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ABSTRACT: We show that in metal-dielectric core−shell nanoparticles, unusually thick dielectric coatings can produce extreme
ﬂuorescence enhancement with an enhancement factor F̅ ≳ 3000
for emitters located on the surface or in the interior of the shell of
Au@dielectric spherical particles under realistic conditions, even
for the emitters with 100% intrinsic quantum yield. Thick dielectric
coatings facilitate high-quality transverse electric (TE) multipole (l
= 7) resonances which are shown as the major cause for the
reported extraordinary values of F̅ .

T

competing considerations described above are balanced or
optimized for particular applications. They are moreover
attractive for a number of applications as they may be
produced with low-cost chemical synthesis methods in large
quantities. Previous attempts to simultaneously consider all the
factors, excitation, radiative, and nonradiative decay rates, in eq
1, were largely guided by the paradigm of metal-enhanced
ﬂuorescence (MEF).25 The usual assumption in MEF is that
there is some optimal distance from a metallic surface where F̅
attains its maximum. This arises because, by approaching a
metal surface, Γ̃rad begins to increase sooner but Γ̃nrad increases
faster. It has been assumed unproductive to decrease plasmon
coupling between the metal and ﬂuorophore by increasing
emitter separation from a metal surface by more than a couple
of tens of nanometers. Therefore, previous studies5,11,23 have
limited shell thickness, ts, to ts ≲ 30 nm, yielding for Au@
dielectric core−shells a maximum achievable averaged F̅ ≈ 9
(≈ 70 for Ag core) for shell refractive index ns ≤ 2.11
Importantly, identical core−shell particles under otherwise
identical conditions may yield wildly diﬀering values of F̅
depending on the value of the emitter q0. The second fraction
on the right hand side (rhs) of eq 1 remains essentially
constant whenever q0 is varied over an interval such that the

he potential for plasmonic nanostructures to enhance
ﬂuorescence emission has been long studied. 1−8
Collective electron oscillations on the surface of a plasmonic
nanostructure can generate a strong local electric ﬁeld, E. The
enhancement of the ﬁeld boosts the excitation rate, γexc (∝ |
E|2), of a ﬂuorophore. At the same time, reducing the distance
of a ﬂuorophore from a metal nanostructure opens dissipative
channels which diminish the quantum yield, q, and negatively
aﬀect ﬂuorescence. An optimal averaged ﬂuorescence enhancement factor,
F̅ =

̃
γexc q
γ
Γrad
1
= exc
̃ + Γnrad
̃ + (1 − q )/q q
γexc;0 q0
γexc;0 Γrad
0
0 0

(1)

requires a delicate balance of γexc and the radiative, Γ̃rad, and
nonradiative, Γ̃nrad, decay rates.6−11 Here Γ̃ = Γ/Γrad;0, the
subscript “0” indicates the respective quantity in the free space,
and q0 is the intrinsic quantum yield. Γ̃rad is determined by the
local density of states, whereas Γ̃nrad is determined by metal
losses. Assuming randomly oriented emitters, the decay rates in
eq 1 are averaged over dipole orientation as Γ̃nrad;rad = (Γ̃⊥nrad;rad
+ 2Γ̃∥nrad;rad)/3, where the superscripts “∥” and “⊥” denote the
parallel (tangential) and perpendicular (radial) dipole
orientation relative to the surface of plasmonic nanostructure.
The excitation rate in eq 1 is averaged over the particle surface:
γexc ∝ ⟨|E|2⟩.11,12 In general the Stokes shift is allowed between
excitation, λexc, and emission, λems, wavelengths, corresponding
to the respective excitation (γexc/γexc;0) and emission (q/q0)
processes.
Metal-dielectric core−shell nanoparticles3−5,11,13−24 oﬀer an
opportunity to engineer environments where the various
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contribution (1 − q0)/q0 is negligible compared to at least one
of the other two terms in the denominator (e.g., Γ̃nrad or Γ̃rad),
which is a rather common situation in MEF.4,6,11 Consequently, due to the third fraction on the rhs of eq 1, one ﬁnds
the resulting ﬂuorescence enhancement F̅ ∝ 1/q0; that is, the
smaller is q0, the larger is F̅ . Therefore, F̅ is ambiguous when
characterizing the environment of an emitter, unless, for the
sake of comparison, one agrees to ﬁx the value of q0. It is clear
that the value of q0 = 1 is the least favorable for F̅ . Moreover,
we rely on an orientationally averaged electric ﬁeld intensity, ⟨|
E|2⟩, being well aware that larger intensity values are available
in hot spots,23 in which F̅ of an emitter could be easily
increased by an order of magnitude compared to our averaged
values. Nonetheless, it is the value of q0 = 1 and averaged (over
the spherical surface) γexc ∝ ⟨|E|2⟩ which we hold constant
throughout this work, very much as in our earlier work.11
Therefore, all the values of F̅ reported in what follows can be
rather seen as the lower bound, or the worst case scenario on
the achievable enhancement, because the latter can be easily
increased by decreasing q0 or, by selective placement of the
emitter in a hot spot.26
In this Letter, we show that by extending the parameter
range for the core radius, rc, and, importantly, the shell
thickness, ts, well beyond that suggested by MEF reasoning,
one can obtain F̅ of at least 2 orders of magnitude larger than
for the MEF range, with experimentally feasible designs using
common ﬂuorophores. An essential prerequisite for our
simulations is the recently reported eﬃcient determination of
orientationally averaged electric ﬁeld intensities,12,27 supplementing an earlier eﬃcient calculation of decay rates.3 In
essence, surface integrals of |E|2 can be performed analytically,12 and the calculation of average intensity costs the same
computational time as determining intensity at a given point.
The full power of recent analytic3,12 and numerical27 advances
has allowed for unprecedented large-scale optimization
studies11 that have been so far outside the reach of numerical
methods. Unlike previous works on MEF,11,23 we have here
signiﬁcantly extended the parameter space for the metal core
radius, rc, and dielectric shell, ts: rc ∈ [20, 180] nm and ts ∈
[10, 300] nm, keeping the overall size of a core−shell particle
less than a micrometer, much smaller than that of typical large
microresonators required to harness whispering gallery modes
(WGMs).28−30
We consider a core−shell nanoparticle with a gold core
(with refractive index nc31) surrounded by a dielectric shell
(with ns either 2.7 or 3.5). The nanoparticle is embedded in a
homogeneous medium with a refractive index nh, which is set
to be air (nh = 1). A ﬂuorescence emitter (Nile Blue dye with
λexc = 633 nm and λems = 663 nm) is modeled as an oscillating
dipole located at ts + 0.75 nm distance from the metal surface.
To highlight the parameter range investigated in the present
work, the thin shell region examined in previous works5,8,11,23
essentially corresponds to the dashed rectangles shown in the
bottom-left corner of Figures 1a and 2a. The metal-dielectric
core−shell nanoparticles with sizes bounded with this dashed
rectangles are what one would have investigated when guided
by the MEF paradigm.25 Small values of F̅ → 1 within the
highlighted dashed rectangle in Figure 2a are in line with
results reported in ref 23 (Figure 5 therein), that the maximum
achievable F̅ therein decreases when ns increases above 2.6. As
demonstrated in Figures 1a and 2a for Au@dielectric core−
shells with ns = 2.7 and ns = 3.5, respectively, essential for
harnessing exceptionally large F̅ is to have a large ﬁeld
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Figure 1. (a) Fluorescence enhancement F̅ for Au@dielectric core−
shell particles with ns = 2.7 embedded in air host (nh = 1) as a
function of shell thickness ts and core radius rc for Nile Blue dye with
λexc = 633 nm and λems = 663 nm. The dashed rectangle in panel a
shows the typical sizes of core−shells considered in the literature for
the optimization problem.11,23 (b) F̅ near the point highlighted by
arrow in panel a within ±5 nm deviation from the optimal values ropt
= 164.1 nm and topt = 223.1 nm. Excitation (exc), quantum yield
(QY), and ﬂuorescence enhancements (F̅ ) as functions of (c) shell
thickness with ﬁxed rc = ropt, (d) core radius with ﬁxed ts = topt and (e)
wavelength for a dye with λems − λexc = 30 nm Stokes shift.

Figure 2. Analogous as in Figure 1, but for ns = 3.5 with ropt = 126.3
nm and topt = 174.2 nm.

enhancement at the excitation wavelength, λexc, which can be
seen in Figures 1c−e and 2c−e. A closer look reveals that the
optimal locations correspond to higher-order l = 7 transverse
electric (TE) multipole resonance, see Figure 3a−c,e. The
resonance is characterized by large values of the quality factor,
Q = λres/Δλres (Q ∼ 4.5 × 103 for ns = 2.7 and Q ∼ 5.4 × 104
for ns = 3.5), where Δλres is the corresponding full width at
half-maximum (fwhm) of the resonance. Along with a thick
shell providing suﬃcient spacing from the metal core to
6426
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Figure 4. (a,b) Radiative and nonradiative decay rates, Γ̃ = Γ/Γrad;0,
where Γrad;0 is calculated in inﬁnite homogeneous medium having the
refractive index of the shell where the dipole emitter is located (eqs
28−29 of ref 27). (c,d) Excitation (exc), quantum yield (QY), and
ﬂuorescence enhancements (F̅ ) as functions of the dipole position, rd,
within the shell and in the host (see sketch on the right) for the
optimal conﬁgurations (see Figures 1, 2) of Au@dielectric core−
shells with ns = 2.7 (left) and ns = 3.5 (right).

Figure 4 makes it transparent that a nanometer-precise
experimental control of placement of dipole emitters at a
predetermined radial position of a dielectric shell36 may enable
even larger values of F̅ compared to those on the shell surface:
208 and 3022 for Au@dielectric core−shells with ns = 2.7 and
ns = 3.5, respectively. Moderate values of decay rates imply that
the MEF scaling, F̅ ∝ 1/q0, no longer holds in our case.
Interestingly, except very near the metal core, F̅ in the optimal
conﬁgurations nearly exactly follows the excitation enhancement as the dipole position is varied. Nearly continuous γexc
across the shell−host interface is a consequence of the fact that
the ﬁeld intensity is dominated by the tangential components
of E. In contrast, for thin shells one observes a clear
discontinuous drop of γexc in an optically denser shell (Figure
S1 of ref 11) as a consequence of ns E⊥s = nh E⊥h satisﬁed by the
normal components E at the interface.
A natural question emerges: Given that the shell is thick,
does one need a metallic core at all? The answer is one really
does, because metal constituents are in principle required for
large F̅ ,37 and nothing comparable happens for analogous TE
resonances in a comparable homogeneous dielectric
sphere.38,39 However, with large shell thickness, and thus
large dye−metal surface separation, the term “metal-enhanced
ﬂuorescence” acquires completely diﬀerent meaning, because
metal plays a more subtle role in the extraordinary ﬂuorescence
reported here. The metal core plays the role of a reﬂecting
surface pushing the electric ﬁeld intensity from the core
interior into the shell, when compared to the case of a
homogeneous dielectric sphere. In intuitive terms, an optimal
shell appears to require an eﬀective optical thickness, L = [(r3s
− r3c )]/[3(r2s + r2c )], which corresponds to the mean-free path
of excitation waves within the shell,40 to be (lλexc)/(4ns), where
rs = rc + ts. Combined with the phase shift π upon reﬂection on
the metal core surface, the excitation light arriving at the dipole
position is then in phase with that being reﬂected at the metal
core surface, leading to a constructive interference, and the
extraordinary ﬂuorescence. Although the phase shift π upon
reﬂection occurs only for a perfect metal,41 this intuition, an
adaption of the “λ/4” condition in radiowave antennas to
core−shell geometry, is surprisingly robust: at the abovereported extraordinary values of F̅ one has (4Lns)/(λexcl) ≈
0.98 and (4Lns)/(λexcl) ≈ 0.99 for ns = 2.7 and ns = 3.5,

Figure 3. (a), (b) Multipole decomposition of the extinction
eﬃciency Qext;l for transverse electric, TE (eq 19 of ref 27),
polarization for Au@dielectric core−shells with ns = 2.7 and ns =
3.5. Respective values of l are shown in plots. (c,e) Electric ﬁeld
intensities for a plane wave excitation along the z-axis and the ﬁeld
orientation along the x-axis at λexc = 633 nm. (d,f) Wavelength, λres,
and Q-factor of the l = 7 TE resonance and respective F̅ , similar to
Figures 1b and 2b, but with λexc = λres. White color in colormaps
corresponds to (d) F̅ = 125, Q = 4.5 × 103 and (f) F̅ = 1850, Q = 5.4
× 104.

preventing quenching (i.e., Γ̃rad/Γ̃nrad ≪ 1), the TE l = 7-pole
resonances in Figures 1c and 2c provide conditions for
extraordinary large F̅ = 125 and F̅ = 1850 for core−shells with
ns = 2.7 and ns = 3.5, respectively. Our optimal conﬁgurations
are obviously far away from the usual MEF range, because the
Q-factors of the l = 7-pole TE resonances are comparable to
the highest Q-factors of purely dielectric structures of similar
size,32 both being between the Q-factors of typical plasmonic
structures33 (Q ≲ 102) and WGMs in large homogeneous silica
spheres34 (Q ≥ 108).
As expected, experimental imperfections in each of rc and ts
within ±5 nm, inﬂuence the position and Q-factor of the
relevant TE l = 7-pole resonance (Figure 3d,f). Importantly,
within the above ±5 nm tolerances, the resonance position still
remains within the dye excitation band, while the Q-factor
remains over 103 and 104 for ns = 2.7 and ns = 3.5, respectively.
As a rule, an emitter excitation band is typically much broader
than the reported resonance fwhm, which in turn is much
broader than the laser diode line width that can be as narrow as
1 Hz.35 Therefore, experimental variations can be easily
accommodated with a tunable laser diode excitation source.
According to Figures 1b and 2b, crucial for preserving high F̅ in
the case of ﬁxed λexc is to keep the total sphere radius, rc + ts, as
close as possible to that of the optimal conﬁguration. When
excitation wavelength tracks resonance wavelength, that is, λexc
= λres, Figure 3 panels d and f reveal that not only are larger F̅
≳ 3000 values in principle possible, but also the parameter
range for obtaining large values of F̅ is broader than with ﬁxed
λexc.
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respectively. This argument explains why a relatively high ns is
important for keeping the core−shell particle diameter below 1
μm and why the optimal ts is thinner for a shell with ns = 3.5
than for shell with ns = 2.7.
The values of (nonaveraged) F ∼ 103 have been reported
earlier.42,43 A closer inspection shows, however, that they were
obtained in the MEF regime for an organic dye with low q0 (q0
= 0.025 in ref 42 and q0 = 0.1 in ref 43). An equivalent result
for dyes with q0 = 1, which should be compared with our
result, yields however a mere F ∼ 102 after rescaling. The only
exception is the recent use of the ﬂuorescent dye Atto 532 with
q0 = 0.9 in ref 44 providing F = 910. Finally, for a
complementary case of a dielectric-metal core−shell, the
highest ﬂuorescence enhancements were observed at the
Fano resonance for a dielectric (nc = 3.5) core and metal (Ag)
shell:8 F⊥ = 50 and F∥ = 2.5 in the case of a radially and
tangentially oriented dipole located at a hot spot, yielding the
orientation-averaged enhancement of F ≈ 18.
To conclude, by searching more than 4 × 106 conﬁgurations
of core−shell Au@dielectric nanoparticles, we observed
conﬁgurations with average ﬂuorescence enhancement as
high as ≳3000 on the shell surface or in its interior. Actual
ﬂuorescence enhancements can be increased further by taking
advantage of hot spots. Surprisingly, the extraordinary values of
F̅ were obtained for conventional metal@dielectric core−shell
nanoparticles, without any need of a fancy nontrivial shape,
such as bowtie nanoantenna42 or a nanocube.43,44 To
investigate a realistic case, we have selected Nile Blue dye as
a model case. This resulted in the prominence of l = 7
resonance, which turned out to be optimal for the dye
excitation wavelength, λexc. It is obvious that any other suitable
electric dipole point-like emitters, such as diﬀerent dyes,
quantum dots, diamond impurities, etc. can be used, with the
core−shell structure being adjusted to the emitter excitation
wavelength, possibly resulting in the prominence of some other
high-l resonance.
Our results suggest a paradigm shift from the conventional
metal-enhanced ﬂuorescence, wherein the metal is becoming
an auxiliary rather than a determinative constituent. Therefore,
analogous results are expected for other good reﬂecting metal
(e.g., Ag, Al, Mg) cores, as long as the shell refractive index is
suﬃciently high. Owing to large shell thickness it is essential
that the shell material is lossless in order to maintain the high
Q-factor of a resonance. We anticipate that averaged F̅ ≳ 100
can be routinely obtained with ns ≳ 2.2, which can be achieved
with common Ta2O5, ZnS, TiO2, Nb2O5 coatings. The lossless
ns ≳3.5 coatings in the visible and NIR can be achieved with
GaP45 and amorphous Si,46 with increasing choice of materials
in the telecommunication band and beyond.47
Our results have immediate applications in biological
sensing,48 lasing49 (including spasers50), cell tagging,51 and
catalysis,52 and suggest upconversion53,54 enhancements of
≳104. Exceptionally high ﬁeld intensities within the shell beg
for their exploitation in various nonlinear applications. We
hope that our results will stimulate experimental work in the
synthesis of metal-dielectric core−shells with high-index
shells55 or analogous investigation of other particle shapes.56,57
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