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ABSTRACT: Strong light-matter coupling has garnered significant
attention for its potential to optimize optoelectronic responses. In

this study, we designed open cavities featuring nonlocal ......:‘. S

metasurfaces composed of aluminum nanoparticle arrays. The - & —up_ _

surface lattice resonances in these metasurfaces exhibit electronic — Dominant

strong coupling with the boron difluoride curcuminoid derivative, DS v
which is known for its highly efficient thermally activated delayed S S, 8 BT T
fluorescence in the near-infrared. Our results show that delayed | - B B e

fluorescence induced by triplet—triplet annihilation can be i

enhanced by a factor of 2.0—2.6 in metasurfaces that are either v - S Sy

tuned or detuned to the molecular electronic transition. We
demonstrate that delayed fluorescence enhancements in these
systems primarily stem from increased absorption in the organic layer caused by the nanoparticle array, while strong coupling has
negligible effects on reverse intersystem crossing rates, aligning with previous studies. We support these findings with finite-
difference-time-domain simulations. This study elucidates how light-matter interactions affect delayed fluorescence, highlighting the
potential applications in optoelectronic devices.

KEYWORDS: surface lattice resonance, triplet—triplet annihilation, surface photonics, polaritonics, organic light-emitting material

H INTRODUCTION A current challenge, however, is that RISC rates in TADF
emitters are typically below 10° s, and efforts to push these
rates to higher values often result in reduced singlet oscillator
strengths, thereby lowering singlet radiative rates and
ultimately limiting the brightness.'"*™"” In the case of TTA
emitters, achieving high efficiency is hindered by efficiency roll-
off at high brightness levels and the energy alignment

Thermally activated delayed fluorescence (TADF) organic
emitters have demonstrated the ability to achieve 100%
internal quantum efficiency (IQE) in organic light emitting
diodes (OLEDs) through an efficient reverse intersystem
crossing (RISC) mechanism.'~> This is particularly significant
because the molecular design of TADF emitters achieves such ‘ . ) )
high IQE without the need for heavy metals, unlike requirements between one singlet exciton and two triplet
phosphorescent emitters.” Instead, this efficiency is realized excitons, whichlgcl);nplicate the development of highly efficient
by designing compounds with a sub-100 meV energy gap TTA emitters. ~ Conventionally, efforts to address t}iig
between the lowest singlet excited (S;) state and the lowest challenge have foctlllselgl on developing new TADF emitters ”
triplet (T) state, exhibiting mixed localized excited (LE) and or TTA emitters "~ often involving detailed molecular
charge-transfer (CT) characters.’ In certain systems, inter- simulations and material synthesis. While these approaches
mediate highly excited triplet states also play important roles in have significantly contributed to the field, the growing demand

RISC processes.”'* In addition to TADF dyes, some high- of OLEDs highlights the importance of exploring alternative
efficiency OLEDs, especially deep blue OLEDs, have employed strategies. Therefore, a more efficient approach to optimize
triplet—triplet annihilation (TTA) emitters to convert dark emission is needed to accelerate the development of OLEDs.
triplet excitons into bright singlet excitons."”'” TTA arises

when the population of triplet excitons is sufficient. The Received: January 14, 2025 {Phétonics
annihilation between two triplet excitons generates a spin- Revised: ~ March 13, 2025

correlated complex. Under conservation of the total spin and Accepted: March 14, 2025

energy, the spin-correlated complex would dissociate into one Published: March 25, 2025

singlet exciton with the energy of the two triplet states, whereas
the other one returns to its ground state."

© 2025 The Authors. Published b
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Figure 1. TADF molecule and the metasurfaces. (a). Molecular structure of BF,. (b) Steady-state extinction and emission spectra of S0 wt % CBP/
BF, blended thin film. The tail in the extinction above 700 nm is caused by reflections at the interface air/film.** (c) Illustration of an aluminum
nanoparticle array. The thickness of the organic layer is 100 nm. p, D and H indicate the period, the diameter, and the height of the nanoparticle
array. (d) SEM image of the array with a SLR tuned to the S¢-S; transition of BF,.

Recent studies have shown that strong light-matter coupling
can alter excited-state dynamics,” >® thereby influencing
optoelectronic performance.”” " Strong light-matter coupling
leads to the formation of light-matter hybrid states, the so-
called polariton states. These hybrid states are referred to as
the lower (LP) and upper polaritons (UP). The energy
difference between the LP and UP, also known as the Rabi
splitting, indicates the strength of the light-matter cou-
pling.”>** To achieve strong light-matter coupling, it is
necessary to confine optical modes via specific photonic
environments, such as photonic or plasmonic cavities.”* These
cavities can modify the emission characteristics without the
need of developing new TADF dyes, and their optical
responses are predictable via electrodynamics simulations,
which accelerate OLED development.*””"

Among various photonic cavities, the Fabry—Perot cavity
has been extensively applied to achieve strong light-matter
coupling due to its ease of fabrication.””** In 2019, Elad et al.
investigated the inverted singlet—triplet energy gap caused via
electronic strong coupling in Fabry—Perot cavities and its
effects on RISC processes.”” Their findings indicated that
strong coupling had negligible effects on TADF dynamics,
primarily due to the dominant density of states (DOS)
associated with dark states. Inseong et al. showed that strong
coupling reduces prompt and delayed emission through
excimer states due to efficient energy transfer to the LP
states.’® Abdelmagid et al. reported the emergence of delayed
electroluminescence in a fluorescent polariton OLED, but its
origin lies in the enhanced outcoupling emission of trapped
charges in the cavity.”” Moreover, Tomohiro et al. observed a
reduction in the prompt and delayed emission rates of a
multiresonance TADF dye under strong coupling regime.’* In
addition to TADF, Daniel et al. demonstrated that electronic
strong coupling modified the efficiencies of singlet fission and
TTA, thereby increasing delayed fluorescence (DF).>” Beyond
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Fabry—Perot closed cavities, metasurfaces form open-cavity
systems that are suitable candidates to achieve the strong
coupling regime while maintaining emission efliciency.
Berghuis et al. have shown that strong coupling between
tetracene crystals and surface lattice resonances (SLRs) in
metasurfaces enhances the DF yield by a factor of 4.*
However, the detailed mechanism of this enhancement
remains unclear due to the complexity of multiple excited-
state processes in the tetracene crystals.

In this study, we investigate how strong coupling in
metasurfaces influences molecular DF dynamics. For the
TADF system, we choose the boron difluoride curcuminoid
derivative (BF,) (Figure 1a), which meets multiple criteria for
studying the effects of strong coupling on DEF. First, BF,
exhibits a high absorption coefficient for S-S, transition (>10°
M_;cm_;.),*" which is essential to achieve the strong coupling
regime. Second, BF, has TADF even at high doping
concentrations (over 50%),"" which is rare for TADF dyes,
as high concentrations typically quench triplet excitons and
reduce TADF yield.** Third, unlike tetracene crystals, the
excited-state processes of BF, do not involve singlet fission or
triplet dissociation, simplifying its analysis."" The photo-
physical properties of the BF, are characterized in the thin
film with 50% blended in a 4,4"-bis(N-carbazolyl)-1,10-
biphenyl (CBP) host. A 50% concentration is selected to
achieve strong coupling while preserving good film quality,
high DF yields, and emission intensity. The absorption and
emission spectra of the blended film are presented in Figure
1b. The refractive index of the film is characterized by
ellipsometry (Figure S1), which shows a high extinction
coefficient k = 0.54 monitored at the wavelength of the
absorption peak (623 nm). The high k value indicates the large
transition dipole moment of BF,, facilitating strong light-
matter interaction.
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Figure 2. Angle-resolved optical extinction measurements of the tuned and detuned systems with TE illumination. Extinction maps of (a) the B-
detuned system (p = 300 nm); (b) the tuned system (p = 350 nm), (c) the R-detuned system (p = 400 nm). The left parts of (a)-(c) correspond to
the extinction maps of the bare arrays (CBP thin films on arrays). The right parts of (a)-(c) correspond to the extinction maps of S0 wt % CBP/
BF, blended thin film on the tuned and detuned metasurfaces. Extinction spectra of (d) the B-detuned system, (e) the tuned system, and (f) the R-
detuned system. All spectra are taken at kj = 1 rad/um. The gray lines in (d), (e) and (f) represent the emission spectra of SO wt % CBP/BF,

blended thin film (noncavity system).

B RESULTS AND DISCUSSION

To design the metasurfaces for electronic strong coupling, we
simulate the transmission spectra of the blended film on
metasurfaces using the finite-difference-time-domain (FDTD)
method.*® The simulated structure consists of a fused silica
substrate and the aluminum (Al) nanoparticle array embedded
within the 50% BF,/CBP blended film (Figure 1c). The SLRs,
resulting from the enhanced radiative coupling of the
nanoparticles through in-plane diffraction by the array, are
simulated with the arrays embedded in a dielectric material
(thickness= 100 nm) with a constant real refractive index (n =
2.0), and zero material dissipation (k = 0) according to the
averaged n value in the BF,/CBP blended film (Figure S1). For
these simulations, a hypothetical nondissipative medium is
used to numerically characterize the SLRs in the absence of
molecular electronic transitions. By assigning a real refractive
index without absorption to the thin film, we can tune the
SLRs at normal incidence to match the frequency of the
molecular transition responsible for light-matter coupling
(Figure $2).***” The optimized geometric parameters for the
tuned arrays include Al disks with diameter D = 120 nm,
height H = 30 nm, and period p = 350 nm arranged in a square
array. To investigate the DF dynamics on metasurfaces in
different coupling regimes, we also design blueshifted detuned
(B-detuned) and red-shifted-detuned (R-detuned) metasurfa-
ces with the same disk diameters and heights but different
periods (p = 300 nm for B-detuned and p = 400 nm for R-
detuned).

According to the structural parameters from the simulation,
we fabricated the particle array using electron beam
lithography (EBL) on a fused silica substrate (thickness =
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0.5 mm). Details of the sample fabrication EBL are given in
Materials and Methods. The dimensions of the arrays are 7.5
mm X 7.5 mm. A scanning electron microscope (SEM) image
of a portion of the tuned array (p = 350 nm) is shown in
Figure 1d. The SEM images of the B-detuned and R-detuned
arrays are shown in Figure S3.

The light-matter coupling between BF, and SLRs is
characterized by the angle-resolved extinction measurements
(Figure 2). These measurements were performed with a
Fourier microscope under transverse electric (TE) excitation
(See details in Materials and Methods). The extinction is
analyzed as a function of wavelength and the in-plane
wavevector of the incident beam parallel to the surface (k).
To characterize the mode dispersion of the bare arrays, i.e., the
SLRs without BF, molecules, we spin-coated a neat CBP film
on tog of the metasurfaces as an index-matching material (n =
1.9).*** The extinction maps of the bare arrays reveal
parabolic-shaped bands with increased extinction above 550
nm, corresponding to SLRs (the left parts of Figure 2a—c).
Next, we prepared the tuned and detuned systems by replacing
the CBP layer with the 50 wt % CBP/BF, thin film. Their
extinction maps are shown in the right parts of Figure 2a—c. In
the tuned system, a significant wavelength shift of the parabolic
band indicates the formation of electronic strong coupling
(Figure 2b), corresponding to the lower polaritonic band
(LPB).

To better visualize the polaritonic bands, extinction spectra
are plotted for the 50 wt % CBP/BF, thin film, the bare arrays,
and the tuned and detuned systems measured at kj = 1 rad/um
(Figure 2d—f). In the tuned system, the SLR peak aligns with
the molecular absorption peak, facilitating the formation of
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electronic strong coupling. In addition, the LPB arises at 715
nm while the upper polaritonic band (UPB) is indistinguish-
able due to the broad molecular absorption peak and
interference from high-order modes (Figure 2e). In contrast,
the B-detuned and R-detuned systems exhibit shifted SLRs
modes, attributed to the refractive index differences between
CBP and 50 wt % CBP/BF, within the absorption region of
BF, (Figure 2d,f). These results indicate that SLRs in the B-
detuned and R-detuned systems are not as strongly coupled to
molecules as in the tuned system. Similar results were obtained
under transverse magnetic (TM) excitation (Figure S4).

To quantify the light-matter coupling strength, we fit the
angle dispersion of the LPB to the coupled harmonic oscillator

model
g
Eexc - l]/m (1)

where Egy, is the wave-vector-dependent energy of the SLRs,
E. is the energy of the S0 wt % CBP/BF, S, exciton (1.99
eV), 7. and y,, are the losses of the photonic modes and the
molecular transition, respectively, estimated from the full width
at half maxima of the extinction spectra, and g is the light-
matter coupling strength. Eg;y is determined by fitting the left
part of Figure 2b using a model that accounts for the coupling
between the localized surface plasmon resonances in the
individual nanoparticles and the in-plane diffraction order or
Rayleigh anomaly (details provided in the Materials and
Methods section). The fits are shown in Figure SS. The fitting
parameters are g = 220 meV, y. = 23 meV and y,, = 200 meV.
Accordin% to the Savona et al. criterion for strong coupling: 2¢
> ly-7,),” the tuned system is in the strong coupling regime.

To further confirm the realization of electronic strong
coupling, we analyze the existence of a secondary loop in the
complex transmittance plane (Figure 3). The change in phase
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Figure 3. Complex transmittance simulations. (a) Schematic of the
simulation, where E and E, are the transmitted electric field and the
source, respectively. The complex transmittance T is defined as T =
E/IEyl. (b) Complex transmittance simulations of the tuned system,
and the B-detuned and the R-detuned systems.

topology from weak to strong coupling has been introduced
recently by Thomas et al. as an alternative method to probe
strong coupling.”’ We applied the FDTD method to simulate
the complex transmittance T at normal incidence (k = 0 rad/
um). The complex T is defined by T = E/IE|, where E and E,
are the source and transmitted electric field, respectively. The
results, displayed in Figure 3, show a loop in the complex
transmittance plane for the tuned system and the R-detuned
system, indicating electronic strong coupling, and a different
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topology (no loop) for the B-detuned system, indicating weak
coupling for this system.

The steady-state TE-polarized and angle-resolved photo-
luminescence (PL) of the tuned and detuned systems are
characterized in Figure 4. In Figure 4b, the tuned system
exhibits a significant PL enhancement of 1.7-fold compared to
the noncavity system at k; > 4 rad/um. Note that the PL
enhancement occurs only at specific wave vectors. For the
tuned system, the PL spectra at k; = 4.5 rad/um show the
enhancement corresponding to the LPB, whereas the PL
intensity decreases at kj = 2.5 rad/um (Figures 4d,e). The PL
enhancements from SLRs modes do not extend to k < 4 rad/
pum, as significant molecular absorption occurs at wavelengths
shorter than 700 nm. In contrast, the PL of the B-detuned
system is weaker than the noncavity system for all k; due to the
emission quenching from the Al nanoparticles (Figure 4a). For
the R-detuned system, slight PL enhancement is observed due
to the detuned SLR mode coupled to the SO wt % CBP/BF,
film (Figure 4c,d), though the enhancement is smaller than
that associated with the LPB of the tuned system. Similar
phenomena are also visible for the TM-polarized emission
(Figure S6). Importantly, the total PL intensity, averaged over
—S rad/pum < k” < § rad/pm, is lower for all systems compared
to the noncavity system regardless of polarizations (Figure S7).
This result indicates that while SLRs and electronic strong
coupling modify light outcoupling, they do not macroscopi-
cally enhance the photoluminescence quantum yield.

To elaborate on the strong coupling effects on the TADF
dynamics, we measured the time-resolved PL with a time-
correlated single photon counting (TCSPC) system (Figure
S). Details of the TCSPC setup are provided in Materials and
Methods. To ensure that the measured PL originates primarily
from TADF and not from other nonlinear effects, we
conducted measurements at a low excitation power density
of 0.08 mW/mm? Under this condition, the emission time
traces reveal both prompt fluorescence and DF (Figure Sa).
According to previous studies, the DF arises from both
monomeric and dimeric species.41 In addition, the emission
time traces on the hundred-microsecond time scale exhibit
negligible differences among the tuned, detuned, and noncavity
systems. To assess the impact of spatial heterogeneity on the
observed emission lifetimes, we conducted measurements at
three different excitation spots, revealing a negligible effect of
sample inhomogeneity on the RISC processes (Figure S8).
Similarly, the nanosecond-scale emission time traces also show
no significant variation between these systems (Figure S9).
These results indicate that strong coupling and SLRs do not
significantly influence the TADF dynamics, which is consistent
with previous reports suggesting that the low density of states
of the LPB compared to dark states, limits the modification of
the PL emission dynamics.”>~>* Notably, the effects of stronger
light-matter coupling on DF dynamics and the temperature
dependence have yet to be explored. With the same molecular
system, larger coupling strength could be achieved by
modifying the shapes of nanoparticles.””

In contrast, as the excitation power density increases, the DF
component grows in all the systems due to TTA (Figure S10).
The nonlinear character of the increased DF is validated via
the power-dependent PL measurements (Figure S11). With
the rise of TTA, the DF in the tuned and detuned systems
surpasses that of the noncavity system (Figure Sb). Notably,
the highest DF enhancement is observed in the R-detuned
system, while the enhancements in the tuned and B-detuned
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Figure 4. TE-polarized angle-resolved optical PL measurements of the tuned and detuned systems. Steady-state PL maps of the (a) B-detuned, (b)
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nm, respectively. IRF indicates the instrumental response function.

systems are comparable. To rule out artifacts arising from the
high-power excitation, we measured the emission time trace of
the fused silica substrate, which confirms that the DF under
high excitation power is not related to scattering or emission
from the substrate (Figure S12).

To quantify the DF enhancements, the emission time traces
are fitted with a triple exponential function I(t) = A, ¢”/" + A,
¢"/™ + A, €'/, where I(t) is the PL intensity as a function of

time, A, /™ represents the prompt population decay
convoluted with the instrument response function (IRF). A,

¢/ and A, e/® represent the DF caused via the monomeric
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and the dimeric species, respectively."' The fitted results are
shown in Figure S13, indicating that the enhancement arises
from both the increase of DF lifetime and the DF contribution
(pre-exponential factors). Next, we define the intensity of the

DF, Iy, by integrating A, e’/™ and Ay e'’™ over time from zero
to infinity:

(o)
Ly = / (A, ¢+ A ) = A+ AT
0
We define Ipg, as the Ipg of the noncavity system. Based on
this definition, we evaluate the DF enhancements Ipg/Ing for
the tuned/detuned systems (Table 1). Under low-power
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Table 1. Comparison of DF Enhancements Ipg/Ipgo”

Excitation Power Density

(mW/mm?) B-detuned Tuned R-detuned
0.08 1.09 + 0.09 1.13 + 0.10 0.83 + 0.07
10.28 2.04 + 0.04 2.14 + 0.04 2.61 + 0.06

“The error bars result from the deviation between the measured value
and the fitted curve.

excitation, the DF enhancements of all systems are close to 1.
However, under high-power excitation, the tuned and detuned
systems exhibit DF enhancements exceeding 2, with the R-
detuned system showing the highest enhancement of 2.61-fold.
These results indicate that the observed DF enhancements are
attributed to the metasurfaces rather than electronic strong
coupling.

To explain the DF enhancements observed in both tuned
and detuned systems, we propose that the electromagnetic
field absorption caused by the nanoparticle arrays increases the
triplet population, thereby enhancing the TTA-induced DF.
To test this hypothesis, we used the FDTD method to simulate
the absorption enhancements of the organic layers at the
excitation wavelength of 532 nm (Figure 6a). Here, the
absorption enhancement is defined as the ratio of power
absorbed in the organic layer in the tuned/detuned systems to
that in the noncavity system. Importantly, the absorption in the
Al nanoparticles was excluded in the simulations, focusing
solely on the organic layer (see Materials and Methods). The
simulation follows the experimental setup of the TCSPC, with
the incident polar angle set to 45° to minimize the specular

incident azimuthal and polar angle ranges from 25° to 35° and
40° to 50°, respectively. These introduce small variations in the
calculated absorption enhancements. Figure 6a shows that the
tuned and detuned arrays exhibit absorption enhancements
greater than 1 (ranging from 1.34 to 1.40). These results
support our hypothesis that photonic modes on the
metasurfaces enhance the absorption within the organic
layer, regardless of whether electronic strong coupling is
formed. This increased absorption leads to a higher triplet
population and, subsequently, greater TTA-induced DF
compared to the noncavity system.

Although Figure 6a explains why the DF on metasurfaces is
more pronounced than in the noncavity system, the slight
differences in absorption enhancements among the tuned and
detuned systems are inconsistent with the trend of DF
enhancements (Table 1). This discrepancy suggests that an
additional factor influences DF dynamics. This factor is the
emission quenching from the Al nanoparticle arrays. As shown
in Figure 6b, the spectral overlap between the simulated
absorbance spectra of the tuned/detuned systems, which
includes the material dissipation from both the organic layers
and the nanoparticle arrays, and the experimental emission
spectrum of the noncavity system is the largest for the B-
detuned system, while the R-detuned system has the smallest
spectral overlap. This trend arises from the varying densities of
nanoparticles. The smaller spectral overlap in the R-detuned
system suggests that its PL is less susceptible to quenching by
the nanoparticle array, which accounts for its highest DF

reflection of the excitation pulses. Due to beam focusing, the enhancement.
a b
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Figure 6. Mechanism of TTA in the tuned and detuned systems. (a) Simulation of absorbed power at the excitation wavelength. The absorption
enhancements are obtained from the absorbed power in the organic layer in the tuned/detuned systems divided by the absorbed power in the
noncavity system. The error bars arise from the different incident angles due to the focused excitation beam. (b) Simulation of the absorbance
spectra by the whole systems (organic layers and nanoparticle arrays) in the wavelength range of emission. The light-yellow area indicates the
emission profile of the noncavity system. The overlaps between the absorbance spectra of the emission spectra provides the emission quenching.
(c) Schematic illustration of DF dynamics in the different systems. RISC indicates the reverse intersystem crossing process. TTA represents the
triplet—triplet annihilation process. The sizes of the arrows represent the transition rates.
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Based on the above results, we summarize the electronic
strong coupling effects on the DF dynamics of the S0 wt %
CBP/BF, blended thin film in Figure 6c. In the noncavity
system, DF arises from reverse intersystem crossing (RISC, an
intramolecular process) and TTA (an intermolecular process)
under high excitation power. For the RISC pathway, neither
electronic strong coupling nor detuned SLRs affect its
dynamics, as validated by the time-resolved PL measurements
under low excitation power (Figure 6a). This finding is
consistent with previous reports indicating that the low DOS
of polaritonic modes has negligible effects on RISC, with most
population transitions occurring for the dark states or
uncoupled states.’>*® In contrast, for the TTA process, the
tuned and the detuned systems exhibit higher TTA-induced
DF due to the absorption enhancements in the organic layer
caused by the nanoparticle arrays.

B CONCLUSION

Our key findings are summarized as follows. First, we
demonstrate that the electronic transition of the BF, can
couple with the SLRs in Al metasurfaces, achieving the
electronic strong coupling regime. Second, the time-resolved
PL shows that the existence of electronic strong coupling do
not affect the RISC processes, leading to negligible changes in
TADF dynamics. Third, the absorption enhancements at the
excitation wavelength increase the TTA-induced DF by a
factor of 2.0—2.6, regardless of the formation of electronic
strong coupling. Fourth, the trend of the DF enhancement is
governed by two factors: increased absorption at the excitation
wavelength, and PL quenching caused by absorption in the
nanoparticle arrays. This study provides new insights in the
role of electronic strong coupling and optical modes in
metasurfaces for the modified DF dynamics of TADF
molecules. It will help in further designs of metasurfaces for
improved light emission by emphasizing on the relevant
mechanisms for these improvements.

B MATERIALS AND METHODS

FDTD Simulation. We used Lumerical FDTD Solutions to
perform the simulations. The complex permittivity of Al from
Fei et al.’” and of the BF, thin film from the ellipsometry
measurements were used for these simulations. The substrate
is set as a nonabsorbing material with n 1.45. The
transmission spectra in Figure S2 are based on the structures
in Figure 1b, where the light source is set as a normal incidence
plane wave. In Figure 3, the complex plane transmittance was
obtained by placing a point monitor 400 nm above the
substrate and recording the real and imaginary components of
the electric field as a function of frequency. For Figure 6b, the
absorbance is evaluated by the method "Power absorbed
advanced” in the object library of the software. Note that we
exclude the contribution of nanoparticles to the absorption by
the spatial filter based on refractive index. The corresponding
script is provided in the tutorial of Ansys Optics. The
absorption spectra in Figure 6b are evaluated by 1-T-R, where
T is the transmittance spectrum and R is the reflectance
spectrum. The source is set as TE polarized wave at normal
incidence.

Sample Preparation. BF, (>99%, Lumtec) and CBP
(>99.5%, Ossila) are commercially available. The 50 wt %
CBP/BF, thin films were prepared using a chloroform solution
(>99.9%, Aldrich) at a BF, concentration of 10 mg/mL and

2199

CBP concentration of 10 mg/mL. The films are spin-coated at
the rate of 1000 rpm. The film thicknesses, determined using a
Dektak profilometer, were typically in the range of 100 nm.
The complex refractive index of the sample was measured
using a M-2000 Ellipsometer.

Fabrication of Aluminum Nanoparticle Arrays. Al
nanoparticle arrays were fabricated using electron beam
lithography and a liftoff process. First, the resist (ZEPS20A)
was coated onto a SiO, substrate (thickness: SO0 ym) and
prebaked for 3 min at 180 °C. The resist was nanopatterned by
electron beam lithography (F7000s-KYTO01, Advantest)
followed by development with ZED-NSO. Then a thin Al
film (thickness = 30 nm) was grown on the prepatterned resist
on the substrate using electron beam deposition. Finally, a
liftoff process was performed with a solvent (ST-120) to
remove the excess of Al on the resist.

Fourier Microscopy Measurements. The dispersion
measurements of the SLRS modes were obtained using a
Fourier microscope in transmission mode. The sample was
illuminated through a 40X objective (Nikon CFI S Plan Fluor
ELWD, NA 0.6) and the transmission was collected with a 60X
objective (Nikon CFI S Plan Fluor ELWD, NA 0.7). A
spectrometer (Princeton Instruments SP2300) connected to a
camera (Princeton Instruments ProEM:512) allowed the
mapping of the dispersion as a function of energy and angle.
Extinction measurements were referenced to the extinction of
air. For the PL measurements, we use the continuous-wave
laser (C-WAVE) at the excitation wavelength of 532 nm. The
power density was 18 mW/mm?. All the measurements were
performed at room temperature.

Coupled Oscillator Model. The surface lattice resonance
relevant in this study, with energy Egy, arise from the
enhanced radiative coupling of the localized resonances (LRs)
in the individual nanoparticles through Rayleigh anomalies
(RAs) with TE polarization and (+1,0) order. The RA
energies are given by the grating equation,”

2
Mgt p

3)

where ¢ is the speed of light in vacuum, n. is the effective
refractive index of the medium in which the mode propagates,
and p is the period of the array.

We describe the coupling between the LRs and the RAs by
the following simplified 3 X 3 Hamiltonian.>*

Eir —ing Qp, Qp_
H= Qr, Epy = iy Q
Q‘L— Q‘i ER— - i)/R_ (4)

The diagonal terms in the Hamiltonian are the energies of
the LRs and RAs associated with the (+1,0) diffraction orders.
We fit the SLRs with the eigenstates of eq 4 using the following
parameters: E; g =22 eV, 71z = 0.1 eV, g, =Yg =2 meV, Q.
=€ =0.18 eVand Q , = 0. The eigenstates of eq 4 become
Egr in eq 1. In addition, We assume that the coupling
strengths (g) between the SLR modes and the excitons are
identical, and that their photonic dissipation rates (y,) are also
the same.

TCSPC Measurements. Time-resolved PL studies were
performed using a time-correlated single photon-counting
(TCSPC) system in an Edinburgh (FLS980) fluorometer. For
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the measurements of the microsecond dynamics, we apply the
second harmonic of a Nd:YAG laser (Continuum, Surelite) at
532 nm as the pump pulse, with a duration of 15 ns and a
repetition rate of 10 Hz. For the measurements of the
microsecond dynamics, we use a picosecond diode laser (EPL-
510) as the excitation source at 510 nm. All the measurements
were performed at room temperature.

B ASSOCIATED CONTENT
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