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photonic states (PDOS),[2–4] which helps 
explaining the photoluminescence (PL) 
changes of materials when embedded in 
the PhC structure.

Traditionally, PhCs have been made 
carving bulky inorganic dielectrics or sem
iconductors. These structures are still a hot 
topic in photonics for optical fibers, light 
emitting diodes (LEDs), sensors, photo
voltaic devices, lasers, discrete and  
integrated optical components, lightening, 
and quantum computing.[6] However, new 
solution processable photoactive materials 
(e.g., organic semiconductors, quantum 
dots, hybrid perovskites, and selfassem
bling supramolecular systems) stimulated 

the development of PhCs grown with organic and colloidal 
materials by solution and melt processes.[7]

Among PhCs, distributed Bragg reflectors (DBRs) are cur
rently the most interesting owing to their planar structure 
which generates a simple optical response that represents a 
playground to understand deep physical concepts, as described 
in Sections 2.4 and 4. DBRs are indeed made of alternated 
thin films of different dielectric materials. This simplicity 
makes them the only PhCs that can take advantage of large 
area growths (see Section 3.1).[8] Such fabrication methods are 
unconceivable with bulky inorganic DBRs and might reduce 
processing costs and enhance customizability, also on industrial 
scale, thus adding unprecedented market opportunities.

Figure 1 illustrates the evolution and fabrications of solution 
and melt processed DBRs. The top of the Figure displays three 
wellknown natural DBRs belonging to animal and plant reigns: 
the mother of pearl,[9] the Panamanian Tortoise beetle exoskel
eton,[10] and the Pollia Condensata skin,[11] whose growth is 
driven by the thermodynamics of spinodal phase separation.[12] 
The interest in these natural structures leads to their emulation 
until the development of solutionbased fabrication methods 
for flexible synthetic DBRs made of polymers and inorganic 
nanoparticles (Figure 1). At the base of Figure 1, we also show 
some applications arose only in the last decades. From left to 
right: the use of DBRs in functional architecture, in enhance
ment of photon absorption for photovoltaic cells and modules, 
emission control, lasing, and sensing.[7c,13]

In this paper we will first briefly review the properties of 
DBRs and then focus on the reasons that guided the research 
toward new solutionbased and largearea fabrications, 
describing current processes used both at the laboratory and 
largearea scales. We will then review the main applications of 
these structures comparing the performances of mesoporous 
inorganic and polymer devices.

An overview on the properties and applications of polymer and inorganic 
planar 1D photonic crystals fabricated from solution is provided here. In the 
last decades, photonic crystals became technologically relevant for light man-
agement, photovoltaics, sensing, and lasing. Such structures are traditionally 
produced by lithographic and vacuum techniques, but the need to reduce 
costs and to scale-up the fabrication have lead the research toward new mate-
rials, simplified structures, and low-cost mass scale growth processes. In this 
regard, polymer and inorganic mesoporous distributed Bragg reflectors fabri-
cated from solution attracted considerable technological interest. This review 
focuses on the properties of such structures, concentrating on state-of-the-art 
fabrication and applications.
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Photonic Crystals

1. Introduction

Following the seminal researches by John[1] and Yablono
vitch,[2] photonic crystals (PhCs) stimulated a wide fundamental 
interest, which nowadays results in many technological appli
cations.[3] PhCs are arrays of media having different dielectric 
function arranged in submicrometric lattices.[4] Such periodic 
structures affect photons properties as the crystal potential in 
a semiconductor affects the properties of electrons. Therefore, 
one can extend to PhCs three basic concepts, among others, 
from semiconductors: the photonic band structure, which 
identifies spectral regions forbidden and allowed to photon 
propagation;[4b] the photonic band gap (PBG), which is respon
sible for the PhC chromatic response;[5] and the density of 
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2. Basic Optics of DBRs

This section introduces some basic concepts useful to under
stand the optical response of DBR structures. Even though the 
optics of DBRs is wellknown,[4a] their growth, characterization, 
and applications are nowadays approached by interdisciplinary 
researchers, then a brief description of their properties should 
be useful.

As mentioned in Section 1, DBRs are lattices of thin films 
made of different dielectrics and are considered the simplest 
PhC structure. As depicted in Figure 2a, for a DBR made of 
alternated layers of two transparent media with thicknesses 
dH and dL and real refractive indexes nH and nL (nH > nL), light 
is partially refracted, reflected, and transmitted at each inter
face. The lattice spacing, and the layer refractive indexes define 
whether the interference among reflected (transmitted) beams 
is constructive (disruptive) at a specific wavelength and in turn, 
this defines the spectral region of the PBG. When nonabsorbing 
media are used as building blocks, the sum of reflectance and 
transmittance intensities, neglecting scattering phenomena, 
is unitary (energy conservation). Then, the photonic struc
ture of a DBR can be easily characterized by mean of simple 
optical transmittance or reflectance measurements. Figure 2b 
shows a typical reflectance spectrum of a DBR, where the PBG 
is detected as a pronounced peak, while the background is 
dominated by a Fabry–Pérot interference pattern arising from 
the interference of beams reflected at the external DBR inter
faces, i.e., by the overall thickness of the DBR, which can be 
considered as an effective medium.[3]

2.1. Photonic Band Gap Properties in DBRs

Intuitively, the spectral position and intensity of the reflectance 
peak assigned to the PBG depend on the thickness of the DBR 
layers, on their refractive index and on the internal angles of inci
dence of light (θH, θL), which are connected to the external inci
dence angle (θext) by the Snell’s law (next sin θext = nH  sin θH = nL  
sin θL). Given the planarity of DBRs, it is easy to model their 
optical response and extract some simple analytical relations, 
which correlates the PBG position to the structural parameters 
and to the incidence angle[14]
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when θext increases, the difference between the optical paths of 
photons reflected at any interface decreases, and the PBG shifts 
toward short wavelengths. This effect is depicted in Figure 3a. 
The Figure shows the reflectance of a polymer DBR as a func
tion of θext calculated by transfer matrix method formalism (see 
Section 2.4) and plotted as a contour plot.[15] In the plot, the 
horizontal axis reports the wavelength scale, while the vertical 
one displays θext. The color scale indicates the reflectance inten
sity. The top panel of the Figure displays the data for Spolarized 

light, while the bottom one shows those for Ppolarized 
light. As expected, for both polarizations, the PBG shifts toward 
the short wavelengths increasing θext. Moreover, for Spolariza
tion the intensity and the width of the PBG optical signature 
remain almost unchanged, while for Ppolarization, both the 
PBG reflectance intensity and its spectral width decrease as 
θext approaches the Brewsterangle (θB) of the structure.[16] The 
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dispersion of the PBG is described in details by the photonic 
band structure of the DBR, as reported in Figure 3b.[16]

Figure 3 displays that light propagation is never completely 
inhibited for all directions and for all polarizations. In this 
case the PBG is said to be incomplete,[4b] and sometime it is 
called stopband. The incomplete PBG affects light confine
ment effects, especially for the photoluminescence from emit
ters embedded in the structure.[17] Indeed, photons propagation 
through leaky modes reduces confinement volume, which is cru
cial to achieve radiative rate enhancement and Purcell effect (see 
Section 4.2).[18] For this reason, new strategies to achieve omnidi
rectional PBGs including control of the dielectric contrast, devel
opment of ternary structures and structures with graded and  
anisotropic refractive index, are currently highly investigated.[19]

When the high and the low refractive index media allows the 
same optical path (nLdL = nLdH), the lattice is said to fulfil the 
λ/4 condition and the DBR can also be called a quarterwave 
stack.[4b] This condition maximizes the reflectance in corre
spondence of the first order PBG (see Section 2.3) and can be 
treated analytically.[4,16] The peak reflectivity then follows
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where N is the number of periods composing the DBR and 
Δn = nH − nL is the dielectric contrast among the two dielectric 
materials. Δn also defines the spectral width of the PBG in 
λ/4 condition[4b]

Adv. Optical Mater. 2018, 6, 1800730

Figure 1. Evolution of DBR technologies. From top to bottom: electron microscopy and digital images of natural DBR structures: Mother of pearl 
(Adapted with permission.[9] Copyright 2018, American Chemical Society), Panamanian Tortoise beetle (Figure adapted with permission.[10] Copyright 
2007, American Physical Society), and Pollia Condensata Berries (Adapted from ref. [11]. Copyright 2012, The Authors, Published by National Academy of 
Sciences). Photographs and schematic of DBR applications (Adapted from ref. [13a]. Copyright 2018, ChameleonLab; Adapted with permission.[7c,13b,c] 
Copyright 2018, 2010, 2014, American Chemical Society).
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where EPBG is the energy of the PBG peak. Then, reflectivity 
quickly increases as the number of periods increases. Similarly, 
large dielectric contrast allows large PBG spectral widths and 
strong reflectivity.

2.2. The Role of the Dielectric Contrast

Aware of the relations between the PBG properties and the 
dielectric contrast for quarter wave stacks, it is interesting to 
compare the response of DBRs made by commodity solution 
processable polymers with those of bulky inorganic DBRs 
available on the market. Figure 4a shows the calculated trans
mittance spectra for a series of DBRs made of 10 periods in 
λ/4 condition with PBG centered at 2 eV (≈620 nm). The 
black dotted spectrum represents a bulky DBR made of TiO2 
and SiO2 (nh = 2.6; nl = 1.46 at 620 nm, respectively). Such 
oxides are commercially used for reflectors and optical fil
ters and represent the reference benchmark.[21] For the com
parison, we considered a series of polymer DBRs, where 
the low refractive index material is a fluorinated poly mer 
(nL ≈ 1.3),[22] which is one of the lowest indexes available on 
the market.[22,23] The high index media are instead cellulose 
acetate (CA, n ≈ 1.46),[7b] poly(methyl methacrylate) (PMMA, 
n ≈ 1.50),[24] polyacrylic acid (PAA, n ≈ 1.51),[25] polyvinyl 
alcohol (PVA, n ≈ 1.52),[25] polystyrene (PS, n ≈ 1.58),[7b] and 
poly(Nvinylcarbazole) (PVK, n ≈ 1.68).[26] Currently, PVK 
provides one of the highest refractive index available among 
commodity polymers thanks to the preresonant enhance
ment from the carbazole group absorption at about 350 
nm.[27] We also calculated the spectra for media with larger 
indexes (1.8, 1.9, and 2) to consider new polymer–inorganic 
nanocomposites, hyperbranched polysulphides, and inverse 
vulcanized systems, which are promising to increase dielec
tric contrast in polymer DBRs.[28] In Figure 4a, each spec

trum shows the typical low transmittance 
band assigned to the PBG, which becomes 
deeper and wider upon the increase of the 
dielectric contrast. The intensity of the 
interference fringes also increases with 
this parameter. In Figure 4b, we highlight 
the relation between the minimum of 
transmittance intensity and the number of 
periods for the different Δn. As expected 
from Equation (3) and Figure 4a, the rela
tion among the number of periods and the 
minimum of transmittance is linear on 
semilogarithmic scale. Indeed, the mate
rial pair that shows the deeper PBG (higher 
reflectance) is SiO2:TiO2 (black squares), 
confirming the efficacy of inorganic dielec
trics for filter coatings. However, novel high 
index polymers with comparable number 
of layers provide similar PBG transmit
tance values. As discussed in the next sec
tions, the ability to achieve large reflectance 
joined to easy processing and large area fab
rication methods via solutionbased growth 
motivated the development of new class of 
polymer and colloidal materials.

Adv. Optical Mater. 2018, 6, 1800730

Figure 3. a) Calculated angular dispersion reflectance spectra contour plot for a 15-period 
polymer DBR made of cellulose acetate and poly(N-vinylcarbazole) for S-polarized (top panel) 
and P-polarized (bottom panel) light. b) PBG dispersion of a DBR for S- and P-polarizations; 
(photonic bands are shaded in red) for nL = 1.5, nH = 3.5, dL = dH. The dashed lines corresponds 
to different values of θext; the Brewster’ angle is also reported.[20]

Figure 2. a) Reflection, refraction, and transmission in a DBR with nH > nL.  
b) Reflectance spectrum of a polymer DBR made of 15 periods of trans-
parent layers having nH = 1.69 and nL = 1.46.
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2.3. High Diffraction Orders

The photonic band structure of Figure 3b shows that the DBR 
lattice generates several PBGs. Such stopbands remind the 
higher diffraction order structures (m) predicted by the Bragg’s 
law for crystals, which has been proposed to roughly describe 
the dispersion for 3D opal PhCs,[29] and roughly adapted to the 
case of DBRs

m D n2 sinPBG eff
2 2

extλ θ( )= −  (5)

where D = dH + dL, and neff is the effective refractive index of 
the DBR. When considering broad spectral ranges, we need to 
take into account for the refractive index dispersion to properly 
describe high diffraction orders. The effect of the dispersion 
is shown in Figure 5a for a DBR made of CA and PVK (black 
line) and for the same media neglecting the spectral depend
ence of n (red line). For nondispersive dielectrics, the higher 
order PBGs are found exactly at 2EPBG, 3EPBG, 4EPBG, and so 
on. On the other hand, according to Sellmeir dispersion,[30] the 
refractive index increases at larger energies shifting the higher 
order PBGs to higher values, in agreement with Equation (1) 
(Figure 5a, black line). Even though CA and PVK are not highly 
dispersive, especially if compared with inorganic semiconduc
tors and oxides, the effect of the refractive index dispersion 
must be considered in the structure design, especially when 
large spectral ranges are investigated.

Another characteristic of the higher order PBGs is their 
intensity, which is strongly affected by the optical thickness of 
the dielectrics. Figure 5b reports as contour plot the calculated 
reflectance spectra of DBRs having the same total optical path, 
but layers with different optical thicknesses ratio. The xaxis 
reports the energy normalized to the first order PBG (EG). The 
yaxis instead reports the ratio between the optical thickness of 
the high index layer (nHdH) and the DBR period (nHdH + nLdL). 
This scale goes from 0 (low index medium only) to 1 (high 
index medium only). The λ/4 condition is set at y = 0.5 and is 
highlighted with a white line. In this case, the odd orders have 
maximum intensity (full constructive interference among dif
fracted beams), while for even orders full destructive interfer
ence occurs making their intensity negligible. The λ/4 condi
tion is exploited to achieve strong light confinement for lasing 
and strongcoupling applications.[3,20] Conditions far from the 
quarter wave stack, which generate both odd and even diffrac
tion orders are however interesting to improve sensitivity and 
lower detection limit in DBR sensors (see Section 4.3).[31]

2.4. Modeling the Optical Response of the DBR Structures

Transfer matrix method (TMM) is largely employed to calcu
late the propagation of photons, or even electrons,[32] and is 
the most common approach to simulate the optical response 

Adv. Optical Mater. 2018, 6, 1800730

Figure 4. a) Calculated transmittance spectra of DBRs made by 10 
periods with varying nH and set nL = 1.3. The high refractive index 
increases through the values of commonly used polymers (CA, PMMA, 
PVA, PAA, PS, PVK, and 1.8, 1.9, and 2). The black dotted spectrum is the 
transmittance for a TiO2:SiO2 DBR. b) Minimum transmittance intensity 
for the same materials calculated as a function of the number of periods 
at the PBG peak position (2 eV).

Figure 5. a) Reflectance spectra for a 30 periods PVK:CA DBR with dispersive (black) and for the same nondispersive (red) dielectric functions.  
b) Contour plot of calculated DBR reflectance spectra as a function of optical thickness ratio.



www.advancedsciencenews.com www.advopticalmat.de

1800730 (6 of 26) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of multilayer structures.[7c,30,33] This method can also be used to 
calculate energy dispersion relations.[4a] In the model, a DBR is 
considered as a series of layers separated by plane and parallel 
interfaces, while the electric field of the incident radiation is 
decomposed in a series of waves propagating from one layer to 
the other through the interfaces, as shown in Figure 6a. There, 
the zaxis represents the normal incidence direction to the 
interfaces separating two adjacent layers, while nm and dm are 
the refractive index and thickness of the mth layer.

Within the mth subunit, we can focus on two blocks. The 
first block consists in the interface between the (m−1)th layer 
and the mth layer (Figure 6b). There, we identify four pha
sors that indicate the components of the electric field: Ei,m−1 
corresponding to the wave that propagates in negative zdirec
tion and hits the interface from the (m−1)th layer side; Er,m−1 
propagates in positive zdirection and is transmitted at the 
interface; Et,m propagates in negative zdirection and is trans
mitted at the interface; Es,m propagates in positive zdirection 
and hits the interface for the mth layer side. The second block 
instead describes wave propagation in the mth dielectric layer 
alone (Figure 6c), where Et,m propagates until the next interface 
between the mth and (m+1)th layer is reached. At this second 
interface, we can identify Ei,m and Er,m, which have the same 
role of Ei,m−1 and Er,m−1. All the above electric field components 
are related by simple matrix equations[34]
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where D and P are respectively the interface and the propa
gation matrices, which consider the Fresnel reflection (r) and 
transmission (t) coefficients at the interface between layers 
m − 1 and m.
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We can now retrieve the reflectance and the transmittance of 
a DBR placed in air as

R
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where M11 and M21 are the (1,1) and (2,1) elements of the 
matrices P or D, depending on the block under consideration, 
σ = c/λ are the wavenumbers, n n ikm m m = +  is the complex 
refractive index of the mth layer, and θm the incidence angle at 
the m, m+1 interface.

TMM allows to easily calculate reflectance or transmittance 
spectra in both coherent or incoherent systems.[35] Indeed, 
with respect to the simple and basic formalism here recalled, 
starting from the late 1990s TMM has been improved to better 
model real structures and extended to investigate more complex 
effects than the simple optical response of a DBR. For instance, 
one of the key issues related to TMM modeling of real systems 
dwells on coherent light propagation, which usually generates 
a very dense and intense interference pattern in the simulated 
spectra. Such pattern owes to the partial reflectance within the 
thick substrate (e.g., 1 mm thick glass slide or fused silica) and 
can even hide the optical features related to the DBR. Common 
approaches to overcome this issue consider light incoherence 
in real systems, modeling the substrate as an infinitely thick 
medium, or conversely, assuming it as a nanometric layer to 
account for the interface with the DBR, only. More rigorous 
methods introduce phase shifts in the refracted beams, scat
tering layers, or incoherent propagation media to achieve both 
incoherent[34,36] and partially coherent[34,37] interference.[34,35,37] 
Another variant of TMM uses the E and H fields as compo
nents of the vector being multiplied.[4a,33a,38] Moreover, 4D 
vectors can be used to account for inplane anisotropies or inco
herence of the light traveling through the structure.[39] The flex
ibility of the TMM makes it interesting also for the modeling 
of more complex light–matter interaction effects. For instance, 
the effect of the modified PDOS on the oscillator strength of 
emitters embedded into microcavities and distributed feedback 
structures can be studied including internal sources of spon
taneous emission and modeling both photoluminescence[40] 
and amplified spontaneous emission.[41] It has also been shown 
that TMM can be used to simulate second harmonic genera
tion from multilayered structures[42] and the optical response 
of switches[33b] and sensors.[43] Investigation of phonon propa
gation in the multilayers even allows to determine thermal 
conductivity in multilayered structures.[44]

3. Materials and Fabrication Techniques

Traditionally, DBRs were composed of bulky metal oxides 
or semiconductors thin films grown by vacuum evapora
tion technologies.[45] These state of the art DBRs are widely 
used for light management purposes including optical fil
ters and mirrors,[4a,21,46] vertical cavity surface emitting lasers 
(VCSELs),[47] and LEDs[48] are widely available commer
cially.[21,46] For instance, VCSEL market is fast growing (esti
mated up to more than 3 billion of US dollars by 2022)[49] due 
to their applications in new devices for sensing, automotive, 

Adv. Optical Mater. 2018, 6, 1800730

Figure 6. a) Schematic of a wave propagating in a DBR period along the 
z-direction with angle of incidence θext. b) Electric field components at an 
interface and c) within a dielectric layer.
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and data communication.[49] On the other hand, the fabrica
tion of bulky inorganic DBRs is performed by sputtering,[50] 
metalorganic chemical vapor deposition,[51] electronbeam 
evaporation,[14] and molecular beam epitaxy,[14] that all have 
high cost of installation and maintenance in comparison 
with solution based methods. Despite bulky inorganic DBRs 
offer dielectric contrasts as large as Δn = 1,[52] these systems 
are neither flexible, stretchable, nor bendable and their poor 
mechanical properties, joined to the oftensevere deposition 
conditions, strongly limit their possible application to optoelec
tronic devices based on organic semiconductors. However, mild 
vacuum chemical vapor deposition (CVD) has been used for the 
fabrication of polymer structures using a wide portfolio of mon
omers. Polymer CVD indeed uses low temperatures, and allows 
casting of highly reflecting DBRs on flexible substrates such as 
paper or plastic.[53] To make a step forward in the simplifica
tion of DBR growth, in the last decades important efforts have 
been devoted to the development of solutionbased processing 
of polymers, inorganic media and even cholesteric liquid crys
tals[54] with the aim to further reduce costs and achieve large 
area fabrications. In this section, we will discuss advantages 
and drawbacks of both polymer and mesoporous DBRs made 
by inorganic colloids grown by solution in terms of optical and 
mechanical properties.

The choice between polymer and mesoporous inorganic 
building blocks for the fabrication of DBRs is usually mainly 
driven by the capability of mutually processable dielectrics to offer 
suitable Δn for the specific goal selected. Once this constraint is 
addressed, one can focus on active functionalities, such as emis
sion properties for light management applications and lasing, 
selective interactions with analytes for sensing, and chromic 
properties for switchers, memories and displays (Section 4).  
Moreover, mechanical properties might be a significant added 
value offering flexibility[7c] and stretchability,[55] unconceivable 
with bulky inorganic systems.

With respect to the processability, solutions fabrication of 
DBRs poses several optical, chemical, and processing con
straints. Indeed, large refractive index difference, solubility 
of the dielectric materials in orthogonal solvents and solvent 
percolation, thickness and interface roughness control for the 
entire structure, thermal properties matching, low light scat
tering, and high transparency must be strictly controlled and 
steered. Moreover, both polymers and metal oxides building 
blocks need to be mutually processable, which means that 
the deposition of any medium must not affect the underlying 
layers. On the other hand, once cast, the film must provide a 
wettable surface with respect to its counterpart. Then, the need 
for mutual processability, in addition to the need for a relatively 
high Δn strongly limits the number of material pairs suitable 
for the growth of DBRs via solutionbased processes.

Concerning the dielectric contrast, in the transparency spec
tral region, polymers usually have refractive index ranging from 
n = 1.3 to n = 1.7 (see Section 2.2).[56] These relatively low values 
make them well suitable for sensing,[25,31,43,53b,57] emission con
trol,[58] and lasing,[59] while applications requiring strong light 
confinement, like radiative rate enhancement and strong cou
pling, are still challenging (see Section 4).[33f,g] Indeed, while 
for applications related to light confinement the large dielectric 
contrast typical of inorganic media is usually desirable,[33g,60] 

Bragg stacks used for sensing exploit low Δn to detect small 
spectral variations, to improve the sensor detection limit, and 
to enhance the sensitivity.[31] To engineer the refractive index in 
polymer systems, research is pursuing different strategies. For 
instance, low index polymers are mainly amorphous perfluor
inated macromolecules where the strong electronegativity of  
the fluorine atom reduces the molecular polarizability, while the 
lack of crystallinity provides low density. Such effects reduce the 
refractive index and push electronic transitions in the deep ultra
violet.[61] Porous polymer structures are also proposed to lower 
refractive index.[22,23,61a,62] In this case, according to the effective 
medium theory,[62c] a large volume fraction of nanometer scale 
voids (n = 1) reduces the refractive index of the composite.[62a] 
Unfortunately, solution processing of such polymers to fabri
cate DBRs where tens of thin films are periodically arranged 
is still an open issue. Indeed, the lowest refractive index 
reported in solution processed DBRs is about 1.33, for Hyflon 
AD family.[22,23b,28e,63] Concerning high n polymers, materials 
with refractive index larger than 2 in the near UV have been 
developed to make lenses for LED with UV emission spec
trum,[64] but extension of such large values to the visible and 
NIR spectral regions is impossible. Indeed, such large indexes 
are achieved thanks to a preresonant enhancement, which 
quickly disappears approaching the visible spectral range. To 
overcome such limitations, researchers focused on doping with 
high index inorganic nanoparticles,[65] metal oxides,[28e,57a,66] 
and diamond.[67] In this case, a large volume fraction of nano
sized particles with high refractive index increases the dielectric 
constant of the composite medium.[28e,62c] A different approach 
relies on the covalent addiction of highly polarizable groups 
or atoms including conjugated moieties, sulphur or selenium 
in the polymer backbone.[62a] In these terms, hyperbranched 
polysulphide and inverse vulcanized polymers[28a,68] are very 
promising even though only few reports have been published 
on DBR preparation so far.[68a] Mesoporous structures can be 
similarly doped to modify the effective refractive index of the 
entire structure.

3.1. Mesoporous Inorganic DBRs

Mesoporous inorganic DBRs are obtained by deposition of 
metal oxides nanoparticles or their solgel precursors to form 
mesoporous thin films. In this sense, the most employed media 
are TiO2,[69] V2O5,

70 SnO2,[71] ZnO,[72] and SiO2,[69] which are 
coupled in different combinations to obtain the proper Δn. In 
this case, nanoparticles with the same composition but dif
ferent size and shape generate film with different void volume 
fractions and refractive index, which can then be easily engi
neered. For these systems, Δn is generally lower than for bulky 
DBRs grown by vacuum technologies because their porosity 
reduces the neff of the structure.[62c] On the other hand, such 
porosity may favor the intercalation of either high or low index 
materials to modify neff, allowing easy tunability of the PBG 
spectral position[73] or postgrowth intercalation of photoactive 
materials (see Section 4).[74]

At the lab scale, mesoporous Bragg stacks can be fabricated 
by sol–gel deposition methods[75] or by direct deposition of 
metal oxide nanoparticles dispersion.[76] The growth usually 

Adv. Optical Mater. 2018, 6, 1800730
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consists in the deposition of the nanoparticles or their precur
sors, and the subsequent annealing of the structure at high 
temperature to sinter the crystals and to provide the film with 
mechanical stability. The process is then repeated for each layer 
of the DBR. The deposition can be performed using a variety 
of methods. Spin coating is the most commonly used at the 
laboratory scale,[52d,69,77] and consists in the casting of a solu
tion or of a dispersion on a rotating substrate. The rotation 
favors the expulsion of the exceeding liquid and the evapora
tion of the residual solvent to achieve thin films with relative 
smooth surfaces and controllable thicknesses (Figure 7a).[78] As 
depicted in the scanning electron microscopy (SEM) images 
and in the photographs of Figure 7b,c, spincoating of inorganic 
media gathers uniform dielectric layers, whose homogeneity is 
reflected in the uniformity of the surface color. However, the 
interlayer roughness is controlled by the size of nanocolloids, 
which might provide inhomogeneous broadening of the PBG.

Recently, dipcoating allowed to automate the growth pro
cess and to produce large area mesoporous DBRs. In this 
technique, a substrate is dip into a water or alcoholic disper
sion of the metal oxide particles or into a solution of their 
precursors.[79] The substrate is then lift to allow solvent 

evaporation (Figure 7d).[80] Dipcoating also allows layerby
layer deposition,[81] where charged particles, polyelectrolytes 
or ions gather adhesion between the different layers, making 
the annealing process unnecessary and the growth faster.[74,92] 
Recently, the fabrication of mesoporous inorganic DBRs at the 
square meters scale have been reported for metal oxides casted 
via spray deposition.[74,92] Notwithstanding this impressive tech
nological achievement, commercial structures are not yet avail
able for the market.

3.2. Polymer DBRs

The interest in polymer dielectric media comes from their 
ease of processing, low costs, interesting mechanical proper
ties, high transparency in selected spectral regions, and from 
the possibility to make nanocomposites with a large variety of 
organic, inorganic, and hybrid active materials. Amorphous 
polymers are free from light scattering phenomena that may 
occur with nanoparticles. Indeed, these structures offer inter
layer roughness below 3 nm[82] providing often nicely squared 
shaped reflectance bands at the PBG.[33f ] Among commodity 
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Figure 7. a) Schematic of the spin-coating process, b) SEM images of spun-cast SiO2:TiO2 DBRs, and c) digital photographs of the DBRs. Adapted 
with permission.[13b] Copyright 2010, American Chemical Society. d) Schematic of the dip-coating technique.
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polymers PVA,[83] PAA,[33g] and CA[7b] are widely used as low 
index media, while PS[7c] and PVK[33f ] are common high index 
ones. Other niche polymers have also been used for applications 
requiring specific properties. For instance, as mentioned above, 
fluorinated polymers are difficult to process, but their very 
low refractive index ensures larger dielectric contrast.[22,63] 
Similarly, hyperbranched polymers[68a] and polymer–inorganic 
nanocomposites[28e,57a] provide high refractive indexes. More
over, semicrystalline polymers can be used as active media 
in sensing applications to gather selectivity without chemical 
functionalization (see Section 4.3), when properly processed 
(see Section 4.3).[31]

From the fabrication point of view, polymer DBRs are inter
esting thanks to the variety of techniques available both at the 
laboratory and at the industrial scale. At the lab scale they are 
fabricated via spincoating (Figure 7a),[7b,33e,68a,84] dipcoating 
(Figure 7d),[28e] layerbylayer deposition,[85] and by the self
assembling of block copolymers (BCPs, Figure 8).[86] The 
latter is arising interest[87] thanks to the possibility to couple 
polymers pairs otherwise not processable together.[88] The 
generation of ordered and periodic lattices by BCPs selfassem
bling is driven by the blocks chain length (N) and the Flory–
Huggins parameter (χ), because χ∙N describes the strength of 
the repulsive interaction between blocks.[89] The volume ratio 

fraction of the two polymer blocks then defines the morphology 
of the nanostructures and their characteristics. For instance, 
a volume fraction of 50% is commonly required to obtain a 
DBR.[90] To promote ordered BCP assembly over large areas, 
external physical templates and electric fields can be used 
during the assembling process. These techniques gather lat
tice paths of tens of nanometers, which are intensively inves
tigated for microelectronic lithography masks.[91] For photonic 
applications, the need to achieve periodicity above 100 nm 
(Equation (5)) in the dry state challenges the chemists to achieve 
highly controlled large polymer chain length. However, lattices 
with periodicity of tens of nanometers have been demonstrated 
to be suitable for analyte sensing in the liquid phase. Indeed, 
the layers composing BCP DBRs can swell to hundredths of 
nanometers in solution,[92] allowing colorimetric response to 
analytes. Conversely, such behavior has not yet been demon
strated for analytes in gas and vapor phases. Notwithstanding 
BCP large scale selfassembly has not yet been developed, the 
possibility to overcome the chemical incompatibility among the 
high and low index polymer chains by the precise control of 
chain lengths and the fine tuning of chemical physical proper
ties of the blocks make this media extremely interesting for the 
future of photonic sensors.[92,93]

Mass scale production of polymer DBRs is instead feasible 
with wellknown techniques used for food packaging manufac
turing such as extrusion and coextrusion.[94] Large area DBRs 
are indeed commercialized by, among others, 3M,[95] Toray,[96] 
Chameleonlab,[13a] and Foliophotonics.[97] Through this tech
nique, two polymer films from two extruders are combined 
together (Figure 9a). After the formation of the first period, 
the film is cut, and the two halves are overlapped and pressed 
together. The process is then repeated, and the number of 
layers can be increased exponentially through an automated 
system. Figure 9b,c show two examples of large area prod
ucts. There, the ease of tunability of the PBG, together with 
the possibility to couple structures tuned in different region 
of the sunlight spectrum, makes DBRs coating interesting 
for their aesthetical properties together with functionalities 
such as thermal shielding.[22,98] In Figure 9b an installation 
by RAW Design, “Prismatica”, that made use of 3M’s polymer 
dichroic filters to create a kaleidoscopic effect at the Lumino
therapie competition for 2014–2015,[99] in Montreal. Even more 
impressive is the “Arc en Ciel” from Chameleonlab, an entire 
building façade covered with polymer DBRs creating aston
ishing iridescent colors (Figure 9c).[100]

4. Applications

In the next sections we will review the technological appli
cations of DBRs fabricated by solution, comparing the 
performances of polymer and mesoporous inorganic 
dielectric media.

4.1. Photovoltaics

In the last three decades, fundamental research has played con
siderable attention to thin film photovoltaic devices based on 
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Figure 8. BCP DBR. a) Schematic representation of the mechanism for 
color change of a copolymer gel in solution. b) Cross-sectional SEM 
image of the DBR structure. c) Color change of the photonic gel films 
after intercalation of anions in solution. Adapted with permission.[86c] 
Copyright 2012, American Chemical Society.
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solution processable technologies to reduce costs of materials 
and fabrication with respect to inorganic structures.[101] These 
systems use photoactive materials such as semiconducting 
polymers, organic molecules, and inorganic colloids.[101a] Not
withstanding such efforts, especially when polymers are used, 
these devices suffer from drawbacks related to low charge 
carriers mobility, high charge recombination rates, and lim
ited spectral absorption, that hinder high power conversion 
efficiencies.[102] In this sense, PhCs offer new strategies to 
improve photon collection[75,87,103] and among these, DBRs 
represent the most viable approach. Recently, Martorell and 
coworkers showed that DBRs made of alternated layers of 
MoO3 and LiF fabricated by thermal evaporation can be imple
mented into bulkheterojunction photovoltaic cells to achieve 
semitransparent devices with enhanced efficiency. In their 
design, a DBR with small angular dispersion properties, which 
were achieved using semiperiodical structures, was inserted in 
the back of the cell to reflect transmitted light back into the 
device allowing such photons a second chance to interact with 
the semiconductor. In this way, enhanced spectral absorption 
increases the device filling factor, while retaining the trans
parency of the base cell. The cells are indeed integrable into 
transparent elements such as building and vehicle windows, 
and screens.[3,104]

Inorganic mesoporous DBRs possess similar potenti
ality. These structures are attracting increasing interest to 
enhance the performance of perovskite solar cells. As an 
example, Brabec and coworkers implemented inorganic 
mesoporous DBRs fabricated by doctor blading of commercial 
refractive inks[105] as back reflectors in transparent perovskite 
photovoltaic devices (Figure 10a). In addition to the increased 
absorption crosssection, the color of the device can be tuned 
according to architectonic needs (Figure 10a′).[105] The imple
mentation of the DBRs as a back reflector provided a significant 
increase of the shortcircuit current with only minor effects on 
the opencircuit voltage, thus enhancing the power conversion 
efficiency of about 20% (Figure 10a″).[105] In another configu
ration, Miguez and coworkers demonstrated porous TiO2:SiO2 

DBR integrated as a scaffold into the active layer of a perov
skite solar cell, which exhibits welldefined reflectance bands, 
with the nonreflected light being guided into the perovskite to 
undergo photovoltaic conversion with high efficiency.[74]

Moreover, with a suitable design DBRs can enhance power 
conversion efficiency also when placed in front of a photovol
taic cell. Several photonic structures have been demonstrated as 
antireflective coatings and smart surface scatterers to increase 
the optical path of incident light[86a,106] or to enhance light–
matter interaction via light localization.[74] This approach has 
been widely reported for monodisperse polymer microspheres 
placed on the surface of luminescent solar concentrators 
(LSCs). These structures exploit a fluorescent slab, usually 
made of a dye embedded into a polymer matrix.[107] The dye 
absorbs the incident sunlight and emits photons that are guided 
via total internal reflectance to the lateral edges of the polymer 
slab, where photovoltaic cells are placed.[107a] This mechanism 
allows semitransparent devices with reduced angle sensitivity 
and cell size with respect to systems with comparable power 
conversion efficiency. The scattering of low energy photons, 
which are not absorbed by the dye, extends the spectral range 
that reaches the photovoltaic device providing enhancements 
of the short current by at least 50% for 1 in. side area device 
(Figure 10b,b′).[107a,108] On the other hand, the application of 
front DBRs to LSCs is counterintuitive because one would 
expect an increase in reflection losses. However, tuning the 
PBG on the absorption onset of the photoactive medium, it is 
possible to guide its PL and gather photon recycling. Moreover, 
coupling the front DBR with a back reflector, the absorption 
results further enhanced via constructive interference.[109] Fur
thermore, low index DBRs can reduce the dielectric contrast at 
the air interface, thus realizing dielectric antireflective coatings 
in the spectral region where the photoactive layer absorbs. As 
schematized in Figure 10c, a SiO2:TiO2 DBR placed on top 
of the solar concentrator can indeed enhance waveguiding in 
the spectral range where the fluorophore emits (Figure 10c′), 
while transmitting light in the absorbance range of the dye, 
and acting as antireflective coating in the other spectral 
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Figure 9. a) Schematic of the coextrusion process. b) RAW Design installation with large area polymer DBRs. Reproduced from ref. [99]. Copyright 
2018, Convenience Group Inc. c) Arc en Ciel design building in Deventer (NL) from Chameleonlab. Reproduced from ref. [100]. Copyright 2018, 
ChameleonLab.
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regions. Figure 10c″ shows that the DBRs gathers larger 
external quantum efficiency to the LSC in an extended spectral 
range, providing current enhancement up to 23%.[107b] A sim
ilar strategy has also been demonstrated increasing power con
version efficiencies up to 8% and photocurrent enhancement 
up to 40% in standard photovoltaic devices.[109]

4.2. Emission Control and Lasing

As depicted in Figure 11a, the insertion of a defect layer in the 
DBR lattice creates a microcavity (MC). The cavity layer, with 
thickness Lc and refractive index nc, breaks the DBR perio
dicity and creates allowed photonic states within the PBG, the 

socalled the cavity modes. The MC reflectance spectrum shows 
indeed a very sharp feature with low reflectance within the PBG 
band (Figure 11b). The spectral position of the cavity mode is 
provided by the resonance condition within the optical path of 
the cavity layer, which generates a standing wave with wave
length λc

n L m2 c c cλ=  (10)

The spectral width of the cavity mode is affected by the 
reflectivity of the DBRs surrounding the defect, and then by Δn 
and by the DBR optical quality. The latter is in turn related to 
the thickness homogeneity among all the layers, their spatial 
uniformity, and the interfacial roughness.[4,25,43] Indeed, the 
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Figure 10. DBRs coupled with thin film solar cells in different configurations: a–a″) Schematic (a), photographs (a′), and current–density curves 
(a″) for perovskite solar cells using DBRs as back reflectors. Adapted with permission.[105] Copyright 2016, American Chemical Society. b–b′) 
Effect of a smart polymer colloidal array on the external quantum efficiency of an LSC (b) and SEM image of the colloidal array (b′). Adapted 
with permission.[107a] Copyright 2016, Wiley-VCH. c–c″) Schematic of an LSC device coupled with DBRs (c). Absorption (blue line) and emission  
(red line) of the photoactive organic luminophore (c′). External quantum efficiency for DBR-LSC devices (c″). Adapted with permission.[107b]  
Copyright 2016, American Chemical Society.
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cavity mode full width half maximum (Δλc) is the Figure of 
merit for these structures and defines the MC quality factor 
(Qfactor)[4b,14]
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where Leff is the effective cavity length (Equation (13)), α is an 
average loss factor accounting for common loss mechanisms, 
and Rbottom and Rtop are the defectivities of the two DBRs. The 
Qfactor is then defined by the total energy stored in the cavity 
and by the energy dissipation rate. For α constant, higher reflec
tance DBRs result in a higher Qfactor and then, in a sharper 
cavity mode. High Qfactors allow significant threshold reduc
tion in microcavity laser devices and smaller volume of the 
optical mode (vide infra).[111] The Qfactor is indeed a measure 
of the light dwelling time within the cavity, that is the photon 
lifetime in the cavity τc

Q 2 c c c cπν τ ω τ= =  (12)

where νc(ωc) is the oscillation frequency (pulsation) of the cavity 
mode. Notice that τc is much longer than the cavity transit time 
(ttr = ncLc/c) because photons dwelling is induced by the mul
tiple light reflections at the interfaces with the DBR mirrors.

For polymer microcavities, the Qfactor typically spans in the 
range of 40–250 depending on materials processability.[7b,26,33f,g,68a]  
Higher Qfactor, approaching 103, are achieved only for MCs 
fabricated by vacuum technologies with bulky inorganic mate
rials,[112] while those using metallic mirrors, which intro
duce loss mechanisms, show Q ≈ 10.[113] Notwithstanding the 
Qfactor of polymer MCs is not enormous, macromolecular 
materials show superior mechanical properties, easy processing 
and economic advantages. These characteristics secure the 
integration in polymer DBRs of several novel photoactive mate
rials including organic molecules,[7b,25,26,68a,84a,114] inorganic 
quantum dots,[33f ] Jaggregates,[33g] hybrid perovskites,[7c] as well 
as photochromic and nonlinear organic materials.[28e,84a,115] All 
such materials are hardly compatible with the processing of 
inorganic DBRs, and in particular with their processing tempe
rature.[7a,33f,g,68a,84a,116] Similarly, mesoporous inorganic systems 
need hightemperature sintering processes, which would affect 
organic and polymer emitters, ligands, surface capping layers, 
unless postgrowth infiltration processes are used. In this case, 
the porosity of mesoporous DBRs favors the intercalation of 
small molecules and polymers within the Braggstacks, which 
would be desirable in distributed feedback (DFB) structures, 
but detrimental in microcavities where the spatial localization 
of the emitters has a key role.

Conversely to DBRs, MCs allow strong spatial light con
finement, that deeply modifies light–matter interaction 
when fluorophores are embedded within the defect layer[7b,26] 
allowing emission intensity enhancement, strong directional 
control, and spectral redistribution.[7b,30,114b] Such effects 
depend on the MCs modal volume, small volume permits 
tighter light confinement within the resonator and intensifies 
light–matter interactions.[4,16,117] In the case of metal mirror 
MCs, this volume coincides with the geometrical volume of 
the defect layer, because the electromagnetic field cannot 
penetrate the metals. Conversely, in the case of dielectric 
mirrors the field penetrates the DBRs and a lower confine
ment is achieved.[118] The modal volume can be easily linked 
to the microcavity effective length (Leff) by simple geometrical 
considerations
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where LDBR is sum of the lengths of light penetration within 
the two DBRs at the cavity mode wavelength. Equation (13) 
shows that the distribution of the electromagnetic field is cen
tered within the cavity layer and extends into the DBR mirrors 
depending on their dielectric contrast. This effect is shown in 
Figure 11c for a PVK:CA microcavity containing a PVK defect 
layer. For low dielectric contrast media, including polymers and 
highly porous systems, relatively large LDBR values generate 
large cavity volumes. Since several light–matter interaction 
mechanism like strongcoupling and Purcell effect require 
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Figure 11. a) SEM image of a mesoporous inorganic MC. Reproduced 
under the terms of Creative Commons Attribution-NonCommercial-
NoDerivs License.[110] Copyright 2017, The Authors. Published by 
Wiley-VCH. b) Calculated reflectance spectrum of a polymer planar MC. 
c) Intensity of electric field inside a planar PVK:CA MC.
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small cavity volumes,[14,18c,117,119] observation of such effects 
in polymer and mesoporous inorganic systems have not been 
reported so far. This aspect is stimulating the interest in the 
synthesis of high refractive index polymers compatible with the 
DBRs and MCs growth (see Section 3).

The cavity also modifies the fluorescence of fluorophores 
embedded into the cavity layer. This action is not simply 
related to the filtering effect on the PL spectrum, but deals 
with the fundamental light–matter interaction process. We 
must remind that optical transitions are driven by the Fermi’s 
golden rule

W


2 2
µµω π ρ ω( ) ( )= ⋅EE
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where μ is the transition dipole moment, E is the electric field, 
and ρ(ω) is the final electronic density of states. In PhCs, we 
must consider E related to the allowed optical modes En,k(r, ω) 
of the photonic band structure (ωn,k) and, introducing the local 
PDOS (ρl(r,ω)), the transition rate becomes[7b,16,17,29,111b,120]
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To understand the role of (ρl(r,ω)) on the emission, we 
need to consider that at the cavity mode it is related to the 
Qfactor[16,111a,121]
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This effect is sketched in Figure 12. For a homogeneous 
medium the PDOS has a parabolic energy dependence 
(Figure 12a), while in a DBR it is suppressed at the PBG 
with a slight increase at its edges, where the photonic modes 
are squeezed (Figure 12b).[29,120b,122] In an MC, a sharp 
peak in the PDOS arises at the cavity mode within the PBG 
(Figure 12c).[7b,16] Then, when an emitter, whose luminescence 
spectrum is tuned on the PBG is inserted in the cavity layer and 
overlapped to the MC standing wave antinodes, the PDOS is 
suppressed at the PBG frequencies and increased at the cavity 
mode ones. This results in a drastic spectral redistribution of 
the emission (Equation (15)), which includes the directionality 
properties of the photonic band structure (Figure 3) and can be 
observed in angle resolved fluorescence spectra.[33f,g]

We can distinguish three main effects: when the emitter 
photoluminescence is spectrally broader than the PBG, the 
photons normally emitted at its frequencies are funneled 
within the cavity mode, accordingly to the PDOS. The overall 
effect is an intensity enhancement of the light emitted at λc 
and a reduction of intensity at the PBG. Outside the forbidden 
band, no major effects are observed.[7b,33f,g,123] Figure 12d,e 
summarizes such effects for a PVK:PAA microcavity embed
ding perylene bisimide Jaggregates.[33g,124] The top panel shows 
the transmittance spectrum of the sample having a minimum 
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Figure 12. Schematics of the PDOS a) in free space, b) in a DBR, and c) in an MC. d,f) Experimental (continuous line) and calculated (dashed line) 
transmission spectra and e,g) emission spectra of the MC (red) and of a reference sample (black): for a PVK:PAA MC containing Perylene Bisimide 
J-aggregates (d, e) (Adapted under the terms of Creative Commons Attribution-NonCommercial License.[33g] Copyright 2017, The Authors. Published 
by Wiley-VCH), and for a PVK:CA MC containing CdS/CdSe core–shell nanocrystals (f, g) (Adapted under the terms of ACS AuthorChoice Licence.[33f ] 
Copyright 2017, The Authors. Published by American Chemical Society).
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assigned to the PBG, where the cavity mode is visible as a sharp 
transmittance maximum. The Jaggregate PL spectrum (black 
line in Figure 12e) is strongly modified. Indeed the signal is 
enhanced at the cavity mode, suppressed at the PBG frequen
cies (red line in Figure 12e), and slightly modified outside the 
PBG range;[33g] when the emitter spectrum is instead spectrally 
sharper than the PBG, Δλc plays a leading role in determining 
the effects of the modified PDOS on the PL. Indeed, in this 
case a sharpening of the emission and a strong increase of 
intensity occurs. As an example, Figure 12f shows the trans
mittance spectrum of a PVK:CA MC embedding a defect layer 
consisting in dotinrods CdS/CdSe nanocrystals loaded into a 
PS matrix.[33f ] The cavity mode is very sharp and slightly vis
ible at ≈615 nm due to the small Stokes shift, which makes 
selfabsorption effects dominating the transmittance spec
trum. Such a sharp cavity has a strong effect on the PL spec
trum (black line in Figure 12g), which is sharpened by a factor 
10 and whose intensity is strongly enhanced at wavelength 
corresponding to the cavity mode and suppressed at the PBG 
wavelength (red line in Figure 12g) giving rise to Q = 255;[33f ] 
eventually, when the freespace emission spectrum is sharper 
than both Δλc and the PBG, only an intensity variation occurs 
joined to a modification of the radiative rate.[14,119,125] So far, 
this effect has not been reported for polymer MCs.

As mentioned above, the spectral redistribution of the fluo
rescence oscillator strength varies strongly also with the col
lection angle. Indeed, the dot product of the dipole moment 
vector and the electric field of the cavity standing wave provide 
an angular dependence, in agreement with the photonic band 
structure dispersion of Figure 3.[14,125b]

According to Equation (15), an MC should also modify the 
emission radiative rate. The total radiative rate in a microcavity 
can be either enhanced or reduced depending on the spectral 
overlap between the emitter spectrum and the PDOS. Indeed, 
Equation (16) considers only one single wavelength while the 
emission lifetime is linked to the total emission rate

W Wd∫ ω ω( )=
 

(17)

Therefore, a spectral enhancement in a narrow spectral 
region does not necessarily imply a change in radiative rate. In 
fact, if the emitting material spectrum is broader than the 
cavity mode, the spectrally narrow emission enhancement is 
usually compensated by the broad suppression in correspond
ence of the PBG and the result is less effective overall emission, 
and longer lifetimes.[4b,17,18,126] When instead the spectrum 
of the emitting material is sharper than Δλc, if strong spatial 
confinement is also achieved, an increase of the radiative rate 
can be observed determining the Purcell effect.[4b,17,18,127] No 
evidence of Purcell effect has been reported so far for polymer 
MCs, probably due to the relatively reduced dielectric contrast 
available. Moreover, careful measurements of PL quantum 
yields for MCs and the suitable reference are also required to 
disentangle radiative and nonradiative lifetimes.[33g] Recently, 
claim of Purcell effect has been reported for an hybrid system 
where a fluorescent conjugated polymer has been infiltrated in 
a monolithic porous silicon MC.[128]

Concerning inorganic mesoporous structures, the need 
for severe thermal annealing forbids the introduction of 

polymer and organic dyes in the microcavity layers, and only 
permits their infiltration within the porosity of the entire 
structure.[129] As an example, europium emitters have been 
included into in SiO2:SnO MCs,[130] and nanophosphors have 
been embedded between two ZrO2:SiO2 DBRs.[110] Regarding 
the implementation of active polymers and organic molecules 
in mesoporous microcavity, some hybrid structures have 
been demonstrated to be compatible with temperature sensi
tive media. For instance, Zhang at al. showed microcavities of 
alternated layers of TiO2 sol and a block copolymer requiring 
thermal annealing at 80 °C, which is compatible with polymer 
deposition.[131] In this case, the cavity mode favors local spec
tral enhancement of the emission intensity of carbon dots 
embedded into the defect layer. In another work, Miguez and 
coworkers grew SiO2:TiO2 DBRs via dipcoating. This process 
allowed to spincast commercial dye doped nanoparticles within 
a defect layer.[132] In this case spectral redistribution and a 
slight sharpening of the emitted signal with respect to the bare 
emitter were achieved. No quality factor was reported neither 
for inorganic nor for hybrid structures, but we can estimate 
values comparable to those achieved with metallic mirrors.

Microcavities become particularly attractive when the fluo
rophore shows amplified spontaneous emission (ASE). ASE 
occurs when the material undergoes population inversion by 
effect of the external optical pump. When the gain associated 
to the population inversion exceeds losses due to the micro
cavity imperfections and material absorption, the lasing action 
starts. The thresholds (Pth) of the process is given by[14,133]

P
Q

h

Q2
th

c
2

c
2ω

β
π

β
ν= =  (18)

where β is the spontaneous emission coupling factor, which 
provides the fraction of the total spontaneous emission rate 
emitted into the laser mode (above 10% for inorganic MCs).[14] 
Before leaking out, such photons dwell in the cavity for a time τc 
depending on the Qfactor value (Equation (12)). Equation (18)  
also highlights the importance to increase the Qfactor, to lower 
the lasing threshold. In solution processed MCs, the Qfactor 
is strictly connected to the material processability and to the 
dielectric contrast. Since the first demonstration of ASE in 
conjugated polymers, both in solution and polymer blends,[134] 
optically pumped solid state organic laser gained a widespread 
interest and are still in the spotlight for their potential use in 
several fields.[135] Lasing action in microcavities based on a 
conjugated polymer was first reported in 1996[136] for a feed
back structure consisting in a metal mirror and an inorganic 
DBR. Following this result, two inorganic DBRs have been 
employed as feedback structure to gather lasing action by 
conjugated copolymers.[137] The first flexible laser was instead 
demonstrated for distributed feedback cavities where a dif
fraction grating acting as Bragg reflector was implemented 
into a planar waveguide. In this case, vertical emission on the 
second order diffraction occurs (Figure 13a,b).[138] This struc
tures can be easily produced by soft lithography. Sophisticated 
structures can be even adapted to biochips as membrane lasers 
(Figure 13f,g).[103,135,139] After these milestones, lasing action 
was achieved with several structures including microdisks 
(Figure 13c),[140] and whispering gallery fibers (Figure 13d).[141] 

Adv. Optical Mater. 2018, 6, 1800730



www.advancedsciencenews.com www.advopticalmat.de

1800730 (15 of 26) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Infiltrated opaline structures are instead efficiently used to 
achieve DFB and random lasing.[142]

Polymer planar microcavity lasers (Figure 13e) have 
been reported for both the lab scale[143] and on large area by 
coextrusion,[94a,e,144] while only few examples have been shown 
for inorganic solution processed systems.[69,145] Indeed, while 
bulky inorganic DBRs have been widely demonstrated,[136,137,146] 
due to the issues related to the material confinement previously 
described, mesoporous inorganic microcavities have not been 
widely investigated. As discussed before, dye percolation all 
through the cavity structure can be used to achieve zerogroup 
velocity lasing action in mesoporous DBRs fabricated by spin 
coating.[69,114a,145a] Conversely, polymer[7a,26,116b,e,135b,147] and 
hybrid[148] planar MCs have been widely demonstrated. More
over, they allow to tune the lasing emission exploiting the 
mechanical properties of elastomeric polymers,[144a,149] 
temperature responsive materials[150] or the ease of modulation 
in liquid crystals and photochromic media.[151] Interesting per
spectives in the field also concern novel laser feedback cavities 
made by cholesteric liquid crystals,[65,151b,152] diatoms,[153] nano
plasmonic lattices,[154] and even single cells.[155]

4.3. Sensing

In the last decade, many PhC structures were demonstrated 
to be effective transducers for chemical and biological mole
cules,[8,156] as well as for physical stimuli like pressure[157] and 
temperature.[158] The sensing process relies on the modification 
of the PhC optical response triggered by external perturbations 
affecting the lattice periodicity, its dielectric function or the die
lectric environment. In this sense, lacking permeability dense 
bulky inorganic DBRs are not suitable for sensing, but they can 
be used to confine the light and achieve surface sensors (vide 
infra, Bloch surface waves). Conversely, polymer an porous 
PhCs based on silk,[159] cellulose and cellulose derivatives,[25,160] 
blockcopolymers,[92,93,161] diffraction gratings,[162] opals, 
inverse opals,[160b,163] molecularly imprinted polymer opallike 
structures,[160b,163g,164] colloidal crystals,[165] porous inorganic[166] 
and hybrid[53d,167] DBRs, are highly sensitive to both liquid and 
gas analytes, and offer low detection limits and high sensitivity.

In this section, we will focus on the sensing of chemical spe
cies based on the variation of the light optical path induced by 

analyte intercalation in DBRs made either 
of dense permeable polymer media or of 
mesoporous media. Then we will review pho
tonic crystal sensors based on the variation of 
the dielectric environment at the PhC surface 
probed by Bloch surface waves.

Inorganic mesoporous DBRs represent the 
perfect prototype of photonic sensors. They 
act as efficient membranes, where the 
permeation of species is ruled by diffusion 
mechanisms driven by a gradient of chemical 
potential at the two sides of the membrane. 
The ease of transport of each species is quan
tified by the membrane permeability (℘i). 
In the case of photo nic sensors, the driving 
force is provided by the different concentra

tion at the two sides of the DBR. For ideal gases, the flow (J) 
of a species through a membrane with thickness L along the 
diffusion direction can be related to the pressure difference 
( ′ − ′′p pi i ) by the Fick’s Law

= ℘ ′ − ′′J
L

p pi
i i  (19)

Nowadays, DBR sensors rely on two main diffusion mecha
nisms. The first is typical of mesoporous structures, takes the 
name of Knudsen diffusion, and rules molecular diffusion 
through a membrane with pore dimension comparable or 
larger than the permeating molecules (Figure 14a). In this case, 
light and smaller molecules diffuse faster than those with larger 
size and weight. When the pore diameter allows molecular size 
selection, molecular sieving is achieved, and only small mole
cules permeate within the porosity while larger molecules 
are selectively stopped (Figure 14b). In the case of vapor and 
gas analytes, this process may also allow capillary condensa
tion, which causes strong refractive index changes and then a 
remarkable variation of the DBR spectral response, that is much 
larger than the one induced by simple vapor permeation. The 
second mechanism is instead typical of polymer DBRs, which 
often behave as dense membranes, where solutiondiffusion 
rules the permeation. In this case, the permeating elements are 
first dissolved into the membrane and then diffuse through it 
(Figure 14c).[168] These elements must have a certain chemico
physical affinity with the dense matrix to be efficiently dissolved. 
In polymers, such affinity can be described by the Flory–Hug
gins and Hildebrand parameters, which well describes the 
ability of an analyte to diffuse and interact with the macromole
cules forming the DBR sensors, and in turn the sensitivity to 
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Figure 13. a–e) Different lasing cavity structures achieved both with organic and inorganic 
systems. f,g) Example of membrane DBR laser adapter to a biochip. Reproduced under Creative 
Commons Attribution 4.0 International License.[135b] Published 2018, Springer Nature.

Figure 14. a) Knudsen diffusion through pores and b) molecular sieving. 
c) Solution diffusion through dense membranes.
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the analyte itself. For this reason these sensors can be called 
Flory–Huggins photonic sensors.[25,31,43,57a,169]

As mentioned above, thanks to their high permeability, 
mesoporous DBR sensors always attracted large interest for 
sensing.[170] The variation of their optical response is usually 
driven by vapor–liquid transitions which induce a significa
tive change in the effective refractive index due to the filling of 
interparticle voids. In this regard, Ozin and coworkers group 
provided several examples of active mesoporous DBR structures 
made of silica, titania,[167] and clay[171] for the characterization of 
toluene,[172] ethanol,[167] food degradation byproducts,[173] and 
other organic molecules.[171] In this case, simple analysis of the 
PBG spectral shift to investigate the permeation process does not 
provide qualitative and quantitative information, and multivar
iate analysis must often be applied.[171,173] Mesoporous inorganic 
DBR sensors usually achieve detection of about 10−1 ppm.[31,174]

Concerning the selectivity of these inorganic sensors, three 
main mechanisms lead to analyte recognition.[31] The first uses 
arrays of chemical targets,[156g,166a,175] or fluorophores,[175b,176] 
also called labels, which selectively interact with the ana
lyte. The optical or colorimetric response of the labeled matrix 
is then often analyzed via chemiometry. Ozin showed SiO2:TiO2 
DBRs able to disentangle aliphatic molecules with very similar 
structure.[175c,177] To achieve optical selectivity, the DBR was 
divided into 9 pixels whose surface was functionalized with 
different silanes to accomplish diverse hydrophobicity. The 
interaction between the functionalized pixels and the analytes 
offered a modest optical response, hardly perceived by naked 
eye. However, when the optical response of each photonic pixel 
is analyzed via color imagery analysis, which transduces the 
spectral variation into a Red–Green–Blue pattern, and finally 

multivariate analysis is applied, molecular recognition and 
selectivity can be obtained.

To simplify the signal transduction, one can also employ 
the DBR spectral variations induced by the analyte intercalati
on.[166b,167,178] This method offers simple data analyses but, in 
the case of vapor analytes, require their condensation within 
the DBR porosity, which must be properly tuned to allow both 
intercalation of large amount of analyte. Moreover, selectivity 
may be negatively affected by the very similar refractive index 
shown by different analytes in the liquid phase.[166b]

The selectivity of mesoporous DBR sensors has been 
improved including size selective active media. For instance, 
Lotsch and coworkers used zeolite:TiO2 DBRs fabricated by 
spincoating and thermal annealing.[166b] Figure 15a shows a 
crosssectional SEM image of the sensor made of large porosity 
TiO2 layers, where Knudsen diffusion occurs, alternated to 
active layers of zeolite or metal–organic frameworks, which 
offer selectivity via molecular sieving. The DBR shows spectral 
shift of the PBG position depending on analyte species and 
concentration (Figure 15a). A drawback of this method relies 
on the concentration dependence of the DBR effective refrac
tive index. Low concentrations of analytes with high refractive 
index may in fact induce the same shift occurring for larger 
concentrations of another species having smaller molecular 
polarizability. Figure 15a′ shows that for selected concentration 
ranges the spectral shift versus partial pressure curves for dif
ferent analytes are overlapped and do not allow their recogni
tion. In spite of that, selectivity can be enhanced combining the 
response of multilayers with different porosity/periodicity to 
create matrices of responses,[179] or exploiting a third variable, 
beside analyte and concentration, such as temperature.[180]

Adv. Optical Mater. 2018, 6, 1800730

Figure 15. a) SEM image of a Zeolite:TiO2 DBR and a′) PBG spectral shift of the same DBR obtained for exposure to different analytes. Adapted with 
permission.[166b] Copyright 2012, Royal Society of Chemistry. b) Triple porous silicon DBR stack used to control analyte diffusion dynamic, and b′) time 
resolved PBG spectral shift for different analytes. Adapted with permission.[179b] Copyright 2011, American Chemical Society.
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Discrimination based on the kinetics of the optical response 
was shown for porous silicon DBRs made of three stacks having 
different porosity that regulate the analyte diffusion kinetic 
depending on its molecular size (Figure 15b). The different 
intercalation kinetic allows time resolved recording of the PGB 
shift, which are characteristics of the analytes and allow their 
recognition. As it is shown in Figure 15b′ the analysis of the 
spectral response joined to the kinetics of the process allows to 
discriminate among organic molecules with very similar prop
erties, such as methanol and ethanol.[179b]

Recently, polymer DBRs aroused considerable interest due to 
remarkable spectral response amplified by the ease of swelling 
of macromolecular media. Moreover, the relatively small PBG 
spectral width typical of polymer DBRs is advantageous in 
term of sensitivity and to lower the detection limit. Indeed, 
block copolymer DBR sensors demonstrated high sensitivity 
and optical responses easily detectable by the naked eye for the 
case of analytes in the liquid phase as previously discussed (see 
Section 3.2).[92,93,161] Concerning the detection of analytes in 
the vapor phase, the first report regarding the use of polymer 
DBRs was by Convertino and coworkers. They reported on the 
detection of toluene, acetone,[57b] and short chain alcohols[53b] 
using layers of a pure fluorinated polymer alternated to layers 
of the same polymer doped with gold nanoparticles fabricated 
by thermal vapor deposition. Following his work, Zappe and 
coworkers reported crosslinked PS:PMMA DBRs sensitive 
to acetone and toluene. In these systems, the Flory–Huggins 
parameters for polymer–analyte pairs drive the swelling of 
the crosslinked polymer during analyte intercalation allowing 
the optical detection.[181] However, from the fabrication point 
of view, chemical vapor deposition is costly and time con
suming, while crosslinking introduces an additional step in 
the growth, which can be neglected using amorphous or even 
semicrystalline polymers. Indeed, DBR vapor sensors fabri
cated by spincoating of commodity polymers demonstrated an 
increased sensitivity to a variety of organic solvents with respect 

to that reported for inorganic mesoporous structures.[7c,31,43] 
For instance, PS:CA DBRs, where the PS matrix was doped 
with ZnO nanoparticles to enhance freevolume and then 
permeability, showed toluene sensitivity below 1 ppm and 
lower detection limit of 20 ppm.[43] In the case of polymers, 
selectivity relies on the different affinity between polymers and 
analytes. Such affinity, similarly to a chromatographic separa
tion, allows to differentiate the analytes both observing the 
kinetics of the optical response and the steady state equilibrium 
response. Indeed, both the optical response and its kinetics are 
affected by physicochemical parameters which determine the 
Flory–Huggins and Hildebrand ones, analyte molecular size, 
and polymer free volume. The mechanism was shown in DBRs 
made of alternated layers of CA and poly (pphenylene oxide) 
(PPO) as active medium for sensing aromatic compounds.[31] 
PPO is indeed wellknown for its remarkable sorption proper
ties correlated to its crystallinity.[182] The analytes intercalation 
in the structure brings to guest induced crystallization of the 
PPO layers[182a,d,e] inducing prominent changes in the refrac
tive index and in the response kinetics. These last favor an 
easy recognition of very similar analytes in term of molecular 
size and polarity such as benzene and toluene, beside carbon 
tetrachloride and 1,2dichlorobenzene (Figure 16).[31] The first 
effect of analyte exposure, is a clear DBR color change, which 
can be perceived by the naked eye providing an easy to read 
system to monitor pollutants and hazardous compound leak
ages (Figure 16e).[31] Moreover, a more detailed analysis of the 
optical response kinetics of CA:PPO DBRs provides a char
acteristic fingerprint of the different analytes, as observed 
in Figure 16 where the kinetics of the evolution of the DBR 
transflectance spectra upon analyte exposure is reported as a 
contour plot. The four analytes reported in the Figure clearly 
give rise to a different response, which allow their discrimina
tion. Very recently, the same mechanism was used to detect 
fluorinated species using perfluorinated macromolecules as 
active sensing media within the DBR.[23b] The choice of the 
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Figure 16. Contour plots of a PPO:CA DBR transflectance spectra upon 25 min of exposure to a) benzene, b) 1,2-dichlorobenzene, and c) carbon tet-
rachloride, and d) toluene. e) Digital images of the sensor surface collected before (right) and after (left) exposure to the four vapors. Adapted under 
the terms of ACS AuthorChoice Licence.[31] Copyright 2017, The Authors. Published by American Chemical Society.
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proper macromole cule in the DBR sensor is then the key factor 
to develop colorimetric labelfree detectors for environmental 
monitoring.

Hybrid polymer–inorganic structures were recently reported 
by Lazarova et al. showing permeable devices made by alter
nated layers of PMMA and porous V2O5.[70] Sensors were 
fabricated by alternated spincoating and thermal annealing of a 
vanadium sol and a polymer solution. The relatively low dielec
tric contrast between the polymer and the porous V2O5 allows 
a narrow PBG undergoing significant spectral variation upon 
chloroform vapor exposure, due to the swelling of the poly mer 
medium. Lazarova also compares the response of DBRs made 
by porous and compact inorganic layers and demon strates 
that the porosity of the thin inorganic layer allows penetra
tion of the analyte within the DBR and thus stronger response 
induced by a swelling of the polymer films by 5% of their initial 
volume. Concerning sensitivity and lower detection limit pol
ymer structures show values comparable to those of inorganic 
systems.[31]

The examples just mentioned deal with variation of the DBR 
optical path upon analyte sorption. However, variation in the 
DBR dielectric environment can also affect its optical response 
without analyte permeation. To gather high sensitivity and 
probe the electromagnetic field at the DBR surface, Kretschman 
configuration has been used to excite Bloch surface waves 
(BSWs).[16,121] As depicted in Figure 17, in this configuration 
the BSW is confined at the outer surface of the DBR structure 
by two effects: total internal reflection at the prism side, and 
the PBG at the DBR side (Figure 17a).[16,183] When the BSW 
is probed in reflection configuration using white light in the 
total internal condition, it is observed as a deep minimum 
(Figure 17b).[184] Variation in the environmental refractive index 
(in this case from 1.33 to 1.34) induces a change in the spectral/
angular response of the BSW (Figure 17b). This change can be 
induced by an analyte flowing in a solution interacting with a 
receptor anchored on the surface of functionalized DBR. In this 
case selectivity is guaranteed by the receptor while sensitivity 
by the tight optical conditions needed to excite the BSW. Beside 
sensing, BSWs have been extensively used to enhance photo
luminescence signal,[183b] for laser excitation,[114b,185] to favor 
surface enhanced Raman scattering[186] or reflectivity,[183d,187] 
and strongcoupling regime.[183a,c,e,188]

In both cases, thanks to the field localization, BSWs enhance 
light–matter interaction on the DBR surface facilitating sensing 
at the molecular level[183d,189] The efficiency of these systems 
have been predicted for biomolecules,[183d,190] and demon
strated for proteins[187] and small molecules[191] using bulky 
inorganic multilayered structures, which provide very sharp 
BSW fingerprint due to the great control of interfaces rough
ness and high dielectric contrast available. Currently, polymer 
DBRs cannot provide similar structural quality, however they 
have been demonstrated to be suitable to show BSWs with less 
defined spectral features providing strong modification of fluo
rescence and its enhancement indicating that allpolymer DBRs 
can be performant even in this field.[114b,185b]

4.4. Other Applications

The sensitivity of PhC to electrical, magnetic, chemical, and 
optical stimuli[192] makes them very interesting also for a variety 
of different applications such as displays, optical switchers, 
and memories. For instance, electrically tunable DBRs are very 
promising for new generation color ereader displays.[193] The 
electronicink displays currently available on the market work 
without back illumination and are a good replacement for 
paper books. However, they suffer from low switching velocity 
due to the electrophoretic generation of the signal and lack of 
color. The addition of passive filters allowed colored displays, 
but limits the chromatic rendering.[194] Pixels based on electri
cally tunable DBRs might then close the gap between paper 
and electronic displays.[195] Indeed, large area commercial poly
 mer DBRs have been demonstrated to be efficient for color 
tuning in electrically driven devices using emitting conjugated 
polymers.[95,196] In this regard, Thomas and coworkers reported 
on electrochemically tunable block copolymer multilayers[88] 
which can change their color from red to green and blue 
applying low voltages (Figure 18).[193] The DBRs are made of a 
PS:(poly 2vinylpyridine) (P2VP) block copolymer filled with tri
fluoroethanol, and exploit swelling of the P2VP block achieved 
through oxidation/reduction processes, which modify the layer 
thicknesses. This process allows a significant shift of the PBG 
for increasing voltages (Figure 18a′). Similar effects have been 
reported by Zhang and coworkers on hybrid TiO2:polydimet
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Figure 17. a) Schematic of the DBR-prism geometry for BSWs. b) Reflectance in periodic BSW stacks for two different refractive indexes (n = 1.33 and 
n = 1.34) of the external medium. Adapted with permission.[184b] Copyright 2017, Elsevier.
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hylaminoethylmethacrylate DBRs fabricated by spincoating, 
whose PBG can be tuned over more than 100 nm using solu
tions with different pH.[197]

In 2012, Criante and Scotognella reported on electrical modula
tion of the optical response of mesoporous inorganic DBRs made 
of SiO2 and ZrO2 heavily doped with a nematic liquid crystal (LC) 
(Figure 18b). In this device, the electric field aligns the liquid 
crystals and then the anisotropy of the refractive index steers the 
optical response of the DBR.[198] In principle, this system could be 
adapted to the current LC display technology providing a struc
tural colored pixel and a fast switching operation.

An additional opportunity provided by LC is given by 
photoaddressable displays.[156b,199] Indeed, photochromic 
cholesteric LC allows light driven twisting of the helical 
pitch (from right handed to lefthanded and vice versa, 
Figure 18c). This mechanism can be used to write the informa
tion without electronic devices to drive dynamic responsive dis
plays (Figure 18c′).[156b,199] This kind of displays do not need for 
patterned electronics, are intrinsically high resolution, can be 
flexible, and can be selfassembled into highly ordered structures 
over large areas (Figure 18c″). Moreover, a full color palette is 
possible via chemical engineering of the molecular structure.[156b]

An additional proofofconcept application of polymer and 
mesoporous DBRs is provided by optical switchers and mem
ories, which exploits active media with different nonlinear 
optical (NLO) responses. Even though nonlinear media could 
be adopted in such devices by themselves,[156b] DBRs pos
sess additional features (e.g., spectral transduction, enhanced 
light–matter interaction, spatial localization—see Section 4.2) 
and allow nonlinear behavior at low pumping powers and/or 
operation in additional spectral ranges. Solution processed MC 

could then be a viable and lowcost mean for efficient optical 
switches. For instance, Katouf et al. reported on an ultrafast 
switcher operating at 1064 nm using PAA:PVK DBRs and 
MCs doped respectively with second and third order com
mercial NLO media.[115b] Zhu et al. showed enhancement of 
optical nonlinearity of CoO3 nanoparticles embedded in PVA 
used as low index medium in PVA:PVK DBRs.[200] Menon and  
coworkers showed DBRs made of PMMA and a silver nano
particle PVA composite as an effective system to induce a three
fold enhancement in the nonlinear absorption coefficient with 
respect to the bare nanocomposite.[201] Chandrasekharan and 
coworkers demonstrated by Zscan a 3.5fold enhancement 
of the nonlinear optical response of a porphyrin layer when 
embedded as a cavity layer into a CA:PVK MC.[115a]

Other kind of switchers make use of photo and thermo
chromic active media,[202] as well as of conducting metal
oxide heavily doped semiconductors polymer nanocomposite 
undergoing specific optical variation upon stimulations.[203] 
These media are characterized by slow response times, 
which are not suitable for fast alloptical switching. On the 
other hand, their modified phases are stable enough to make 
them interesting for optical memories. Similar effects can 
be obtained also with photochromic systems. As an example, 
the azobenzene group, which is also a mesogenic moiety, can be 
successfully integrated as pendant group into a carrier macro
molecule. The efficient photoisomerization process, which con
verts their rodlike trans form into the cis bent one, allows a 
substantial change in refractive index (Δn ≤ 0.1).[204] Moreover, 
orientation and anisotropy can also be achieved in the nematic 
liquid crystals phase when polarized light is used to induce 
the photoisomerization (Figure 19a,b).[205] Then, embedding a 
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Figure 18. a) Schematic of a tunable block copolymer DBR, a′) its transmittance spectra for different applied voltages. The insets show the photo-
graphs of the sample surface. Adapted with permission.[193] Copyright 2009, Wiley-VCH. b) Schematic of the mesoporous SiO2:ZrO2 DBRs and b′) their 
transmittance spectra for different applied voltages. The inset shows an SEM image of the DBR section. Adapted with permission.[198] Copyright 2012, 
American Chemical Society. c) Right-and left-handed photoswitchable cholesteric LC, c′) dynamic photoresponsive flexible display, c″) conventional 
electrically addressed display (left) and photodisplay carrying the same information (right). Adapted with permission.[199] Copyright 2008, Society for 
Information Display.
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photochromic material into a PhC, allows optical response to 
the photoisomerization in spectral ranges far away from the 
molecule absorbance, preventing optical losses.[84a] In this way, 
only the real part of the refractive index acts on the modulation 
process. As an example, Kurihara and coworkers reported on 
DBRs made of 20 periods of azofunctionalized polymer liquid 
crystal (Figure 19) and PVA to achieve ON/OFF switchers for 
recording.[115c] The system is based on the variation of refractive 
index of the azofunctionalized polymer. Indeed, the ran
domly oriented liquid crystal polymer shows refractive index  
n = 1.6. In this configuration, the DBR shows an intense reflec
tance peak (Figure 19b, ON state). After visible light irradiation 
and/or thermal annealing, the azoderivate undergoes isomeri
zation and orientation in the outofplane direction. This 
process decreases its refractive index to n = 1.5, which matches 
the refractive index of PVA. In this case the dielectric contrast is 
drastically reduced preventing the PBG formation (Figure 19b, 
OFF state). As depicted in the inset of Figure 19c, the ori
ented sample appears indeed transparent, while the randomly 
oriented one shows a bright orange color. The switching pro
cess shows full reversibility through UVlight irradiation and 
remarkable repeatability (Figure 19c).[115c]

A similar approach has been used with the azobenzene 
photochromic in a CA:PVK MCs.[84a] In this case, the first 
order cavity mode has been engineered at the telecommunica
tion spectral window, while higher orders appear in the visible 
spectral range. Blue (unpolarized)violet (linearly polarized) 
lasers activates the photoisomerization inducing the aniso
tropic shift of the cavity mode for both first and second order 
PBGs. (Figure 19e,f). In this case, the sharp cavity mode can be 
tuned up to 10 nm by the photoisomerization with an intensity 

change of about 20%, which is comparable to that exploited in 
RWDVD.[84a]

5. Summary and Perspectives

Since the early 1990s, when the first solutionprocesses for the 
fabrication of 1D photonic crystals were reported, many new 
materials and structures have been investigated. Nowadays, 
such systems are attracting large attention from both Academia 
and Industry. As a result, DBRs made of both polymers and 
inorganic mesoporous materials are the first photonic crystals 
available on square meter areas. Nowadays, these structures 
offer low fabrication costs, ease of scaleup, and performances 
almost comparable to those of inorganic PhCs fabricated 
via vacuum technologies, with applications including light 
management, emission control, lasing, optical switches, and 
sensing. On the other hand, the small dielectric contrast achiev
able with solutionprocessed media still forbids strong coupling 
regime and radiative rate enhancement. In this work, we intro
duced the basic concepts behind the formation of the photonic 
bandgap in 1D PhC, its properties and modeling. We also 
reviewed fabrication processes, and applications in emission 
control, sensing, and photovoltaics focusing on the figures of 
merit of polymer and mesoporous inorganic structures. Thanks 
to the possibility to fabricate largearea structures both with pol
ymers and inorganic dielectric materials by industrial coextru
sion and by layerbylayer deposition, DBRs promise lowcost 
integrated optoelectronic devices such as large area emitters 
and lasers, lowcost disposable sensors, and colorimetric safety 
devices, as well as functional architectural components for 

Adv. Optical Mater. 2018, 6, 1800730

Figure 19. a) Azobenzene structure, b) sketch of the switching mechanism in DBRs doped with azobenzene. c) Variation of reflectance spectrum 
of the PMAz6Ac:PVA DBR with thermal annealing. d) Repeatability over several cycle of the photoisomerization process in the DBR. Adapted with 
permission.[115c] Copyright 2014, Elsevier. e,f) Transmittance spectra of a CA:PVK MC after irradiation with 405 nm linear polarized writing laser (red) 
and unpolarized 440 nm erasing laser (blue),[84a] spectra were collected with white light polarized parallel (e)/orthogonal (f) to the polarization of the 
writing laser.
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thermal shielding in building and transparent photovoltaic 
modules as well as luminescent solar concentrators.

Acknowledgements
This work was supported by the European Union’s Horizon 2020 
research and innovation program under the Marie Sklodowska-Curie 
Grant Agreement No. 643238. The authors also acknowledge support 
from the University of Genova. The authors thank Prof. Maddalena 
Patrini for helpful discussions.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
distributed Bragg reflectors, mesoporous photonic crystals, photonics, 
planar microcavities, polymer photonic crystals, solution processing

Received: June 5, 2018
Revised: July 8, 2018

Published online: August 23, 2018

[1] S. John, Phys. Rev. Lett. 1987, 58, 2486.
[2] E. Yablonovitch, Phys. Rev. Lett. 1987, 58, 2059.
[3] D. Comoretto, Organic and Hybrid Photonic Crystals, Springer, 

Cham, Switzerland 2015.
[4] a) M. Skorobogatiy, J. Yang, Fundamentals of Photonic Crystal 

Guiding, Cambridge University Press, Cambridge 2009;  
b) J. D. Joannopoulos, S. G. Johnson, J. N. Winn, R. D. Meade, 
Photonic Crystals: Molding the Flow of Light, Princeton University 
Press, Woodstock 2011.

[5] a) J. Teyssier, S. V. Saenko, D. van der Marel, M. C. Milinkovitch, 
Nat. Commun. 2015, 6, 6368; b) S. Zhang, Y. Chen, Sci. Rep. 2015, 
5, 16637; c) J. P. Vigneron, P. Simonis, Phys. B 2012, 407, 4032;  
d) A. G. Dumanli, T. Savin, Chem. Soc. Rev. 2016, 45, 6698.

[6] Photonic crystals market, https://www.alliedmarketresearch.com/
photonic-crystals-market (accessed: May 2018).

[7] a) G. Manfredi, P. Lova, F. Di Stasio, P. Rastogi, R. Krahne, 
D. Comoretto, RSC Adv. 2018, 8, 13026; b) L. Frezza, M. Patrini, 
M. Liscidini, D. Comoretto, J. Phys. Chem. C 2011, 115, 19939; 
c) P. Lova, D. Cortecchia, H. N. S. Krishnamoorthy, P. Giusto, 
C. Bastianini, A. Bruno, D. Comoretto, C. Soci, ACS Photonics 
2018, 5, 867.

[8] H. Shen, Z. Wang, Y. Wu, B. Yang, RSC Adv. 2016, 6, 4505.
[9] S. H. Choi, K. M. Byun, Y. L. Kim, ACS Photonics 2018, 5, 881.

[10] J. P. Vigneron, J. M. Pasteels, D. M. Windsor, Z. Vértesy, 
M. Rassart, T. Seldrum, J. Dumont, O. Deparis, V. Lousse, 
L. P. Biró, D. Ertz, V. Welch, Phys. Rev. E 2007, 76, 031907.

[11] S. Vignolini, P. J. Rudall, A. V. Rowland, A. Reed, E. Moyroud, 
R. B. Faden, J. J. Baumberg, B. J. Glover, U. Steiner, 
Proc. Natl. Acad. Sci. USA 2012, 109, 15712.

[12] M. Grimann, T. Fuhrmann-Lieker, in Organic and Hybrid Photonic 
Crystals (Ed: D. Comoretto), Springer International Publishing, 
Cham, Switzerland 2015, p. 57.

[13] a) Chamaleonlab, http://chameleonlab.nl/ (accessed: January  
2018); b) M. E. Calvo, H. Míguez, Chem. Mater. 2010, 22, 3909;  

c) W. Yu, L. Shen, P. Shen, Y. Long, H. Sun, W. Chen, S. Ruan, ACS 
Appl. Mater. Interfaces 2014, 6, 599.

[14] F. P. Laussy, Microcavities, Oxford University Press, New York 2017.
[15] T. Makino, Prog. Electromagn. Res. 1995, 10, 271.
[16] M. Liscidini, L. C. Andreani, in Organic and Hybrid Photonic  

Crystals (Ed: D. Comoretto), Springer International Publishing, 
Cham, Switzerland 2015, p. 3.

[17] G. Björk, S. Machida, Y. Yamamoto, K. Igeta, Phys. Rev. A 1991, 44, 
669.

[18] a) S. Noda, M. Fujita, T. Asano, Nat. Photonics 2007, 1, 449; 
b) T. Baba, D. Sano, IEEE J. Sel. Top. Quantum Electron. 2003, 
9, 1340; c) R. F. Oulton, N. Takada, J. Koe, P. N. Stavrinou, 
D. D. C. Bradley, Semicond. Sci. Technol. 2003, 18, S419.

[19] a) Y. Fink, J. N. Winn, S. Fan, C. Chen, J. Michel, 
J. D. Joannopoulos, E. L. Thomas, Science 1998, 282, 1679;  
b) J. N. Winn, Y. Fink, S. Fan, J. D. Joannopoulos, Opt. Lett. 1998, 
23, 1573; c) L. Shiveshwari, Optik 2013, 124, 5646; d) S. Sharma, 
R. Kumar, K. S. Singh, A. Kumar, V. Kumar, Optik 2015, 126, 1146.

[20] B. E. A. Saleh, M. C. Teich, Fundamentals of Photonics, John Wiley 
& Sons Inc., Hoboken, NJ 2007.

[21] THORLABS, https://www.thorlabs.com/navigation.cfm?guide_
id=2210 (accessed: March 2018).

[22] S. V. Radice, P. Srinivasan, D. Comoretto, S. Gazzo, WO 
2016/087439 A1,  2016.

[23] a) C.-C. Liu, J.-G. Li, S.-W. Kuo, RSC Adv. 2014, 4, 20262;  
b) P. Giusto, P. Lova, G. Manfredi, S. Gazzo, P. Srinivasan, 
S. Radice, D. Comoretto, ACS Omega 2018.

[24] G. Beadie, M. Brindza, R. A. Flynn, A. Rosenberg, J. S. Shirk, 
Appl. Opt. 2015, 54, F139.

[25] G. Manfredi, C. Mayrhofer, G. Kothleitner, R. Schennach, 
D. Comoretto, Cellulose 2016, 23, 2853.

[26] G. Canazza, F. Scotognella, G. Lanzani, S. De Silvestri, 
M. Zavelani-Rossi, D. Comoretto, Laser Phys. Lett. 2014, 11, 035804.

[27] a) D. Comoretto, I. Moggio, C. Cuniberti, G. Dellepiane, 
M. E. Giardini, A. Borghesi, Phys. Rev. B 1997, 56, 10264; 
b) D. Comoretto, C. Cuniberti, G. F. Musso, G. Dellepiane, 
F. Speroni, C. Botta, S. Luzzati, Phys. Rev. B 1994, 49, 8059.

[28] a) L. E. Anderson, T. S. Kleine, Y. Zhang, D. D. Phan, S. Namnabat, 
E. A. LaVilla, K. M. Konopka, L. Ruiz Diaz, M. S. Manchester, 
J. Schwiegerling, R. S. Glass, M. E. Mackay, K. Char, R. A. Norwood, 
J. Pyun, ACS Macro Lett. 2017, 6, 500; b) W. Qiang, Z. Xingjie, 
Q. Xianping, Ö. Gözde, S. Karin, K. Anton, V. Brigitte, Macro
 mol. Chem. Phys. 2016, 217, 1977; c) J. J. Griebel, S. Namnabat,  
E. T. Kim, R. Himmelhube, D. H. Moronta, W. J. Chung, 
G. Simmonds Adam, J. Kim Kyung, J. van der Laan, A. Nguyen 
Ngoc, L. Dereniak Eustace, E. Mackay Michael, C. Kookheon, 
R. S. Glass, R. A. Norwood, J. Pyun, Adv. Mater. 2014, 26, 3014;  
d) Q. Zhang, E. S. M. Goh, R. Beuerman, Z. Judeh, M. B. Chan-
Park, T. Chen, R. Xu, J. Appl. Polym. Sci. 2013, 129, 1793;  
e) M. Russo, M. Campoy-Quiles, P. Lacharmoise, 
T. A. M. Ferenczi, M. Garriga, W. R. Caseri, N. Stingelin, 
J. Polym. Sci., Part B: Polym. Phys. 2012, 50, 65; f) S. Mahendia, 
A. K. Tomar, P. K. Goyal, S. Kumar, J. Appl. Phys. 2013, 113, 
073103; g) J.-G. Liu, Y. Nakamura, Y. Shibasaki, S. Ando, M. Ueda, 
Macromolecules 2007, 40, 4614; h) N.-H. You, Y. Suzuki, D. Yorifuji, 
S. Ando, M. Ueda, Macromolecules 2008, 41, 6361.

[29] L. Berti, M. Cucini, F. Di Stasio, D. Comoretto, M. Galli, 
F. Marabelli, N. Manfredi, C. Marinzi, A. Abbotto, J. Phys. Chem. C 
2010, 114, 2403.

[30] M. Bellingeri, A. Chiasera, I. Kriegel, F. Scotognella, Opt. Mater. 
2017, 72, 403.

[31] P. Lova, C. Bastianini, P. Giusto, M. Patrini, P. Rizzo, G. Guerra, 
M. Iodice, C. Soci, D. Comoretto, ACS Appl. Mater. Interfaces 2016, 
8, 31941.

Adv. Optical Mater. 2018, 6, 1800730

https://www.alliedmarketresearch.com/photonic-crystals-market
https://www.alliedmarketresearch.com/photonic-crystals-market
http://chameleonlab.nl/
https://www.thorlabs.com/navigation.cfm?guide_id=2210
https://www.thorlabs.com/navigation.cfm?guide_id=2210


www.advancedsciencenews.com www.advopticalmat.de

1800730 (22 of 26) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[32] P. Markoš, C. M. Soukoulis, Wave Propagation: From Electrons to 
Photonic Crystals and LeftHanded Materials, Princeton University 
Press, Princeton 2008.

[33] a) M. Born, E. Wolf, A. B. Bhatia, P. C. Clemmow, D. Gabor, 
A. R. Stokes, A. M. Taylor, P. A. Wayman, W. L. Wilcock, Prin
ciples of Optics: Electromagnetic Theory of Propagation, Interfer
ence and Diffraction of Light, Cambridge University Press, Oxford 
1999; b) A. M. Ahmed, M. Shaban, A. H. Aly, Optik 2017, 145, 
121; c) S. Sahu, G. Singh, presented at 2016 Int. Conf. on Recent 
Advances and Innovations in Engineering (ICRAIE), December  
2016; d) S. Stelitano, S. Savasta, S. Patané, Thin Solid Films 2014, 
564, 401; e) J. Bailey, J. S. Sharp, Eur. Phys. J. E 2010, 33, 41;  
f) G. Manfredi, P. Lova, F. Di Stasio, R. Krahne, D. Comoretto, 
ACS Photonics 2017, 4, 1761; g) P. Lova, V. Grande, G. Manfredi, 
M. Patrini, S. Herbst, F. Würthner, D. Comoretto, Adv. Opt. Mater. 
2017, 5, 1700523; h) F. Scotognella, S. Varo, L. Criante, S. Gazzo, 
G. Manfredi, R. J. Knarr III, D. Comoretto, in Organic and Hybrid 
Photonic Crystals, Vol. 1 (Ed: D. Comoretto), Springer, Cham, 
Switzerland 2015, p. 493.

[34] M. C. Troparevsky, A. S. Sabau, A. R. Lupini, Z. Zhang, Opt. Express 
2010, 18, 24715.

[35] a) C. C. Katsidis, D. I. Siapkas, Appl. Opt. 2002, 41, 3978;  
b) J. S. C. Prentice, J. Phys. D 2000, 33, 3139.

[36] K. Ohta, H. Ishida, Appl. Opt. 1990, 29, 1952.
[37] C. L. Mitsas, D. I. Siapkas, Appl. Opt. 1995, 34, 1678.
[38] A. I. Khalil, M. B. Steer, IEEE Trans. Microwave Theory Tech. 1999, 

47, 2151.
[39] a) P. Yeh, Surf. Sci. 1980, 96, 41; b) L. Wang, S. I. Rokhlin, Ultra

sonics 2001, 39, 413.
[40] a) Y. G. Boucher, A. Chiasera, M. Ferrari, G. C. Righini, Opt. Mater. 

2009, 31, 1306; b) K. A. Neyts, J. Opt. Soc. Am. A 1998, 15, 962.
[41] Y. G. Boucher, J. Eur. Opt. Soc. Rapid Publ. 2006, 1.
[42] H. Li, J. W. Haus, P. P. Banerjee, J. Opt. Soc. Am. B 2015, 32, 1456.
[43] P. Lova, G. Manfredi, L. Boarino, A. Comite, M. Laus, M. Patrini, 

F. Marabelli, C. Soci, D. Comoretto, ACS Photonics 2015, 2, 537.
[44] D. Basu, P. E. Blöchl, Phys. Status Solidi A 2016, 213, 635.
[45] a) M. H. MacDougal, P. D. Dapkus, V. Pudikov, Z. Hanmin, 

Y. Gye Mo, IEEE Photonics Technol. Lett. 1995, 7, 229;  
b) C.-C. Kao, Y. C. Peng, H. H. Yao, J. Y. Tsai, Y. H. Chang, J. T. Chu, 
H. W. Huang, T. T. Kao, T. C. Lu, H. C. Kuo, S. C. Wang, C. F. Lin, 
Appl. Phys. Lett. 2005, 87, 081105; c) C. Hongjun, G. Hao, 
Z. Peiyuan, Z. Xiong, L. Honggang, W. Shengkai, C. Yiping, 
Appl. Phys. Express 2013, 6, 022101; d) L. Persano, A. Camposeo, 
P. D. Carro, E. Mele, R. Cingolani, D. Pisignano, Opt. Express 2006, 
14, 1951; e) S. J. Jang, Y. M. Song, C. I. Yeo, C. Y. Park, Y. T. Lee, 
Opt. Mater. Express 2011, 1, 451.

[46] Edmund Optics, https://www.edmundoptics.com/optics/optical-
filters/ (accessed: March 2018).

[47] a) H.-C. Yu, Z.-W. Zheng, Y. Mei, R.-B. Xu, J.-P. Liu, H. Yang, 
B.-P. Zhang, T.-C. Lu, H.-C. Kuo, Prog. Quantum Electron. 2018, 
57, 1; b) J. A. Tatum, D. Gazula, L. A. Graham, J. K. Guenter, 
R. H. Johnson, J. King, C. Kocot, G. D. Landry, I. Lyubomirsky, 
A. N. MacInnes, E. M. Shaw, K. Balemarthy, R. Shubochkin, 
D. Vaidya, M. Yan, F. Tang, J. Lightwave Technol. 2015, 33, 727.

[48] a) P. Tao, H. Liang, X. Xia, Y. Liu, J. Jiang, H. Huang, Q. Feng, 
R. Shen, Y. Luo, G. Du, Superlattices Microstruct. 2015, 85, 
482; b) W. Guan-Jhong, H. Bo-Syun, C. Yi-Yun, Y. Zhong-Jie, 
T. Tzong-Liang, L. Yung-Sen, L. Chia-Feng, Appl. Phys. Express 2017, 
10, 122102.

[49] VCSEL market, https://www.electrooptics.com/news/vcsel-market-
be-worth-31-billion-2022 (accessed: May  2018).

[50] a) S. F. Chichibu, T. Ohmori, N. Shibata, T. Koyama, Appl. Phys. Lett. 
2006, 88, 161914; b) K. Sang-Hee, K. Jong-Heon, L. Jeon-Kook, 
L. Si-Hyung, Y. Ki Hyun, presented at 2000 AsiaPacific Microwave 
Conference, Proceedings (Cat. No. 00TH8522),  2000.

[51] a) K. E. Waldrip, J. Han, J. J. Figiel, H. Zhou, E. Makarona, 
A. V. Nurmikko, Appl. Phys. Lett. 2001, 78, 3205; b) S. T. Tan, 
B. J. Chen, X. W. Sun, W. J. Fan, H. S. Kwok, X. H. Zhang, 
S. J. Chua, J. Appl. Phys. 2005, 98, 013505.

[52] a) J. Dai, W. Gao, B. Liu, X. Cao, T. Tao, Z. Xie, H. Zhao, D. Chen, 
H. Ping, R. Zhang, Appl. Surf. Sci. 2016, 364, 886; b) X. Liu, 
D. Poitras, Y. Tao, C. Py, J. Vac. Sci. Technol., A 2004, 22, 764;  
c) E. Yablonovitch, Sci. Am. 2001, 12, 47; d) M. Anaya, A. Rubino, 
M. E. Calvo, H. Miguez, J. Mater. Chem. C 2016, 4, 4532.

[53] a) A. M. Coclite, in Organic and Hybrid Photonic Crystals (Ed: 
D. Comoretto), Springer International Publishing, Cham, Switzerland 
2015, p. 167; b) A. Convertino, A. Capobianchi, A. Valentini, 
E. N. M. Cirillo, Sens. Actuators, B 2004, 100, 212; c) A. Convertino, 
A. Valentini, R. Cingolani, Appl. Phys. Lett. 1999, 75, 322;  
d) M. Karaman, S. E. Kooi, K. K. Gleason, Chem. Mater. 2008, 20, 
2262.

[54] a) H. K. Bisoyi, T. J. Bunning, Q. Li, Adv. Mater. 2018, 30, 
1706512; b) Z.-g. Zheng, R. S. Zola, H. K. Bisoyi, L. Wang, 
Y. Li, T. J. Bunning, Q. Li, Adv. Mater. 2017, 29, 1701903;  
c) B. H. Krishna, L. Quan, Angew. Chem., Int. Ed. 2016, 55, 2994.

[55] M. Kolle, B. Zheng, N. Gibbons, J. J. Baumberg, U. Steiner, 
Opt. Express 2010, 18, 4356.

[56] J. E. Mark, Polymer Data Handbook, Oxford University Press,  
New York 1999.

[57] a) P. Lova, G. Manfredi, L. Boarino, M. Laus, G. Urbinati, T. Losco, 
F. Marabelli, V. Caratto, M. Ferretti, M. Castellano, C. Soci, 
D. Comoretto, Phys. Status Solidi C 2015, 12, 158; b) A. Convertino, 
A. Capobianchi, A. Valentini, E. N. M. Cirillo, Adv. Mater. 2003, 
15, 1103; c) K. Lazarova, L. Todorova, D. Christova, T. Babeva,  
presented at 2017 40th Int. Spring Seminar on Electronics Technology 
(ISSE), May  2017.

[58] P. K. H. Ho, D. Stephen, T. R. H. Friend, N. Tessler, Science 1999, 
285, 233.

[59] A. J. C. Kuehne, M. C. Gather, Chem. Rev. 2016, 116, 12823.
[60] J. Grüner, F. Cacialli, R. H. Friend, J. Appl. Phys. 1996, 80, 207.
[61] a) W. Groh, A. Zimmermann, Macromolecules 1991, 24, 6660; 

b) M. Burger, F. Floris, A. Cardone, G. M. Farinola, V. Morandi, 
F. Marabelli, D. Comoretto, Org. Electron. 2017, 43, 214.

[62] a) W. Gaëtan, F. Rolando, S. Stefan, Z. Libero, Macro
 mol. Chem. Phys. 2010, 295, 628; b) J. Q. Xi, M. F. Schubert, 
J. K. Kim, E. F. Schubert, M. Chen, S.-Y. Lin, W. Liu, J. A. Smart, 
Nat. Photonics 2007, 1, 176; c) R. J. Gher, R. W. Boyd, Chem. Mater. 
1996, 8, 1807.

[63] S. V. Radice, P. Gavezotti, G. Simeone, M. Albano, G. Canazza, 
S. Congiu, PCT/EP2014/055590: PCT/EP2014/055590, PCT/
EP2014/055590,  2014.

[64] a) T. D. Flaim, Y. Wang, R. Mercado, presented at Optical Systems 
Design,  2004; b) W. Shimizu, S. Nakamura, T. Sato, Y. Murakami, 
Langmuir 2012, 28, 12245; c) C. Lu, B. Yang, J. Mater. Chem. 2009, 
19, 2884; d) J.-G. Liu, M. Ueda, J. Mater. Chem. 2009, 19, 8907.

[65] M. Ravnik, G. P. Alexander, J. M. Yeomans, S. Žumer, 
Proc. Natl. Acad. Sci. USA 2011, 108, 5188.

[66] R. J. Nussbaumer, W. R. Caseri, P. Smith, T. Tervoort, Macro
 mol. Chem. Phys. 2003, 288, 44.

[67] T. Ogata, R. Yagi, N. Nakamura, Y. Kuwahara, S. Kurihara, ACS 
Appl. Mater. Interfaces 2012, 4, 3769.

[68] a) S. Gazzo, G. Manfredi, R. Pötzsch, Q. Wei, M. Alloisio, B. Voit, 
D. Comoretto, J. Polym. Sci., Part B: Polym. Phys. 2016, 54, 73;  
b) T. S. Kleine, N. A. Nguyen, L. E. Anderson, S. Namnabat, 
E. A. LaVilla, S. A. Showghi, P. T. Dirlam, C. B. Arrington, 
M. S. Manchester, J. Schwiegerling, R. S. Glass, K. Char, 
R. A. Norwood, M. E. Mackay, J. Pyun, ACS Macro Lett. 2016, 5,  
1152.

[69] F. Scotognella, D. P. Puzzo, A. Monguzzi, D. S. Wiersma, 
D. Maschke, R. Tubino, G. A. Ozin, Small 2009, 5, 2048.

Adv. Optical Mater. 2018, 6, 1800730

https://www.edmundoptics.com/optics/optical-filters/
https://www.edmundoptics.com/optics/optical-filters/
https://www.electrooptics.com/news/vcsel-market-be-worth-31-billion-2022
https://www.electrooptics.com/news/vcsel-market-be-worth-31-billion-2022


www.advancedsciencenews.com www.advopticalmat.de

1800730 (23 of 26) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[70] K. Lazarova, R. Georgiev, M. Vasileva, B. Georgieva, M. Spassova, 
N. Malinowski, T. Babeva, Opt. Quantum Electron. 2016, 48, 310.

[71] D. P. Puzzo, L. D. Bonifacio, J. Oreopoulos, C. M. Yip, I. Manners, 
G. A. Ozin, J. Mater. Chem. 2009, 19, 3500.

[72] E. Redel, P. Mirtchev, C. Huai, S. Petrov, G. A. Ozin, ACS Nano 
2011, 5, 2861.

[73] O. Sánchez-Sobrado, K. Thomas, I. Povey, M. E. Pemble, 
H. Míguez, Small 2010, 6, 1283.

[74] W. Zhang, M. Anaya, G. Lozano, M. E. Calvo, M. B. Johnston, 
H. Míguez, H. J. Snaith, Nano Lett. 2015, 15, 1698.

[75] B. Brudieu, A. L. Bris, J. Teisseire, F. Guillemot, G. Dantelle, 
S. Misra, P. Cabarrocas, F. Sorin, T. Gacoin, Adv. Opt. Mater. 2014, 
2, 1105.

[76] a) L. A. Villaescusa, A. Mihi, I. Rodríguez, A. E. García-Bennett, 
H. Míguez, J. Phys. Chem. B 2005, 109, 19643; b) M. E. Calvo, 
O. Sanchez-Sobrado, S. Colodrero, H. MiÌguez, Langmuir 2009, 
25, 2443.

[77] A. Chiasera, L. Criante, S. Varas, G. Della Valle, R. Ramponi, 
M. Ferrari, L. Zur, A. Lukowiak, I. Kriegel, M. Bellingeri, SPIE Proc. 
2018, 106832M, https://doi.org/10.1117/12.2306306.

[78] D. E. Bornside, C. W. Macosko, L. E. Scriven, J. Imaging Technol. 
1987, 13, 122.

[79] L. E. Scriven, MRS Online Proc. Libr. 1988, 121, 717.
[80] J. Bellessa, S. Rabaste, J. C. Plenet, J. Dumas, J. Mugnier, O. Marty, 

Appl. Phys. Lett. 2001, 79, 2142.
[81] P. Kurt, D. Banerjee, R. E. Cohen, M. F. Rubner, J. Mater. Chem. 

2009, 19, 8920.
[82] K. Unger, R. Resel, C. Czibula, C. Ganser, C. Teichert, G. Jakopic, 

G. Canazza, S. Gazzo, D. Comoretto, presented at 2014 16th 
Int. Conf. on Transparent Optical Networks (ICTON), July  2014.

[83] A. L. Álvarez, J. Tito, M. B. Vaello, P. Velásquez, R. Mallavia, 
M. M. Sánchez-López, S. Fernández de Ávila, Thin Solid Films 
2003, 433, 277.

[84] a) R. J. Knarr III, G. Manfredi, E. Martinelli, M. Pannocchia, 
D. Repetto, C. Mennucci, I. Solano, M. Canepa, F. Buatier de Mongeot,  
G. Galli, D. Comoretto, Polymer 2016, 84, 383; b) M. Kimura, 
K. Okahara, T. Miyamoto, J. App. Phys. 1979, 50, 1222.

[85] P. Tzeng, D. J. Hewson, P. Vukusic, S. J. Eichhorn, J. C. Grunlan, 
J. Mater. Chem. C 2015, 3, 4260.

[86] a) M. Stefik, S. Guldin, S. Vignolini, U. Wiesner, U. Steiner, 
Chem. Soc. Rev. 2015, 44, 5076; b) Y. Huang, Y. Zheng, J. Pribyl, 
B. C. Benicewicz, J. Mater. Chem. C 2017, 5, 9873; c) H.-S. Lim, 
J.-H. Lee, J. J. Walish, E. L. Thomas, ACS Nano 2012, 6, 8933.

[87] J.-H. Lee, C. Y. Koh, J. P. Singer, S.-J. Jeon, M. Maldovan, O. Stein, 
E. L. Thomas, Adv. Mater. 2013, 26, 532.

[88] H. S. Kang, J. Lee, S. M. Cho, T. H. Park, M. J. Kim, C. Park, 
S. W. Lee, K. L. Kim, D. Y. Ryu, J. Huh, E. L. Thomas, C. Park, 
Adv. Mater. 2017, 29, 1700084.

[89] J. A. Dolan, B. D. Wilts, S. Vignolini, J. J. Baumberg, U. Steiner, 
T. D. Wilkinson, Adv. Opt. Mater. 2015, 3, 12.

[90] a) G. Whitesides, J. Mathias, C. Seto, Science 1991, 254, 1312; 
b) F. S. Bates, G. H. Fredrickson, Annu. Rev. Phys. Chem. 1990, 41, 
525; c) C. Park, J. Yoon, E. L. Thomas, Polymer 2003, 44, 6725.

[91] a) F. Ferrarese Lupi, T. J. Giammaria, F. G. Volpe, F. Lotto, 
G. Seguini, B. Pivac, M. Laus, M. Perego, ACS Appl. Mater. Interfaces 
2014, 6, 21389; b) F. Ferrarese Lupi, T. J. Giammaria, G. Seguini, 
F. Vita, O. Francescangeli, K. Sparnacci, D. Antonioli, V. Gianotti, 
M. Laus, M. Perego, ACS Appl. Mater. Interfaces 2014, 6, 7180.

[92] A. Noro, Y. Tomita, Y. Shinohara, Y. Sageshima, J. J. Walish, 
Y. Matsushita, E. L. Thomas, Macromolecules 2014, 47, 4103.

[93] a) E. P. Chan, J. J. Walish, E. L. Thomas, C. M. Stafford, Adv. Mater. 
2011, 23, 4702; b) J. A. Thomas, Dalton Trans. 2011, 40, 12005; 
c) A. J. Ryan, S.-M. Mai, J. P. A. Fairclough, I. W. Hamley, in 
Amphiphilic Block Copolymers (Ed: B. Lindman), Elsevier Science 

B.V., Amsterdam 2000, p. 151; d) O. B. Ayyub, M. B. Ibrahim, 
R. M. Briber, P. Kofinas, Biosens. Bioelectron. 2013, 46, 124.

[94] a) H. Song, K. Singer, J. Lott, Y. Wu, J. Zhou, J. Andrews, E. Baer, 
A. Hiltner, C. Weder, J. Mater. Chem. 2009, 19, 7520; b) H. Song, 
K. Singer, Y. Wu, J. Zhou, J. Lott, J. Andrews, A. Hiltner, E. Baer, 
C. Weder, R. Bunch, R. Lepkowicz, G. Beadie, Proc. SPIE 2009, 
7467, 74670A; c) K. D. Singer, T. Kazmierczak, J. Lott, H. Song, 
Y. Wu, J. Andrews, E. Baer, A. Hiltner, C. Weder, Opt. Express 2008, 
16, 10358; d) T. Kazmierczak, H. Song, A. Hiltner, E. Baer, Macro
 mol. Rapid Commun. 2007, 28, 2210; e) J. Zhou, K. D. Singer, 
J. Lott, H. Song, Y. Wu, J. Andrews, E. Baer, A. Hiltner, C. Weder, 
Nonlinear Opt., Quantum Opt. 2010, 41, 59.

[95] L. Hou, Q. Hou, Y. Mo, J. Peng, Y. Cao, Appl. Phys. Lett. 2005, 87, 
243504.

[96] TORAY, http://www.toray.com (accessed: January 2018).
[97] FOLIOPHOTONICS, http://foliophotonics.com/ (accessed: May 

2018).
[98] W. T. Lau, J.-T. Shen, G. Veronis, S. Fan, P. V. Braun, 

Appl. Phys. Lett. 2008, 92, 103106.
[99] 3M installation, http://www.conveniencegroup.com/3m-dichroic-

film-case-study (accessed: March 2018).
[100] Chameleonlab Building, http://chameleonlab.nl/ (accessed: 

March 2018).
[101] a) T. D. Lee, A. U. Ebong, Renewable Sustainable Energy Rev. 2017, 70, 

1286; b) S.-S. Sun, N. S. Sariciftci, Organic Photovoltaics: Mechanisms, 
Materials, and Devices, CRC Press, Boca Raton, FL 2005.

[102] a) A. Shah, P. Torres, R. Tscharner, N. Wyrsch, H. Keppner, Science 
1999, 285, 692; b) J. M. Ball, S. D. Stranks, M. T. Hörantner, 
S. Hüttner, W. Zhang, E. J. Crossland, I. Ramirez, M. Riede, 
M. B. Johnston, R. H. Friend, Energy Environ. Sci. 2015, 8, 602; 
c) M. A. Green, Y. Hishikawa, W. Warta, E. D. Dunlop, D. H. Levi, 
J. Hohl-Ebinger, A. W. Ho-Baillie, Prog. Photovoltaics 2017, 25;  
d) C. J. Brabec, N. S. Sariciftci, J. C. Hummelen, Adv. Mater. 2001, 
11, 15; e) J. Yin, D. B. Migas, M. Panahandeh-Fard, S. Chen, 
Z. Wang, P. Lova, C. Soci, J. Phys. Chem. Lett. 2013, 4, 3303.

[103] P. Lova, C. Soci, in Organic and Hybrid Photonic Crystals, Vol. 1  
(Ed: D. Comoretto), Springer, Cham, Switzerland 2015, p. 493.

[104] a) R. Betancur, P. Romero-Gomez, A. Martinez-Otero, 
X. Elias, M. Maymo, J. Martorell, Nat. Photonics 2013, 7, 995;  
b) P. Romero-Gómez, F. Pastorelli, P. Mantilla-Pérez, M. Mariano, 
A. Martínez-Otero, X. Elias, R. Betancur, J. Martorell, J. Photonics 
Energy 2015, 5, 057212.

[105] C. O. Ramírez Quiroz, C. Bronnbauer, I. Levchuk, Y. Hou, 
C. J. Brabec, K. Forberich, ACS Nano 2016, 10, 5104.

[106] H. Arpita, M. S. Reddy, R. Vijaya, J. Phys. D 2015, 48, 265103.
[107] a) A. Bozzola, V. Robbiano, K. Sparnacci, G. Aprile, L. Boarino, 

A. Proto, R. Fusco, M. Laus, L. C. Andreani, D. Comoretto, 
Adv. Opt. Mater. 2016, 4, 147; b) L. Xu, Y. Yao, N. D. Bronstein, 
L. Li, A. P. Alivisatos, R. G. Nuzzo, ACS Photonics 2016, 3, 278.

[108] R. Fusco, L. Andreani, A. Bozzola, D. Comoretto, V. Robbiano, 
M. Laus, K. Sparnacci, PCT/EP 2016/051557,  2016.

[109] G.-G. Zheng, F.-L. Xian, X.-Y. Li, Chin. Phys. Lett. 2011, 28, 054213.
[110] D. Geng, G. Lozano, M. E. Calvo, N. O. Núñez, A. I. Becerro, 

M. Ocaña, H. Míguez, Adv. Opt. Mater. 2017, 5, 1700099.
[111] a) Y. Hu, J. Lin, L. Song, Q. Lu, W. Zhu, X. Liu, Sci. Rep. 2016, 6, 

23210; b) E. F. Schubert, N. E. J. Hunt, M. Micovic, R. J. Malik, 
D. L. Sivco, A. Y. Cho, G. J. Zydzik, Science 1994, 265, 943;  
c) A. Yariv, Quantum Electronics, Wiley, New York 1989.

[112] a) S. Chen, C. Zhang, J. Lee, J. Han, A. Nurmikko, Adv. Mater. 
2017, 29, 1604781; b) G. Christmann, D. Simeonov, R. Butté, 
E. Feltin, J.-F. Carlin, N. Grandjean, Appl. Phys. Lett. 2006, 89, 
261101.

[113] a) H. Mizuno, N. Tanijiri, Y. Kawanishi, A. Ishizumi, H. Yanagi, 
I. Hiromitsu, Mater. Lett. 2016, 168, 210; b) P. A. Hobson, 

Adv. Optical Mater. 2018, 6, 1800730

https://doi.org/10.1117/12.2306306
http://www.toray.com
http://foliophotonics.com/
http://www.conveniencegroup.com/3m-dichroic-film-case-study
http://www.conveniencegroup.com/3m-dichroic-film-case-study
http://chameleonlab.nl/


www.advancedsciencenews.com www.advopticalmat.de

1800730 (24 of 26) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

W. L. Barnes, D. G. Lidzey, G. A. Gehring, D. M. Whittaker, 
M. S. Skolnick, S. Walker, Appl. Phys. Lett. 2002, 81, 3519.

[114] a) F. Scotognella, A. Monguzzi, M. Cucini, F. Meinardi, 
D. Comoretto, R. Tubino, Int. J. Photoenergy 2008, 2008, 1;  
b) L. Fornasari, F. Floris, M. Patrini, D. Comoretto, F. Marabelli, 
Phys. Chem. Chem. Phys. 2016, 18, 14086.

[115] a) M. V. Vijisha, V. V. Sini, N. K. Siji Narendran, K. Chandrasekharan, 
Phys. Chem. Chem. Phys. 2017, 19, 29641; b) R. Katouf, 
T. Komikado, M. Itoh, T. Yatagai, S. Umegaki, Photonics Nanostruct.: 
Fundam. Appl. 2005, 3, 116; c) R. Yagi, H. Katae, Y. Kuwahara, 
S.-N. Kim, T. Ogata, S. Kurihara, Polymer 2014, 55, 1120.

[116] a) C. Toccafondi, L. Occhi, O. Cavalleri, A. Penco, R. Castagna, 
A. Bianco, C. Bertarelli, D. Comoretto, M. Canepa, 
J. Mater. Chem. C 2014, 2, 4692; b) N. V. Valappil, M. Luberto, 
V. M. Menon, I. Zeylikovich, T. K. Gayen, J. Franco, B. B. Das, 
R. R. Alfano, Photonics Nanostruct.: Fundam. Appl. 2007, 5, 184;  
c) V. M. Menon, M. Luberto, N. V. Valappil, S. Chatterjee, 
Opt. Express 2008, 16, 19535; d) L. M. Goldenberg, V. Lisinetskii, 
S. Schrader, Laser Phys. Lett. 2013, 10, 055808; e) L. M. Goldenberg, 
V. Lisinetskii, S. Schrader, Appl. Phys. B 2015, 120, 271.

[117] a) V. Savona, L. C. Andreani, P. Schwendimann, A. Quattropani, 
Solid State Commun. 1995, 93, 733; b) J. R. Tischler, M. S. Bradley, 
V. Bulovic, J. H. Song, A. Nurmikko, Phys. Rev. Lett. 2005, 95, 
036401; c) K. Sumioka, H. Nagahama, T. Tsutsui, Appl. Phys. Lett. 
2001, 78, 3; d) P. Schouwinka, H. V. Berlepschb, L. Dahnec, 
R. F. Mahrt, Chem. Phys. 2002, 285, 113.

[118] D. Bajoni, Università di Pavia,  2003.
[119] a) M. S. Skolnick, T. A. Fisher, D. M. Whittaker, Semicond. 

Sci. Technol. 1998, 13, 645; b) H. J. Kimble, Nature 2008, 453, 
1023; c) L. Novotny, Am. J. Phys. 2010, 78, 1199.

[120] a) G. Björk, IEEE J. Quantum Electron. 1994, 30, 2314; b) M. Barth, 
A. Gruber, F. Cichos, Phys. Rev. B 2005, 72.

[121] D. G. Lidzey, D. M. Coles, in Organic and Hybrid Photonic Crystals 
(Ed: D. Comoretto), Springer, Cham 2015, p. 243.

[122] a) F. Di Stasio, L. Berti, S. O. McDonnell, V. Robbiano, 
H. L. Anderson, D. Comoretto, F. Cacialli, APL Mater. 2013, 1, 
042116; b) W. L. Vos, R. Sprik, A. Lagendijk, G. H. Wegdam, 
A. V. Blaaderen, A. Imhof, Photonic Band Gap Materials, Kluwer 
Academic Publishers Dordrecht, Netherlands 1996.

[123] a) T. Virgili, D. G. Lidzey, M. Grell, S. Walker, A. Asimakis, 
D. D. C. Bradley, Chem. Phys. Lett. 2001, 341, 219; b) M. Hopmeier, 
W. Guss, M. Deussen, E. O. Göbel, R. F. Mahrt, Phys. Rev. Lett. 
1999, 82, 4118.

[124] a) S. Herbst, B. Soberats, P. Leowanawat, M. Lehmann, 
F. Würthner, Angew. Chem., Int. Ed. 2017, 56, 2162; b) F. Würthner, 
T. E. Kaiser, C. R. Saha-Möller, Angew. Chem., Int. Ed. 2011, 
50, 3376; c) F. Würthner, C. R. Saha-Möller, B. Fimmel, S. Ogi, 
P. Leowanawat, D. Schmidt, Chem. Rev. 2016, 116, 962.

[125] a) J. M. Gerard, B. Gayral, J. Lightwave Technol. 1999, 17, 2089;  
b) H. Yokoyama, K. Nishi, T. Anan, Y. Nambu, S. Brorson, 
E. Ippen, M. Suzuki, Opt. Quantum Electron. 1992, 24, S245; 
c) J. McKenzie, T. L. Zoorob, US11564213, US Patent, Filing Date 
28 November 2006.

[126] Y. Yamamoto, S. Machida, G. Björk, Phys. Rev. A 1991, 44, 657.
[127] E. M. Purcell, Phys. Rev. B 1946, 69, 681.
[128] V. Robbiano, G. M. Paternò, A. A. La Mattina, S. G. Motti, 

G. Lanzani, F. Scotognella, G. Barillaro, ACS Nano 2018, 12, 4536.
[129] N. A. Tokranova, S. W. Novak, J. Castracane, I. A. Levitsky, 

J. Phys. Chem. C 2013, 117, 22667.
[130] P. Das, R. Maiti, P. K. Barman, S. K. Ray, S. Bhaktha B. N., 

presented at 12th Int. Conf. on Fiber Optics and Photonics, 
December  2014.

[131] Y. Wu, H. Shen, S. Ye, X. Zhao, K. Zhang, J. Zhang, B. Yang, 
Adv. Opt. Mater. 2018, 6, 1701262.

[132] A. Jiménez-Solano, J. F. Galisteo-López, H. Míguez, Small 2015, 
11, 2727.

[133] a) O. Svelto, Principles of Lasers, Springer Science + Busi-
ness Media, Inc., New York 1998; b) J. P. Dowling, M. Scalora, 
M. J. Bloemer, C. M. Bowden, J. Appl. Phys. 1994, 75, 1896.

[134] a) D. Moses, Appl. Phys. Lett. 1992, 60, 3215; b) F. Hide, 
M. A. Díaz-García, B. J. Schwartz, M. R. Andersson, Q. Pei, 
A. J. Heeger, Science 1996, 273, 1833.

[135] a) I. D. W. Samuel, E. B. Namdas, G. A. Turnbull, Nat. Photo 
nics 2009, 3, 546; b) M. Karl, J. M. E. Glackin, M. Schubert,  
N. M. Kronenberg, G. A. Turnbull, I. D. W. Samuel, M. C. Gather, 
Nat. Commun. 2018, 9, 1525.

[136] N. Tessler, G. J. Denton, R. H. Friend, Nature 1996, 382, 695.
[137] L. Persano, P. D. Carro, E. Mele, R. Cingolani, D. Pisignano, 

M. Zavelani-Rossi, S. Longhi, G. Lanzani, Appl. Phys. Lett. 2006, 
88, 121110.

[138] K. Christian, H. Martin, H. Andreas, P. Martin, S. Wolfgang, L. Uli, 
F. Jochen, S. Ullrich, M. Klaus, G. Andreas, W. Volker, Adv. Mater. 
1998, 10, 920.

[139] a) M. Gaal, C. Gadermaier, H. Plank, E. Moderegger, A. Pogantsch, 
G. Leising, E. J. W. List, Adv. Mater. 2003, 15, 1165; b) J. Clark, 
G. Lanzani, Nat. Photonics 2010, 4, 438; c) S. Chénais, S. Forget, 
Polym. Int. 2012, 61, 390; d) I. D. W. Samuel, G. A. Turnbull, 
Chem. Rev. 2007, 107, 1272; e) C. Grivas, M. Pollnau, Laser Photo
 nic Rev. 2012, 6, 419; f) J. Herrnsdorf, Y. Wang, J. J. D. McKendry, 
Z. Gong, D. Massoubre, B. Guilhabert, G. Tsiminis, G. A. Turnbull, 
I. D. W. Samuel, N. Laurand, E. Gu, M. D. Dawson, Laser Photonic 
Rev. 2013, 7, 1065.

[140] R. C. Polson, Z. V. Vardeny, D. A. Chinn, Appl. Phys. Lett. 2002, 81, 
1561.

[141] Z. V. Vardeny, Nature 2002, 416, 489.
[142] a) R. Polson, A. Chipouline, Z. Vardeny, Adv. Mater. 2001, 13, 760; 

b) M. N. Shkunov, Z. V. Vardeny, M. C. DeLong, R. C. Polson, 
A. A. Zakhidov, R. H. Baughman, Adv. Func. Mater. 2002, 12, 21.

[143] a) F. Scotognella, A. Monguzzi, F. Meinardi, R. Tubino, 
Phys. Chem. Chem. Phys. 2010, 12, 337; b) T. Komikado, S. Yoshida, 
S. Umegaki, Appl. Phys. Lett. 2006, 89, 061123.

[144] a) N. Dawson, K. D. Singer, J. H. Andrews, M. Crescimanno, 
G. Mao, J. Petrus, H. Song, E. Baer, Nonlinear Opt., Quantum Opt. 
2012, 45, 101; b) J. H. Andrews, M. Crescimanno, N. J. Dawson, 
G. Mao, J. B. Petrus, K. D. Singer, E. Baer, H. Song, Opt. Express 
2012, 20, 15580; c) J. Lott, H. Song, Y. Wu, J. Zhou, E. Baer, 
A. Hiltner, C. Weder, K. D. Singer, in Organic Thin Films for Photonic 
Applications, Vol. 1039, American Chemical Society, Washington 
2010, p. 171.

[145] a) F. Scotognella, D. P. Puzzo, M. Zavelani-Rossi, J. Clark, 
M. Sebastian, G. A. Ozin, G. Lanzani, Chem. Mater. 2011, 23, 
805; b) A. Monguzzi, F. Scotognella, F. Meinardi, R. Tubino, 
Phys. Chem. Chem. Phys. 2010, 12, 12947; c) D. P. Puzzo, 
F. Scotognella, M. Zavelani-Rossi, M. Sebastian, A. J. Lough, 
I. Manners, G. Lanzani, R. Tubino, G. A. Ozin, Nano Lett. 2009, 9, 
4273.

[146] a) A. Palatnik, Y. R. Tischler, IEEE Photonics Technol. Lett. 2016, 28, 
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