibition of light emission at the center wavelength of
the stop band and the enhancement of emission light at the
band edge of stop band, as in all directions the light emitted
in the center wavelength of the stop band is prohibited to
propagate.l'® The former is redistributed in direction, and the
latter is redistributed in different wavelengths. This behavior
suggests that the 3D photonic crystal will modify the spectrum
of an emitter.
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For example, inhibition with emission enhancement was
observed when the wide-gap semiconductor ZnS emitter
was positioned in the voids of the SiO, opal structure. The
narrow-range luminescence of ZnS was inhibited inside the
stop gap, which can be calculated according to Bragg diffrac-
tion. Meanwhile, emission was enhanced at the edges of the
photonic bandgap. Similarly, Zhou et al.*’! inserted ZnS:Mn
phosphor into 3D photonic crystals of submicron polymer
spheres. When the PL band of ZnS:Mn matched well with
the transmission dip (stop band) of the photonic crystal, both
suppression and enhancement effects on PL were observed
(Figure 16a). Furthermore, the fluorescence lifetime was pro-
longed based on the emission band within the stop band spec-
trum range (Figure 16b). The inhibited and enhanced emission
and even the elongated lifetime observed differ greatly from the

a) (b)

—

a-578 nm
b=615 nm
€=630 nm

Intensity (a.u.)
o Intensity (au.)

550 600 650 o 1 2 3 4
Wavelength (nm) Time (ms)

Figure 16. a) Spontaneous-emission spectra of ZnS:Mn with the photonic
crystal (solid line) and without the photonic crystal (dotted line). b) Meas-
ured room-temperature decay curves of ZnS:Mn emission at 578 nm,
615 nm, and 630 nm. a,b) Adapted with permission.i*’] Copyright 2000,
AIP Publishing.
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Figure 17. Luminescence spectra of an RhB-doped opal (260 nm PS
beads), recorded at different angles relative to the (111) direction. The
dashed curves represent an undisturbed spectrum for comparison.
Adapted with permission.*¥l Copyright 2005, American Physical Society.

previously reported pure decrease in emission intensities. The
modification of emission may be ascribed to the very low local
density of electromagnetic states within the stop band of the
ZnS in-filled photonic crystal as a result of the high dielectric
contrast between ZnS and the PS spheres.

To verify the emission modification caused by photonic crystal
effects, in 2005, Barth et al.*®] reported the fabrication of PS opal
photonic crystals with embedded dye molecules and calculated
the spectral and angular redistribution of the optical mode den-
sity of the samples. They compared the experimentally observed
PL modifications with theoretical predictions. As illustrated in
Figure 17, the emission of the embedded dye exhibited a clear
dip in the stop band range of the photonic crystal, and the inten-
sity was enhanced to fourfold at the stop band edge with high
frequencies. These results suggested that emission intensity can
be influenced even in photonic crystals composed of materials
with low dielectric contrast. In addition, lifetime changes could
be observed. Based on theoretical mechanisms, the emission
modifications arose from the redistribution of the photon density
within the photonic crystal. In a parallel development, Bechger
et al.®) investigated the fluorescence of R6G dye molecules
embedded in face-centered cubic polymer photonic crystals with
a large range of lattice parameters. They also observed enhanced
emission at the blue side of the stop bands and inhibition in the
stop band center. Notably, with stronger inhibition effects, signifi-
cant enhancements will occur because of increased redistribution
of light emission to the band edge of the photonic crystal.

4.1.3. Lifetime Tuning

Although some researchers reported changes in the lifetime of an
emitter inside a photonic crystal,[>13% Tong et al.l' proposed that
the significant lifetime change should arise from the interactions
between emitters and medium materials rather than the pure
photonic bandgap effect.l’! In 2001, to distinguish the effects on
fluorescence lifetime caused by the photonic bandgap and other
factors, Li et al.'* employed a theoretical simulation approach
to understand the influence of an ideal 3D photonic bandgap on
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the PL lifetime. They confirmed that when the refractive index
contrast of the photonic crystal was smaller than 1.2, the photonic
bandgap-induced lifetime variation was found to be below 5%.

In 2005, Barth et al.*® quantitatively compared the
experimentally observed PL modifications with theoretical
simulations, which focused on the diverse effect possibili-
ties caused by the stop band effect except for the nonphotonic
mechanisms. Although the emission pattern (dip and enhance-
ment) was observed to be influenced by a 3D photonic crystal
with a relatively low dielectric contrast, the radiative lifetime
was slightly affected.

However, in contrast to the effects of the low refractive index
of the PS or SiO, spheres commonly used in photonic crystals,
Su et al.B% reported an upconversion-based photonic crystal
that not only enhanced the emission intensity but also changed
the lifetime of upconversion emissions. In this report, CdS/
NaYF,:Yb*" Er** composite photonic crystals with a high refrac-
tive index contrast were fabricated in one step with upconver-
sion nanoparticles filled inside the CdS photonic crystals. When
upconversion emission peaks were observed at the edge of the
bandgap of the composite photonic crystals, dramatic decreases
in lifetime of 28% and 41% were observed for the green and
red emissions, respectively.

In summary, the modification of emission rate (emission
lifetime) by a 3D photonic crystal with a low refractive index
contrast is very weak. Strongly modified luminescence emis-
sion rates were later observed in inverse-opal photonic crystals
with a high refractive index contrast and a strong photonic stop
band. This observation will be discussed in Section 4.2.2.

4.2. In the Interspace of 3D Inverse-Opal Photonic Crystals

In a 3D opal photonic crystal structure, achieving a strong pho-
tonic bandgap is difficult due to the low refractive index (1.5-1.6)
of the commonly utilized PS, PMMA, and SiO, building
blocks.’”) The weak photonic bandgap limits the inhibition of
light emission to a few percent. Therefore, a 3D photonic crystal
with a strong photonic bandgap is needed. According to theo-
retical calculations,!'*142] the inverse-opal structure is an alter-
native candidate for the realization of a 3D strong photonic
bandgap in the optical and NIR range. To enhance the photonic
bandgap effect in order to control spontaneous emission by
increasing the refractive index contrast, inverse-opal structures
were fabricated by filling a higher-refractive-index material into
the opal voids and removing the initial microparticles.!'+3144]
The local density of electromagnetic states, which affects the
emission of light emitters by controlling their radiative decay
rate, varies in a 3D photonic crystal structure not only because
of the different positions but also because of the refractive index
of the dielectric materials. Every type of 3D photonic crystal struc-
ture, except the position of the light emitter, will be summarized.
The refractive index of the dielectric materials is also discussed.

4.2.1. Photonic Crystals with Low Refractive Index
Yoshino et al.P% prepared polymer-based inverse-opal photonic

crystal and integrated the organic dye rhodamine 6G into them.
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Figure 18. Spontaneous-emission control using inverse-opal 3D photonic
crystals. a) SEM image of a TiO, inverse-opal photonic crystal with a lat-
tice constant of 460 nm. b) Fluorescence-decay curves of CdSe QDs inside
photonic crystals with different lattice constants. The black curve in (b)
is taken as reference without the effect of a matched photonic bandgap.
a,b) Adapted with permission.?3l Copyright 2004, Springer Nature.

Similar to the inhibition and enhancement effect of a 3D opal
photonic crystal, the inhibition of spontaneous emission in the
stop band and enhancement in the band edge of rhodamine 6G
were observed.

Other dye molecules® or QDsP”) were also doped into
3D inverse-opal SiO, photonic crystals. These structures also
showed a suppression and enhancement effect on spontaneous
emission. No emission lifetime changes were reported in the
inverse-opal system with a low refractive index contrast.

4.2.2. Photonic Crystals with High Refractive Index

Owing to its relatively high refractive index, TiO, has been used
to fabricate inverse-opal photonic crystals in order to manipu-
late light emission.[?>13%14] Lodahl et al.l?3] reported both inhib-
ited emission intensity and enhanced decay rates of CdSe QDs
inside TiO, inverse-opal photonic crystals. Figure 18a shows
an SEM view of a fabricated TiO, inverse-opal photonic crystal
with a lattice constant a = 460 nm. Figure 18b shows the PL
decay curves of colloidal CdSe QDs measured in 3D photonic
crystals with different parameters. Compared with the decay
rates of the emitter in the nonphotonic sample, increased and
decreased decay rates were experimentally obtained. These
results demonstrate that the high refractive index TiO, inverse-
opal structure offers an effective method to control PL lifetimes.

Another high-refractive-index material, SnS,, was also uti-
lized to fabricate inverse-opal 3D photonic crystals to achieve
an omnidirectional photonic bandgap in the visible region.l>%
Although neither structure exhibits a complete photonic
bandgap due to the relatively low filling fraction of the semicon-
ductor, their stop bands are stronger than those of crystals with
a lower refractive index and are expected to have a stronger
effect on emission. Romanov et al.”? reported the inhibition
and redistribution of dye PL in a strong but incomplete omnidi-
rectional environment.

Photonic crystal structures with diamond-based lattices as
shown in Figure 19a have a stronger stop band than inverse-
opal structure and thus have a much stronger impact on the dis-
tribution of the local density of electromagnetic states.[8147.148]
The emission decay dynamics of nanocrystal QDs embedded
into TiO, diamond-based lattice photonic crystals have been

Adv. Mater. 2018, 30, 1803362

1803362 (16 of 26)

www.advmat.de

1.0
M\ Within band gap
N
1N
= “‘\‘\
< .
§ i ‘\‘\\ > Inv. Opal
20.1 N,
) . |-
€ . Ref.
~— /\\
2 Band-Edge -
P |
0 15 30
Time (ns)

Figure 19. a) SEM image of a titania photonic crystal with a diamond-
based lattice (a = 354 £ 9 nm). b) Selected emission-decay curves of QDs
in the region with a large overlap in photonic bandgap (solid line) (calcu-
lated lifetime of 99 £ 2 ns) and at the low-frequency band edge (dotted; cal-
culated lifetime of 8 + 1 ns) of the photonic crystal. QD emission inside the
titania inverse-opal photonic bandgap (dashed line) (calculated lifetime of
20+ 1 ns) and in the titania reference sample outside of any photonic band-
gaps (dashed—dotted line) (calculated lifetime of 14 £ 1 ns). a,b) Adapted
with permission.['#l Copyright 2011, American Physical Society.

investigated.'*? The best inhibition effects were realized when
different photonic bandgaps overlapped simultaneously based
on the frequency zone prediction. In this situation, the decay
rates of QD emission decreased by a factor of more than 6,
allowing the emission lifetimes to increase dramatically to
=100 ns (Figure 19b). The QD emission decay rate was increased
greatly in the band-edge region, resulting in a dramatic decrease
in the radiative lifetime. These results were consistent with the
previously discussed inhibition and enhancement of the emis-
sion intensity. Because of the diamond-based structure and
high refractive index of TiO,, these photonic crystals should
have more pronounced stop bands than other photonic crystals
made from low-refractive-index materials. The pronounced stop
band can increase and inhibit the lifetimes of light emitters.
Therefore, 3D photonic crystals with pronounced stop bands
should be fabricated for strong manipulation of the emission
intensity as well as the lifetimes of light emitters.

4.2.3. In the Woodpile Structure

The control of PL by 3D photonic crystals is achieved mainly by two
representative crystal types: self-assembly based 3D crystals (the
opal or inverse-opal photonic crystals reviewed above) and semi-
conductor nanofabrication-based 3D crystals (woodpile photonic
crystals). Semiconductor nanofabrication technology can produce
ideal 3D photonic crystals with a complete photonic bandgap.
Figure 20a shows a GalnAsP multiple-QW light-emitting layer
sandwiched between two photonic crystal parts. Figures 20b,c
reveal the light-emitting component at the center of the multilayer
photonic structure and its associated SEM images, rendering a
photonic bandgap near the wavelength of 1.5 um. PL suppression
was realized over a broad wavelength region and even observed
to be 20 times for a sample with 9 layers, especially in the range
from 1.45 to 1.60 pum, which overlapped with the photonic
bandgap. This suppression of emission intensity agreed well with
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Figure 20. a) Schematic structure of a 3D active-layer photonic crystal with
a woodpile structure. b) Schematic illustration of an InGaAsP multiple
quantum well utilized as the light-emitting component in the center of the
multilayer photonic structure, and ¢) SEM image of the structure under-
neath the GaAs photonic crystal layer. a—c) Adapted with permission.>4l
Copyright 2004, American Association for the Advancement of Science.

theoretical calculations using 3D finite-difference time domain
electromagnetic simulations. However, the effect of the photonic
crystal on the lifetime of the light emitter was not mentioned in
this report.'*15% Tj et al.’3 later investigated the effects of wood-
pile photonic crystal structures on both emission intensity and
lifetime. For this purpose, 3D woodpile photonic crystals were
prepared using polymers as materials, and infrared PbSe QDs
were infiltrated into the voids. Despite the absence of a complete
photonic bandgap, the stop band still exerted a strong controlling
effect on the luminescence of the QDs. Significant inhibition of
light emission was observed in the mid-gap of the stop band edge,
while the emission was enhanced in the center between the band
edges. This effect is similar to that of embedding QDs in the voids
of opal or inverse-opal 3D photonic crystals. In addition, a 35%
increase in lifetime was observed at the mid-gap of the photonic
crystal and a 8.5% decreased lifetime at the band edge of the
photonic crystal, which indicated that the luminescence enhance-
ment and inhibition were indeed caused by the photonic crystal
stop band. Even when constructed of a polymer with a low refrac-
tive index, the woodpile photonic crystal structure can change the
lifetime of emitters inside it.

In 2011, Leistikow et al.’] investigated the time-resolved
emission of semiconductor QDs in silicon 3D inverse woodpile
crystals. The decay rates averaged over all dipole orientations
were found to be inhibited by a factor of 10 in the bandgap and
enhanced up to 2 times outside the photonic bandgap, owing
to the existence of a strong bandgap resulting from the high
refractive index of silicon and the inverse woodpile structure.

Clearly, photonic crystals with woodpile structures, inverse-
opal structures or high refractive index materials have strong
bandgaps and can efficiently manipulate emission rate
(lifetime) and emission intensity simultaneously.

4.3. Inside the Building Block of 3D Photonic Crystals
Generally, light emitters have been infiltrated or embedded

inside photonic structures. However, some initial structure
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collapse may occur during the infiltration process, resulting in
reduced efficiency of emission control. Homogeneously dis-
persing light emitters inside the building blocks of 3D photonic
crystals was proposed as a way to overcome these drawbacks
and effectively facilitate the investigation of photonic crystal
effects on emission.[26151-153] Thus, 3D-ordered photonic crys-
tals made of fluorescent polymer microspheres containing
organic dyes or QDs were fabricated by several groups, and
their photoluminescent emissions were investigated. Analo-
gous to infiltrating light emitters into the voids of photonic
crystals, enhanced emission and significant inhibition effects
were observed at the band-edge region and inside the stop
band, respectively.

For instance, Yamada et al.”® impregnated tris(8-hydroxyqui-
nolinato)aluminum(III) (Alg;) and rhodamine B (RhB) into
mesoporous SiO, spheres and fabricated opal photonic crystals
from these spheres. The emission band of Alqs; is wider than
the stop band of the photonic crystal, whereas the emission
band of RhB is narrower than the stop band of the photonic
crystal. They found that in the Alqs-SiO, system, a significantly
reduced broad emission of Alqs in the stop band and enhance-
ment in the band-edge region were observed (Figure 21). In the
RhB-SiO, system, the stop band within the structure did not
change the emission profile but instead reduced its intensity.
This result was observed because the reflection spectrum of the
RhB-SiO, conjugate contained a wider band than its fluores-
cence profile.

Furthermore, the energy transfer efficiency affected by
the density of local states within the photonic crystal structure
was investigated. Rhodamine B and rhodamine 800 dyes were
observed to play the role of a donor—acceptor pair embedded
inside PS bead building blocks. In the photonic crystal environ-
ment, the energy transfer efficiency between the fluorescence
dyes was enhanced by approximately =80%. Meanwhile, the
emission intensity of the donor was quenched differently based
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Figure 21. Detection-angle dependence of emission spectra obtained
from a SiO, photonic crystal containing Algs, upon excitation with a
Nd:YAG laser at 355 nm. Adapted with permission.l®! Copyright 2009,
American Chemical Society.
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on various emission angles and the enhancement of the emis-
sion of the acceptor.['>*

In addition to the opal structure, light emitters have also
been introduced into the inverse-opal structure, which has
a stronger stop band than its opal counterpart. For example,
Aloshyna et al.’”! fabricated a SiO, inverse opal containing
LaF;:Tb*" nanoparticles with different bandgap positions. They
found that when the stop band of the structure overlapped with
the °D,-"F, emission transition bands of Tb3* ions, the radia-
tive lifetime of the Tb3* ions in this inverse opal increased by
40% compared with that when the stop band was outside the
emission region or when the emitters were within a disordered
structure.

In brief, the effect of photonic crystals on the emission of
light emitters inside the building block is similar to that of
light emitters infiltrated into the interspace of photonic crystals.
When the photonic crystal has a strong stop band, it can exert
not only an inhibition and enhancement effect on the emission
intensity but also some degree of influence on the lifetime.

4.4. Light Emitters as the Building Block of 3D Photonic Crystals

In addition to combining light emitters with 3D photonic
crystals by locating emitters inside 3D photonic crystals, 3D
photonics were fabricated using light emitters themselves as
building blocks.l02155156] The light-emitter building blocks
include sol-gel-derived silica, rare-earth activated mate-
rials and semiconductors.2660611 Utilizing light emitters as
building blocks resembles putting light emitters inside the
photonic crystal building block because both emissions origi-
nate from inside the photonic crystal building blocks. There-
fore, the luminescence properties of 3D photonic crystals
made from emitters are mainly presented as suppression and
enhancement. Schroden et al.>®! used sol-gel-derived silica as
a light-emitting species to form an inverse-opal 3D photonic
crystal. Their investigations showed that emission was reduced
by the stop band when the two overlapped.

Sol-gel-derived silica has a relatively wide emission spec-
trum, while rare-earth ions have relatively narrow emission
spectra. Yang et al.®!l prepared inverse-opal photonic crystals by
infiltrating Tb**-doped LaPO, into an opal template. They also
detected the suppression and enhancement of emission when the
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Figure 22. a) SEM image of a ZnO-based photonic crystal. The inset shows
the cross-section of the photonic crystal. b) The corresponding simulation
result. c) Typical close-up and (inset) cross-section SEM images of the
ZnO inverse photonic crystal. d) Simulated images for the sample shown
in (c). a—d) Adapted with permission.[®®l Copyright 2010, AIP Publishing.

photonic bandgap overlapped with the Tb*" ion emission band or
when the emission band appeared at the edge of the bandgap.

In addition, inverse-opal photonic crystals made from
lithium niobate crystals codoped with Er** and Yb3* ionsl!3?
and TiO,:Sm>8] have also been prepared. In these structures,
emission inhibition occurred when the photonic bandgap
spectrally overlapped with the analyzed emission band. ZnO
semiconductors have also been used to fabricate 3D photonic
crystals with face-centered cubic structures (Figure 22). The
emission peak of the ZnO photonic crystal was blueshifted
from 383.8 to =378.8 nm, which corresponded to the trans-
mission dip of this sample. At the same time, strong emission
enhancement, shortening of the PL lifetime (from 88 to 34 ps),
and reduction of the amplified emission threshold were also
observed in the ZnO photonic crystal compared to the proper-
ties of the reference nonstructured ZnO (Figure 23).%]
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Figure 23. a) Luminescent and transmission spectra of the ZnO-based photonic crystal and the reference sample. b) Lifetime characterization of
the ZnO reference sample (gray circles) and the ZnO-based photonic crystal structure (red triangles) and the respective single exponential fitting
curves of the data (blue solid line). c) Emission spectra of the ZnO photonic crystal at different excitation powers. a—c) Adapted with permission.[®]

Copyright 2010, AIP Publishing.
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Figure 24. a) A schematic of a 3D woodpile photonic crystal with band
structures in real (top panel) and reciprocal (bottom panel) spaces.
b,c) In-plane band structures for the 3D photonic crystal without (b) and
with (c) “surfaces.” a—c) Adapted with permission.?¥l Copyright 2009,
Springer Nature.

In recent years, the modulations of the upconversion lumi-
nescence properties of rare-earth materials by photonic crystals
have also been widely studied. In 2016, NaYF,:Yb/Tm inverse-
opal photonic crystals were successfully prepared through a
novel solvothermal inverse-opal template method. The photonic
bandgap within the structure could be changed by tuning the
pH value and reaction time. The resulting upconversion lumi-
nescence properties were significantly improved, especially
for high-ordered upconversion processes. By combining the
NaYF,Yb,Tm inverse opal with the TiO, system, an additional
NIR photoelectric response was observed.[?]

4.5. On the Top Surface of 3D Photonic Crystals

The surface of a 3D photonic crystal, with an absorption-free
nature may provide a new platform for sensing applications and
realizing new light-matter interactions with high efficiencies.
In the past few years, the method of coating light emitters
on the top surface of photonic crystals has been extensively
reported.[>]

4.5.1. The Existence of 2D Surface States on the
Surface of 3D Photonic Crystals

In 2009, the emission of light was manipulated by embedding
light emitters inside crystals, and Susumu Nodal*Yl proved
experimentally that photons can be controlled and manipu-
lated at the surface of a 3D woodpile structured photonic crystal
(Figure 24a). This study demonstrated that 3D photonic crys-
tals possess 2D surface states and that photons can be confined
and propagate through these 2D surface states (Figure 24b,c).
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Moreover, successful localization of photons at arbitrary surface
points was observed by creating a surface-mode gap within the
artificial defects on the surface.

4.5.2. The Enhancement Effect of a 3D Photonic Crystal
Surface on Light Emitters

Owing to the difference in the local density of electromagnetic
states between the surface and inside the photonic crystal
structure, the surface effect of 3D photonic crystals on light
emission from light emitters inside the photonic crystal is sig-
nificant.'>11%8 In the past few years, the surface effect of 3D
photonic crystals has been applied to enhance emission inten-
sity by coating light emitters on the top surface of 3D photonic
crystals.[64-66159]

In 2010, Li et al.%®l coated a film consisting of 1,2-bis(2’-
methyl-5"-phenyl-3’-thienyl)-perfluorocyclopentene, coumarin,
and an amorphous polymer matrix on the top of a 3D photonic
crystal (Figure 25a). Instead of inhibition and redistribution, the
maximum emission of coumarin was observed to be enhanced
40-fold when its emission band matched well with the photonic
bandgap (Figure 25b). In contrast, when the emission wave-
lengths of coumarin were outside the stop band at 460 nm,
the photonic crystals had little influence on emission, although
there was a fivefold enhancement due to enlarged surface areas
resulting from the intrinsic structures of photonic crystals. As
a result, the enhancement of fluorescence intensities on the
photonic crystals is derived via the combination of enhanced
extraction and large surface area. Introducing photonic crys-
tals into an optical memory device amplified the fluorescence
contrast. A sevenfold ON/OFF ratio amplification relative to the
glass was also engineered (Figure 25c¢).

In addition to organic dyes, the 3D photonic crystal surface
effect was also recently utilized to enhance the luminescence of
the long-afterglow phosphor SrAl,0,:Ful® and the upconver-
sion nanoparticles NaYF,:Yb,Er, Tm.l%! Shi et al.l*l found that
the strongest light emission was observed when the stop band
of the photonic crystal was matched with the emission wave-
length of SrAl,0,:Eu. The propagation of light within the range
of the stop band wavelength was inhibited; thus, the emission
light of the SrAl,O4Eu could not pass through the photonic
crystal and was effectively reflected.

Niu et alll and Yin et all%l coated fluoride upconver-
sion nanoparticles on the surface of 3D photonic crystals and
studied their PL (Figure 26a). They observed an emission
enhancement of =30 times for NaYF,:Yb,Er and NaYF,Yb,Tm
nanoparticles. In the study by Niu et al., the effect of the
photonic crystal was not related to the stop band of the
photonic crystal, while Yin et al.l’l found that the maximum
enhancement factor was achieved when the photonic bandgap
overlapped with either the 980 nm excitation light or the
480 nm emission lines of Tm3". As a result, the decay time of
luminescence was decreased (Figure 26b-e). They ascribed the
enhancement of emission to both the random light scattering
of PMMA spheres and the photonic crystal effect. This distinct
result was attributed to the weak stop band of the opal photonic
crystal structure made from the polymer. In fact, according to
the literature, the coupling of excited light and emission light
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Figure 25. a) Schematic diagram showing BP-BTE/coumarin-loaded PMMA film on the surface of photonic crystal. b) Integrated luminescence spectra
of BP-BTE/coumarin-loaded PMMA films coated on surfaces of photonic crystals with different stop bands. c) Luminescence spectra of the BP-BTE/
coumarin-loaded PMMA film on a photonic crystal with a matched photonic bandgap before (solid line) and after (dashed line) 365 nm excitation. The
inset in (c) shows the corresponding luminescence spectra on glass. a—c) Adapted with permission.I®®l Copyright 2010, Wiley-VCH.

with the surface mode of photonic crystal structures will lead
to greatly enhanced emission.?* Thus, a highly desirable goal
is to prepare 3D photonic crystals with strong and wide stop
bands that couple to both the excitation and emission wave-
lengths in order to effectively manipulate the emission of light
emitters on the surface.

4.5.3. 3D Photonic Crystal Surface Coupling with Surface Plasmon
Resonance

Surface plasmon resonance effects have been reported to
enhance fluorescence emission by 10-100-fold when the
emitters are localized near the intensified electric fields.['!
Recently, the coupling of a 3D photonic crystal surface with
surface plasmon resonance to enhance luminescence was
reported.'®1714 Tao et al.l?®! prepared 3D photonic crystals by
using monodisperse PS nanospheres. Then, Ag nanoparticles
were distributed on the top layer of the photonic crystals, and
rhodamine B was coated on the surface layer of the Ag parti-
cles (Figure 27a). They found that the enhancement factor of
Ag particles was =42-fold. When Ag particles were combined
with yellow photonic crystal structures, an enhancement factor
of 260-fold was observed due to the matching of yellow pho-
tonic crystal with surface plasmon resonance of Ag particles
at the excitation wavelength (540 nm) of RhB (Figure 27b—d).
This enhancement is even larger than the total enhancement
factors of bare Ag film and pure photonic crystal. This obser-
vation provides evidence for some coupling effects between
these two structures. This approach can significantly improve
the emission intensities and will have potential applications for
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luminescence enhancements. Furthermore, the Song group
reported the systematic design of PMMA PCs/Cap-Ag/Ta,Os/
NaYF,:Yb,Er to obtain strong upconversion luminescence. In
particular, the luminescence was conspicuously enhanced by
introducing a dielectric layer on top of Ag films.[1%]

In contrast to the traditional plasmon effect from metals,
semiconductor plasmon nanoparticles have attracted great
interest recently due to their unique properties combining both
the properties of semiconductors and metals. The Song group
demonstrated a type of PMMA OPC/Cu—xS composite photonic
crystal with synergistic effects of the localized surface plasmon
resonance, two-photon process, and photonic crystal bandgap.
Upconversion  nanoparticles  NaYF,:Yb,Er@NaYF,:Yb,Nd
were deposited on top of the photonic structure with a MoOs
spacer layer and excited under 808, 980, and 1540 nm sepa-
rately. In particular, upconversion emission was enhanced up to
1500-fold by 1.25 W mm™2 980 nm excitation.!1%®!

Despite the significant enhancements in emission intensi-
ties, realized by the 3D photonic crystal surface effect in the past
five years, the lifetime changes have not been reported in these
studies, and the mechanisms of the 3D photonic crystal surface
effects should be investigated in greater depth in future work. It
is worth noting that the surface effects of 3D photonic crystals
on light emissions are mainly presented by pure enhancement
of emission intensities but no change in spectra shapes, which
are distinct from the inhibition and redistribution of emis-
sion when light emitters are inside the photonic crystal. This
effect is somewhat similar to that of 2D photonic crystals. For
example, the light propagation in plane is prohibited in both
2D and 3D surfaces to allow light to be reflected in the vertical
direction. 2D photonic crystals generally have a full bandgap,
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and imaging with high quality.
For example, Klimov et al.l'7%
achieved amplified spontaneous
emission of  semiconductor
nanocrystals by uniformly coating
semiconductor nanocrystals on
opal PS surfaces. The intensive
fluorescent signals within the
photonic crystals are promising to
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be applied in some optical devices
with high sensitivity.[®"]

4.6.1. Amplifying Fluorescence
Contrast

Guangtao Lis group® dem-
onstrated a smart strategy for
improving the performance of the
optical memory device by intro-
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Figure 26. a) A schematic of the formation of PMMA opal photonic crystals/NaYF,Yb/Tm composites.
b) Transmittance spectra of PMMA opal photonic crystals. Inset: photographs of photonic crystals with dif-
ferent stopband positions. ¢) Luminescence spectra of NaYF,:Yb/Tm and PMMA/NaYF,:Yb/Tm composites.
Inset: photon upconversion and energy-transition processes of NaYF,:Yb/Tm. d,e) Dependence of emission
enhancement factor (d) and decay time constant factor (e) as a function of stopband of the PMMA photonic
crystals. Adapted with permission.l®®l Copyright 2013, Royal Society of Chemistry.

which is difficult to achieve in 3D photonic crystals. If a 3D
photonic crystal has a complete photonic bandgap, the emis-
sion light not only cannot propagate in the plane direction but
also cannot permeate the photonic crystal. However, most of
the reported 3D photonic crystals lack complete photonic band-
gaps. Although great enhancements have been published, these
enhancements may not originate solely from the 3D photonic
crystal surface effect. Its mechanism should be further studied.

4.6. Applications of Manipulating Luminescence by 3D Photonic
Crystals

Appreciating the use of 3D photonic crystals to enhance the
luminescence intensity of light emitters on surfaces, wide
research interests have recently led to the development of many
3D photonic crystal optical devices.?3167-19] Enhancing the PL
of the emitters inside optical devices, especially for fluorophores
with low quantum yield, can effectively improve the performance
of their devices, such as good sensitivity, high photostability,
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ducing a photonic crystal inside
the system, which can amplify
the fluorescence signal contrast.
As shown Figure 28a, the 3D
photonic crystals were prepared
using monodisperse PS nano-
spheres with different sizes, and
Ag nanoparticles were subse-
quently deposited on the top of
photonic crystals. Furthermore,
dye molecules such as rhodamine
B and fluorescein were immobi-
lized with this composite struc-
ture. In such a structure, the
propagation of the certain wave-
lengths of light inside the photonic
crystal is forbidden due to the stop
band effect. Hence, incident light
evanesces easily, and the penetra-
tion of light emission into the structure becomes much more
difficult. The reflected light is localized around the limited depth
of the photonic crystal, leading to high local electrical states near
the surface. Meanwhile, the localized surface plasmon resonance
from the silver particles matches well with the resonance mode of
the photonic crystals, further enhancing the local electrical states
near the surface. This synergistic effect from both the plasmonic
effects and photonic bandgap matching with the excitation wave-
length of the emitters led to significant emission enhancements.
As a proof of concept experiment, the luminescence emission of
rhodamine B in this case demonstrated an enhancement factor
up to 260. Cunningham et al.'”ll achieved a fivefold enhance-
ment of the signal-to-noise ratio by utilizing resonant photonic
crystal-enhanced fluorescence in a cytokine immunoassay.

480 650 980
Stop band (nm)

1040

4.6.2. Developing Highly Sensitive Optical Biosensors

The promising features of photonic crystals can be used for
the amplification of sensing signals and applied in optical
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Figure 27. a) Schematic illustration of 3D photonic crystals coupling
with surface plasmon resonance. b) Emission enhancement factors of
RhB on different substrates, and c) on different sole photonic crystal sub-
strates as control experiments. d) Comparison of enhancement factors
of luminescence emission of RhB on different substrates respect to that
on glass. a-d) Adapted with permission.l?’l Copyright 2011, American
Chemical Society.

biosensors with high sensitivity. Yanlin Song’s group!'’? has
obtained amplified detection signals in FRET-based DNA
hybridization by setting up the detection system on top of
photonic crystals (Figure 28b). The photonic crystal was pre-
pared by the self-assembly of monodisperse poly(styrene—
methyl methacrylate-acrylic acid) spheres. In this system,
fluorescein (Fl)-labeled DNA (DNA-FI) probes served as the
donor and ethidium bromide (EB) as the acceptor. The max-
imum absorption and emission wavelengths of the Fl were
=488 and 520 nm, respectively. The emission of Fl matched
well with the absorption wavelength of EB, leading to effec-
tive energy transfer from Fl to EB. In detail, when the probe
and target ssDNAs are complementary (Figure 28b), the flu-
orescence emission is released due to the formation of the
duplex structure and the resulting contact of the EB with
the dsDNA.I'3] However, the duplex structure is inhibited
and the FRET process prevented due to distance between the
two DNA when the target and probe DNA are not matched

(@)

Excitation Emission

\ 7 Excitation Emission
Enhanced EF
Absorptio )ﬂ \ %
Coupling to MEF
Plasmons Couplin ”
+ Enhanced

nhanced

Extractionv 'V

e

Near-Field Effect

www.advmat.de

with each other. In this method, a photonic crystal was used
to amplify the sensitivity of DNA detection, and the selectivity
of =13.5 fm for a single mismatch was hundreds of times
higher than the signals obtained using traditional detection
methods.

Furthermore, Xu et al.l'®] reported a novel TiO, inverse-opal
photonic crystal structure within a microchannel architecture
for the highly efficient immunocapture of circulating tumor
cells (CTCs). The porous structure provided a large surface
area for the capture of MCF-7 cells with magnetic Fe;0,@cou-
marin 6@silane nanoparticles, and the capture efficiency was
improved to =92% with 1 mL h™!. Meanwhile, the excitation
and emission of the luminescence from fluorescent labels for
the monitoring process were significantly enhanced due to the
scattering features of the photonic crystals.

In addition to the special recognition of one type of ana-
lyte, the multiplex detection of analytes on the same struc-
ture is extremely important. The Song group!'’ recently
demonstrated how a photonic crystal film exhibited struc-
tural colors in consecutive spectra, which was attributed to
the long-range ordered arrangement of latex particles. The
angle-dependent structural colors allowed the photonic
crystal matrix to be used as a rainbow-colored chip to
enhance different fluorescence signals corresponding to the
recognition of different analytes. Abundant sensing informa-
tion, such as twelve saccharides with similar structures as
well as saccharides in different concentrations and mixtures,
could be distinguished.

4.6.3. Enhancing ON/OFF Ratios in Optical Storage Systems

Yanlin Song’s groupl® has also successfully demonstrated the
amplification of fluorescence contrast by applying photonic
crystals to an optical storage system. Figure 25 presents the
scheme of a rewritable recording film on a photonic crystal sur-
face. Coumarin and BP-BTE act as energy donors and accep-
tors, respectively. The BP-BTE molecule is sensitive to light and
changes forms between its open and closed states, providing
the possibility of controlling the ON/OFF switching mode of
the emission. Integrating photonic crystals enhanced the fluo-
rescence signal by 40-fold and amplified the ON/OFF ratio by
sevenfold.

(b)

i

o
PPy
o

Figure 28. a) Schematic illustrating a strategy that can efficiently increase emission by coupling surface plasmons of metal nanoparticles with colloidal
photonic crystals. Adapted with permission.?l Copyright 2011, American Chemical Society. b) DNA sequence detection based on a FRET mechanism
and the effect of photonic crystal on FRET. Adapted with permission.[”2l Copyright 2008, Wiley-VCH.
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4.7. Future Opportunities

The observed luminescence phenomena of emitters combined
with 3D photonic crystals range from decreased emission
intensity within the stop band,[1146:525%126134135] ap emission
dip within the stop band accompanied by an enhancement at
the stop band edges,**13% and modification of the radiative
lifetimel’®'7] to a significant enhancement in emission inten-
sity when the stop band overlaps both the excitation and emis-
sion wavelengths of the emitter.[27-64-66.159.160] Thege differences
originate from three main factors: the refractive index of the
photonic crystal, the structure of the photonic crystals, and
the position of the emitters:

i) If the emission needs to be inhibited or the spectrum shape
requires modification, the light emitters should be located
inside the 3D photonic crystal structure.

ii) Selecting 3D photonic crystals made from high-refractive-
index materials or with a woodpile structure will strongly af-
fect the fluorescence lifetime and the emission spectra.

iii) The 3D photonic crystal surface effect can dramatically en-
hance the emission intensity, but the 3D surface effect mech-
anism and lifetime changes should be further investigated.

5. Conclusions and Outlook

We have provided a recent panoramic view of manipulating the
emission of light emitters using photonic crystals. Photonic crys-
tals can affect the emission intensities (inhibition and redistribu-
tion), emission spectrum shapes and fluorescence lifetimes.

The inhibition and redistribution of spontaneous emission can
be realized by both 2D and 3D photonic crystals. In 2D photonic
crystals, emission inhibition occurs in the plane and is redistrib-
uted to the normal direction, and as a result, the emission extrac-
tion efficiency in the normal direction can be greatly enhanced
regardless of the position of the light emitters. In 3D photonic
crystals, emission is inhibited at the center wavelength of the pho-
tonic bandgap, while emission is enhanced at the band edge of
photonic bandgap when light emitters are inside the 3D photonic
crystal structure. Pure enhancements in emission intensities
without change in spectrum shapes can be achieved by locating
light emitters on the top surface of 3D photonic crystals. Hence, if
the emission spectrum shape is to be changed or some emissions
are to be inhibited, the light emitters should be located inside the
interspaces or the building blocks of 3D photonic crystals, while if
the emission intensity is to be increased, the light emitters should
be located on the surfaces of 2D or 3D photonic crystals. Impor-
tantly, appropriately designed photonic crystal structures with
strong bandgaps fabricated with high refractive indices will effec-
tively control the both the emission intensities and the emission
lifetimes (emission rates) of spontaneous emission.

While progress has been made in manipulating spontaneous
emission through the use of photonic crystals, there are con-
siderable challenges that lie ahead, for example, improving the
underlying mechanism via theoretical simulation, and devel-
oping new techniques for the fabrication of photonic crystals
with high structural regularity.
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The building block materials for photonic crystals remain
limited to silica and polymers. The greatest challenge for
obtaining 3D photonic crystal effects on spontaneous emis-
sion is the fabrication of photonic crystals with a complete
photonic bandgap or wider photonic bandgap. Future progress
will include developing 3D photonic crystal building blocks
with a high refractive index and investigating simple and facile
methods for the preparation of 3D photonic crystals with stable
structures and high refractive contrasts.

3D photonic crystal surface effect remains elusive. To pro-
gress our understanding of this fundamental phenomena,
the effects of local density of electromagnetic states (photonic
crystal effect) and effect of variation in surface areas must be
distinguished. Concrete efforts must also be devoted to com-
paring theoretical and experimental results of the surface effect
at different wavelengths and incident angles to elucidate the
mechanisms of the 3D photonic crystal surface effect.

The quantum yield of emitters is not only affected by the
local densities of electromagnetic states, but also by the chem-
ical environment of the emitter. It is necessary to distinguish
the effect of local density of electromagnetic states (photonic
crystal effect) from chemical environment while deciphering
photonic crystal effects on spontaneous emission (same host
material for embedding). Furthermore, because only part of the
emitted light is measured in experiments, the detected emis-
sion is not representative of the real emission intensity of the
light emitters. Progress in techniques to better measure actual
emission intensities needs to be investigated at a greater depth.
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