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The control of radiative decay rate is a crucial issue both for fundamental studies in quantum
electrodynamics and for the development of efficient lasers, light emitting devices and photovoltaic

cells. In this paper we investigate the integration of a near-infrared molecular fluorophore in an all-
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polymer planar microcavity. Subsequently, we report the modulation of the fluorescence decay and
radiative rate of the dye used and, in addition, of its fluorescence spectral line-shape and intensity.
These effects have been possible through engineering the dielectric contrast of the polymers used to

grow the flexible dielectric mirrors, thus blazing a trail to innovative opportunities for invisible near-
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Introduction

Optical microcavities of different morphologies have long been
a popular means of controlling photoluminescence (PL) and
electroluminescence of various emitters.' As they confine elec-
tromagnetic fields at their resonant frequencies to a small
volume, they strongly influence the light-matter interaction
for fluorophores inside the cavity. Spontaneous emission rate
is, in fact, not an intrinsic property of emitters, but highly
influenced by the surrounding electromagnetic medium in
what is known as the Purcell effect, first theorized by its
namesake in 1946.% As such, through quantum electrodynamic
effects, it is possible to engineer the radiative rate of an emitter
placed in an appropriately engineered medium, which allows
for higher efficiency optical devices, such as light emitting
devices (LEDs)*" or photovoltaics.>®

One of the simplest microcavity architectures to fabricate is
the planar variety based on one-dimensional photonic crystals,
also known as distributed Bragg reflectors (DBRs) or dielectric
mirrors. Due to their facile fabrication and scalability, DBRs
have found use in applications ranging from lasers, photo-
voltaics and sensors, to aesthetic applications in architecture
and art.” These structures consist of a repeating motif of
bilayers of dielectric materials with different refractive indices
that gives rise to constructive or destructive interference due to
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infrared-light communications and wireless technologies.

refraction and reflection at the layer interfaces at distinct
wavelengths. These wavelengths depend on the refractive index
of the layers as well as their thickness, which accordingly
results in controllable reflectance maxima for wavelengths
where light cannot propagate into the structure, known as
Photonic Bandgaps (PBGs).® However, when the periodicity of
these structures is interrupted by an anomalous layer, allowed
modes are introduced where some wavelengths in the PBG
spectral region are permitted to propagate in the structure,’
termed the microcavity modes (MC)." This is similar to micro-
cavities consisting of metallic mirrors, however, dielectric mir-
rors provide lower losses than their metallic counterparts.’'"?

At both the edges of the PBG and at the microcavity mode,
the local photonic density of states (LPDOS) is highly increased
while at the PBG it is drastically diminished, ideally to zero. The
LPDOS describes the number of photonic states available to the
system per unit energy,'® which controls the radiative rate and
the PL intensity. The radiative rate (I'y,q) can be interpreted in
terms of the LPDOS as described by the modified Fermi’s
golden rule (eqn (1)),"* where o is the angular frequency and
r is the position of the emitter in the cavity.

r= %LDOS(CO,V) (1)

Thus, depending on the tuning of the cavity mode with
respect to the PL of the emitter and its geometrical positioning,
both radiative rate enhancement and suppression can be
achieved." As polymers possess unique flexibility and process-
ability, all-polymer microcavities allowing enhancement
effects in combination with the recent leaps in polymer-based
devices -such as organic LEDs and solar cells- would allow
efficiency enhancement of these flexible and solution-processed
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devices.”>™”

The possibility of emission rate control was theo-
rized to be achievable through the use of special polymers or
nanocomposites that provide particularly high or low refractive
index in dielectric mirrors."”® While radiative rate control
has been routinely achieved in planar microcavities based on
inorganic dielectrics, the effect has only recently been confirmed
in all-polymer microcavities, partly due to the use of low-index
perfluorinated polymers.'® Perfluorinated sulfonic acid disper-
sions are promising solution-processable polymers with unique
electrical, optical and thermal properties that have found
applications in a myriad of fields.>*>* Thus, we have previously
reported on the use of microcavities employing the low refractive
index perfluorinated polymer Aquivion (AQ) to achieve not only
intensity enhancement of an organic emitter in the visible range,
but more importantly its effect on altering the radiative lifetime
by virtue of increasing the dielectric contrast between the poly-
mers used in constructing the DBRs forming the dielectric
mirrors."®

In this paper, we demonstrate that this effect is also achievable
for near infrared (NIR) organic emitters, which is critical due to
the importance of the NIR range for communication, sensing,
biological imaging and solar cells.>*° Even though careful
molecular design,*® supramolecular assemblies®’™* and dye
blends**** provide an approach to fluorescence kinetics control,
using photonic structures offers an additional tool having broad
applicability, high effectiveness and straight-forward experimental
method.">?%?*” This offers more flexibility in achieving fluores-
cence control in solid state devices through simply incorporating
the microcavities without changing the dye system, in particular
when polymer and flexible materials are used.

While different polymer-based fluorophores were investi-
gated in polymer cavities supporting whispering-gallery
modes,***° they require more sophisticated nano lithographic
or self-assembly fabrication that can be difficult to scale and
more prone to disorder. Herein, we report on the modulation of
radiative lifetime of 2-[2-[2-(4-methylbenzene oxy)-3-(1,3-dihydro-
1,3,3-trimethyl-2H-indol-2-ylidene)ethylidene]-1-cycloxen-1-
yl]-ethenyl]-1,3,3-trimethyl-1H indolium perchlorate, a NIR
emitting dye (thereafter referred to simply as “dye”) blended
with polyacrylic acid (PAA) and embedded in an all-polymer
microcavity. The use of AQ as a low-index polymer and
poly(vinyl carbazole) (PVK) as a high-index one in the DBRs
results in refractive index contrast of An ~ 0.33 at the spectral
range of interest, comparable to that achievable in some
inorganic structures.*’ The engineering of the PBG and the
MC mode to the PL spectral range of the dye provides an
opportunity to observe interesting cavity effects.

Experimental section
Microcavity fabrication

All samples were fabricated through sequential spin coating
deposition of 100 pL of polymer solutions at 170-190 revolutions
per second on glass substrates. Aquivion D79-25BS was provided
by Solvay Specialty Polymers and used as a water/ethanol
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dispersion of different ratios depending on the desired thick-
ness. PVK (Acros Organics) was used as a solution in toluene
(Sigma Aldrich, anhydrous 99.8%) at a concentration of
40 mg mL™'. The NIR emitter dye (ADS760MP) was acquired
from American Dye Source, Inc. and used as a blend (1 mg mL ™)
in PAA (Aldrich)/ethanol solution (188 mg mL ™), referred to as
Dye:PAA. Spinning velocity and AQ dispersion concentrations
were engineered to tune the position of the bandgap as required.
We prepared two sets of microcavities: one tuned on the dye
fluorescence (MCiunea) and the other fully detuned form the
fluorescence (MCgeruned) to be used as a reference for dye
emission without cavity effects.

Optical characterization

Normal-incidence reflectance measurements were recorded
through a customized optical fiber-based setup consisting of
deuterium and tungsten-halogen sources (spectral range 230-
2500 nm) using reflectance from a UV-enhanced aluminium
mirror or a protected silver mirror as a reference (Thorlabs).
The reflected signal was collected using an AvaSpec-
ULS4096CL-EVO (CMOS) (spectral range 200-1100 nm, resolu-
tion 1.4 nm) spectrometer. Angle-resolved transmittance and
PL spectra were recorded using a homemade setup of angular
resolution <1° employing the same spectrometer. Steady-state
PL measurements were performed by exciting the samples with an
Oxxius 405 nm CW laser focused on a 1 mm? spot, and the signal
was collected with a parabolic mirror and then detected with the
aforementioned spectrometer. The collection setup allowed the
measurement of transmittance and PL at the same spot.

Time-resolved PL measurements

PL decay was recorded using a PicoQuant Time-Correlated
Single-Photon Counting system (Time Harp 260 PICO board
with a temporal resolution of 150 ps, a PMA Hybrid 40 detector,
and a 405 nm LDH-P-C-405 laser (PicoQuant, Berlin, Germany)
with a PDL 800B driver with a 5-80 MHz repetition rate as the
excitation source). The PL signal was filtered through a pre-
mium long-pass filter, with a cut-on wavelength of 700 nm
(Thorlabs, FELH0700) to exclude any possible interference from
PL of the polymers used in the DBR at shorter wavelengths.

Quantum yield measurements

External PL quantum yield for microcavities and references
were determined through the method described by de Mello
et al.*> An integrating sphere (Avantes AvaSphere-50) was used,
with a 405 nm LDH-P-C-405 laser as an excitation source and
the signal was collected with the same spectrometer used for
steady-state optical characterization.

Results and discussion
Dye properties and microcavity design

Panel a of Fig. 1 reports the PL and absorption spectra of
the Dye:PAA blend cast on a glass substrate. The absorption
maximum is observed at 777 nm (12870 cm ') followed by a

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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(a) Normalized absorption (black) and PL (red) of a thin film of the ADS760MP dye dispersed in PAA. (b) Chemical structure of the dye. (c) Digital

photograph of the VIS-transparent, NIR-tuned microcavity cast on a glass substrate. (d) Schematic of the microcavity structure.

broader shoulder at about 710 nm (14084 em™ '), probably
masking an additional vibronic replica. On excitation using a
405 nm laser, the fluorescence spectrum shows a maximum at
798 nm and is not symmetrical with respect the absorbance
spectrum. Indeed, vibronic features are not detected, indicating
a different electron-phonon coupling in the ground and excited
electronic states and a small Stokes shift of 21 nm. The
chemical structure of the dye is shown in Fig. 1b. This dye
consists of a polymethine chain linking two terminal hetero-
cycles, each of which is bonded to a nitrogen atom conjugated
to the chain. In the present case, the heterocycles are coplanar
to the conjugated bonds thanks to the saturated bridges, which
prevent ring torsions thus extending the delocalization of
electrons. The central conjugated bond of the molecule is also
stabilized by a cyclic saturated bridge carrying in the opposite
position a phenyl-oxy electron donor group. All these features
induce a strong reduction of the HOMO-LUMO transition
energy to the NIR.**** A digital photograph in Fig. 1c shows
the microcavity containing the Dye:PAA blend cast on a glass
substrate, where the PBG and MC mode wavelengths are tuned
to the emission of the dye. The sample demonstrates high
transparency and remarkable lack of colouring, as its first order
PBG lies in the infrared range, with a slight tint due to the low-
intensity second-order PBG in the violet range (see Fig. 2a and b).
Casting parameters were engineered to produce multiple sam-
ple types: one where the PBG overlaps the emission of the dyes
(MCrunea), and another where the PBG is instead offset to
shorter wavelengths (MCygerunea) to act as a reference emulating
the physicochemical environment, yet without the photon
localization effect in the NIR range. The microcavities comprise
two identical DBRs formed of 20 bilayers of AQ/PVK pairs,
sandwiching a layer of the Dye:PAA blend as schematized in
Fig. 1d.

Steady-state optical characterisation

The normalized reflectance spectra of MCyyneq and the control
MCyetunea are plotted in Fig. 2a, showing the characteristic
signatures of 1D planar microcavities.”® The two samples have

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022

a comparable bandwidth of 0.21 (MCyyped) and 0.19 (MCgetunea) €V,
in the range 1.45-1.66 eV or 750-870 nm for MCpeq and 2.47-
2.66 eV or 462-513 nm for MCgetunea- The principal microcavity
modes are observed at 850 and 475 nm, respectively. Reflec-
tance spectra of the bottom DBR for MCyypeq is reported in ESIT
Fig. S1, while Fig. S2 shows the reflectance at different spots of
MCtiuned, confirming the high degree of homogeneity in the
sample. The photonic structure of the microcavities is further
confirmed through angle-resolved transmittance measure-
ments for both S and P polarizations (Fig. S3, ESIt), that
demonstrate the typical shift of the PBG and the microcavity
mode to shorter wavelengths on increasing the collection
angle.™

The complementary absolute transmittance of MCgypeq at
normal collection is reported in Fig. 2b (solid black line) while
the calculated value is shown in grey. Using the refractive index
of AQ,”° PVK,* and the Dye:PAA blend (see ESL,} Fig. S4 and
Table S1 for the latter) as an input for the transfer matrix
method (TMM) calculations,*® we retrieved the thicknesses of
the polymer layers to be approximately 112 and 420 nm for PVK
and the Dye:PAA cavity layer, respectively. Due to the affinity of
AQ for water, the layers in the lower DBR (which were cast first)
have a thickness of around 156, slightly thicker than the
153 nm of the layers in the upper DBR, providing minor
asymmetry to the structure. The peak positions and intensities
of the cavity modes, both the first and second order PBGs and
the interference fringes agree to a great extent. Panel (c) of
Fig. 2 shows the fluorescence spectra collected normal to the
surface from the Dye:PAA blend thin film (black), MCgctuned
(blue) and MCyyneq (red) excited by a 405 nm laser.

Clearly, the PL for MCgetunea has a similar emission shape to
that of the Dye:PAA blend. Contrarily, the spectral overlap
between the PBG and the microcavity mode of MCyyneq and
the emission of the NIR dye completely alters the fluorescence
shape and intensity, giving rise to a dramatic spectral redis-
tribution well known in these systems independently of
the emitter used.*"*”** As expected from the typical LPDOS,
the emission from wavelengths that correspond to the PBG are

Mater. Chem. Front., 2022, 6, 2413-2421 | 2415
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Fig. 2 (a) Reflectance spectra of the tuned microcavity (black solid line)
and the detuned one (dashed line). (b) Experimental (black) and calculated
(grey) transmittance spectra for MCyyneq. (c) Comparison of the photo-
luminescence measurements from the pristine Dye:PAA film (black),
MCletuned (blue), and MCiyneq (red).

completely suppressed due to the near-zero LPDOS, and the
emission is funnelled instead into the wavelengths with higher
LPDOS at the cavity mode. Remarkably, due to the relatively
wide PBG, approximately all off-resonance PL is suppressed,
which was not the case for all-polymer microcavities previously
reported.”>*”™*® A careful comparison of fluorescence and
transmittance of the tuned microcavity is reported in Fig. S5
(ESIY) in order to highlight the overlap of the PL enhanced peak
and the cavity mode. Due to the MCgypeq mode (~850 nm), the
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intensity of CW fluorescence is increased 10-fold compared to
MCgpifeea and 15-fold compared to the Dye:PAA blend film.
Interestingly, the full width at half maximum (FWHM) of the
cavity mode is ~4 nm, making its quality factor around 210,
comparable to the highest reported so far in all-polymer
microcavities (255)*° and to inorganic microcavities of similar
dielectric contrast.*’ In addition, the angular dispersion of the
fluorescence is highly modulated by the photonic structure
of the tuned microcavity up to 35° when the cavity mode
is no longer overlapping with the dye fluorescence spectrum.
In contrast, for the detuned one no angular dependence is
observed, as shown in ESI{ Fig. S6, further confirming the
cavity effects in MCgyped-

Thus far, the efficient leverage of using microcavities for the
control of fluorescence spectral characteristics is evident. Most
importantly, as mentioned in the introduction, these effects
also extend to the exceptional change of the radiative lifetime of
the fluorophore embedded in the microcavity.

Radiative lifetime effects

Measurements of fluorescence lifetime show that there exists a
significant effect of the microcavities on the dynamics of PL
from the dye, indicating a clear effect on the quantum electro-
dynamics of the system. Integrated time-resolved fluorescence
signal in the spectral range 700-870 nm and their best fit are
displayed in Fig. 3. The intrinsic response function (IRF) of the
setup is also reported in a solid grey line, showing the limit of
the instrument temporal resolution. It is immediately apparent
that the decay is different for all three samples, with the fastest
being that of the standalone Dye:PAA, and the slowest that of
the tuned cavity. Detailed fitting parameters are reported in the
ESIt Table S2. As the photophysics of the dye itself is unknown
and of little interest to this work, we focus on comparing its
behaviour in the thin polymer blend film to the microcavities.
To make a preliminary comparison of the radiative (I'z) and
non-radiative (I'yg) processes occurring in the three systems
being analysed; we first calculate the intensity-averaged
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Fig. 3 Photoluminescence decay (squares) and fitted data (lines) for the
Dye:PAA film (black), the detuned microcavity (blue) and the tuned
microcavity (red).
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Table1l Average photoluminescence lifetime tp., quantum yield n and the
calculated radiative and non-radiative lifetimes (t,.4 and tnyr respectively)
and rates (I';5g and I'yr) for the Dye:PAA film and microcavities

Sample tpp (nS) % (%) Trag (NS)  Twg (0S) I (ns™!) I'yg (ns™1)
Dye:PAA 0.7 +£0.219+3 3.6+1.7 09 0.27 1.2
MCctuned 1.2 £ 0.2 842 12.4 + 4.6 1.3 0.08 0.8
MCeuned 1.9 £ 0.2 542 39.6 + 18.2 2.0 0.03 0.5

fluorescence decay lifetime in Table 1 (see ESL} Table S2 and
its commentary). We notice an increase in fluorescence lifetime
for both MCetuned, and MCiuned-

Even though the PL lifetimes inferred from the measurement
show the significant effect on the overall fluorescence lifetime
from the tuned microcavity with respect to references, it is not
possible to confirm any modulation of the radiative rate without
the proper measurement of the external quantum yield, which
allows to disentangle radiative from non-radiative decays
(’1 - Tr+Tnr
Table 1 as well.

The standalone Dye:PAA film shows a moderately high PL
quantum efficiency of 19%. However, this is roughly halved for
the detuned microcavity, and quartered for the tuned one. As
the quantum yield is calculated for all orientations and angles
for a range of wavelengths 700-1100 nm, it is not possible to
neither spectrally nor angularly resolve its value to evaluate the
radiative rate for different decays. However, using average
values, it is possible to estimate the average radiative and

TPL )
= , also
I—n

reported in Table 1. For both the tuned and detuned micro-
cavities, there exists a significant change in both radiative and
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nonradiative lifetimes. However, that extent of change is smaller
in the reference MCgeruned, indicating that there are some
unintended effects that might include, but are not limited to,
exciton chemical traps, impurities, local disorder, polarity of the
medium and residual solvent diffusion among layers,'® which
are not observed in the Dye:PAA film being related to the
microcavity structure and its growth process. For this reason,
the effect of electric field confinement in the tuned cavity can be
clearly estimated only using MCgerunea @s a reference. As such,

. . . 1
the ratio between the radiative rate of emission (F rad = >
Trad

from the tuned and detuned cavities (i.e the Purcell effect) can be
quantified as approximately 0.3, indicating a reduction of the
radiative rate comparable with values obtained for inorganic
planar 1D MC.>""**> On the other hand, the non-radiative decay
rate varies to a smaller extent between the two samples.

Electric field propagation at microcavity mode

To explain the observation of radiative lifetime increase, and
thus radiative rate suppression, in the fabricated all-polymer
microcavity, the effect of the cavity on the electric field
distribution must be evaluated quantitatively. We calculated
the electric field propagation through the structure at all the
wavelengths of interest by the Transfer Matrix approach.”>?
Fig. 4a shows the results of these calculations of the normalized
squared modulus of the field in the range 700-900 nm through-
out the depth of the structure. The plot shows the relative
intensity of the propagating electric field impinging at normal
incidence, starting at the surface (i.e. depth = 0 pm), high-
lighting the cavity layer in red. The yellow shades of the contour
plot indicate a negligible intensity of the electric field, while the
dark blue indicates the maximum values. For the wavelengths

10
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(a) Relative value of the square modulus of the electric field propagation in MCy,neq at different wavelengths and positions along the cavity depth.

(b) Normalized value of the square modulus of the electric field at 850 nm as a function of the depth of MCyneq-
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in the range of the PBG, the field propagation is exponentially
damped throughout the structure until it completely disap-
pears. On the other hand, the field for wavelengths around the
cavity mode (850 nm) increase in intensity, reaching their
highest value at the defect layer (~5 pm, red). Different
behaviour is observed for the interference fringes which oscil-
late in intensity through the structure of the microcavity. Fig. 4
b reports the electric field intensity at the cavity mode wave-
length (850 nm), showing clearly that its maximum value is
achieved in the defect layer, highlighted in red. However, it also
shows that the defect layer overlaps not only an antinode of the
electric field (the peak in Fig. 4b, red area), but also two nodes
(the side minima in Fig. 4b, red area). The ratio of radiative
lifetime in a microcavity (1/I'yc) relative to that in a homo-
geneous medium (1/Iy), is related to the microcavity wave-
length (Aymc), the refractive index in the cavity n, the quality
factor Q and the effective volume V. In addition, the placement
relating to the electric field intensity (E(r) is its amplitude in the
cavity and |E,|* is the maximum of its intensity), the spectral
overlap between the cavity mode wavelength and the emitted
wavelength (for a monochromatic emitter (1.) as well as a leaky
mode factor f, as outlined in a modified form of the Purcell

factor (eqn (2))*°
ALZ
p ) of

Ive _ 3 (inc\'Q  [E(0]
< ) ) X(A/lcz+4(/lc—)vx)2
(2)

Ly 4w\ n ) V" |Ey)

Clearly, there is a significant radiative rate inhibition
mechanism occurring as most fluorescence from the dye over-
laps the PBG wavelength, causing an inhibition effect. Ideally,
the use of a narrow emitter and thinner cavity layer would allow
more finer control on the effect and observing only radiative
rate enhancement or inhibition, depending on the spectral and
positional overlap. In addition, the position of the emitter in
the cavity with respect to the resonant electric field can influ-
ence the decay kinetics. Preliminary results show that the
radiative rate suppression effect is reproducible for cavities
having similar primary cavity mode wavelengths and same
active layer thickness, even if the cavity length is varied using
spacers (see ESIt Fig. S7 and Table S3).

To explain why strong radiative rate variation effects were
hardly reported before in literature, we compare the microcavity
structure used in this investigation using PVK/AQ as building
blocks of the DBRs with previously studied polymer pairs. These
are polystyrene (PS)/cellulose acetate (CA) (PS/CA, (An = 0.109),>*
PVK/CA (An = 0.212)*® and PVK/PAA (An = 0.197) with PS and
PVK being the higher index polymers.*” More information about
the optical properties of the polymer pairings is available in the
ESIf and in suitable literature where the problem of dielectric
contrast has been addressed.'®**® Transfer matrix method
calculations were performed for microcavities of identical cavity
mode wavelengths and overall structures, whose calculated
transmittance spectra are reported in Fig. S8 (ESIT).

The ratio between the maximum square modulus of the
electric field at the cavity mode in different microcavities and
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Fig. 5 Normalized value of the square modulus of the electric field at the
microcavity mode wavelength (black squares) with respect to that of PVK/
AQ pairs, and FWHM of the PBG (red squares) for different polymer pairs
forming theoretical dielectric mirrors.

that in the investigated PVK/AQ microcavity (black) are plotted
as a function of the dielectric contrast in the DBR in Fig. 5. An
almost linear relationship between the extent of electric field
enhancement as a function of the dielectric contrast between
the polymers used to form the DBR is noted. It thus solidifies
the extreme importance between engineering the dielectric
contrast between mutually processable polymers and the extent
of confinement that the microcavities can achieve. A similar
linear trend is noticed for the FWHM of the PBG (red squares),
where polymer pairs of higher refractive index contrast reflect a
wider PBG at normal incidence. The PVK/AQ pairing shows the
highest refractive index contrast and consequently the widest
PBG, which ideally has to be broader than the fluorescence
spectrum. This is essential for suppressing as much of the
off-resonance fluorescence as possible, especially in the case of
polychromatic fluorescent dyes like organic emitters to funnel
the majority of emitted light within the cavity mode. Corre-
spondingly, it is of high importance to further develop polymers,
blends, and hybrid systems®®*” pushing the limits of refractive
index of traditional polymers for more advanced photonic
applications.

Conclusions

In conclusion, we have shown the possible effects of light
confinement in a suitably engineered dielectric microcavity
for controlling the radiative rate in the NIR spectral range.
Through simply changing the casting parameters we were able
to engineer fully solution-processed planar microcavities both
tuned to the emission of the embedded dye and a reference
to account for any unintended effects. Despite providing only
one-dimensional confinement, the properly tuned microcavity
enhanced the fluorescence of the near infrared dye by more
than 10-fold. More importantly, we demonstrate that the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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combination between the high-dielectric contrast and defect
layer positioning can influence the radiative and non-radiative
rates of a fluorophore in an aptly designed microcavity com-
pared to both the stand-alone dye and a reference simulating
the chemical and dielectric environment. Additional develop-
ments in the field are possible upon increasing the dielectric
contrast of the polymer DBRs, using sharper emitters as well as
further reducing the cavity width, thus demonstrating polymer
chemistry as a tool to develop quantum electrodynamics.
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