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S1 Calculation method: Exact theory

A rigorous analytical solution for the decay rate of an electric dipole positioned at
a radial distance from the surface of a nonmagnetic spherical nanoparticle (NP) has
been previously developed by Ruppin'! and Kim et al.2. According to this theory, the
enhanced excitation rate, the radiative decay rate, and the total decay rate expressions
for an emitter dipole situated outside the spherical NP can be written as3:
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7 L7 and” || 7 represent the perpendicular and parallel dipole orientations relative to

the NP surface, respectively. The non-radiative decay rate is computed by subtracting
the radiative decay rate from the total decay rate for each dipole orientation:
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Following this, the average rate for the decay channels can be computed by using:
Iiad,loss = %(ZI‘Ld loss T Fﬂ;id,loss). This computation is feasible given that the dipole
orientations are two parallel and one perpendicular. In Eq. S1, a;, and b, are the

well-known Mie scattering coefficients*. Meanwhile, ¢ and ¢ are the Riccati-Bessel
functions, defined as vy(kr) = krj,(kr) and & (kr) = k:rhgl)(kr), where j, and hél)
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are the spherical Bessel functions of the first and third kind, respectively. The prime
notation (/) in the Riccati-Bessel functions signifies the first-order derivative of the
argument inside the parentheses. Additionally, k& stands for the wavenumber, r is
the radial position, and ¢ signifies the multipolar excitation number. The maximum
number of £ in the summation is set to a large number (1., = 100)°.

With these decay rates, the modified photoluminescence (PL) quantum yield for
a dipolar emitter with a known intrinsic quantum yield, Q%; , as a function of light
frequency, w, and radial distance, r, can be obtained as?:
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The dielectric functions for the metals used in the calculation were sourced from the
recently reported experimental optical databases by McPeak for Al® and by Johnson
and Christy for Au”.

In NPs, the electron scattering effect becomes prominent when the particle’s diam-
eter is comparable to the mean free path of the electrons in the metal. This effect can
significantly influence the dielectric properties of the NP. To capture this influence, a
correction is applied to the dielectric function of each metal, as stated in Eq. S4.
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In the equation, veor = yp + “F denotes the Drude damping factor that has been
corrected for the mean free path of electrons. The term R, given by R = %’I‘Np, signifies
the effective mean free path of electrons when scaled by the NP radius ryp. The Fermi
velocity of free electrons in metals, represented by vg, varies for different metals: it is
1.448 x 105 ms~! for Ag, 1.382 x 10% ms™! for Au, and 1.599 x 105 ms~! for Al The
constant h refers to Planck’s constant.

S2 Quantum yield of various intrinsic qualities of
emitting materials

Figure S1 shows the PL quantum yield as a function of the emitter’s position relative
to the surface of a 60 nm-diameter Al NP, calculated for different intrinsic quantum
yields, Q% . Here, Q}; = 0.15 denotes a poor emitter, while Q%; = 0.93 indicates a
good emitter.

It is apparent that Al plasmonics can show a significant enhancement in the quan-
tum yield for emitters with different intrinsic quantum yields when positioned at
sub-10 nm distances. Especially for the poor emitter with Q% = 0.15, a 2.1-fold
enhancement peak can be observed. As described in the main text, owing to the ’valley
of low loss’, the radiative decay channel can dominate its non-radiative counterpart for
Al NPs. In contrast, for Au NPs, the modified quantum yield is below one, regardless
of the value of Q%; for the emitter. This suggests that the presence of Au NPs in close
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Fig. S1 Modified quantum yield as a function of the distance between the dipole emitter and the
NP surface ("Np—dipole) for various intrinsic quantum yields, QOPL.

proximity to the emitter can quench the light, rather than enhancing its radiation.
This is due to the dominant non-radiative decay channels associated with Au NPs.

S3 Decay rates of core vs. core@shell Al NPs

The exact solutions can be extended to the case of core@shell NPs using the transfer
matrix (T-Matrix) method. The T-matrix formalism for multilayer concentric spherical
NPs was developed by Moroz and his coworkers® 9. We adopted this method to
account for the presence of an Al,O5 shell enveloping the Al nanosphere.

In Figure S2, we compare the distance-dependent and spectral-dependent decay
rates between Al NPs under two conditions: core only and core@shell. The calculations
were performed with an NP size selected to match the dipole emission wavelength
at 485 nm. As shown in the figure, almost the same behavior is observed in both
configurations, with the core-only NP configuration exhibiting slightly higher decay
rates.
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Fig. S2 Radiative and non-radiative decay rates for a 63 nm-diameter Al NP and a 73 nm-diameter
Al@A1,05 NP (with the addition of a 5 nm-thick Al,O3 shell) as a function of (a) the emitter position
from the NP surface and (b) wavelength.

S4 Quasi-static approximations

In this section, we provide detailed analytical expressions as the basis for the simplified
equation presented in the main paper (Eq. 1). To offer a more intuitive understanding
of the underlying physics, we subsequently adopted a simpler model initially intro-
duced by Gerstein and Nitzan, known as the GN model'!. Using this model, the
expressions for T'y,q/ F?ad and Toss/ F?ad can be simplified, eliminating the need for
the Riccati-Bessel function:
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where the multipolar quasi-static polarizability, ay, is defined by:
=2t 1 (36)
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Although the model was originally developed using a quasi-static approach, it is
possible to incorporate the first-order electrodynamic correction, known as the MLWA
model %13, This refines the radiative component of the GN model by including the
radiation reaction and the dynamic depolarization factor in the expression for the dipo-
lar polarizability (¢ = 1)!*. The modification is achieved by replacing the expression
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Fig. S8 Comparison of radiative (upper panels) and non-radiative (lower panels) decay rates, show-
casing results calculated by exact theory, the modified GN model (MLWA), and the original GN
model (quasi-static), for (a) Al and (b) Au NPs with a diameter of 63 nm.

for ay in Eq. S6 with:

ENP — €m
a1 = L 5 S7
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where Log = L — —Y—k? —iXk® and L represents the static depolarization factor
47r'l"Np 6

(L = % for spherical NPs).

Figure S3 presents a comparison of decay rates derived from both these models and
the exact theory for Al and Au NPs, each with a diameter of 63 nm. The GN model
aligns well with the exact results for non-radiative decay. In comparison, the modified
GN model more closely approximates the exact solutions for the radiation rate than its
original counterpart. The deviation observed at shorter wavelengths can be attributed
to the analytical approach for the radiative rates, which does not account for high-
order multipole components. Nevertheless, these analytical expressions are sufficiently
robust to facilitate qualitative predictions, enabling the rapid design and evaluation
of decay rate modifications introduced to an emitter by a NP.

S5 Decay rates of NPs using various databases

Figure S4 compares the radiative and non-radiative decay rates of Al and Au NPs
across different databases. For Al, the data were sourced from McPeak®, Rakic!®,
and Cheng'®. For Au, the databases were taken from Babar-Weaver 7, McPeak®, and
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Fig. S4 Radiative (top panels) and non-radiative (bottom panels) decay rates as a function of
wavelength for (a) Al and (b) Au NPs with a diameter of 63 nm, calculated based on different
databases.

Johnson-Christy 7. Despite the data coming from various sources, the same spectral
lines were observed, indicating that the radiative and non-radiative decay rate features
described in the main text do not depend on the specific database selected.

S6 Decay rates of non-spherical NPs: Boundary
element method (BEM)

Since the exact theory is limited to spherical particles only, we used the boundary
element method (BEM) to simulate decay-rate enhancement for non-spherical NPs!8.
For this purpose, the MNPBEM Matlab toolbox!'? was employed. Prior to the calcu-
lations, we calibrated the BEM results by comparing them with those obtained from
the exact theory using spherical particles. Figure S5 shows the simulation results for
different triangular meshes, where the number of vertices along the spherical azimuth
angle (V) varied from 10 to 40, while the number of vertices along the spherical
polar angle (V) was set to 10. We found that increasing the number of vertices in
the direction of the dipole position (Vj) enhances accuracy and numerical stability
more effectively, particularly for simulations involving dipoles located closer to the NP
surface (see Figure S5c).
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Fig. S5 Comparison of (a, ¢) radiative decay rates and (b, d) non-radiative decay rates as functions
of wavelength and NP emitting distance, respectively, to calibrate BEM calculations to the exact
theory. Inset: illustration of the mesh changes on the spherical particle when Vj is varied.

Figure S6 details the shape of the spectral lines for the radiative and non-radiative
decay rates of non-spherical NPs (nanocube, nanorod, and nanodisk) of varying sizes
to support the results shown in Figure 2d of the main text. For the nanocube, the side
length was varied from 20 nm to 70 nm. For the nanodisk, the thickness was set to 20
nm, and the diameter was varied from 20 nm to 70 nm. Finally, for the nanorod, the
diameter was set to 40 nm, and the length was varied from 40 nm to 70 nm.

S7 Experimental extinction efficiency of the Al
nanodisk arrays with and without the FS8BT
emitting layers

Figure S7 presents the extinction spectra of the Al nanodisks, both bare and coated
with the F8BT layer, as measured using a custom-built ultraviolet-visible system (refer
to the Materials and methods section in the main text for details). The figure demon-
strates that the addition of the emitting material atop the samples induces a redshift
in the spectrum and a reduction in extinction efficiency.
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Fig. S6 Radiative (upper panels) and non-radiative (lower panels) decay rates as a function of
wavelength for (a) nanocubes, (b) nanorods, and (c) nanodisks with varying sizes (s) or diameters (d).
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Fig. S7 Experimental extinction spectra of Al nanodisk arrays with varying nanodisk diameters,
both without and with a coating of the F8BT emitting material.
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