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Abstract: Plasmonic resonances in sub-wavelength cavities, created by metallic nanocubes
separated from a metallic surface by a dielectric gap, lead to strong light confinement and
strong Purcell effect, with many applications in spectroscopy, enhanced light emission and
optomechanics. However, the limited choice of metals, and the constraints on the sizes of
the nanocubes, restrict the optical wavelength range of applications. We show that dielectric
nanocubes made of intermediate to high refractive index materials exhibit similar but significantly
blue shifted and enriched optical responses due to the interaction between gap plasmonic modes
and internal modes. This result is explained, and the efficiency of dielectric nanocubes for light
absorption and spontaneous emission is quantified by comparing the optical response and induced
fluorescence enhancement of nanocubes made of barium titanate, tungsten trioxide, gallium
phosphide, silicon, silver and rhodium.
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1. Introduction

Metasurfaces made of metallic nanostructures, deposited on a dielectric coated metallic substrate,
support strong plasmonic modes in the nanometer thin dielectric film [1]. A broad range of
different nanostructures have already been investigated for their resonant optical response and,
depending on their method of fabrication, they can be broadly classed into two categories:
top-down systems fabricated through cleanroom techniques [2—4] and bottom-up self-assembly
of nanoparticles [1,5-8]. An example of the latter are metal - insulator - metal (MIM) systems
made of plasmonic nanostructures self-assembled on a nanometer thick dielectric coated metallic
film, see Fig. 1. These offer particularly attractive configurations with an intense electromagnetic
field confined to a nano-cavity under the nanostructures [9], thus forming an ideal setup for
applications that rely on strong light-matter interaction and on the Purcell effect.

Such systems, often referred to as a nanopach antenna (NPA), have been theoretically [10] and
experimentally studied, including some elegant configurations with fluorophores [11], dyes [9,12],
PbS [13—15] and nanodiamonds [16] quantum dots, and semiconductors [17,18] incorporated
in the gap under the nanostructures. More complex setups involving dimers of NPA have also
been investigated for their additional modes excited in between the nanostructures [19,20]. NPA
made of nanospheres and nanocubes are particularly interesting as they benefit from a natural
polarization independent optical response [1,9].

The optical properties of NPAs strongly depend of the materials used, the dimension and
shape of the nanocubes [21,22], as well as the thickness of the gap [7,23]. In this work we
focus on nanocubes, a promising system that offers a greater potential for applications than
nanospheres, due to their larger contact area with the dielectric subwalevength volume gap under
the nanocubes. Materials combinations studied so far include, for example, gold [23] or silver
[11] for substrates, a polyelectrolyte multilayer (PEM) for the gap to attach the nanocubes on
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Fig. 1. Schematic diagram of the nano-patch antenna: a cube of size L is located on a
dielectric film of thickness w coating a silver substrate. The coordinate axes, polarization of
the incident light field E and direction of propagation normal to the substrate, , are indicated
by the arrows. A typical gap mode of the system is represented for illustration purposes
underneath the cube.

the surface [23], and silver [23], gold [24] or rhodium [25] nanocubes. Nanocubes found in the
literature are typically between 50 nm and 150 nm wide and the gap is less than 20 nm thick.
Such MIM configuration are an attractive platform due to the existence of the coupled surface
plasmons at each dielectric-metal interface, resulting in an intense electromagnetic field confined
in the nano-cavity under the cube, enabling the multiple applications for surface-enhanced
Raman scattering [26], spectroscopy [27,28] and those cited above through intense light-matter
interaction and Purcell effect. However, this configuration is limited by the cube sizes and
materials available. These constrain the usable region of the optical spectrum, namely from the
near-IR [14] (900 nm) to the blue [29] (500 nm), with the exception of small 59 nm rhodium
nanocubes, with modes at the UV limit of the visible spectrum [25]. A potential way to overcome
the MIM limitations, and to reduce the inherent losses via Joule’s effect in the metals, is to
consider configurations with non-metallic materials, as demonstrated through extensive research
done on hybrid combinations of metals and dielectric [30—35] and all-dielectric metasurfaces of
nanopillars and other shapes [36,37].

In this work, we focus on hybrid NPAs, formed by using combinations of dielectric and metals,
such as dielectric nanospheres [38] and nanodisks [39] on a metal substrate. Here we focus
on replacing the metallic nanocube with a dielectric one, i.e., we analyze the response of an
insulator-insulator-metal (IIM) NPA. Such structure still enables the existence of resonant surface
plasmons underneath the nanocube, hinting to similar applications of the MIM configuration.
While different dielectric materials can, in principle, be used to support plasmons, it is important
to consider current fabrication and experimental constraints. Hence, in this study, we only
investigate the dielectrics for which the fabrication of stable nanocubes or parallelepipedal
nanostructures has been successfully demonstrated, namely nanocubes made of Silicon [40]
(Si), Gallium Phosphide [41] (GaP), barium titanate [42,43] (BTO) and tungsten trioxide WO_3
[44,45]. The latter is an electrochromic material, whose optical properties can be tuned by doping
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with ions, either dynamically or at fabrication [46]. For simplicity, however, we consider pure
WO_3 whose optical properties are well documented [46].

We numerically investigated, via COMSOL simulations, the optical properties of hybrid NPA
made of BTO, WO_3, Si and GaP and compared them to Ag and Rh NPA. We also estimated the
potential applications of these hybrid NPA for the applications mentioned above by computing the
respective fluorescence of fluorophores deposited in the gap under the nanocube. The increase in
fluorescence, enabled by the presence of the nanocubes is particularly interesting as it involves
both enhanced light absorption, leading to intense localised electromagnetic fields, and enhanced
spontaneous emission through the Purcell effect [11]. We saw that high refractive index (n>3)
dielectric nanocubes and intermediate refractive index (1.9<n<3) dielectric nanocubes have
distinct properties. Therefore, we analyze them separately. Intermediate refractive index hybrid
NPA (BTO and WO_3) have similarly strong, but significantly blue-shifted plasmonic modes,
with respect to their metallic counterparts. This results extends the previous studies exhibiting a
shift in the wavelength of the applications of hybrid structures made of metallic nanoparticles on a
dielectric substrate [47-50]. We explain this with a simple model based on the dispersion relation
of the electromagnetic modes propagating in the gap. They also exhibit weak internal modes with
little influence on the gap plasmonic modes. On the other hand, high refractive index hybrid NPA
(Si and GaP) have strong hybridised internal and gap plasmonic modes leading to an enriched
spectrum. We have not considered materials with smaller refractive indices because their mode
confinement properties become weaker and weaker as the cube refractive index approaches that
of the surrounding medium.

2. Results and discussion
2.1. Intermediate refractive index materials

We have numerically computed the mode structure of 150 nm wide nanocubes with an optically
thick silver substrate coated by a 10 nm thick polyelectrolyte multilayer (PEM) illuminated at
normal incidence, as described in the method section. We compared the optical response of
nanocubes made with four different materials. We selected two metals, silver and rhodium,
for comparison with the literature, silver being a benchmark material for strong gap plasmonic
resonances [1] and rhodium for having resonant modes in the blue near-UV [25]. We start by
only considering two intermediate refractive index dielectrics, WO_3 and BTO.

As can be seen in the upper part of Fig. 2, BTO and WO_3 exhibit sharp and deep resonances
that are blue shifted as compared to silver. Indeed, the plasmonic modes of BTO and WO_3
nanocubes are respectively shifted by 150 nm, (mode a) at 410 nm, and 170 nm, (mode c) at 390
nm, compared to the same order plasmonic mode of silver nanocubes, (mode h) at 560 nm. We
also see lower order modes for the BTO and WO_3 nanocubes at 520 nm, (mode b), and 480
nm, (mode d), while the corresponding mode for silver nanocubes is beyond the range of the
spectrum plotted. Although the dielectric nanocubes have much sharper and deeper resonances
than rhodium nanocubes, with the (mode f) barely detectable at 440 nm, silver nanocubes have
strong higher order modes in this region, such as the (mode e) at 400 nm.

The existence of such sharp resonances opens the possibility of observing strong light-matter
interaction underneath the dielectric nanocubes. In a generic NPA, two processes intervene to
enhance the fluorescence: the strong enhancement of the electromagnetic field in the nanometer
thick cavity significantly enhances the excitation of the fluorophores and the presence of the
cavity enhances the spontaneous emission of light via the Purcell effect. To quantify this effect,
we computed the fluorescence enhancement of fluorophores, such as sulfo-cy5 carboxylic acid
deposited in the PEM material, between a configuration with and without nanocubes, following
the procedure used in the literature [11,12]. The fluorophores are modelled by a dipolar moment p.
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Fig. 2. Reflectance (top three rows) and averaged enhanced fluorescence (bottom row)
induced by Ag, Rh, WO_3 and BTO nanocubes (L=150 nm) on a dielectric gap (n=1.54,
w=10 nm) and a silver substrate illuminated at normal incidence. The inserts, labelled a to h,
show the electric field intensity maps in a (x, y) cross-section in the middle of the dielectric
gap and represent the modes at the resonances referred to by the corresponding arrows. The
highest intensity, in red, corresponds to the maximum of the norm of the electric field on the
represented plane, for each mode independently. The cube edges are represented by the thin
black lines in each image. The polarization of the exciting electric field is as represented on
the Fig. 1.

We write the fluorescence rate as [51]:
Yem Z'Yexc&a (1)
Y

with ... the excitation rate, y, the radiative decay rate and y the total decay rate. The excitation
rate is proportional to the square of the scalar product between the exciting electric field and
the normalised dipolar moment of the fluorophore at the fluorophore positions: |Em 'np’z.
Therefore, the strong and localized electromagnatic field underneath the nanocube can lead to a
significant enhancement of the absorption. The total decay rate can be derived from the dyadic
Green function of the system and is proportional to [11,51] Im(p - Ep), with Eg, the electric field
emitted by a dipole of dipolar moment p, measured at the dipole position. Finally, the radiation
rate is proportional to the power radiated by the dipole in the direction of a detector, taken at
normal incidence with a numerical aperture of 0.9, called P,.

When comparing the fluorescence rate of a system with nanocube to a system without nanocube
and silver substrate, we can simplify all the proportionality factors and write the fluorescence
enhancement as:

2
- <|Eexc | > (Pop/Im(p - Egp)) -
(- mpl') (P e )

exc

where the superscript O denotes the reference configuration without the nanocube and the silver
substrate. We average the excitation, radiation and total decay rates over the possible orientations
and positions of the fluorophores underneath the nanocubes.



Research Article Vol. 31, No. 7/27 Mar 2023/ Optics Express 11399 |
Optics EXPRESS A N \

We compare the averaged fluorescence induced by the nanocubes of silver, thodium, BTO and
WO_3 to the fluorescence of the fluorophores deposited on a glass substrate in the bottom row of
Fig. 2. The fluorophores emission is largest at A = 665 nm. When the wavelength of the exciting
light is tuned, the influence of the resonant modes of the different nanocubes on the fluorescence
can be explored.

Silver nanocubes offer the largest enhancement, 5400 (mode h) and 3500 (node g) , while the
peak in enhancement for the rhodium nanocube at resonance is barely noticeable at 30 (mode f).
Dielectric nanocubes enhance the fluorescence up to a maximum of 800 for WO_3, (mode d),
and 1400 for BTO, (mode b). These values, while smaller than for silver, are much larger than
for rhodium. We summarise the emission properties of the NPAs considered, ¥r in Table S1
of Supplement 1, in which we relate the poor enhanced fluorescence induced by the rhodium
NPA to the material losses. The enhanced fluorescence at resonance of dielectric nanocubes is
comparable to metallic nanocubes across the spectrum. In the near UV the (mode a) of BTO,
(mode c) of WO_3 and (mode e) of silver nanocubes respectively enhances the fluorescence by a
factor of 650, 150 and 300.

Interestingly, the fluorescence enhancement, while being maximum at resonance, is still
significant across the entire spectrum. For example, silver nanocubes induced an increased
fluorescence enhancement by a factor of 100 from 470 nm to 700 nm despite having only two
resonances in this region with a bandwidth of a few tens of nanometers. This effect is reported in
the literature as the consequence of the metallic substrate [11,52].

Finally, as can be seen from the mode profiles in Fig. 2, plasmonic modes of lower order
have a better spatial coverage of the volume underneath the nanocube. The enhancement of
the absorption of light being proportional to the square of the amplitude of the electric field
at the position of the absorber, this can be relevant for experimental work dealing with a low
concentration of absorbers.

The computed fluorescence of metallic and hybrid NPAs can be put in perspective with the
estimated Purcell factor of more complex setups coupling metallic nanoparticles with dielectric
photonic crystal cavities, like those theoretically studied in [33,34]. Those systems designed for
an optimised Purcell factor, Fp = %, report quality factors, Q, up to 10 with normalised
volume modes V,, = # down to 10™*. The quality factors of the modes reported in this
section range from 10, for the mode f of rhodium, to 60 for the modes a of BTO and c of WO_3.
The quality factors for these dielectrics is improved compared to those of silver which range
between 30 and 40 for the modes h and e respectively. We can estimate the volume mode to be
of the order of magnitude of the volume of the gap underneath the nanocube. At a resonance
wavelength 4 = 400 nm and for 150 nm large nanocubes on a 10 nm dielectric of refractive index
n = 1.54, the normalised volume mode is about 1072, Although the optimised systems mentioned
have a predicted greater Purcell factor than the NPAs, we argue in favour of the simplicity of
NPAs, whose experimental realization has been demonstrated as mentioned in the introduction.

2.2. Internal modes

An additional feature of dielectric nanocubes is the existence of electromagnetic modes inside
the nanocubes. As light can propagate inside the nanocube, the nanocube volume can act like
another Fabry-Perot cavity. Although these modes are significantly different from the plasmonic
modes, they have the same reflectance profile leading to an enriched reflectance spectrum.

In Fig. 3 we show the reflectance spectrum of a BTO nanocube, focusing on the region of the
spectrum where both a plasmonic mode and an internal mode can be seen. Both modes induce a
dip in the reflectance due to the trapping of light into their respective cavities and one can only
make the distinction between them by inspecting the electromagnetic profile of the nanocube at
resonance.
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Fig. 3. Reflectance of BTO nanocube (L=150 nm) on a dielectric gap (n = 1.54, w=10 nm)
over a silver substrate. Inserted images represent the internal (left) and plasmonic mode
(right), (mode b) in Fig. 2. They are colour-coded images of the electric field intensity in a
lateral (x, z)-cross-section in the middle of the nanocube and the gap. The highest intensity,
in red, corresponds to the norm of the electric field equal to 10 times the norm of the exciting
electric field. The cube edges are represented by the thin black lines in each image. The
polarization of the exciting electric field is as represented on Fig. 1. The dip in the spectrum
due to the internal model is not visible on the scale of the top row of Fig. 2.

Despite the modes being more strongly localised in the nanocube instead than in the gap,
internal modes can also slightly enhance the fluorescence by increasing the excitation in the gap,
by a factor of 100 for the BTO nanocubes at 440 nm as can be seen on Fig. 2.

2.3. Simplified model of the plasmonic modes

It is possible to use a simple model of the gap plasmonic modes for generic NPA to explain
the shift in resonance of BTO or WO_3 nanocubes with respect to siver nanocubes. In this we
neglect the internal modes of the nanocubes. This is justified for intermediate refractive index
nanocubes as the effect of the internal modes is very small, as shown in Fig. 3.

The abrupt change in refractive index above the dielectric film at the boundaries of the nanocube
creates effective mirrors forming a cavity underneath the nanocube. This region, see Fig. 1, acts
as a Fabry-Perot cavity whose resonant modes are, therefore, dependent on the optical properties
of the nanocube, gap and substrate as well as the dimension of the nanocubes [23].
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To estimate the properties of surface plasmons in a standard or hybrid NPA we compute
the electromagnetic modes of three infinitely extended layers corresponding to the substrate,
gap material and nanocube. The three layers are characterised by the optical properties of
the materials 1 (substrate), 2 (gap) and 3 (nanocube), given by their dielectric permittivity e,
€ and e respectively, and by the thickness w of the gap. We justify the infinitely extended
approximation by the large ratio between the size of the nanocube and the thickness of the gap,
which is typically between 5 and 30.

In each layer, the magnetic field satisfies the Helmholtz equation [53]:

AH; +K*H; =0, K =kKe  i=1,23; 3)

with H; nand ¢; the magnetic field and dielectric permittivity of the layer i respectively and kg
the wavenumber in vacuum. In the infinitly extend layers approximation, Eqgs. (3) can be solved
for a magnetic field propagating in the direction tangent to the interfaces and whose component
only varies in the direction orthogonal to them. The Eqgs. (3) and the boundary conditions of
the electromagnetic field at each interface between the layers 1,2 and 3 completly constrain
the problem, whose non trivial solutions are the electromagnetic modes of the three infinitely
extended layers system. These modes satisfy the following relation, which is a generalization of
previous work [54] to a configuration with three different materials instead of two:
@me(we + a16)

tanh(wa) + ———————= =0, )
@36y + ;€163

where a; = [k? - kgei and k, is the x-component of the complex wavevector. We numerically

solve this equation in terms of the complex number &, from which we extract the surface plasmon
wavelength, Asp = %(k 5 and propagation length, £sp = R k t)

The modes of the NPA are those of a Fabry-Perot cavity of dimension equal to the length of the
nanocube [1]. Therefore, the resonant condition can be written as %{’L = nm + ¢, where L is the
length of the cube side, n € N is the order of the mode and ¢ is the phase change upon reflection,
i.e., the argument of the (complex) reflection coefficient. Although we cannot compute the phase
reflection coefficient with this approach, we can estimate the wavelength of the resonant modes
of order n from knowing the dimension of the nanocube and the surface plasmon wavelength.

The propagation length of the surface plasmons can be used to estimate the strength of the
resonant modes. Indeed, if £sp is smaller than the length of the nanocube, strong resonant modes
cannot exist as the attenuation of the modes propagating back and forth underneath the nanocube
is too pronounced.

We model a NPA by choosing the substrate (material 1), as silver and the gap (material 2),
as the PEM typically used to fix the nanocubes of the substrate. The thickness w is taken to
be between 6 nm and 20 nm. We use the estimation of the surface plasmon wavelength and
propagation length from Eq. (4) to compare different materials for the nanocubes, (material 3).
We consider here nanocubes made of a metal, silver, an intermediate refractive index dielectric,
BTO, and a fictious nanocube made of a low refractive index (n=1.5) glass.

The propagation length plots in Fig. 4(a) indicates clearly that both dielectric and silver
nanocubes NPA could support plasmonic modes as their propagation length is larger than the
dimension of the nanocubes. Configurations with a dielectric material 3 have significantly larger
propagation lengths due to the absence of electromagnetic losses in their region.

We found a systematic shift in Agp for dielectrics, compared to silver, as seen in Fig. 4(b). This
can be interpreted as a consequence that the configuration with a dielectric material 3 allows a
larger presence of the electromagnetic field than if it were a metal. Therefore, its refractive index
has a greater influence on the effective refractive index sensed by the cavity modes.

This shift in Asp implies a systematic blue shift of the dielectric versus silver nanocubes modes.
Indeed, if a silver nanocube has a resonant mode at A4, = 600 nm, a BTO nanocube of the same
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Fig. 4. Surface plasmon propagation length (a) and surface plasmon wavelength (b) as a
function of the excitation wavelength for three different nanocubes materials. For all traces
the substrate is silver and the gap is a dielectric with refractive index 1.54 and thickness
w=6 nm.The vacuum wavelength of a silver/silver or silver/BTO cavity corresponding to a
surface plasmon wavelength of 100 nm is identified by 14, and Agro.

dimension, will have the same resonant mode at approximately 410 nm, Fig. 4(b). The shift in
Asp is found to be inversely proportional to the refractive index of the dielectric considered for
the nanocube material. Low refractive index as the glass used in Fig. 4(b) have such a large shift
that the plasmonic modes of the hybrid NPA would occur for very short wavelengths. However,
a low refractive index dielectric nanocube is expected to have weaker plasmonic resonances.
The boundary between the nanocube and the surrounding air forms an effective cavity mirror
whose reflectivity is proportional to the difference in refractive index between cube and air. Low
refractive index cubes will form cavities with poor mirrors and will, therefore, be unable to
support significant resonant effects.

Although this model gives insight in the properties of gap plasmonic modes of generic NPA,
and explains the shift in resonance between the modes of BTO and WO_3 compared to silver,
it is too simple to assert that any given NPA configuration would have a gap plasmonic mode
where it is predicted and it cannot predict internal modes. Numerical simulations of the optical
response, like those in section 2.1, are required to confirm the existence and properties of gap
plasmonic modes, as well as how well they can couple to exciting light.

2.4. High refractive index materials

Hybrid NPA made of high refractive index (n>3) low losses dielectrics have a more complex
reflectance spectrum than intermediate refractive index hybrid NPA. We illustrate this in Fig. 5
where we show the spectra and modes of GaP and Si hybrid NPAs.

For intermediate refractive index nanocubes, internal modes were a weak perturbation of the
optical spectrum while leaving undisturbed the gap plasmonic modes. For hight refractive index
nanocubes, the interaction between the two is stronger and more complex.

As can be seen in the inserts of Fig. 5, the field of a mode is localised both inside the nanocubes
and in the gap. This is in contrast with Fig. 3 where the field is predominantly localised either in
the nanocube or in the gap, depending on the mode.

This hybridization between the internal and gap plasmonic mode lead to a complexification of
the optical spectrum of hybrid NPA made of high refractive index nanocubes. However, the more
spatially extended localization of the electromagnetic field reduces both the enhanced excitation
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Fig. 5. Reflectance (top two rows) and averaged enhanced fluorescence (bottom row)
induced by GaP and Si nanocubes (L=150 nm) on a dielectric gap (n=1.54, w=10 nm) and
a silver substrate. The enhanced fluorescence induced by silver nanocubes as in Fig. 2 is
added for comparison. The inserts, labelled a to f, show the electric field intensity maps in
a (x, z)-cross-section in the middle of the nanocube and the gap, and represent the modes
at the resonances referred to by the corresponding arrows. The highest intensity, in red,
corresponds to the norm of the electric field equal to 10 times the norm of the exciting
electric field. The cube edges are represented by the thin black lines in each image. The
polarization of the exciting electric field is as represented on the Fig. 1.

rate at resonance, and the enhanced emission, due to a larger volume mode. Indeed, we can see
on the lower panel of Fig. 5 that the fluorescence enhancement at resonance of GaP and Si are
relatively weaker than for WO_3 and BTO, Fig. 2, and that silver nanocubes still provides the
largest enhancement.

3. Conclusions

Nanopatch antennas are efficient systems for strong light matter interactions in a subwavelength
region with applications ranging from sensing to quantum information [55]. We theoretically
showed that nanopatch antennas made of high refractive index dielectric nanocubes have an
optical spectrum enriched from the hybridization between internal and gap plasmonic modes.
Nanopatch antennas made of intermediate refractive index dielectric nanocubes have similar
plasmonic modes, optical response and fluorescence enhancement as their metallic counterparts,
but blue-shifted. The strong optical properties of hybrid nanopatch antennas made of low-losses
dielectric, like those we have studied, make them interesting alternatives to metallic ones
for surface enhanced spectroscopy with weaker perturbations induced by Joule heating [31].
Additionally, the significantly shifted resonances, up to 170 nm in the configurations considered
in this work, hint a potential extension of the existing applications of metallic nanocubes for
shorter wavelength, due to the better spatial coverage of lower order modes. As the fabrication
and the characterization of the dielectric nanocubes used in this study have already been reported
in the literature, our results offer an important direction and design for practical realization of
such systems and their applications.
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4. Methods

The numerical simulations were done using the electromagnetic waves, frequency domain
interface of the optics module of the software COMSOL 5.6, solved with a direct solver [56].

Two different sets of simulations were needed to compute first, the reflectance spectrum and
the excitation part of the enhanced fluorescence, second, the emission enhancement.

In the first set of simulations, we considered a nanocube with rounded corners (curvature of
10 nm) embedded in a cuboid domain. The bottom and top parts of the integrating domain are
Perfectly Matched layers preventing any back reflections. The lateral sides of the domains are
encoded with Floquet periodic boundary conditions. We chose, without loss of generality, an
exciting light at normal incidence polarised in the x— direction. The reflectance was extracted
using ports conditions. To compute the excitation enhancement, we consider a uniform and
continuous distribution of the dipole orientations and positions in the dielectric layer under the
nanocube. The computation of the electromagnetic profile in this region of the system allows

. o . 2
us to directly compute the average of the excitation enhancement, proportional to <|Eexc . np| >

The lateral size of the domain, equivalent to the periodicity of the nanocubes array, is taken to
be 300 nm. Different values for the periodicity can modify the optical response of the overall
system, however, this choice of the periodicity still allows for an optical response dominated by
those of isolated nanocubes [9].

In the second set of simulations, the geometry of the nanocube is kept the same. However,
we considered a large spherical domain with scattering boundary conditions surrounding the
nanocube. We computed the emission enhancement of the system, proportional to P, /Im(p - Ep)
for individual dipoles located underneath the nanocube and emitting at A, = 665 nm. The
radiated power, P, is computed by integrating the the far-field flux of energy sent at normal
incidence with a numerical aperture of 0.9. The imaginary part of the electric field at the position
of the dipole is directly obtained from the computation of the electromagnetic profile in the
system. The averaged emission enhancement was computed by varying the position of the
dipoles, taken to be located on a 11x11 lattice in the middle of the dielectric substrate. As the
radiated power and the enhancement of the spontaneous emission rate are largely dominated by
the dipoles with an orientation normal to the surface [11,12], we sped up the computation by
only considering this orientation for the dipoles under the nanocubes.

The optical properties of Silver [57], Rhodium [58], GaP [59] (n>3.1) and Si [60] (n>3.6) were
provided by the COMSOL material library. The refractive index of the PEM was taken to be 1.54
[23]. We found in the literature the optical properties of WO_3 [46] (n € [1.9,2.3] ) and BTO
[61]. We have neglected the birefringence of BTO and modelled it as an isotropic material with
refractive index equal to the extraordinary refractive index (n, € [2.3,2.8], An<0.1). We used
the Sellmeir expansion [61] to extrapolate the optical response of this material for wavelengths
shorter than 400 nm.

As mentioned in the introduction, the gap thickness has a strong influence on the optical
properties of NPA. We put a quantitative comparison of the reflectance and enhanced fluorescence
of silver nanocubes NPA for different gap thickness in section 2 of Supplement 1, for the interested
readers.
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