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lasmonic metallic nanoantennae are

receiving steadily growing attention

for their ability to tailor the light
emission properties of nearby emitting
structures such as molecules or quantum
dots (QDs).'* Metal nanoantennae are able
to modify the angular distribution of the
emitted radiation and to dramatically en-
hance the emission quantum efficiency.” 8
Furthermore, it has recently been demon-
strated that multiple particle nanoantennae
may be employed as efficient polarization
rotators.” The main reason of these out-
standing light manipulation performances
resides in a metal nanoparticle (NP) large
scattering cross section, with emitted pho-
tons strongly coupling to the plasmonic
modes supported by the nanoantenna.'®!
On the other hand, dielectric nanoantennae
have poor light extraction properties over-
all, mainly assignable to their small scatter-
ing cross section, though the use of a dielec-
tric NP could prove attractive for the
absence of ohmic losses in the light extrac-
tion process.'? Very recently, a great deal of
interest was attracted by the ultra-narrow
collective resonances supported by regular
arrays of metallic NPs, as it has also been
shown, both theoretically and experimen-
tally, that these resonances may be ex-
ploited for superior and tunable light ex-
traction performances.’>" '8

In the following, a multiple scattering

technique (i.e., generalized multiparticle
Mie (GMM) theory) is used to study, at first,
a single emitter coupled to an isolated di-
electric NP, then this unit cell is repeated in
space to form a linear array.”~?' The influ-
ence on emitted radiation is studied as a
function of antenna structural and composi-
tional variables such as cell parameter and
NP size and material. Finally, the effect of
emitter position and orientation is taken
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ABSTRACT Si0;, and Ti0, dielectric nanoparticles are arranged in linear arrays, supporting collective Bragg
modes, and employed as dielectric nanoantennae. Electrodynamic calculations show that strong, tunable, and
lossless light extraction is obtained in a wide spectral range, including UV, visible, and near-infrared regions, in
opposition to poor enhancement features of isolated dielectric nanoparticles. Emission quantum efficiencies
comparable to those obtained employing metallic structures are achieved, with strong emission enhancement
even for poor emitter position and dipole moment orientation.

KEYWORDS: fluorescence enhancement - nanoantenna -
crystal - photonic crystal

plasmon - plasmonic

into account to exhaustively assess the
nanoantenna features. A typical sketch of
the employed array structures is seen in Fig-
ure 1, with the isolated unit placed at the
origin and highlighted by the blue box.

In our theoretical framework, the emit-
ter is modeled as a classical dipole with
intrinsic quantum efficiency g, = y?/(y? +
vir), where P and 7, are the radiative
and nonradiative recombination rates of
the isolated emitter. The influence of the
antenna on the emission processes is eas-
ily expressed in terms of power dissi-
pated inside the nanoantenna and radi-
ated by the nanoantenna emitter
ensemble. Normalized modified rates are
then expressed as vy,/y? = P,/P? and y,ps/
VP = Paps/PP, with y,,s being the contribu-
tion to nonradiative recombination rates
related to the power dissipated inside the
nanoantenna, P, P, the power radiated
by the emitter—antenna system, and P;
the power radiated by a classical
dipole.’®22 By writing the overall nonradi-
ative rate as ynr = yar T Yabs, We may fi-
nally express the modified quantum effi-
ciency g in the general case:*?223
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Figure 1. Sketch of typical nanoantenna array configura-
tion. Array principal axis is always y-oriented, with cell pa-
rameter a. Dipoles are always z-oriented, if not otherwise in-
dicated, 5 nm above the sphere surface. The typical isolated
antenna unit is highlighted in the blue box.

RESULTS AND DISCUSSION

Figure 2b shows the y,/vf and yaps/yf spectra for a
z-oriented dipole placed 5 nm away from a SiO, sphere,
with radii ranging from 50 to 150 nm. Extremely small
enhancement of the radiative recombination rates is
observed from the ultraviolet (UV) to the near-infrared
(NIR) range (y,/y¢ ~ 2.5), with enhancement maxima
red shifting as the size of the antenna increases.'? Like-
wise, no substantial power dissipation inside the
nanoantenna is seen, in agreement with what should
be expected by a quick analysis of SiO, optical con-
stants in the observed wavelength range (Figure 2a).
Absence of ohmic losses is a desirable feature, in order
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Figure 2. (a) SiO, and TiO, complex optical constants. Nor-

malized radiative and nonradiative recombination rate

curves for an emitter coupled to SiO, (b) and TiO, (c) spheres
in vacuum. Particle emitter distance is 5 nm.
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to avoid the introduction of new nonradiative chan-
nels. Spectra for rutile TiO, nanoantennae are reported
in Figure 2c. Slightly larger enhancements of the radia-
tive recombination rates are observed (y,/y? ~ 10), with
sharp peaks likely assignable to low-order whispering
gallery modes (WGMs),?*% dominating the spectrum at
higher energies. Since these modes are not the main
subject of the present paper, we limit ourselves to no-
tice that radiative rate enhancements of more than 1 or-
der of magnitude are seen, making them promising
for light extraction applications. Dipolar scattering
maxima are present at lower energies and follow the
behavior already observed in SiO, NPs. No power dissi-
pation inside the nanoantenna is observed for wave-
lengths above 350 nm, becoming significant for wave-
lengths in the UV range, where TiO, begins to show a
dispersive behavior (Figure 2a).

In the following, Bragg resonances supported by
regular arrays of nanoparticles are employed to boost
the light extraction characteristics of dielectric nanoan-
tennae which otherwise, with the exception of WGMs,
would be unable to efficiently enhance light emission
processes as just shown. In this framework, GMM theory
is applied to study regular arrays of the antenna emit-
ter units described above. Linear chains are chosen to
be 1000 units long in order to fully develop the geomet-
ric resonances. All of the structures are taken to be in
vacuum, and their optical constants are obtained from
the literature.?® The chain cell parameter g, defined as
the center to center antenna distance, varies from 250
to 1200 nm in 50 nm steps, with particle emitters sepa-
ration kept fixed at 5 nm. Up to 80 multipoles have
been included in the calculations in order to ensure
spectral convergence at all the computed wavelengths.

Figure 3 reports radiative rate enhancement spec-
tra for SiO, nanoantenna arrays based upon the iso-
lated unit adopted before. Antenna contributions to
the nonradiative recombination rate (yaps) are always
negligible at the resonance wavelengths of interest, as
can be argued from Figure 2, and are therefore omitted.
Without entering the physical details of Bragg reso-
nances, which have been discussed thoroughly
elsewhere,’8272% we limit ourselves to notice that, in
vacuum, sharp radiative enhancement peaks show up
at roughly N ~ a/m, where m is an integer and a is the
cell parameter. This behavior is easily understood if we
describe our system in the coupled dipole theoretical
framework and the nanoantennae by the effective po-
larizability aer = o/(1 — «S), with S the retarded dipole
sum and « the original antenna polarizability: scattering
resonances arises whenever Re[a '] ~ Re[S], that is, at
N\ ~ a/m, with narrow resonance shapes determined by
both singularities in Re[S] and partial cancellations be-
tween Im[S] and radiative damping terms.?”’~?° The ra-
tio y,/y? reaches values as high as 50 in the r = 150 nm
best performing structures when the collective reso-
nances are located around the scattering maximum of
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Figure 3. Normalized radiative recombination rate curves
for an emitter coupled to a SiO, nanoantenna array: (a) r =
50 nm, (b) r = 100 nm, (c) r = 150 nm: peaks are labeled with
the respective array pitch expressed in nm. Insets: corre-
sponding g vs A spectra for an emitter with an intrinsic g,
= 0.1 quantum efficiency. Particle emitter distance is 5 nm.

the isolated nanoantenna, as in the metallic sphere
case.'® Better emission performances are obtained for
larger antennae in the red and NIR ranges: this trend is
most likely assignable to an overall beneficial trade-off
between larger scattering cross sections for bigger an-
tenna sizes, against a worse emitter antenna coupling.*
We finally notice that for r = 100 and 150 nm nanoan-
tennae, weaker second-order resonances are visible in
the blue and UV ranges, where SiO; still shows a loss-
less behavior. In the insets, g versus \ spectra are pre-
sented. A g, = 0.1 emitter is chosen, with obtained fi-
nal efficiencies as high as g = 0.8 in the best performing
case and above g = 0.5 for a wide range of param-
eters. It is worth noting that in this case selective en-
hancement is still possible even for an emitter with a
relatively high initial quantum yield since dielectric
nanoantennae are essentially unable to provide light
extraction in Bragg off-resonance conditions, which is
not the case for metallic nanoparticles.”

TiO, nanoantenna arrays (Figure 4) show a qualita-
tively similar behavior but differ significantly in the reso-
nance strength. Radiative rate enhancements larger
than 2 orders of magnitude are observed, where best
performances are again found for the structures based
on larger antennae in the red and NIR ranges. Collective
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Figure 4. Normalized radiative recombination rate curves
for an emitter coupled to a TiO, nanoantenna array: (a) r =
50 nm, (b) r = 100 nm, (c) r = 150 nm: peaks are labeled with
the respective array pitch expressed in nm. Insets: corre-
sponding g vs A spectra for an emitter with an intrinsic g,

= 0.1 (upper curve set) and g, = 0.01 (lower curve set) quan-
tum efficiency. Particle emitter distance is 5 nm.

resonances are red-shifted with respect to the SiO, situ-
ation, in agreement with the position of single particle
dipolar scattering. Second-order resonances are still
present at shorter wavelengths, though not visible at
the present plot scale, given their superimposition with
the WGMs. Modification of emitter quantum efficiency
is reported in the insets in Figure 4. If a go = 0.1 emit-
ter is chosen, remarkable final g > 0.9 efficiencies are
obtained, while g = 0.6 peak efficiencies are found if a
worse go = 0.01 is adopted, with performances compa-
rable to those of metallic nanoantennae.'"'8 In all of
the above examples, Bragg resonance tuning is ob-
tained by variation of structural parameters such as cell
parameter a and sphere radius; nevertheless, reso-
nance tuning by changing the matrix refractive index
may still be obtained, keeping in mind the obvious limi-
tations imposed by the nanoantenna refractive in-
dex.'®

We remark that, in our theoretical framework, emit-
ters are modeled as coherently oscillating dipoles. This
assumption may be retained as reasonable since collec-
tive spontaneous emission has been theoretically pre-
dicted for linear arrays of N two-states atoms, and coop-
erative spontaneous emission has been observed for
both QDs or ion ensembles.3°~33 Furthermore, it has
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Figure 5. Local-field plots for best performing TiO, nanoan-
tenna array, r = 100 nm, a = 750 nm, and corresponding iso-
lated unit, at A = 750 nm. A logarithmic scale is adopted for

dipole—antenna field plots in (c) and (d), with 3 orders of mag-
nitude between |E|max and |E|min. (@) Isolated unit, unitary ampli-
tude plane wave illumination, (b) array, unitary amplitude plane

wave illumination, (c) isolated unit, z-oriented dipole illumina-
tion, (d) array, z-oriented dipole illumination. Particle emitter

|Elmax

distance is 5 nm. Antenna is highlighted by the thin white line.

been recently experimentally demonstrated that Bragg
resonances supported by plasmonic crystals are able to
enhance the emission of organic chromophores in a

tunable and directional fashion."”

The investigated dielectric nanoantennae are inter-
esting not only for their far-field properties but also for
their near-field ones; therefore, as a next step, we focus
on a single nanoantenna array at a fixed wavelength,
that is, on the best performing r = 100 nm, a = 750 nm
TiO, linear chain coupled to the worse g, = 0.01 emit-
ter. We shall first tackle the array local-field features
then switch to the study of light extraction perfor-

z

(@)

Figure 6. Efficiency enhancement position mapping for best per-
forming TiO, nanoantenna array, r = 100 nm, a = 750 nm, and cor-
responding isolated unit, at A\ = 750 nm. A g, = 0.01 z-oriented,
z-centered dipole moving on a xy plane, 5 nm above the sphere
surface is adopted: (a) plotting plane, (b) isolated unit, (c) array.
White closed lines are half intensity level curves, and dashed lines
are the antenna in-plane projection.
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mances as a function of emitter position and dipole mo-
ment orientation.

Figure 5a reports local-field plots for an isolated
unit of the best performing array, illuminated by a
monochromatic, unit amplitude plane wave at A =
750 nm. A small field enhancement is seen, as might
been expected from the poor light extraction proper-
ties observed before (Figure 2c). Likewise, the local-field
of the single antenna—dipole unit (Figure 5c) shows a
poor antenna emitter coupling, with essentially no
emission enhancement induced by the presence of
the dielectric nanocluster. Much larger local-field en-
hancements are obtained if the same plane wave illumi-
nates the nanoantennae arranged as a linear chain.
Field enhancements as high as |E| ~ 20, comparable
to the ones of isolated metallic nanoparticles, are seen,
which of course calls for much more prominent light ex-
traction performances.” This is clearly seen in Figure
5d, which reports the field map for the antenna—dipole
array. Excellent emitter antenna coupling and strong
emission enhancement are clearly visible. Furthermore,
we notice that the field distribution reveals the purely
dipolar nature of the Bragg resonance.

As a further issue, we investigated the light extrac-
tion properties of the best performing array, as the
emitter is displaced on a 200 nm side xy plane, 5 nm
above the surface of an isolated r = 100 nm TiO,
nanoantenna (Figure 6a). Figure 6b reports a quantum
efficiency mapping for a z-oriented, g, = 0.01, 750 nm
emitting dipole: overall extraction efficiency is poor, as
already noticed, with maximum emission for the dipole
placed directly at the nanoantenna zenith. Efficiency
mapping exhibits a cylindrical symmetry as expected.
Light extraction weakens as the dipole moves away
from the z axis, with an efficiency peak fwhm of about
~110 nm. The same kind of mapping is performed for
the whole best performing array. Figure 6c shows that
peak g ~ 0.6 extraction is again obtained for an emit-
ter placed exactly on the z axis. Cylindrical symmetry is
broken by the arrangement of the nanoantennae in a
regular array, with emission enhancement dropping
more slowly if the dipole is displaced along the x direc-
tion, normally to the chain principal axis.'®3* Neverthe-
less, both x and y fwhm, being about ~180 and 130 nm,
respectively, are larger than in the single nanoantenna
case. The reason for the slower emission decay for the x
displacement is easily understood if a simplified dipole
chain model is considered; in this case, (i) the Bragg
resonances are supported only if the dipole orienta-
tion is not parallel to the chain principal axis,?”** and
(i) the strength of the resonance is proportional to the
dipole projection on a plane normal to the chain axis.
Therefore, if the emitter is displaced in the x direction,
it is clear from simple symmetry considerations that the
dipole moment induced by the emitter on the nanoan-
tenna has no axial component and entirely concurs to
the formation of the Bragg resonance. This of course
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shall not be the case if the emitter is moved along the
array principal axis.

Finally, we turn our attention to the dependence of
recombination rate and quantum efficiency enhance-
ment as a function of the dipole orientation with re-
spect to the antenna.* As done before, we shall treat
first the isolated nanoantenna and then the array case,
where all of the relevant parameters are taken to be the
same as the best performing structure. Orientation-
dependent quantum efficiency enhancement is stud-
ied at four different dipole positions, as shown in Fig-
ure 7a. Figure 7b shows g versus orientation polar
surface plots for emitters in the four configurations.
We first notice that all of the quantum efficiency sur-
faces are described by specific dumbbell-like shapes,
with better light extraction features always found for
orientations normal to the antenna surface. In the case
of the isolated sphere, efficiency enhancement surfaces
for dipole placed in positions (i) and (iv) correspond to
the best and worst performing case, respectively, with
shapes for emitters in positions (ii) and (iii) being iden-
tical except for a /2 rotation. Dumbbell-shaped effi-
ciency surface plots may be explained by invoking
Green'’s dyadic symmetry properties. It has been in-
deed recently demonstrated that emission versus di-
pole orientation behavior can be fully described by
three principal orthogonal axis and the corresponding
recombination rates.3® Recombination rate and quan-
tum efficiency enhancement in an arbitrary orientation
are a function of the three principal rates and, in par-
ticular, a quadric defined on the unit sphere. Only spe-
cific surfaces are allowed, being classified by the relative
ratios of the principal recombination rates.® In this
framework, dumbbell-shaped enhancement surfaces
are easily understood. From a simple symmetry analy-
sis, it is clear that, for the system under consideration,
one of the principal dipole axes is normal to the sphere
surface while the other two, which of course are degen-
erate, lie on the corresponding tangential plane. Better
emission enhancement is always found for dipole nor-
mal orientation since the dipole moment induced on
the antenna by the emitter is larger in this configura-
tion.* Enhancement surfaces for the best performing ar-
ray at A = 750 nm are shown in Figure 7c. As in the pre-
vious case, efficiency surfaces are dumbbell-shaped,
without the tangential plane degeneracy which is lifted
by the linear arrangement. Surface plots exhibit the
most general enhancement shape, which is clearly seen
for the emitters placed in positions (i) and (iii).3> Best
and worst light extractions are again for normal and
parallel dipole orientation and positions (i) and (iv), re-
spectively. Enhancement shapes for positions (ii) and
(iii) are now different, with better light extraction in the
latter case, in agreement with the results for the posi-
tion mapping. Furthermore, comparing isolated and ar-
ray nanoantennae, we notice that array efficiency sur-
faces show less elongated shapes than the single

www.acsnano.org

Figure 7. Polar surface plots representing the dipole orien-
tation quantum efficiency enhancement dependence in real
space. Emitters are in four positions on a xy plane, 5 nm
above the sphere surface (z = 105 nm plane): (i) ¥r = (0,0,105)
nm, (ii) ¥ = (0,105,105) nm, (ii) r = (105,0,105) nm, (iv) r =
(105,105,105) nm, with the antenna placed at the origin. Best
performing TiO, nanoantenna array (r = 100 nm, a = 750
nm), corresponding isolated unit, and a g, = 0.01 dipole
emitting at A = 750 nm are adopted. (a) Dipole positions;
(b) isolated unit efficiency enhancement surfaces; (c) array
efficiency enhancement surfaces.

antenna case, which in turn means that nanoantenna
arrays tolerate much larger angular deviation from the
best performing dipole orientation, with efficiency loss
of about 30% for 6 = /4 tiltings.

As a closing remark, we stress that dielectric nanoan-
tenna arrays retain all of the directional emission prop-
erties exhibited by plasmonic arrays, these being only
determined by the antenna geometrical arrangement
and isolated unit emission pattern.'®3*
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CONCLUSIONS

In summary we have demonstrated, by multiple
scattering calculations, strong recombination rate
and quantum efficiency enhancement by dielectric
nanoantenna arrays. While isolated dielectric nano-
particles show extremely poor nanoantenna proper-
ties, regular arrays supporting Bragg modes are able
to provide strong, tunable, directional, and wave-
length selective light extraction, which is normally
considered as peculiar of metallic nanoantennae.
Lossless emission enhancement is obtained in a wide
spectral range, from the UV for SiO, structures to
the NIR for TiO, arrays. Selective light extraction is
also obtained for emitter with a relatively high ini-
tial quantum efficiency (go ~ 0.1) since no significant
recombination rate enhancement is achieved in

METHODS

A multiple scattering approach (i.e., generalized multiparti-
cle Mie theory) has been employed for all theoretical calcula-
tions:'® software has been developed from scratch, following
closely the guidelines provided by Xu and Mackowski for the nu-
merical implementation.'944~47

Model systems consist of 1000 sphere long linear chains,
with a corresponding dipole emitter for each sphere. Dipoles
are modeled as pure sources of the incident field; that is, they
are not driven by the field of the other dipoles and by the field
scattered by the antennae. This corresponds to an experimental
setup where a Stokes shift between excitation and emission
exists.'748

Power radiated by the antenna emitter ensemble and power
dissipated inside the nanoantennae are calculated by analytical
and numerical integration of the Poynting vector over the appro-
priate surfaces, and the results are then cross-checked.

Optical constants come from experimental data sets and
are obtained in tabulated form from the literature.?® They are
then interpolated with standard procedures for the practical
calculations.
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