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5 ABSTRACT: Controlling the radiative rate of emitters with
6 macromolecular photonic structures promises flexible devices with
7 enhanced performances that are easy to scale up. For instance,
8 radiative rate enhancement empowers low-threshold lasers, while
9 rate suppression affects recombination in photovoltaic and
10 photochemical processes. However, claims of the Purcell effect
11 with polymer structures are controversial, as the low dielectric
12 contrast typical of suitable polymers is commonly not enough to
13 provide the necessary confinement. Here we show all-polymer
14 planar microcavities with photonic band gaps tuned to the
15 photoluminescence of a diketopyrrolopyrrole derivative, which
16 allows a change in the fluorescence lifetime. Radiative and
17 nonradiative rates were disentangled systematically by measuring the external quantum efficiencies and comparing the planar
18 microcavities with a series of references designed to exclude any extrinsic effects. For the first time, this analysis shows
19 unambiguously the dye radiative emission rate variations obtained with macromolecular dielectric mirrors. When different
20 waveguides, chemical environments, and effective refractive index effects in the structure were accounted for, the change in the
21 radiative lifetime was assigned to the Purcell effect. This was possible through the exploitation of photonic structures made of
22 polyvinylcarbazole as a high-index material and the perfluorinated Aquivion as a low-index one, which produced the largest dielectric
23 contrast ever obtained in planar polymer cavities. This characteristic induces the high confinement of the radiation electric field
24 within the cavity layer, causing a record intensity enhancement and the steering the radiative rate. Current limits and requirements to
25 achieve the full control of radiative rates with polymer planar microcavities are also addressed.

26 ■ INTRODUCTION

27 Progress in the field of polymer photonics has quickly
28 accelerated in the last decades due to their unique properties,
29 including easy chemical tailoring, mechanical flexibility, and
30 simple fabrication.1 Devices employing all-polymer planar 1D
31 photonic crystals such as light-emitting diodes (LEDs),
32 photovoltaic cells, and sensors2 are especially appealing as
33 their fabrication is easy to scale up.3 However, the poor
34 refractive index (n) contrast between transparent polymer
35 materials limits light confinement3 and hinders the control of
36 spontaneous emission rates, namely the Purcell effect.4

37 However, empowering the control of an emitter’ss radiative
38 rate with polymer photonic crystals promises the easy large-
39 area fabrication of either flexible low-threshold lasers5 and
40 high-efficiency LEDs6 when the rate is increased or photo-
41 voltaic and photocatalytic devices where an increase in the
42 exciton lifetime (i.e., a reduction of the radiative rate) leads to
43 a longer diffusion length and a higher device performance.7

44 Both radiative rate enhancement and radiative rate
45 suppression have been well-demonstrated in metallic8 and
46 inorganic9 structures. Indeed, the latter have been dominating

47the photonics playground thanks to their low losses and
48optimal radiation confinement.10 Rate control has been
49achieved by employing inorganic optical resonators11 and
50microcavities (MCs) of different typologies,12 including planar
51ones,13 microdisks,14 micropillars,15 and photonic crystals.16

52On the other hand, their fabrication requires severe conditions
53and is time and energy consuming. This aspect has hindered
54their adaptation for flexible devices, integration with organic
55and hybrid emitters, and large-area production. As such,
56achieving rate control with polymer structures would be a
57milestone for efficient solution-processable flexible photonics.
58Yet, the unambiguous observation of this effect in polymer
59structures has been disputed within the scientific community.
60Some claims of Purcell effect observation were made for hybrid
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61 silica/polystyrene systems,17 but possible extrinsic effects, such
62 as changes in the refractive index of the effective medium,18

63 and chemical effects, including exciton chemical traps,
64 impurities, and local disorder affecting the structure, have
65 been debated for these systems.19 In general, photolumines-
66 cence (PL) lifetime (τPL) variations were reported for polymer
67 synthetic opals20 and 2D21 and planar MCs,22 but radiative
68 rate variations were not investigated. Indeed, τPL measure-
69 ments alone cannot disentangle radiative (ΓR) and non-
70 radiative (ΓNR) decay rates without information on the
71 photoluminescence external quantum efficiency (η, eq 1).23

72 Then, the conclusion that any changes in the fluorescence
73 lifetime arise from a modification of the ΓR value is valid only
74 when η is taken into account.

R

R NR
η =

Γ
Γ + Γ75 (1)

76 In this work, we unambiguously demonstrate radiative rate
77 suppression within a planar polymer MC fabricated through
78 the solution processing of a perfluorinated polymer, Aquivion
79 (AQ, n = 1.35),2 and polyvinylcarbazole (PVK, n = 1.69).3,24

80 The couple provides the highest dielectric contrast demon-
81 strated for polymer planar microcavities (Δn = 0.34 in the UV-
82 NIR range) so far.25 The dye embedded in the cavity is a
83 diketopyrrolopyrrole (DPP) derivative. Diketopyrrolopyrroles
84 are some of the most studied organic dyes for electronics and
85 photonics,26 including in organic light-emitting diodes and
86 solar cells,27 due to their tailorable synthesis and high thermal-
87 and photostabilities.28 The same materials were also employed
88 to fabricate a series of references. A systematic assessment of η
89 and the emission decays allows us to unequivocally
90 demonstrate an increase of the radiative lifetime (τrad) in
91 opportunely tuned microcavities, ruling out any simpler
92 alternative interpretations or extrinsic photophysical processes
93 beside cavity Purcell effects.

94 ■ RESULTS
95 Cavity Design and Properties. The MCs were grown via
96 spin-coating deposition and were formed by two dielectric
97 mirrors, each of which consisted of 20 bilayers of AQ and PVK.
98 The cavity between the mirrors contains two layers of cellulose
99 acetate (CA) sandwiching a layer of polystyrene (PS) doped

f1 100 with a DPP derivative27,29 (DPP:PS), as sketched in Figure 1a.
101 The same panel shows the chemical structure of the DPP dye,
102 while the normalized PL and absorbance spectra of a thin film
103 of the DPP:PS blend cast on a glass substrate are shown in
104 Figure 1b. In the spectral range of interest, the DPP dye shows
105 three distinct absorption maxima at λ = 450, 600, and 655 nm
106 (highest intensity). Upon excitation at 534 nm, the steady-state
107 PL spectrum of the blend displays a Stokes shift of 22 nm as
108 the maximum intensity appears at λ = 677 nm with a full-width
109 at half-maximum (fwhm) of 40 nm. Additionally, the emission
110 shows a broad shoulder at 745 nm.
111 The microcavity (MCtuned) was engineered to tune the
112 mirrors’ photonic band gap (PBG) and cavity mode to the PL
113 of the DPP dye using simple control of the spin-coating
114 deposition parameters. Moreover, several reference samples
115 were engineered and fabricated to compare the properties of
116 the microcavity with those of the bare dye, particularly to
117 exclude radiative rate variations due to extrinsic effects,
118 including medium chemical effects, the polarity of the medium,
119 the residual solvent diffusion among layers, waveguiding, out-

120coupling, and light extraction differences.25 These references
121were a DPP:PS pristine blend film, a detuned microcavity
122(MCdetuned) with the PBG in the green region of the spectrum
123where the DPP:PS film does not show significant fluorescence,
124bilayer CA-DPP:PS (R1), and a more complex five-layer
125structure (R2) (see Supporting Figure S1 for the optical
126characterization of the thin films). These references serve to
127simulate possible defects that could be unintentionally inserted
128into the microcavity by the growth process as well as loss
129mechanisms such as waveguiding effects and self-absorption,
130which are known to affect light emission in polymer
131microcavities.24

132 f2Figure 2a contrasts the reflectance spectra of both the tuned
133and detuned microcavities. Both structures display the
134characteristic features of planar MCs: an intense and wide
135reflectance band corresponding to the PBG of the photonic
136crystal mirror, with a sharp minimum assigned to the cavity
137mode, and a Fabry−Peŕot interference pattern in the
138background. While the PBG and the cavity mode of MCtuned
139strongly overlap the emission spectrum of the DPP blend, the
140shifted microcavity provides no spectral overlap; hence, any
141variation in the emission of the dye in this sample cannot be
142assigned to optical confinement effects provided by the
143microstructure.
144For the further characterization of the MCtuned, Figure 2b
145shows the transmittance spectrum of the microcavity, which,
146corresponding to the reflectance spectrum, shows a wide PBG

Figure 1. (a) Schematic of the MC structure, including the chemical
structure of DPP. (b) Normalized absorbance and PL intensity
spectra of the DPP:PS blend thin film.
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147 with a maximum at λc = 717 nm assigned to the cavity mode.
148 The PBG extends from 635 to 732 nm (fwhm of 250 meV), a
149 larger value compared to other polymer planar microcavities
150 with smaller dielectric contrasts.25,30 Moreover, due to the
151 photonic band structure of the MC, the spectral position of the
152 aforementioned features is strongly dependent on the angle of
153 incidence and the polarization state of the incoming light beam
154 (Supporting Figure S2),31 so the emission spectrum can
155 possibly be tuned by changing the detection angle. It is worth
156 noticing that the sample surface shows some minor spectral
157 inhomogeneities due to small thickness variations across the
158 sample, as reported in Supporting Figure S3a. Supporting
159 Figure S3b shows a digital image of the strong PL from a
160 microcavity cast on a flexible substrate under violet laser
161 excitation.
162 The optical response of the structure was simulated using
163 the complex refractive index dispersions of all the polymers
164 employed that were previously reported in the literature2,3,24,32

165 and that measured for the DPP:PS film (Supporting Figure
166 S4). Employing transfer matrix method (TMM) modeling,3

167 the simulated transmittance reported in Figure 2a (dotted line)
168 was best-fit to the experimental one, yielding the thicknesses of
169 individual materials (74.5 nm for PVK, 159.5 nm for AQ, 184
170 for DPP:PS, and 78 nm for the CA layers).The positions and
171 widths of the interference fringes, as well as the PBG and λc in
172 the experimental measurements, are all well-reproduced in the
173 calculation. To obtain initial estimates of the layer thicknesses
174 for simulations, SEM measurements were performed, The
175 SEM micrograph in Figure 2c (and Supporting Figure S5)
176 shows the layering of the DBR after the microcavity was freeze-
177 cracked, which caused uneven fracture artifacts in the image.
178 The AQ layers are distinguishable thanks to their spherical
179 aggregates, which have been previously reported in the
180 literature for perfluorosulfonic acid ionomer dispersions.33

181 From the SEM images, the uniformity is clear. As described in
182 detail in Supporting Figure S6, the average thickness of the AQ
183 layers was estimated to be 108 ± 8 nm, and that of PVK was
184 estimated to be 65 ± 6 nm. We noticed that the freeze-

185cracking process induced delamination that prevented the
186direct observation of the cavity layers, whose thicknesses were
187then estimated through AFM measurements to be 88 ± 33 nm
188for the CA layers and 113 ± 67 for the DPP:PS layer (see
189Supporting Figure S7 for details). We observed good
190agreement within the experimental uncertainty between
191thickness derived from SEM/AFM for the PVK, CA, and
192DPP:PS layers and those derived from optical simulations,
193while some discrepancy was observed for the AQ layers.
194However, this is expected as AQ, being a material sensitive to
195its chemical environment, is strongly perturbated by the abrupt
196change induced by the freeze-cracking process and the
197subsequent vacuum environment of the SEM chamber.2

198Figure 2d compares the PL spectra for a DPP:PS thin film
199and MCtuned. Both the DPP:PS layer in the microcavity and
200that in the reference DPP:PS film were cast under identical
201conditions. Due to the spectral overlap of the dye PL with the
202PBG and the very sharp cavity mode (fwhm of ∼3.5 nm), the
203local photonic density of states (LPDOS) strongly modulates
204the fluorescence line-shape.3,34 Indeed, the LPDOS is very low
205at the PBG and is strongly enhanced at the cavity mode,
206channeling the emission into the latter. At near-normal
207incidence ,the enhanced LPDOS at the cavity mode produces
208a 40-fold intensity enhancement of the DPP emission at λc =
209717 nm as compared to the bare emitter film (see Supporting
210Figure S8 for a comparison with other spectral regions), a
211record value among polymer microcavities (the highest being
2128.9× to the best of our knowledge).22b As the collection angle
213increases, the PBG and λc shift to shorter wavelengths,
214changing the spectral regions that are either enhanced or
215suppressed (see Supporting Figures S9 and S10 for details).
216The finesse of MCtuned is quantified through the quality factor
217(Q = λC /ΔλC) of approximately 205, a relatively high value
218compared to the highest reported so far for all-polymer
219microcavities (Q = 255).30 We also notice three additional
220weak emission peaks at approximately 733, 743, and 775 nm in
221the cavity PL spectra that corresponded to the local minima in
222the Fabry−Peŕot interference pattern (Figure 2a). Unsurpris-

Figure 2. (a) Reflectance spectra of tuned microcavity (red line) and the detuned one (blue line). (b) Experimental (red full line) and simulated
(black dotted line) transmittance of the tuned microcavity. (c) SEM image of a representative DBR forming the dielectric mirror in a tuned
microcavity. (d) Photoluminescence spectra of the DPP:PS film (multiplied by 5, black full line) and the tuned microcavity (red full line).
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223 ingly, the PL is strongly suppressed at the PBG wavelengths
224 where the LPDOS is lower. As expected from the angular
225 dispersion of transmittance in the microcavities34 (Supporting
226 Figure S2), the fluorescence from MCtuned is highly directional
227 compared to the Lambertian emission of the DPP:PS film
228 (Supporting Figure S9).
229 Moreover, we consider the overall microcavity effect on the
230 fluorescence intensity, where only part of the dye’s
231 fluorescence spectrum overlaps the PBG and the microcavity
232 mode. Supporting Figure S10 displays the angle-resolved PL
233 intensity data at the cavity mode wavelength as well as those
234 integrated for all wavelengths for the microcavity, the
235 standalone DPP:PS film, and the reference R2. Then the
236 total emission enhancement factor (Gtot

exp) according to eq 235

237 can be calculated as ∼1.4 with respect to the dye and ∼1.3
238 with respect to R2, indicating an overall enhancement in the
239 PL intensity. The relevant calculations are more thoroughly
240 discussed in the Supporting Information.

G
PL ( , )d d

PL ( , )d dtot
exp cav

ref

∬
∬

λ θ λ θ

λ θ λ θ
=

241 (2)

f3 242 Cavity Effects and Radiative Rate Modification. Figure
f3 243 3 compares the fluorescence decay upon excitation with a

244 pulsed laser (λ = 405 nm) for the standalone DPP:PS film
245 (black squares), MCdetuned (blue squares), and MCtuned (red
246 squares), which was evaluated from the PL intensity at λMCtuned
247 ± 10 nm. As the reference intensities are lower than the tuned
248 microcavity due to the previously discussed enhancement
249 effect (see Figure 2c), their decay signals have a lower signal-
250 to-noise ratio. Notwithstanding, a strong difference between
251 the lifetimes of MCtuned and the two references can clearly be
252 observed, even without the need for fitting.
253 τPL, which is related to the radiative and nonradiative decay

254
rates ( )1

R NR
1 1

PL R NR
= Γ + Γ = +

τ τ τ , was retrieved from the

255 single-exponential fitting of the decays (Figure 3, Supporting
256 Figure S11, and Table S1). Then, the radiative lifetimes for all

257the samples (τrad) were calculated as the ratio between the
258best-fitted τPL and the quantum efficiency η measured for all
259samples (Table S1). We would like to stress the role of the
260external quantum efficiency (eq 1) in disentangling the
261radiative and nonradiative (τNR) lifetimes and quantifying the
262Purcell effect. As reported in eq 3, the radiative rate can only
263be calculated from the quantum efficiency and the overall PL
264lifetime. Unfortunately, as η measurements are rarely reported,
265making estimations of the actual radiative rate and its
266variations is highly speculative.36

R
PLτ

τ
η

=
267(3)

268The fits for the references are almost superimposable, as
269seen in Figure 3. The results of such calculations are
270 t1summarized in Table 1, showing that the two references
271have similar τPL values (190 ps for the DPP:PS layer and 185
272ps for MCdetuned). Comparable lifetimes were also observed for
273other references that emulated the boundaries of the defect
274layer (as reported in Table S1 of the Supporting Information),
275while the value more than doubles (∼416 ps) for the tuned
276microcavity. Regarding η instead, the value for the bare
277DPP:PS film is ∼6%, which decreases by half for the MCdetuned
278reference (∼3%) and to a sixth for MCtuned (∼1%).
279Astonishingly, with respect to the DPP:PS film (τrad = 3.2
280ns), the microcavity shows a 10-fold increase in the radiative
281lifetime (τrad ∼ 42 ns) as compared to a slight increase of that
282for MCdetuned (τrad = 6.2 ns). Corresponding changes in the

283
radiative rates were derived ( )rad

1

rad
Γ =

τ
and are reported in

284Table 1.
285From data in Table 1, we derived the ratio between the
286radiative decay rate of the emitter modified by the environ-
287ment (Γrad

mod) and its decay in vacuum Γrad (P), usually called
288the Purcell factor. In our case, the error 0.03 ≤ P ≤ 0.24 (for
289the average values, P = 0.08) is included when considering the
290DPP:PS film as a reference and the error 0.06 ≤ P ≤ 0.47 (P =
2910.15) is included when considering the detuned microcavity as
292a reference. The latter accounts for enhanced self-absorption
293due to the small Stokes shift, the longer photon dwell time in
294the cavity, out-coupling effects, and any variations due to
295chemical effects or the effective dielectric environment.
296Notwithstanding the significant error propagating from
297uncertainty in the quantum yield measurements, the present
298P values are consistent with strong radiative rate suppression.
299If, however, the overall PL rates were considered only, i.e.,
300neglecting η as often occurs,23 P would have much larger
301values (0.44−0.46), falsely indicating a smaller and speculative
302rate suppression. The PL decay and η for all other references
303used (Table S1) show very similar values to those for
304references reported in Table 1. Finally, we notice that the
305effective refractive indices of all our references (also reported
306in ) show a variation below 10%.

Figure 3. Photoluminescence decay (squares) and fitted data (lines)
for the tuned microcavity (red) and for two references: the DPP:PS
film (black) and a detuned microcavity (blue, MCdetuned) around λc.

Table 1. Radiative Decays: Photoluminescence Lifetime τPL, Quantum Efficiency η, and the Calculated Radiative τrad and Non-
Radiative τNR Lifetimes for the Microcavities and the DPP:PS Filma

sample τPL [ps] η [%] τrad [ns] τNR [ps] Γrad [ns
−1] ΓNR [ns−1]

DPP:PS 190 ± 20 6 ± 2 3.2 ± 1.4 202 ± 89 0.32 4.9
MCdetuned 185 ± 20 3 ± 1 6.2 ± 2.7 191 ± 84 0.16 5.2
MCtuned 416 ± 20 1 ± 0.5 41.6 ± 22.8 420 ± 230 0.02 2.4

aSee Table S1 for more details.
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307 ■ DISCUSSION

308 To date, this is the first case where the Purcell effect is
309 unambiguously confirmed in all-polymer planar microcavities.
310 It is then useful to provide a deeper investigation of the
311 phenomena behind it and explain the reasons that prevented
312 its observation so far.
313 The puzzling results summarized in Table 1 concern the
314 simultaneous reduction in η and the increase in τPL for the
315 tuned microcavity with respect to all references in both Table 1
316 and Table S1. Indeed,in contrast with our data (Table 1)
317 where ΓNR is almost halved, a decrease in η usually causes a
318 decrease in τPL due to enhanced nonradiative recombination
319 rates.37 Moreover, the radiative rate is known to be strongly
320 dependent on the effective refractive index surrounding the
321 emitters, as demonstrated in planar silicon slot waveguides.19d

322 The variations in the value of τrad between the tuned cavity and
323 the references show remarkable dissimilarity and do not
324 comply with this interpretation because the references have
325 effective refractive indices similar (within 10%, see Table S1)
326 to that of MCtuned, making this alternative explanation
327 unsuitable for the radiative rate change observed for our
328 plastic microcavities.
329 To explain the significant extension of the radiative rate for
330 the MCtuned, we must invoke an unusual change in the light−
331 matter interaction: the Purcell-effect, i.e., the modification of
332 the spontaneous emission rate of a quantum system. According
333 to theory, both radiative rate suppression and radiative rate
334 enhancement should be observable in planar microcavities.13,38

335 Ideally, rate enhancement is achieved when three conditions
336 are satisfied: (i) the electromagnetic field is strongly confined,
337 (ii) the emission intensity is spectrally sharper than the cavity
338 mode and tuned to the region where the LPDOS is at a
339 maximum, and (iii) the emitter is placed at an antinode of the
340 microcavity electric field standing wave where its intensity is at
341 a maximum. Conversely, if one or more of these conditions is
342 not satisfied, rate suppression should occur.39

343 To discuss the role of these three requirements, it is useful to
344 recall the relevant theoretical framework. According to the
345 Wigner−Weisskopf approximation,40 the modified emission
346 rate is directly proportional to the LPDOS,31,41 which is a
347 function of the angular frequency (ω) and of the emitter
348 position (r) in the microcavity as described by a modification

349
of Fermi’s golden rule ( )rLPDOS( , )rad

mod 2
2 ωΓ = π

ℏ
.34 Then,

350 when LPDOS is at a minimum at the band gap, the radiative
351 rate is suppressed, while at the cavity mode (where it is
352 maximum) the radiative rate can be enhanced. Furthermore, if
353 the emitter is placed at an antinode of the electric field
354 amplitude inside the cavity, the emission is enhanced, and vice
355 versa for the positioning at a node. As DPP is a broad-
356 spectrum emitter, all off-resonance photons are expected to
357 experience suppression due to the low density of states outside
358 the cavity mode. This again is assigned to the enhanced
359 dielectric contrast, which is comparable to that achieved in
360 some inorganic dielectric microcavities that exhibited a PL rate
361 enhancement.38

362 Thus,far, the achieved result is promising for applications
363 where the suppression of radiative rate and the enhancement
364 of the lifetime are desired effects, such as light-harvesting
365 devices, where the efficiency of the devices is limited by the
366 diffusion length of the excitons and thus by the radiative
367 lifetime.7 On the other hand, radiative rate enhancement is

368desired for all light-emission applications, most importantly
369low-threshold lasers.
370Theoretically, the maximum achievable Purcell factor in a
371cavity (Pmax, eq 4)10 is dictated by the quality factor Q and the
372effective cavity volume (Veff), which represents the electro-
373magnetic field confinement in all the directions.
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374(4)

375In our case, there is no lateral confinement in the plane of
376the cavity layer. However, we can estimate the relative
377confinement along the periodicity direction from the
378penetration depth (Leff) of the electromagnetic field into the
379dielectric mirrors (eq 5). The penetration depth depends on
380the dielectric contrast (Δn = nH − nL), the geometric length of
381the defect layers (LMC), the optical lengths within the dielectric
382mirrors (LDBR), the periodicity of the structure (D), and the
383effective refractive index (neff).

25
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H L
+ = +
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384(5)

385In the MCtuned case, Leff is approximately 4.6 μm, which is
386much smaller than the overall geometrical length of 9.7 μm.
387Then, the system shows a stronger confinement with respect to
388the previously investigated all-polymer microcavities, where the
389lower refractive index contrast causes Leff to be comparable or
390even longer than the photonic structure itself (Table S2). This
391simple characteristic should explain why radiative rate
392variations have not been confirmed so far. In fact, Δn = 0.34
393represents at least a 50% increase from the highest value
394reported in the literature for polymer microcavities so far.22b,42

395On the other hand, most of the emission of broad emitters is
396suppressed by the PBG or is leaked outside the cavity mode,
397hence indicting the need to integrate very narrow emitters (PL
398full-width half-maximum below the cavity mode width) in the
399microcavities.
400Theoretical and experimental observations indicate that the
401maximum enhancement or suppression for a narrow emitter
402placed at the antinode of the standing wave in a planar
403dielectric microcavity is around 30%.43 Hybrid planar systems
404using polymer emitters or spacers in dielectric and metallic
405systems a report similar enhancement in the overall decay rate,
406including nonradiative decay.36,44 However, if micropillars or
407microbeams with micrometer-scale diameters were fabricated
408from the planar microcavity, the Purcell factor could reach
40910.45 At the state of the art, lateral nanostructuring remains the
410most reliable approach to radiative rate enhancement.10

411From the data reported in Table 1, we noticed that a change
412in the nonradiative rate was also observed. We suggest here a
413possible explanation for the effect, even though this is not the
414main focus of this work. Nonradiative decays are known to be
415activated after photoexcitation by the photon field.46 The
416microcavity deeply changes the environment of the dye and
417induces the strong localization of the electrical field within the
418layers driven by the dielectric contrast. In Figure S12, we
419report the square modulus of the absolute electric field
420amplitude (|E|2) and its maximum value in the cavity as
421calculated using TMM;47 the DPP:PS layer position is
422highlighted in red. As per the calculations, a strong resonance
423enhancement of the electric field intensity exceeding 40× the
424unmodulated intensity can be theoretically expected at a
425frequency of the photon field resonant with molecular
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426 electronic transitions. According to Siebrand,46 this enhanced
427 field modifies the Hamiltonian describing the process and thus
428 is a likely explanation for the reduction of the nonradiative rate
429 observed. In agreement with this conclusion, we noticed that
430 no changes of the nonradiative rate were observed for the
431 detuned microcavity, where field enhancement still occurs but
432 is at a frequency nonresonant with the molecular fluorescence.

433 ■ CONCLUSION

434 In conclusion, we demonstrated radiative rate suppression with
435 a 10-fold radiative lifetime increase and record PL enhance-
436 ment in fully solution-processed polymer planar microcavities,
437 which could open up new perspectives for flexible devices. The
438 larger dielectric contrast employed for the microcavity growth
439 allowed the unambiguous radiative emission rate variation to
440 be observed for the first time thanks to better confinement
441 within the sample thickness. Nevertheless, smaller mode
442 volume as well as the spatial and spectral optimization of
443 fluorophores are still necessary to achieve radiative rate
444 enhancement. The careful synergy of polymer refractive
445 index engineering, advanced dye synthesis, and solution-
446 fabricated flexible structures provides novel perspectives to
447 polymer photonics.

448 ■ METHODS

449 Dye Synthesis. DPP was synthesized following the
450 literature procedure.29a The dye shows a fluorescence quantum
451 efficiency of 0.55 in toluene solutions (the solvent used to
452 prepare the cavity layer) and essentially the same values in
453 tetrahydrofuran and dichloromethane.
454 Microcavity Fabrication. All samples were grown via the
455 alternating spin coating of 100 μL of the polymer solutions on
456 25 × 25 mm2 glass substrates at 175 rps for the dielectric
457 mirrors and 75 rps for the PS-dye solution. The mirrors with
458 20 bilayers were cast by alternating the deposition of the
459 Aquivion D79-25BS water/ethanol dispersion and the PVK
460 solution in toluene (40 mg/mL). The DPP:PS layer was
461 sandwiched between two layers of CA (30 mg/mL in
462 diacetone alcohol). The top layer serves to prevent water
463 percolation during the subsequent Aquivion deposition, and
464 the bottom one instead serves to maintain the symmetry of the
465 structure. The emitter layer was obtained by casting a solution
466 of the dye in PS/toluene ( 1 mg/mL DPP and 30 mg/mL PS).
467 Optical Characterization. Transmittance measurements
468 were performed with a setup consisting of deuterium and
469 tungsten−halogen sources (spectral range of 230−2500 nm)
470 using an AvaSpec-ULS4096CL-EVO CMOS (spectral range of
471 200−1100 nm and resolution of 1.4 nm) spectrometer. Angle-
472 resolved spectra were recorded using a homemade setup with
473 an angular resolution ≤1°. Steady-state PL measurements were
474 performed by exciting the samples with an Oxxius 405 nm CW
475 laser focused on a 1 mm2 spot. The fluorescence spectra were
476 collected with the same spectrometer. The collection setup
477 allowed the the transmittance and the PL to be measured on
478 the same sample spot.
479 SEM Measurements. SEM measurements were performed
480 using the FE-SEM Zeiss SUPRA 40 VP instrument (Carl Zeiss,
481 Oberkochen, Germany) at an acceleration voltage of 10 kV.
482 The microcavity sample was frozen in liquid nitrogen and
483 fractured to reveal the cross section upon which a thin carbon
484 layer was deposited using a high-vacuum evaporator (Polaron
485 6700).

486Time-Resolved PL Measurements. TRPL measurements
487were carried out using a femtosecond tunable Ti:sapphire laser
488(Coherent Chameleon Ultra II) and a streak camera detection
489system. Type I phase-matched second harmonic generation
490was performed using a β-barium borate crystal, leading to
491pulses with central wavelengths of 405 nm and spot diameters
492of 6−8 μm at the sample. The emission was collected at 30°
493from normal incidence and analyzed by a spectrograph
494(Princeton Instruments Acton SP2300) coupled to a streak
495camera (Hamamatsu C5680), resulting in a spectral resolution
496around 1 nm and a temporal resolution of 20 ps.
497Quantum Efficiency. External PL quantum efficiencies for
498microcavities and references were measured by the widely
499utilized method from de Mello et al.48 using an integrating
500sphere (Avantes AvaSphere-50) fiber-coupled with a 405 nm
501LDH-P-C-405 laser and an Avantes AvaSpec-2048 calibrated
502spectrometer (200−1150 nm resolution). Typical uncertainty
503in the quantum efficiency measurements for low values
504(<10%) can be in the range of 30−50%.49
505Refractive Index Measurements. A VASE instrument (J.
506A. Woollam Co., Lincoln, NE) in the range 250−2500 nm was
507used for spectroscopic ellipsometry measurements at different
508incidence angles from 55° to 75° on films on both fused silica
509and silicon substrates. Varian Cary 6000i spectrometer in the
510spectral range of 200−1800 nm was used to measure the
511reflectance and transmittance at normal incidence. Then, the
512complex refractive index was evaluated using WVASE32
513software (J. A. Woollam, ver. 3.774, Lincoln, NE), adopting
514oscillator models to guarantee a Kramers−Kronig consistency.
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