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Abstract

Back focal plane (BFP) imaging has emerged as a widely used technique for investigating
various nanoscale optical devices. The ability to provide the full angular distribution
of emitted light has enabled the engineering of precise radiation patterns, enabling new
advances in nanophotonics. Continuous improvements in the BFP imaging technique,
including wavelength, polarization, and phase-resolved signal detection, have allowed us
to gain crucial insights into the various optical and material properties of nanophotonic
devices. In this study, we introduce a fluorescence lifetime-resolved BFP imaging configu-
ration, which uses a spatial filtering technique in the Fourier plane to discriminate between
different emission directions. Uniform silver film (45 nm) with a PMMA matrix layer
of about 20 nm containing Rhodamine 6G fluorescent molecular dye was prepared and
measured using total internal reflection ellipsometry (TIRE). A coupled oscillator model
was used, and strong coupling was observed with a coupling strength of 160 meV. Time-
correlated single-photon counting was used for the estimation of fluorescence lifetime in the
sub-nanosecond regime, and a direction-dependent lifetime was observed in the BFP imag-
ing configuration. This modified fluorescence-lifetime-resolved BFP microscopy method
is essential for directly correlating the collective quantum dynamics (lifetime/decay rate)
with the far-field radiation pattern (angle/coherence). It offers a critical tool for designing
and optimizing quantum nanophotonic devices, such as polariton-based components and
highly directional single-photon emitters, where controlling both excited-state dynamics
and spatial coherence is paramount.

Keywords: strong coupling; surface plasmon polaritons; spatial filtering; fluorescence
lifetime; Rhodamine 6G

1. Introduction
Recent advances in nanophotonics have led to a wide range of new nanoscale optical

devices with applications ranging from spectroscopy, imaging, and nanolasers to quantum
optics and sensing [1–5]. A continuous development of optical measurement techniques
followed, with back focal plane (BFP) imaging emerging as a widely used technique for the
investigation and characterization of nanophotonic devices, as well as microscopy tech-
niques with a wide field of view [6] and spatiotemporal information [7]. BFP imaging offers
a simple way of obtaining the full angular distribution of scattered light without the need
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to use goniometers [8] or other prism-based devices [9], which turned out to be slow and
cumbersome. Single-shot measurements, offered by BFP imaging, provide the opportunity
for the real-time investigation of structures [10]. The ability to measure radiation patterns
allows us to observe the dipole orientations of single molecules [10,11], which was later
followed by the investigation of dipole orientations in various other nanophotonic plat-
forms [12–14]. Thus, BFP imaging enables researchers to engineer nanophotonic devices
with precise radiation patterns. The working principles of BFP are based on Fourier optics,
particularly on the Fourier transformation properties of a lens. When an object, such as a
single particle, is placed on the imaging plane of the objective lens, the output intensity
distribution observed on the BFP corresponds to the Fourier transform of the image [15].
This property of the lens translates the spatial distribution of the image into an angular
distribution and allows researchers to gain information about the emission and scattering
processes. This is especially important when considering scattering phenomena involving
metallic nanostructures in weak and strong coupling regimes, for instance, organic dye
molecules coupled with Surface Plasmon Polaritons (SPPs).

The successful use of BFP imaging has highlighted a limiting factor of this technique:
only the intensity of the light is measured. Improvements to this technique have been
introduced through the addition of wavelength [16,17], polarization [16,18], and phase-
resolved [19,20] signal detection, enabling new BFP imaging configurations [17,19,21,22].

Fluorescence lifetime remains one of the most important characteristics for describing
light-matter interactions in nanophotonic systems. Various structures have been investi-
gated to enable modification of emission properties in the far field. For example, emitters
placed in conjunction with plasmonic nanostructures exhibit modified emission [23–28],
which is crucial for the investigation of single-photon sources. Such modification of the flu-
orescence emission and lifetime is the primary signature of the weak coupling regime [29],
where the coupling is described as an interaction in which system losses exceed the rate of
light-matter interaction.

In contrast, fluorescence lifetime in the strong coupling regime is even further modified
by the formation of polaritonic eigenstates [30], providing new possibilities in quantum
nanophotonics [31,32] and modified chemical dynamics [33–35]. Strong coupling is defined
as g ≫ γex, γspp , where γex and γspp are the decay rates of the exciton and plasmon modes,
respectively. Polaritonic states are new eigenstates of the system, described as coherent
superposition of exciton and photon modes with dispersive characteristics [36].

Additionally, modification of emission and absorption spectra is evident through the
emergence of a double-peak structure [30], corresponding to upper polariton (UP) and
lower polariton (LP) energies. During strong coupling, exciton and plasmon modes exhibit
coherent energy exchange at a rate equal to the Rabi frequency, drastically altering the
characteristic lifetime of the system [37,38]. Rabi oscillations in the time domain can be
observed by performing complex pump-probe experiments [37]. These temporal features
are highly desirable for nanophotonic devices.

The nature of plasmon-exciton polaritonic states, formed by the coherent superposi-
tion of many excitons and plasmons, offers a direct link to collective quantum phenomena.
When the plasmonic system couples to a large number (N) of closely packed dye molecules
(excitons), the resulting polaritons exhibit traits analogous to Dicke superradiance or subra-
diance [39]. Specifically, the polariton eigenmodes represent collective excitations of the
entire ensemble, which can spontaneously decay at rates proportional to N (superradi-
ance, leading to faster decay/shorter lifetime) or become subradiant (leading to slower
decay/longer lifetime) depending on the phase-matching of the coupled emitters.

The collective and coherent nature of these polaritonic states also fundamentally
dictates the presence of spatial coherence of the emitted light [39,40]. The light radiated
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from a polariton mode is intrinsically spatially coherent across the length scale of the
polariton wave packet, thus directly influencing the resulting angular emission pattern
measured in the BFP. Evaluating the angle-dependent fluorescence lifetime provides a
unique path to disentangle these complex coherent decay mechanisms and map the spatial
coherence properties of the collective plasmon-exciton modes.

Thus, a modified BFP configuration is introduced by adding a new dimensionality
to the widely used BFP imaging method. A combination of spatially filtered BFP and
fluorescence lifetime measurement techniques is used to gain additional information about
fluorescence lifetimes. Furthermore, this combined knowledge of intensity and fluorescence
lifetime data would, in principle, allow the evaluation of energy transfer and quenching
regimes [41] in a microscopy setup. Therefore, in this study, we evaluate angular emis-
sion properties by using a spatial filtering technique to select different sections of BFP
and measure the fluorescence lifetime from areas in the strong coupling regime. This
enables the construction of an angle-dependent fluorescence lifetime map, which provides
wide-field information in the Fourier plane together with corresponding fluorescence life-
times. We showcase the applicability of the method using molecular Rhodamine 6G (R6G)
fluorescence dye strongly coupled to SPPs, with coupling strengths reaching up to 160 meV.

2. Results
Modification of excited-state dynamics due to coupling to plasmonic modes has been

observed in various nanophotonic systems [42–45]. However, direct observation of Rabi
oscillations between lower polariton (LP) and upper polariton (UP) states is challenging
because of the extremely fast transition times, which are of the order of femtoseconds
in plasmonic systems. In our experiments, the structure consisting of a cover slip (CS)
coated with silver and PMMA-R6G layer (hereafter referred to as CS/Ag/PMMA-R6G)
was measured in a total internal reflection ellipsometry (TIRE) setup to retrieve dispersion
relations governed by plasmon–exciton interactions in a multilayered structure (Figure 1A).
Since ellipsometry enables measurement of polarization state changes upon reflection, the
information about a specific polarization component can be extracted. It is well known that
the surface plasmon polariton (SPP) mode can be excited only in p-polarization; therefore,
only the p-polarized component of the reflected light (Rp) is relevant for studying strong
coupling between SPP and the emitter. The measured Rp of the coupled SPP and R6G
polariton state at different angles of incidence is shown in Figure 1B, where the upper and
lower polariton branches (marked UP and LP, respectively) as well as the weakly coupled
R6G molecule line (red dashed line), can be observed.

These measured UP and LP values were recalculated into wave vectors to obtain
the dispersion of the hybrid polaritonic state (shown in Figure 1C as red squares). Cou-
pling between R6G and SPP can be described by a simple coupled oscillator model with
Hamiltonian [4]:

H =

(
Espp g

g Eex

)
where Espp and Eex are uncoupled eigenfrequencies of SPP and R6G exciton, respectively, g
is the coupling strength between the excitations. Eigenvalues of the coupled state can be
expressed as

E± =
Espp + Eex

2
± 1

2

√(
Espp − Eex

)2
+ 4g2

Modeled dispersion relation exhibits strong coupling with anticrossing at k∥ = 12.5 µm−1

and g = 160 meV (Figure 1C). Ellipsometry measurements of coupled SPP-R6G are in good
agreement with the coupled oscillator model, indicating that polaritonic states are present in
the sample.
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Figure 1. Ellipsometric measurements in TIRE configuration: (A) Schematic representation of the
TIRE measurement setup using a 45◦ prism; (B) measured dispersion relation of the coupled SPP—
R6G structure with observable UP and LP branches and weakly coupled R6G absorption (red dashed
line). The modeled dispersion (C) relation of strongly coupled SPP—R6G structure, with coupling
strength of 160 meV (black lines). The measured dispersion relation follows UP and LP states (red
squares). The uncoupled SPP and R6G dispersions are depicted by gray lines.

A custom-built BFP setup was used to investigate polaritonic emission under non-
resonant excitation conditions in a reflection-geometry setup (Figure 2). Illumination at
normal incidence to the SPP-R6G surface was employed to achieve non-resonant excitation
conditions and observe a significant fraction of excitons spontaneously emitting from
the exciton reservoir (ER) state. Non-resonant excitation refers to conditions where the
excitation laser is detuned from the polaritonic resonance, allowing the excited states to be
populated indirectly through the (ER). The ER state consists of excitons that remain weakly
coupled after laser excitation and is populated when non-resonant excitation conditions
of the polaritonic state are applied. This enables the systems to transition from the ER to
the LP state, thereby exciting the polaritonic state indirectly. This is in contrast to resonant
excitation, where the polaritonic state is populated directly by the laser excitation. Therefore,
to observe emission in both weak and strong coupling regimes, non-resonant excitation
should be used [46]. Furthermore, polaritonic states typically exhibit angle-dependent
emission, unlike weakly coupled states, enabling angular discrimination between weakly
and strongly coupled states under an appropriate incidence angle.

Upon excitation, emitted photons from the SPP-R6G structure were collected by a
microscope objective, and the light focused at the BFP of the objective was directed through
the first 4f imaging system. Images were formed at the first Fourier plane (FP1), at the
focus of L3. Fourier-transformed images of the original intensity distribution at the sample
plane were obtained by placing a detector after L5, at the second Fourier plane (FP2),
providing wavevector (angle)-dependent information of directional SPP-R6G emission.
However, by placing a variable aperture (Thorlabs SM1D12) at FP1, the k-space image can
be transformed by filtering the wavevector components, depending on the aperture size
and position. By mounting the aperture on a translation stage moving perpendicular to the
optical axis, we were able to select different sections of the BFP image, which were sent
through the second 4f setup for fluorescence lifetime and intensity distribution analysis.
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Figure 2. Back focal plane (BFP) microscopy setup with spatial filtering configuration. Fluorescence
lifetime measurements are performed using time-correlated single photon counting (TCSPC). Excita-
tion of polaritonic states is achieved using a collimated beam (515 nm) when focused on the BFP of
an oil-immersion objective (NA = 1.49) with lens (L1). Emission (orange) is collected from the BFP
using two 4f imaging setups (L2–L5). An aperture on a translation stage is inserted at the first Fourier
plane to optically filter different emission angles from the BFP. Components: mirrors (M1–M4), lenses
(L1–L5), dichroic mirror (DM), long-pass filter (F), polarizer (Pol), aperture (A), fiber coupler (FC).

Back focal plane images reveal angle-dependent emission intensity patterns of R6G
fluorescence dye strongly coupled to SPPs (Figure 3). Two images correspond to the
emission intensity with the polarizer set at two mutually orthogonal directions. Cross-
sections of BFP images taken along the yellow dashed line are depicted in Figure 3C. The
emission intensity profile originates from a combination of two main contributors, which
can be distinguished as weakly coupled fluorescence and strongly coupled polaritonic
emission. Weakly coupled fluorescence, emanating from a collection of R6G molecules
within the R6G-SPP structure and remaining in the uncoupled state, appears as a Gaussian
emission profile with a full width at half maximum (FWHM) of 33.2◦. The excitation laser
source is visible as a sharp peak at the center of the BFP.

 

Figure 3. Polarization-dependent angular emission intensity pattern in the BFP with the polarizer set
to two orthogonal directions (A–C) BFP cross-section taken along the yellow dashed line from (A,B).
The sharp peak around 0◦ correspond to laser leakage through the filters.

Meanwhile, a ring-shaped structure at angles of ±43◦, exhibiting an exponential decay
profile (Figure 3C), can be attributed to the emission from the strongly coupled state, due to
interaction with the SPP mode. In addition to the angular information obtained from BFP
images, introducing polarizing optics provides insight into the polarization of the emitted
light. Strongly coupled emission from the polaritonic state is highly linearly polarized
and can be attenuated by rotating the polarizer in the collection arm (Figure 3C). It is
well known that SPPs are excited at the p-polarized light, thus, the polarizer was used
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to distinguish between two orthogonal polarizations. This is in contrast to fluorescence
in the weak coupling regime, where R6G emission exhibits no polarization dependence.
Consequently, the Gaussian intensity peak was seen in both cross-sections (A, red curve in
Figure 3C, and B, black curve in Figure 3C).

Comparing the angular emission cross-section of regular R6G fluorescence -depicted
as a Gaussian curve in the intensity profile (Figure 3) and taking its ratio with the sharp
R6G-SPP peaks provides an approximate percentage of molecules that radiatively decay in
weak and strong coupling regimes. A value of 29% was obtained, indicating that nearly
71% of the detected fluorescence stems from polaritonic emission under strong coupling
conditions. Therefore, different fluorescence mechanisms can be expected when considering
emission from the central part of the BFP versus the sides. Fluorescence lifetime scanning
across BFP was performed by placing a variable aperture at FP1 to act as a k-space filter
(Figure 4A). When open, the aperture transmits all wavevectors, producing a wide-field
BFP image. The acceptance angle of the oil objective was limited by NA = 1.49 (orange
dashed line), corresponding to a 157◦ field of view. Closing the aperture to the minimal
permittable size (radius = 0.5 mm) attenuates the wavevector components of the BFP, which
fall outside the aperture, effectively filtering the BFP image. Only the wavevectors within
the aperture (yellow dashed line) can pass through. When the aperture was closed, the
full width half maximum (FWHM) was restricted to ~24◦, transmitting only a narrow
angular range. This allowed the BFP to be divided into five distinct sections by adjusting
the lateral position of the aperture. The corresponding filtered image, collected by a single-
photon avalanche detector (SPAD), was sent to the TCSPC unit to measure fluorescence
lifetime at different angles of the coupled SPP-R6G sample. The relatively large aperture
size limits the resolution for distinguishing individual BFP sections; however, introducing
both vertical and lateral shifts to the aperture would enable an array of n × m different
BFP sections, where n is the total number of lateral positions and m is the total number
of vertical positions. This would increase the number of obtainable BFP sections with
corresponding lifetimes. Moreover, a closed aperture with FWHM of ~24◦ transmits a
broad angular range, limiting the ability to resolve features narrower than the aperture’s
FWHM. This is particularly important when measuring SPP-R6G emission, which has a
FWHM of 4.8◦. However, analysis of the intensity profile reveals that when the aperture is
positioned at (1) or (5), the dominant contribution to the fluorescence decay originates from
SPP-R6G, enabling detection of lifetime shortening from emission angles narrower than
the aperture’s FWHM.

Emission decay profiles (Figure 4B) exhibit distinct fluorescence lifetime across the
different sections of the BFP when transitioning from positions (1) → (5). The convolution
of the biexponential decay function, described by I(t) = A1e−(t/τ1) + (1 − A1)e−(t/τ2)

with the Instrument Response Function (IRF) was performed and fitted to the measured
lifetime decay, yielding R2 = 0.97–0.98. The IRF of the system was limited to ~100 ps.
Coefficient A1 corresponds to emitter populations which are close to the metal interface,
while A2 represents emitters which are further away and do not interact or only weakly
interact with the metal, respectively. Retrieved lifetime data varied when scanned across
the BFP image. In particular, the central region (3) of the BFP image shows the longest
fluorescence decay, with lifetime values of τ1 = 0.183 ± 0.001 ns and τ2 = 2.920 ± 0.068 ns
and amplitudes A1 = 0.786 ± 0.001, A2= (1 − A1) = 0.214, respectively. This area collects
fluorescence emission from the emitters through the entire thickness of the R6G/PMMA
layer. The influence of excitation laser leakage through the filters was minimal when
measuring fluorescence lifetime at position (3), due to femtosecond-pulse excitation. Fluo-
rescence at (3) was dominated by emitters farther from the metal interface, as indicated
by the increased amplitude parameter A2. Transitioning to either side of the sample,
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corresponding to emission at higher angles, results in faster fluorescence lifetimes. At
positions (2) and (4), emission dynamics remained in the weak coupling regime, similar
to position (3), with lifetime values of τ1 = 0.106 ± 0.001 ns and τ2 = 2.494 ± 0.081 ns
and with A1 = 0.969 ± 0.001, A2 = 0.031. The noticeable shortening of τ1 at positions
(2) and (4) and increased amplitude A1 from ≈0.79 to ≈0.97 suggests increased quenching
of emitters near the metal interface [47]. Differences in the fluorescence decay lifetimes
can be attributed to higher detection angles at positions (2) and (4), where fluorescence
primarily originates from emitters closer to the metal surface, as indicated by the increased
A1 population. Moreover, differences in emission profiles between positions (3) and (2),
(4) may indicate angle-dependent quenching behavior, arising from interference between
direct and reflected emission paths, leading to modified emission rates even in the absence
of the SPP modes [4]. Meanwhile, the largest change in fluorescence lifetime occurs when
transitioning to strongly coupled polaritonic emission at ≈43◦. Measurements of the outer
SPP-R6G ring at positions (1) and (5) exhibit the fastest decay rate, as compared to the other
regions. The detected signal is dominated by the IRF rather than fluorescence from the
sample, making the precise retrieval of fluorescence lifetimes from SPP-R6G challenging.

 

Figure 4. BFP investigation of filtered fluorescence lifetime: (A) Strongly coupled SPP-R6G intensity
image in the BFP. Yellow circles indicate spatially filtered sections used for fluorescence lifetime
measurements. The red circle indicates maximum acceptance angle from which the light can couple
into the oil-immersion objective; (B) Time-resolved fluorescence decay profiles shown for different
sections of the filtered BFP image.

It should be noted that fluorescence decay values approaching the system IRF must be
interpreted with caution. It is well known that interaction with the metal layer accelerates
radiative transitions to the ground state [4]; however, the exact angular distribution of
the intensity pattern is highly dependent on the plasmonic structure at hand. Under non-
resonant excitation conditions, the polariton bottleneck effect [48] increases typical polariton
lifetimes, bringing them closer to R6G emission rates in a PMMA matrix. Repopulation
from the ER to the LP state is limited by slow relaxation times, which in turn slow the
radiative decay rates to the ground state [46,49]. It should be noted that the fluorescence
decay observed from polaritonic emission at positions (1) and (5) does not capture the
full dynamics of the emission process, due to the limitation of the temporal resolution
set by the IRF of the system. Nevertheless, this clearly indicates that the lifetimes from
plasmon-exciton polaritonic states are much shorter than those of weakly coupled emitters.

Strong coupling dynamics, governed by Rabi oscillations, are expected to appear
at tens of femtosecond timescales in plasmonic structures [37], thus placing a limit on
the required timing resolution of the measurement setup. Fast energy exchange between
upper and lower polariton branches reduces system losses via coherent energy transfer.
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However, coupling strength in the strongly coupled regime can also influence the absorp-
tion/scattering ratio in highly absorbing nanostructures due to radiative losses, which
correspond to the increased scattering through the lower SPP-like polariton branch. The
absorption/scattering ratio, in turn, affects the coupling conditions [50,51].

3. Materials and Methods
Thin films of poly(methyl methacrylate) (PMMA) doped with R6G (PMMA-R6G) were

prepared by dissolving PMMA (1 × 10−5 mol/L; 0.0367 g/L) and R6G (25 × 10−3 mol/L)
separately in ethanol. The solutions were mixed in a 2:1 volume ratio (PMMA:R6G) to
obtain the coating solution. Films were deposited onto metallic substrates via spin-coating
at 3000 rpm for 30 s, resulting in uniform layers approximately 20 nm thick. The structure
under investigation consisted of a thin (170 µm) glass coverslip (CS) with a uniform silver
layer (Ag) sputtered on top, where the metal thickness was ~45 nm. A solution of R6G
molecular fluorescent dye in PMMA was spin-coated on top of the metallic layer.

The dispersion characteristics of the Ag/PMMA-R6G structures were measured using
spectroscopic ellipsometry in a total internal reflection geometry. A RC2 ellipsometer (J.A.
Woollam, Lincoln, TX, USA), equipped with dual rotating compensators and a xenon lamp
(spectral range: 210–1700 nm), was employed. The optical signal was recorded using a
CCD detector (Edmund Optics, Mainz, Germany). Samples were optically coupled to a
BK7 prism (45◦ angle) using index-matching oil. Measurements were performed at angles
of incidence ranging from 43◦ to 50◦ relative to the surface normal. The angles reported in
Figure 1 represent calculated values at the BK7/metal interface.

Excitation of the sample was performed using epifluorescence microscopy configura-
tion (EPI) with incident angles normal to the surface. A femtosecond laser source Femtolux
3 (EKSPLA, Vilnius, Lithuania) with variable pulse duration set at 216 fs and a central
wavelength at 515 nm was used to excite the sample in the strong coupling regime. Laser
repetition rate was set to 1 MHz. The coverslip with a multilayered structure was placed
on high numerical aperture oil objective (NA 1.49) and connected using index-matching
oil to enable efficient collection of plasmonic near field at the metal surface. Additionally
dichroic filter FITC (Thorlabs, Lübeck, Germany) and a long pass filter at λ = 550 nm
were used to filter out λ = 515 nm laser and leave the emission from the polaritonic state.
Polarization analysis was performed by introducing a polarizer in the collection arm of
the BFP imaging setup. Excitation was carried out with a semi-collimated light beam with
divergence half-angle of ~3◦, achieved by placing a focusing lens in front of the microscope
objective to focus the incoming beam onto the BFP of the objective. Photon count rate was
maintained below 104 counts per second during the fluorescence lifetime experiment to
avoid detector saturation effects.

4. Conclusions
To conclude, polaritonic fluorescence lifetime measurements were performed in a

modified BFP imaging configuration. The addition of spatial filtering in the Fourier plane
permitted angular discrimination of fluorescence lifetimes within the BFP imaging setup,
which is crucial for investigating nanophotonic devices. Fluorescence lifetime decay proper-
ties at different emission angles were examined for SPP-R6G samples in the strong coupling
regime. For the experiments, a plasmonic structure (Ag) with R6G excitons was fabricated,
and the TIRE method was used to evaluate the dispersion relations. The coupled oscillator
provided a reasonable fit and revealed a coupling strength of 160 meV. The optical configu-
ration exploiting BFP filtering was used to select different sections of the BFP image and
measure corresponding lifetime values in the strong coupling regime. By introducing a
lateral shift to the aperture, it was shown that intensity images in the BFP originate from a
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collection of different fluorescence lifetime values, indicating multiple decay pathways for
emission at different angles.

The method was verified using strongly coupled SPP-R6G system with a directional
emission pattern. It was shown that for strongly coupled SPP-R6G samples, the observed
lifetime was dominated by the IRF at emission angles of ≈43◦, indicating fast transition
rates. Fluorescence decay dynamics transitioned to slower decay rates, with lifetimes of
0.1 ns at positions (2) and (4) and 0.18 ns at position (3), whenever emission was collected at
different angles. The angle-dependent fluorescence lifetime mapping provides evidence of
collective effects. The observed faster decay in the strong coupling regime directly reflects
the presence of polaritonic eigenstates with varying degrees of collective character (analo-
gous to Dicke sub-radiance). This research is particularly relevant for devices that exploit
collective oscillations with directional emission and controlled excited-state dynamics, such
as quantum polaritonic devices and single-photon emitters. The ability to map fluorescence
lifetimes at specific angles offers a deeper insight into the decay pathways in these systems,
which is critical for optimizing their performance and properties.
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