Hybrid-Organic Photonic Structures
for Light Emission Modification

Valentina Robbiano, Francesco Di Stasio, Salvatore Surdo, Shabbir Mian,
Giuseppe Barillaro, and Franco Cacialli

Abstract We report the modification of the photoluminescence (PL) and decay
rates of two different green-emitting conjugated polymers incorporated into pho-
tonic crystals with the stop-bands spectrally tuned on their emission. We observe
both suppression (in the stop-band) and enhancement (at the high-energy band-
edge) of the photoluminescence. Time-resolved measurements also reveal a con-
comitant modification of the emission lifetime that is enhanced at the band-edge
and suppressed within the stop-band, thus confirming a variation of the radiative
decay rate of the excitations in such photonic nanostructures. We propose two
examples of fluorescent photonic composite systems. The first consists of a hybrid
Si-organic system, obtained by infiltration of the polymer inside a rugate filter (a 1D
photonic crystal). The second example is a fully organic system obtained by self-
assembling of solvent-compatible microspheres-polymer system for obtaining a
synthetic opal (a 3D photonic crystal) with a uniform distribution of the emitting
material across the photonic structure.
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1 Introduction

In the last 30 years, there has been an increasing interest in the development of
novel photonic structures to control the light-emission properties of materials, as
well as for the fabrication of semiconductor lasers. The concept of a photonic
crystal (PhC) was introduced in 1987 with the studies of Yablonovitch [1] and
John [2] on the inhibition of the spontaneous emission and light localization effects.
These relate to structures whose periodicity in refractive index would enable to
control, suppress, or enhance the propagation of photons, in analogy with the
already well-established possibility to control electron propagation in “electronic”
crystals, in which the periodicity of the electronic potential results in allowed and
forbidden energy bands for the electrons. As well-described by Joannopolous and
collaborators in their book [3], this is due to the possibility to re-write Maxwell
equations in terms of a single master equation, in which the dielectric function plays
a similar role to the potential in Schrodinger’s equation. The field of photonic
structures and crystals has then developed in a variety of directions, often dictated
by the hurdles of fabrication of structures whose periodicity needs to be on the same
lengthscale as that of the wavelength of the light one desires to control. This places
some stringent requirements for PhCs that need to operate in the visible range, as
one needs to generate photonically active patterns with typical dimensions/period-
icities of the order of a few hundreds of nanometres. So far, the development and
production of photonic crystals has been generally focused on top-down
nanofabrication [4-7] making use of lithographic techniques such as electron-
beam and focused ion-beam patterning (FIB). These are very expensive, and
being essentially “serial” suffer from significant limitations in terms of either
surface areas or sample throughput, in addition to being limited to the fabrication
of mainly two-dimensional structures. Another major drawback is that the photonic
effects are strongly inhibited by the residual surface roughness, thus spoiling the
overall Q-factor of the cavities [8]. One technique that has shown more promise is
the laser-assisted photopolymerization/activation of a cross-linker, to generate 3D
nanostructures [9, 10] but for the as-prepared structures one needs some extremely
careful control of relaxation effects of the structures after the polymerization to
avoid distortion of the architectures and to ensure adherence to the intended pattern.
By contrast, bottom-up approaches exploit the collective self-assembly of suitably
sized building blocks (typically colloidal dielectric microspheres). This provides a
much easier, faster and low cost alternative to top-down methods in preparing
photonic crystals, enabling the preparation of both 2D (close-packed microspheres
monolayers [11, 12]) and, more interestingly, 3D (artificial opals [13—16] and
inverse opals [17, 18]) structures. Concerning opals and inverse opals, you could
also read the chapter by C. Lopez et al., in this volume. Since this is not a “serial”
approach, it has the scope and potential to generate significantly larger samples.
However, self-assembly methods lead to structures with a relatively high density of
defects [19] that limit their application in optical devices. In addition, and some-
what in between the two approaches detailed above, we find a host of
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“non-conventional” top-down methods that are not “serial” (as e-beam and FIB)
thereby allowing fabrication of structures over large (several square cm) areas.
These methods consist, for example, in the spin-coating of polymers [20, 21] and
the electrochemical micromachining of porous silicon [22-24]. Whereas spin-
coating has been mainly used just to fabricate polymeric multilayers (e.g. full-
plastic distributed Bragg reflectors), electrochemical micromachining, that consists
of a controlled electrochemical etching of porous silicon, is a far more versatile
technique and enables the preparation of inorganic PhCs with different dimension-
alities (1D rugate filters and 2D arrays) with sub-micrometre accuracy [25, 26].

Photonic crystals exhibit a variety of optical properties that can be exploited in a
variety of optoelectronics applications, such as optical fibres [27], sensors [28],
solar cells [29] (see the chapter by Marina Mariano et al., in this volume), light-
emitting diodes [30] and lasers [31]. In particular, PhCs are a fundamental compo-
nent of laser sources, since they are necessary to provide optical feedback to the
gain medium. For lasing application, see also the chapter by Seiichi Furumi, in this
volume. A notable example of a laser based on a complex PhC structure is the work
of Painter et al. where [32] controlled structural defects lead to the formation of
optical microcavities with extremely high finesse, thus enabling laser emission
from an embedded gain material with a very low stimulated emission threshold
[21, 32]. An important property of PhCs is their ability to control the spontaneous
emission of an embedded light-emitting material. The emission modification phe-
nomena induced by PhCs are also reported in the chapters by L.C. Andreani and M
Liscidini; F. Scotognella et al.; and Pieter-Jan Demeyer and Koen Clays, in this
volume. In fact, the photonic band gap of a PhC can either inhibit or enhance
spontaneous emission by modifying its radiative rate. When an active material is
embedded into a PhC, its optical properties are strongly affected by the periodical
dielectric environment, which alter the dispersion properties of photons
(i.e. photonic density of states, p-DOS) [33]. Indeed, the p-DOS diminishes within
the photonic band gap thus suppressing light-emission. On the other hand, at the
edges of the photonic band gap, the p-DOS increases [34], i.e. a light-emission
enhancement is observed. Both enhancement and suppression of the emitted light
are accompanied by an increase and decrease of the radiative rate, respectively.
Such an effect on the radiative rate can be used to modify, for example, the
photoluminescence spectrum and intensity of the embedded material. In addition,
the cross section of stimulated emission directly depends upon the radiative rate of
the material. Therefore, increasing the radiative rate directly decreases the stimu-
lated emission threshold.

To study the control of light, as well as to fabricate a variety of laser structures,
conjugated polymers have been widely used as emitting materials. This is mainly
due to their versatile processing, wide colour tunability (from NIR to near UV),
high solid-state photoluminescence efficiency and strong optical absorption (up to
~10° em™) [35, 36]. Furthermore, both conjugated molecules and polymers
demonstrate low stimulated emission threshold [37—-40] since they are an intrinsic
four-level system [41], making them a promising gain material for the fabrication
of solution processable semiconductor lasers in combination with hybrid and
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organic PhCs. The first optically pumped laser incorporating a neat conjugated
polymer has been reported by Tessler et al. [31]. In this work, the authors studied
the emission of poly(p-phenylene vinylene), PPV, prepared inside an optical
cavity formed by a distributed Bragg reflector (DBR) and a silver mirror. Such
photonic structures are relatively easily fabricated, but offer no lateral confine-
ment and can support several in-plane modes causing optical losses. The most
studied class of PhCs in the organic photonics field are distributed feedback (DFB)
lasers [42, 43]. These devices consist of an active material film (in our case a
conjugated polymer) deposited onto a corrugated substrate, which provide optical
feedback by confining the light “in plane”, similar to a waveguide. Many other
configurations have been exploited for organic semiconductor lasers: flexible
microcavities [21, 44], block-copolymer DBRs [45], opals [46], inverse opals
[47] and opals microcavities [48, 49] infiltrated with dyes, random structures
[50] and 2D photonic structures [7, 51].

Despite the numerous types of PhCs used, electrically pumped lasing has not
been achieved yet, to the best of our knowledge, in conjugated polymer-based
system. Restricting our discussion to these as gain materials, the main limitations
that we can identify relate to (1) PL quenching by interchain interactions, [52]
(2) polaron [53] and triplet absorption [54] (particularly severe for electrical
pumping given that spin statistics strongly favour formation of triplets over
singlets), (3) losses at the metallic electrodes (in the case of injection lasers)
[55], (4) limited charge mobility [56] (preventing suitably large pumping current
for injection lasers), and (5) material degradation under optical and electrical
pumping [57]. Whereas several synthetic approaches have been used to reduce
n—7 stacking, increase distances between polymer chains [58] and reduce crystal-
linity [59]; for example by attaching side-groups to the conjugated backbone [60]
or by threading the conjugated chain with molecular rings that act as spacers (i.e. as
in polyrotaxanes) [61], significant progress is still needed to overcome the other
limitations above. In general, both novel PhCs and conjugated polymers need to be
developed and investigated to achieve CW optically pumped or electrically
pumped lasing and in the following we report two examples from our experience
in which we observed emission modification of two different conjugated polymers
embedded into photonic crystals. The first system consists of 1D silicon PhCs, a
rugate filter, where the luminescent polymer is infiltrated via dip-coating; the
second one is a 3D PhC (synthetic opals) where the conjugated polymer is
embedded into it. Such photonic structures enable emission modification of the
conjugated polymers. In fact, we observed both suppression (in the stop-band) and
enhancement (at the high-energy band-edge) of the photoluminescence. Remark-
ably, time-resolved measurements reveal a modification of the emission lifetime,
which is enhanced at the band-edge and suppressed within the stop-band, and
clearly point to a variation of the radiative decay rate of excitations in such hybrid-
organic photonic nanostructures.
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2 Hybrid Inorganic-Organic Photonic Structures: Rugate
Filters Infiltrated with Polyfluorene Derivative

Porous silicon-based PhCs, such as rugate filters [62], have attracted significant
interest since they provide a technologically robust route to fabrication of optical
nanostructures with significant levels of complexity. Indeed, this class of photonic
systems has been used widely for optoelectronic [63], photonic [64], sensing [28]
and biological applications [65]. In particular, rugate filters are good candidates as
vapour and liquid sensors [66—68], and as detectors for biological activities such as
proteases [69, 70]. However, preparation of hybrid Si-organic structures, where an
organic material is infiltrated into the pores of the rugate filter is not always
straightforward, especially when pore sizes are comparable to the polymers gyra-
tion radii, or to the size of aggregated/phase-separated macromolecular meso-
structures, thus causing pore clogging which often prevents complete infiltration
[71]. One way to infiltrate macro-molecules inside the photonic structure is to grow
the molecules “in situ” inside the pores starting from smaller monomers [72], via
either electrochemical deposition [73, 74] or in situ chemical polymerisation
[75]. The major drawback of this methodology is the intrinsic limitation to a
relatively narrow set of monomers, and therefore not generally satisfactory. Inter-
estingly, the particular ratio between the limited gyration radius (R,, of the order of
few nm) of poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-
diyD)], (F8BT, Mw ~46 kDa ) and the minimum pore sizes (approximately 10 times
larger than R,) allowed us to infiltrate the polymer inside the pores. In fact, we
observe shifts of the reflectance peaks of the structures consistent with coating of
the inner walls of the pores to the whole depth that can be probed in such optical
experiments. Porous silicon rugate filters were prepared by electrochemical etching
of (100)-oriented, highly boron doped p-type silicon wafers in a 3:1 (by vol.)
solution of 48 % (by vol.) aqueous hydrofluoric acid and ethanol. The electrochem-
ical etching was performed using a two-electrode configuration, with the silicon
substrate acting as anode (working electrode) and a platinum ring immersed in the
solution acting as cathode (and used as pseudo-reference electrode). A cosine-
shaped current density waveform with peak-to-peak dynamics from 13.3 to
39.9 mA cm 2, 50 repeats, and time period of 11 and 17.5 s was used to produce
rugate filters with a stop-band in reflectance centred at 551 and 875 nm, respec-
tively. The resulting porous silicon structures possess sinusoidally shaped periodic
cavities with porosity values (defined as the ratio between the mass of etched silicon
with respect to the total silicon subjected to etching) between 55.3 and 62.3 %; and
a sinusoidally shaped refractive index as well, which varies between 1.95 and 2.21.
To improve the infiltration process and prevent emission quenching from the
heavily doped silicon layer, the rugate filters were partially oxidized into a tube
furnace under pure-O, at 600 °C for 30 min. The oxidation leads to a general
decrease of the effective refractive index of the rugate filter and, in turn, in a blue-
shift of the stop-band to 515 nm (from 551 nm) and 771 nm (from 875 nm). Figure 1
shows Scanning Electron Microscope images at different magnification of one of
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Fig. 1 (a, b) SEM cross sections at different magnifications of an as-prepared porous silicon
rugate filter with resonant peak in reflectance centred at 875 nm. (¢) Scheme of the cross section in
(a) and (b) of the as-prepared rugate filter. D is the inter-planar spacing that is determined by the
preparation conditions. (d) Chemical structure of F§BT

the as-prepared rugate filters and a scheme showing the same cross section. The size
of pores is in the range of 80—100 nm for both structures, and the inter-planar
spacing D is around 100 and 200 nm for the rugate filters with stop-band at 551 and
875 nm (before oxidation), respectively.

The F8BT was dissolved in a toluene solution 1 mg/ml, stirred overnight at room
temperature and then filtered. The infiltration was obtained via dip-coating carried
out at a controlled lifting rate (0.01 mm/min) and temperature (29 °C) inside an
incubator. The excess polymer layer left onto the surface after dip-coating was
removed using a cotton swab soaked with toluene. We consider that this procedure
might have also helped the polymer infiltration. To assess the effect of the photonic
structure on the F8BT spectrum, we compared the rugate whose stop-band is
centred at 515, thus spectrally overlapping (i.e. tuned with the F8BT PL spectrum)
with the rugate whose stop-band is centred at 771 nm and hence detuned with
respect to the F8BT PL spectrum. The latter is used as reference to observe any PL
modifications induced by the presence of the PhC since F8BT film has the same
morphology as the one infiltrated into the tuned one.

Figure 2 shows the reflectance spectra for tuned and detuned samples before and
after the infiltration of the F8BT and the typical PL spectrum of an F§BT film. Upon
polymer infiltration, the reflectance peaks red-shifted by ~12 nm in both samples
due to the increased effective refractive index of the F8BT with respect to air. In
particular the reflectance peak for the tuned sample red-shifted from 515 to 528 nm
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after infiltration and for the detuned one it red-shifted from 771 to 784 nm. This is
predicted by the Bragg—Snell law [76]:

mA = 2Dy /n%; — sin20 (1)

where m is the diffraction order, 4 the spectral position of the stop-band peak, n.¢¢
the effective refractive index of the photonic crystal, € the incidence angle and
D the inter-planar spacing, that is determined by the preparation condition. The
effective refractive index can be calculated by using the Lorentz—Lorenz equation
and depends on the refractive indices of the media composing the PhC (in this case
silicon, silicon dioxide and air before infiltration, and silicon, silicon dioxide, and
F8BT after) weighted by their volume fraction.

1

2 2
Nege — 1 _ § f medlum —
2 - di medium
Mesf + 2 fmedia medlum + 2

)
where f'is the volume fraction for each media.

Considering that the refractive indices of FS8BT are 1.6 (extraordinary one) and
1.8 (ordinary one) [77] and the refractive index of air is 1, if the cavities have been
completely filled by the polymer, according to Lorentz—Lorenz equation, a spectral
shift of the reflectance peaks bigger than the one that observed from the measured
spectra is expected. By analysing the reflectance peaks spectral shifts, it can be
assumed that in this case the effective refractive index is not just a combination of
the refractive indices of Si and F8BT and therefore the polymer does not entirely
fill the nanostructured cavities. In fact, in this experiment, the infiltration
consisted in the deposition of thin polymer films on the walls of the cavities. In
this case, the final effective refractive index would be the combination of the ones of
the silicon, silicon dioxide F8BT and air. It is reasonable to exclude a partial filling of
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Fig. 4 Contour plots of the PL spectra as a function of the incidence angle for the F8BT infiltrated
into the tuned (a) and detuned (b) PhC

the cavities due to the presence of just one reflectance peak, otherwise it would have
been observed two reflectance peaks for the two PhCs stacking one over the other
(i.e. the one made by Si and air and the one made by Si and polymer [78]).

To observe PL modification induced by the photonic crystal, PL measurements
have been carried out both from the F8BT infiltrated into the tuned and detuned
rugate filters; the second one has been used as reference. The PL spectra collected at
normal incidence of the F8BT infiltrated into both rugate filters are shown in Fig. 3,
together with the reflectance spectrum of the tuned rugate filter. Remarkably, the
PL spectrum of F8BT is strongly modified by the optical features of the rugate filter:
both the photonic stop-band and the interference fringes. In particular, the photonic
band gap (PBG) partially suppresses light propagation at 527 nm and it also induces
an increase in the PL intensity in the PBG high-energy edge. Interestingly, also the
diffraction fringes modify the emission, leading to a sinusoidal modulation of the
PL spectrum. In Fig. 4 we report the contour plot of the PL spectra as a function of
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Fig. 5 Radiative decay of F8BT PL recorded at the stop-band (528 nm, top panel) and at the high-
energy edge (518 nm, bottom panel). The measurement shown here was collected for the FSBT
infiltrated into the tuned and detuned crystals (grey solid line and black dashed lines, respectively)
and for a neat film of F8BT over a Silicon substrates (black solid line)

the angle of incidence of the laser beam for the F8BT infiltrated into the tuned PhC
and detuned PhC. As expected, both the enhancement and the suppression are angle
dependent because of the dispersion of the stop-band.

Final investigation consisted in the evaluation of the radiative decay of the FSBT
PL (Fig. 5) both in the PBG (528 nm) and at the high-energy edge of the stop-band
(518 nm). We focused on these two spectral lines because at such wavelengths there
is a clear modification of the photonic density of state (p-DOS), as demonstrated by
the reflectance spectra. In particular in the PBG there is a suppression of the
photonic density of states, whereas at the high-energy edge of the stop-band the
p-DOS is increased [33].

In previous studies the PL decay for neat film of FSBT deposited by spin-coating
has been reported with a mono-exponential equation [79] with fluorescence decay
lifetime varying from 0.89 to 1.4 nm depending on the wavelength, film thickness
and substrate materials [80, 81]. In our case, for a neat film (thickness ~800 nm) on
Si deposited by dip-coating, we obtained analogous values (1.15 ns at 518 nm and
1.18 ns at 528 nm, Table 1). Interestingly, we observed that when the polymer is
infiltrated both in the tuned and detuned PhCs, the PL decay can be fitted with a
double exponential expression:

[(t) =1+ Ile_(l/rl) + Ize_(l/’Z) (3)

The lifetimes (7 and 7,) used in the fit-curves of the temporal evolution of the
PL of the F8BT infiltrated into the crystals are reported in Table 1. The presence of
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Table 1 Lifetime values | o) ‘ oo(l)
(7, and 7,) extrapolated
from the fit-curves of

High-energy edge (518 nm)

the PL decay PhC 690 + 34 ps (0.8) 1,210+ 60 ps (0.2)
Detuned 830 £41 ps (0.95) 1,590 £ 79 ps (0.05)
Film 1,150 £ 57 ps
Stop-band (528 nm)
PhC 860 43 ps (0.94) 1,680 & 84 ps (0.06)
Detuned 830 £41 ps (0.95) 1,600 £ 80 ps (0.05)
Film 1,180 £ 59 ps

I, and I, indicate the relative contribute of each time constant.
We estimated an error of 5 % on the measured value

a bi-exponential decay instead of a single exponential one can be attributed to a
stronger interaction of the polymer with the Si substrate when inserted into the
cavities. In fact, in this configuration the polymer layer is thinner compared to the
neat film onto flat Si substrates. At the high-energy edge of the stop-band (518 nm),
the decay for the F8BT infiltrated into the tuned rugate filter is faster than for the
reference (i.e. the F8BT infiltrated into the detuned rugate filter) by ~17 % from the
weighted mean of 7; and ~24 % 7, (Table 1), whereas within the stop-band
(528 nm) the reverse situation occurs and the lifetimes are longer in the tuned
sample compared to the detuned. Although these differences between the radiative
decay rates [109] of the F8BT are relatively small, it should be considered that the
photonic confinement for such samples happens only along the z-direction and that
the rugate filter we have worked with had a narrow spectral width (516533 nm)
compared to the PL spectrum of F8BT (490-700 nm) [34].

3 Colloidal Photonic Crystals Self-assembled
with Water-Soluble Conjugated Polyrotaxanes

Colloidal self-assembled PhCs represent another class of photonic structures that
can be easily combined with conjugated polymers. Within self-assembled PhCs,
synthetic opals [1, 2, 82, 83] have been especially popular thanks to their low cost of
fabrication and ease of preparation. Furthermore, their functionalization with light-
emitting materials can be easily achieved via infiltration by vapour phases [84], or
solutions [82], allowing the investigation of a variety of photonic effects [85],
including the modification of the emission spectra and radiative rates [34, 86].
Various materials such as metal nanoparticles [87], semiconductor nanocrystals
[88] or conjugated molecules [89] have been incorporated into synthetic opals via
infiltration. Nevertheless, achieving a homogenous distribution of the active mate-
rials in the opal via infiltration still represents a major challenge. To overcome this
issue many fabrication techniques have been proposed, as, for example, infiltration
of monomers followed by in situ polymerization [90], or layer-by-layer polymer
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Fig. 6 Top: Chemical structure of PDV.LiCf-CD, threading ratio = 2, with an average number of
repeat units n=10. Bottom: SEM micrographs of an opal film incorporating PDV.LiCj-CD:
(a) cryo-cleaved wall surface showing the internal structure of the opal, (b) film cross section.
Strong contrast between the sphere and the interstices is observed, confirming that the latter are not
filled up by the conjugated polyelectrolytes (the density of the conjugated moiety and of the
spheres being comparable). Reproduced and adapted with permission from [98]

coating of the sphere surfaces [79]. Water-soluble conjugated polymers can be
directly incorporated into the synthetic opal during growth, allowing for a “one-
pot” chemical approach which does not require further sophisticated fabrication
techniques. To this end, conjugated polyelectrolytic rotaxanes [58] (Fig. 6) are a
well-suited class of materials for incorporation into synthetic opals since they
demonstrate high photoluminescence quantum yield. Conjugated polyrotaxanes
are supramolecular architecture in which a conjugated backbone, such as poly
(4,4'-diphenylene vinylene) (PDV), is threaded through cyclodextrin rings
(p-CD), that sterically impose increased inter-molecular distances. Such structures
lead to higher photoluminescence quantum yield and reduced polaron formation
compared to unthreaded materials [91], thus enabling optically pumped lasing [92],
optical amplification [93] and fabrication of white-emitting organic light-emitting
diodes [94, 95].

Opal films can be prepared using commercially available aqueous suspensions of
monodisperse polystyrene nanospheres [96] (standard deviation <5 %; refractive
index, nps = 1.59), that can be diluted in de-ionized water as necessary to obtain the
desired film thickness (d ~ 5 pm) upon complete water evaporation. f-CD-threaded
PDV (PDV.LiCp-CD) was used as water-soluble luminescent semiconductor.
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PDV.LiCB-CD is a polyelectrolytic derivative of poly-para-phenylene vinylene
(PPV) where sulfonate side-groups balanced by Li* ions afford solubility in polar
solvents (molecular structure in Fig. 6) [89, 97]. PDV.LiC$-CD incorporation was
carried out by dissolving it in water, and then adding the solution to the nanospheres
water-suspension before proceeding with the PhC growth process inside an incu-
bator. To ensure that the presence of the polyrotaxane does not negatively affect the
growth of the PhC, concentrations for the polyrotaxane water solutions ranging
from 0.5 mg/ml to 1 x 10~ mg/ml were investigated. The PhCs here discussed were
prepared using a PDV.LiC-CD concentration of 8 x 10~ mg/ml which yielded
undistorted, homogenous opals without deposition of an excess polymer layer on
their surface, while preserving strong PL properties of the system.

The growth process was carried out at 45 &= 1 °C on soda-lime glass slides using
the meniscus technique [89, 96, 99], thus obtaining a face-centred cubic lattice of
nanospheres with the [110] direction perpendicular to the substrate. The obtained
PhCs had an area of ~7 x 7 mm?. Scanning electron microscopy (SEM) micro-
graphs (Fig. 6a, b) of the co-grown opal show no presence of lattice distortion
induced by the incorporation of polyrotaxanes, nor an excess polymer layer on the
opal surface for PhCs with 8 x 10~ mg/ml PDV.LiC-CD solution. Moreover, the
interstices between nanospheres are empty, thereby preserving a desirable higher
dielectric contrast within the structure than otherwise possible in case of substantial
filling of the interstices. Preservation of the opal structure and optical properties
upon polyrotaxane incorporation is demonstrated by the presence in reflectance
spectra (Fig. 7a at wavelengths near and below 300 nm) of van Hove-like
structures [100]. These features are due to diffraction along directions different
from the incident one [33, 100] and are known to depend strongly on the order of

Normalized Reflectance

Norm. Reflectance/Transmittance
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Fig. 7 (a) Reflectance spectrum of a typical co-grown opal with PDV.LiCf-CD fabricated with
200 nm polystyrene nanospheres showing van-Hove-like structures below 300 nm. (b) Reflectance
(R) and transmittance (T') spectra of a polystyrene opal film co-grown with PDV.LiCj-CD (sphere
diameter @ =200 nm, refractive index, nps = 1.59). The full-width-half-maximum of the PBG is
not affected by the incorporation process. Reproduced and adapted with permission from [98]
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Fig. 8 (a) PL spectra of an opal film co-grown with PDV.LiCS-CD before (solid line) and after
(dashed line) the thermal treatment at 75 °C at different incidence angle of the exciting beam
[106], (b) ratio between the two PL spectra before and after the thermal process. In both panels the
detection angle has been increased up to 40° with steps of 8°. Adapted and reproduced with
permission from [98]

the system [33, 100—102], the microsphere quality [102], and the degree of incor-
poration of the luminescent material [84—87, 89, 103]. Indeed, they disappear when
the structure is not enough regular, or when strongly absorbing materials are
incorporated. In the case of co-grown opals, van Hove-like structures can still be
observed both in the reflectance spectra [100] (Fig. 7a). All these features, com-
bined with the additional effect of the PBG on the PL spectra (see Fig. 8a), can only
be compatible with a minor incorporation of the rotaxinated polymer within the
opals, such that the opal optical properties are not affected.

Figure 7b shows reflectance (R) and transmittance (T) spectra of the co-grown
opal made with polystyrene beads with diameter @ =200 nm used in this study. As
expected, the peak of reflectance at 455 nm (Eg=2.74 eV) corresponds to a
minimum in the transmittance spectrum. Significant changes in the optical proper-
ties of the PBG of the PhC upon incorporation of the rotaxanes are not observed.
Both the spectral position of the stop-band and its full width at half-maximum
(AEg =0.16 eV) are unchanged compared to a bare opal [89, 97, 99], once again
confirming the lack of lattice distortion and dielectric contrast modification, as
expected from the SEM micrographs [76, 87, 103]. As a reference sample to study
PL modifications induced by the PhC, the very same opal was thermally annealed at
75 °C for 5 min. Thermal annealing at 75 °C is enough to partially melt the
polystyrene spheres, and thus destroy any photonic property of the structure [104]
(as proven by the PL spectrum in Fig. 8a), without affecting the PL properties of the
conjugated polyrotaxane, thanks to the higher thermal stability of this class of
supramolecular systems [105].

To be able to compare the different properties, both measurements were carried
out in the same area of the sample before and after the thermal process and the PL
spectra were normalized at A =550 nm, far away from the PBG [34, 86, 89].
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Figure 8 displays the PL spectra as a function of the incidence angle of the
excitation beam for the co-grown PhCs and the reference sample. A 50 nm blue-
shift of the PL peak and a small increase of the PL quantum yield (®py ) to 38 =3 %
(for the melted-opal “reference” samples) compared to a neat spin-coated film of
PDV.LiCf-CD (@p;. ~ 18 2 %) is observed [58, 107]. The PL blue-shift and the
variation of @py can be assigned to electrostatic interactions of the Li cations with
the negatively charged surface of the polystyrene nanospheres. This interaction
changes the polymer structure, i.e. the electronic structure of semiconducting
chains close to the surface. Furthermore, the opal growth is mainly driven by
capillary forces [96] that would also act on the polyrotaxanes and impose additional
structural constraints, with a concomitant modification of the PL dynamics of the
polyrotaxane with respect to a neat-polymer film or solution [91]. This interpreta-
tion is further supported by what previously observed for poly(phenylene-
ethynylene) polyelectrolytes neat and grafted to silica microspheres, for which a
spectral blue-shift has also been observed. The PL spectrum of PDV.LiC$-CD
(Fig. 8a) is strongly modified by the PBG, which partially suppresses (up to 33 %)
light propagation between 448 and 482 nm (at 0° incidence). Instead, an increase of
the PL intensity is observed at the short-wavelength edge of the PBG. As expected,
both the enhancement and the suppression depend on the detection angle [34, 89]
according to the dispersion of the PBG, thus inducing a directionality to the
observed effect. The enhancement/suppression effects caused by the PhC with
respect to the “melted reference” can be made more obvious by plotting the ratio
between the two PL spectra, as in Fig. 8b: within the PBG the ratio is <1, but >1 at
the short-wavelength edge of the PBG [34, 88, 89, 108].

Time-resolved PL measurements at the relevant wavelengths, i.e. at 437 nm
(PL enhancement) and at 460 nm (PL suppression, Fig. 9) give further insight into
the underlying photophysics of these photonic structures. In previous studies, the
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Fig. 9 Temporal evolution of the PDV.LiCf-CD PL measured at the short-wavelength edge
(a, 437 nm) and inside (b, 460 nm) the PBG before (solid line) and after (dashed line) the thermal
treatment at 75 °C. All measurements were carried out in air and at room temperature. Adapted and
reproduced with permission from [98]
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Table 2 Lifetime values (zy, 75, 73) used in the fit-curves the temporal evolution of the PL (the
relative contribute of each time constant is included in parentheses)

|71, ps (1) 72, ps (1) 73, ps (15)
437 nm (high-energy edge)
PhC 300415 (0.33) 790 £ 40 (0.56) 2,720 + 140 (0.11)
Reference 370420 (0.33) 860 +43 (0.57) 2,650 4130 (0.10)
460 nm (PBG)
PhC 430 £20 (0.32) 950+ 50 (0.55) 2,850 4140 (0.13)
Reference 365 +20 (0.34) 860 +40 (0.53) 2,750 + 140 (0.13)

We estimated an error of 5 % on the measured value. Reproduced with permission from [98]

PL decay dynamics of polyrotaxane films have been fitted with a double exponen-
tial expression and assigned to the intramolecular singlet exciton and inter-molec-
ular aggregate states [91]. Surprisingly, for the co-grown opal a triple-exponential

expression: [(t) =1y +I1e” (F) + 1267(6) —|—13€7(§) must be used (Table 2).
Whereas the longer decay times (z, and 73), can be readily assigned to those
previously identified (Zexciton~830 PS, Taggregate states ~ 2,600 ps) [91], the (fast)
additional decay channel can be assigned to a new emissive species arising from
the previously discussed interaction of the polyrotaxane with the nanospheres
surfaces. This hypothesis is further supported by the observation of a three-
exponential decay also in the annealed reference sample, suggesting that such a
de-excitation pathway is observed only in the presence of polyrotaxane/colloid
interaction. Furthermore, the weight of the different decay channels is similar at
437 and 460 nm for the PhC and the melted “reference”. In addition, 75 is
comparable in the opal, in the melted “reference” (2,650 ps at 437 nm and
2,750 ps at 460 nm) and in neat spin-coated films. At the short-wavelength edge
of the stop-band (437 nm) the decay for the co-grown opal is shorter than for the
reference (by 11 %, as estimated from the weighted mean of 7, and 7,) whereas
within the stop-band (460 nm) the reverse situation occurs (13 %, Table 2).

Indeed, a sizable effect on the radiative lifetime (Purcell effect) [109] can only
be observed in photonic crystals for which the photonic density of states is strongly
modified in the whole k-space. For synthetic polystyrene opals, the PBG is present
only along the [110] (I'L) crystallographic direction and it is spectrally narrow
(447-482 nm) when compared to the width of the PL spectrum (405-650 nm), thus
reducing the observable effect [34]. Furthermore, @p; of PDV.LiC#-CD in the
reference sample is ~38 =4 %, meaning that the radiative rate (Kg) is smaller than
the non-radiative rate (Kngr), i.e. any modification caused by a redistribution of the
photonic density of states will have a small effect on the PL lifetime. Interestingly,
the observed PL lifetime modification is wavelength-dependent with a precise
overlap with the PBG spectrum. According to this observation and previously
reported experiments [34, 89] this effect can be assigned to the modification of
the density of photonic states along the I'L. direction.

As a first order approximation, the modification of the PL lifetime can be
considered as only induced by the redistribution of the photonic density of states,
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thus allowing an estimate of the variation of Kg. If we consider @py as the sum of
contributions of the three emissive species, we obtain:

@p, = 11 PpL1 + [ Dpro + I3Pp3 (4)

where I, is the relative contribution to the total PL intensity (as obtained from the
PL-decays) of each emissive species. As previously discussed, 7, and 73 are similar
to previously measured values; we can assume that 7, corresponds to a @py, of
~35 %, since the relevant PL-lifetime is similar to the one measured in diluted PDV.
LiCp-CD water solutions (for which emission is mainly due to the intrachain
exciton) [91]. Instead, we can assume 73 to correspond to a @py 3 of ~3 % since the
related PL-lifetime is similar to the one measured for PDV.Li films for which the
emission is mainly due to aggregate states [110], hence we can calculate a @py ; for
the decay channel 1(z;) of ~52 £ 5 %. From ®p| and 7 we can calculate K and Kng
for all three decay channels, by using the following set of equations (forx =1, 2, 3):

KRx 1 Ty

Dpy =—— —— =
* Kre + Knrx | Krx Dpix

(5)

Since we do not know @pp for PDV.LiC4-CD after the photons redistribution
takes place in the PhC, we can only calculate K and Kyg for the reference sample.
Nevertheless, the variation of the photonic density of states only affects Ky, leaving
Kngr unchanged (according to Fermi’s golden rule, Kg(w) o 2 p(r, @) [111], in
which p is the photonic density of states). Therefore, knowing Knyr from the
reference sample we can calculate Ky from 7 = m

Although this is a relatively simple approach, it permits to estimate an increase
of Ky of 46 and 24 % at the high-energy PBG edge (437 nm), and a decrease of
31 and 27 % inside the PBG (460 nm) for 7, and 7, respectively (Table 3). 75 is
unaffected by the redistribution of the photonic density of states; once again this can
be explained by the large Kygr (for decay channel “3”) that is not modified by the
presence of the PhC leaving the modification of Ki too small to be measured.

Table 3 Radiative (KR) and non-radiative (Kyg) rates for PDV.LiCf-CD incorporated inside the
PhC and in the reference sample

Decay Intrachain Aggregate
channel 1 (z7) exciton () states (z3)
437 nm (high-energy edge)
Krenoy s~ (x10%) 19842 5.1+0.5 0.10£0.01
KR(Referencey S (x 10%) 13.5+2 41404 0.1040.01
460 nm (PBG)
Krnes™ (x10%) 9.5+0.9 3.04+03 0.10£0.01
KrReference) S~ (x10%) 13.6+2 41404 0.1040.01
Knr st (x10%) 13.7+2 7.5+0.7 35403

All rates were calculated using the model proposed in the text. We include an error of 10 % on the
calculated value. Reproduced with permission from [98]
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4 Conclusion

In conclusion we have investigated two hybrid-organic photoactive systems.
Wavelength and angle dependency of the PL suppression-enhancement has been
observed due to the presence of the photonic stop-band. Furthermore, we observed
a modification of the emission lifetime inside the stop-band and at its high-energy
edge. Such variation of the radiative decay rate is assigned to the modulation of the
photonic density of state induced by the photonic crystal that affects the infiltrated
polymer.
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