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Abstract: Light-matter interactions at the nanoscale con-
stitute a fundamental ingredient for engineering appli-
cations in nanophotonics and quantum optics. In this
regard, Mie resonances supported by high-refractive index
dielectric nanoparticles have recently attracted interest,
due to their lower losses and better control over the scat-
tering patterns compared to their plasmonic counterparts.
The emergence of several resonances in high-refractive
index dielectric nanoparticles results in an overall high
complexity, where the electric and magnetic dipoles can
show a significant spectral overlap, especially at optical
frequencies, thus hindering possible light-matter coupling
mechanisms arising in the optical spectrum. This behav-
ior can be properly adjusted by using non-spherical geom-
etries, an approach that has already been successfully
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exploited to tune directional scattering from dielectric
nanoresonators. Here, by using cylindrical nanoparticles,
we show, experimentally and theoretically, the emergence
of peak splitting for both magnetic and electric dipole
resonances of individual silicon nanodisks coupled to a
J-aggregated organic semiconductor. In the two cases, we
find that the different character of the involved resonances
leads to different light-matter coupling regimes. Crucially,
our results show that the observed energy splittings are of
the same order of magnitude as the ones reported using
similar plasmonic systems, thereby confirming dielec-
tric nanoparticles as promising alternatives for localized
strong coupling studies. The coupling of both the electric
and magnetic dipole resonances can offer interesting pos-
sibilities for the control of directional light scattering in
the strong coupling regime and the dynamic tuning of
nanoscale light-matter hybrid states by external fields.

Keywords: Mie resonances; silicon nanoparticles; strong
coupling; magnetic dipole; electric dipole; resonance
splitting; polaritons.

1 Introduction

Light-matter interactions constitute a fundamental field
of study in photonics, since it opens routes for exploring
novel physical phenomena and for exploiting applications
in optoelectronics and quantum optics [1]. Although the
field started growing around high quality-factor cavities
with extremely low losses and diffraction-limited mode
volumes [2, 3], in recent years increasing interest has been
devoted to pushing the research down to the nanoscale
by using open nanocavities, with the promise of shrink-
ing light-matter interaction lengths down to scales much
smaller than a single wavelength [4] and manipulating the
generation of nonclassical light by quantum emitters [5].
In this regard, plasmonic resonances localized in
metallic nanoparticles have so far been the preferential
studied platform [6]. Indeed, their ability to enhance and
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concentrate light in extremely sub-wavelength volumes,
together with their high sensitivity to the environment’s
refractive index, makes them ideal platforms to study the
interactions with nearby molecules or quantum emitters.
As a result, exciting effects have been observed so far,
including Purcell enhancement [7, 8], enhanced Raman [9]
and fluorescence [10, 11] spectroscopy, localized heating
[12] and sensing [13, 14].

Of particular interest is the case when light-matter
interactions enter the so-called strong coupling regime.
This happens when the coupling strength exceeds the
overall system losses, meaning that (nano)cavity photons
and nearby emitters can coherently exchange energy,
while the emitter occupation oscillates at the so-called
Rabi frequency [1]. Consequently, the system becomes an
effective mixture of light and matter components, dubbed
as polaritons, characterized by a peak splitting in the scat-
tering and absorption spectra and by the emergence of an
anti-crossing in the dispersion. Furthermore, as effective
light-matter mixtures, polaritons offer the unique poten-
tial of dressing photons with nonlinearities [15, 16].

In the field of plasmonics, strong coupling has been
extensively investigated through the integration of metal-
lic nanoparticles with organic and inorganic materials sus-
taining excitonic transitions [6]. Under proper conditions,
J-aggregating molecules [17-19], dyes [20], quantum dots
[21], or two-dimensional materials [22, 23] placed nearby
resonant metallic nanoparticles or nanoparticle arrays,
have been shown to give rise to strong plasmon-exciton
coupling. More importantly, many interesting effects have
been predicted and observed in these systems, includ-
ing coherent emission [17], lasing in nanoparticle arrays
[24-26], ultrafast Rabi oscillations [27], chemical dynam-
ics tuning [28], coupling with dark excitonic states [29],
and few- to single-emitter coupling [30, 31]. However,
high absorption losses in metallic materials still remain
the main drawback of studying strong coupling effects in
plasmonics, given the resulting broad resonances with
extremely short lifetimes, of the order of a few femtosec-
onds. Moreover, plasmonic materials suffer from heating
effects that can hinder the access to nonlinearities, and
from a poor integration with existing device technology
[32]. In this context, the pursuit of alternative platforms
for studying light-matter interactions at the nanoscale
becomes particularly important.

From this point of view, high-refractive-index dielec-
trics have recently been considered as a possible alter-
native for generating localized optical resonances at the
nanometer length scale [33]. In this case, rather than from
collective oscillations of free charge carriers, optical reso-
nances arise as a result of the oscillation of polarization
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charges and the circular displacement current inside the
particles when the light wavelength and the particle size
become comparable [34]. Even though this behavior is well
known since Mie’s works on scattering by small particles
[35], it is now raising new interest because of the unique
possibilities offered in terms of the excitation of magnetic
dipolar and multipolar resonances, the control of the light
scattering pattern [36, 37], and the presence of anapole
resonances [38]. The optical properties of these particles
have been investigated for applications in sensing [39],
metasurfaces [40], local field enhancement and nonline-
arities [41]. Furthermore, strong light-matter coupling has
been predicted and investigated in these systems when
interacting with excitons, and it was recently shown in
two-dimensional transition-metal-dichalcogenide nano-
disks (NDs), simultaneously hosting the excitonic and the
Mie resonances [42]. By contrast, high-refractive-index
nanospheres have been theoretically studied showing
the accessibility of the strong coupling regime with dyes
having sufficient oscillator strength [43], while experi-
ments in a similar system have shown a peak splitting,
though appearing well below the strong coupling criterion
[44], and thus being only an induced-transparency effect
[45]. Moderate-refractive-index nanoparticles have been
investigated as well, showing a weak-coupling behavior
[46].

Here we report on the appearance of peak splitting
of Mie resonances of silicon NDs interacting with a mole-
cular J-aggregate. Unlike nanospheres, lower-symmetry
geometries enable the magnetic dipole (MD) and electric
dipole (ED) resonances to be independently tuned [47].
Exploiting this, we investigated the light-matter coupling
behavior of the two separately, finding the MD to be in the
strong coupling regime and the ED of larger NDs resonat-
ing at the same frequency to be at the threshold between
an induced transparency effect and the strong coupling.
This behavior can be understood in terms of the different
near-field profiles of the two resonances, resulting in a dif-
ferent overlap with the surrounding excitonic layer.

2 Results and discussion

The dielectric system of interest in the present work is com-
posed of individual silicon NDs. The cylindrical geometry,
as we will show in the following, was chosen because of
the straightforward fabrication procedure, and the possi-
bility to independently tune the MD and ED resonances by
geometric considerations [47, 48], a possibility that is not
offered in the more symmetric case of nanospheres [49].
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Before introducing and discussing the experimentally
observed properties of those structures, we performed
numerical calculations to predict their optical behavior,
as shown in Figure 1. In Figure 1A, the numerically cal-
culated scattering spectrum is reported in color scale for
silicon NDs with 100 nm thickness and diameters ranging
from 100 nm to 300 nm. The spectra have been calculated
for an isolated ND in air, with the aid of the extended
boundary-condition method (EBCM) for the evaluation
of the scattering T-matrix of non-spherical particles (see
Section 4 for details) [50]. Here, small diameter NDs show
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Figure 1: Calculated individual nanodisk scattering.
(A) Calculated scattering spectra in color scale, for silicon
nanodisks with 100 nm thickness and diameter ranging from
100 nm to 300 nm. The visible Mie resonances show a continuous
redshift with increasing nanoparticle size, while higher-order
contributions appear for larger particles. (B) Calculated resonance
decomposition for small- (150 nm, top) and large-diameter (250 nm,
bottom) nanodisks. The lowest energy resonance in both cases
has a magnetic dipole character (orange line). The second peak,
appearing at higher energy for larger particles, has instead an
electric dipole character (green line), while multipolar contributions
(red line) also appear at even shorter wavelengths. The arrows
indicate to which y axis (left or right) corresponds each curve.
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an intense sharp resonance at short wavelengths, super-
linearly redshifting with increasing ND diameter. As the
ND diameter increases, lower intensity higher-order reso-
nances appear at shorter wavelengths, with an almost
linear dispersion as a function of the ND diameter. This
behavior, which is well-known in high-refractive-index
NDs [51], can be exploited to achieve highly directional
scattering when engineering resonant magnetic and elec-
tric resonances [36, 37].

Although the absence of a substrate is an over-
simplification of any practical system, the physical
picture offered by the EBCM is powerful in providing a
straightforward way to characterize the nature of the reso-
nances observed in the scattering spectrum. In fact, since
the EBCM is based on expanding the incident and scat-
tered fields in spherical waves, the method enables identi-
fication of the resonances in terms of angular-momentum
indices, thus assigning a predominant electric (magnetic)
dipole, quadrupole etc. character to them (see Section 4).
When we analyze the modes in Figure 1, what we show is
not the contribution of any specific element to the scatter-
ing cross section, as is usually done in the case of spheri-
cal nanoparticles [49], but rather the (renormalized)
magnitude of the relevant matrix element. In the case of
spherical particles, the method reduces to the well-known
Mie theory [35]. Equivalent analysis can be performed in
terms of multipole decomposition [52].

The results of the scattering matrix contributions are
shown in Figure 1B (right-hand axis), together with the
total scattering cross section (left-hand axis). Here, the
long wavelength peak appearing in small-diameter NDs
(d=150 nm) can be ascribed to an MD resonance. By con-
trast, a second scattering peak appears at shorter wave-
lengths, with predominant ED character (green solid line
in Figure 1B), and higher order multipoles appear at even
shorter wavelengths for larger (d=250 nm) NDs. Accord-
ing to Mie theory for spherical nanoparticles, the MD
resonance arises when the effective wavelength of light
inside the particle (1/n, with n being the refractive index
of the particle) equals its diameter d. This is also the case
here for the smallest ND (see Figure 1A), the diameter and
height of which are both 100 nm, and it is reasonable to
approximate the particle shape by that of a sphere. In fact,
considering that the refractive index of silicon in the ultra-
violet spectral range is approximately n~ 4.5 [53], the MD
resonance is expected to resonate at =450 nm and the
observed peak is centered at 4 =490 nm.

Silicon NDs with the same geometrical parameters as
those numerically investigated were fabricated on a sap-
phire substrate. Sapphire has a slightly higher refractive
index (n=1.775 at A =500 nm) than other commonly used
substrates like quartz or glass, and it was chosen because
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of the availability of commercial high-quality silicon-on-
sapphire wafers. The presence of a moderate refractive
index substrate has been shown to result in an increase of
the radiative damping and a slight broadening of the MD
and ED resonances of the supported dielectric particles,
together with a decrease in the intensity of the scattering
peaks, especially when a large contact area exists between
nanoparticles and substrate, mainly because of the dis-
placement current loop extending into the substrate [47].

The nanofabrication approach is sketched in
Figure 2A. A silicon-on-sapphire substrate with a
100+10 nm thick silicon layer was spin coated with a
200 nm thick hydrogen silsesquioxane, used as a nega-
tive-tone resist for electron-beam lithography. NDs with
different diameters (ranging from 100 nm to 300 nm)
were fabricated, arranged in 15 x 15 square lattices with
3 um pitch, so as to minimize near-field interactions
between neighboring particles and enable single-parti-
cle measurements, with negligible diffractive effects in
the visible spectral range given the large lattice constant
and the limited number of particles [54]. The sample
was then plasma etched, followed by buffered HF (BHF)
wet etching to remove any remaining exposed resist (see
Section 4 for the details). Scanning electron microscope
and optical dark-field microscope images of the resulting
final sample are shown in Figure 2B.

The sample was optically investigated by dark-field
spectroscopy on an inverted optical microscope. Broad-
band light from a tungsten lamp was focused at a grazing
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angle of 6~78° by a 100x, 0.95 numerical aperture objec-
tive lens, used also to collect the back-scattered light. The
real image of the sample was then reconstructed on the
entrance slit of an imaging spectrometer equipped with
a charge-coupled device camera. In this way, the proper
in-plane alignment of the sample enables the simultane-
ous measurement of all the aligned 15 nanoparticles in a
lattice column (see Supporting Information).

The measured ND back-scattering spectra in the
investigated diameter range are shown in Figure 2C. Simi-
larly to the calculated results in Figure 1A, bright optical
resonances appear as scattering peaks, spanning the
whole visible to near-infrared spectral range, and red-
shifting with increasing ND diameter. In particular, small
diameter NDs are characterized by an individual sharp
resonance at short wavelengths, resulting in bright colors
when observed under dark-field excitation (Figure 2B) and
corresponding to the MD resonance observed in Figure 1B.
As the ND diameter exceeds 150 nm, the MD resonance
becomes weaker, while higher-order resonances (ED and
multipoles) of comparable strength appear at shorter
wavelengths, continuously redshifting as the ND diameter
increases. While the resonance dispersion as a function of
the particle diameter and the peak position resembles the
calculated behavior, the relative intensity of the scattering
peaks and their absolute energy position deviates from
the map in Figure 1A, mainly as a result of deviations from
the nominal ND dimensions and of the presence of a mod-
erate refractive index substrate [47] in the experiments.
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Figure 2: Nanofabrication and optical characterization of silicon nanodisks.

(A) Sketch of the nanofabrication procedure. Hydrogen silsesquioxane (HSQ) was used as an electron-beam resist for electron-beam
lithography (EBL) on a silicon-on-sapphire substrate, followed by plasma etching of silicon and wet etching of the exposed resist.

(B) Scanning electron micrograph and dark-field optical image of typical fabricated structures arranged in a 3 um pitch, with 110 nm and
150 nm diameter nanodisks, respectively. (C) Measured back-scattering spectra in color scale as a function of the nanodisks diameter.
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In order to investigate light-matter interactions sup-
ported by silicon NDs, an organic J-aggregating cyanine
dye (5,6-dichloro-1-ethyl-3-sulfobutyl-2-(3-(5,6-dichloro-
1-ethyl-3-sulfobutyl ~ benzimidazolinylidene-1-propenyl)
benzimidazolium hydroxide, inner salt, sodium salt or
TDBC) was drop-casted from a dilute methanol solution
on the sample (see Section 4 for the details). This particu-
lar dye was chosen because of its high-energy J-aggregate
absorption band centered at 585 nm (shown in Figure 3A),
where the MD and ED resonances of the silicon NDs are
sharp and well separated in energy (see Figure 1A), so as
to enable the investigation of the coupling behavior of the
two resonances separately. The sample was then studied
by dark-field back-scattering spectroscopy, the results of
which are shown in Figure 3B—E and compared to numeri-
cal results (see Section 4 for details). For small diameter
NDs, the MD resonance of which is highly detuned with
respect to the J-aggregate exciton energy (Figure 3B), the
scattering spectrum is characterized by an intense peak
at the MD resonance, the energy position of which is
unaltered with respect to the case without molecules. A
lower-intensity asymmetric peak also appears around the
exciton energy, which can be ascribed to photolumines-
cence from the J-aggregated dye, shown as a black line in
Figure 3A (see Section 4 for details). By contrast, when
the MD is resonant at the exciton energy (Figure 3C and D)
a peak splitting arises, while the ED peak at high energy
remains unchanged. The same behavior is observed as the
diameter of the NDs is further increased (Figure 3E): here
the ED is tuned in resonance with the exciton energy, while
the MD appears as a broad peak at longer wavelengths,
with the same energy as the bare ND and increased inten-
sity due to the high refractive index molecular superstrate
[47]. This behavior suggests that, in our geometry, no sig-
nificant cross-talk takes place between the MD and the ED,
and that the two resonances couple with the exciton mode
without affecting each other. This particular condition
can be, in principle, tuned by changing the NDs aspect
ratio, thus modifying the ED-MD detuning. In this case,
in fact, a dye-mediated interaction between the two reso-
nances could arise, resulting in a three-coupled oscilla-
tors system, where all the resonances are simultaneously
affected by the near-field coupling. We note here that,
although a further increase of the ND diameter would
also result in the resonant tuning of higher order reso-
nances at the exciton energy, in this case, the presence
of several contributions centered at similar energy would
not enable a clear analysis of the coupling (see Supporting
Information).

To verify the nature of the Mie-exciton light-matter
coupling for the MD and the ED, we extracted the peaks’
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Figure 3: Resonance splitting in the scattering spectra.

(A) Absorption (red) and photoluminescence (black) spectra of

the J-aggregated dye (TDBC), the chemical structure of which is
shown in the inset. (B—E) Evolution of the Mie-exciton coupling as a
function of the nanodisk diameter. The black curves correspond to
the nanodisk spectra without molecules, while the blue curves are
the corresponding spectra in the presence of the dye. The orange
spectra are numerically calculated for a silicon nanodisk with a thin
(20 nm) dye layer on top (see Section 4).

energy positions for all the fabricated diameters, as shown
in Figure 4 as a function of each resonance (i.e. either MD
or ED) detuning ¢ with respect to the exciton energy. Here,
an anti-crossing behavior arises when both the MD and
ED cross the exciton energy (E_ =hw__=2.11 eV). Consid-
ering that the MD and ED are mutually non-interacting,
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Figure 4: Magnetic and electric dipole resonance anticrossing.
Anti-crossing behavior of the observed peak splitting as a function
of the bare Mie-exciton detuning for the magnetic dipole (A) and the
electric dipole (B) resonances. Red lines show the fitting based on a
two coupled oscillators model, with only the coupling strength g as
a fitting parameter. The fitting result is indicated in the inset.

each resonance dispersion can be fitted independently
with a standard two-coupled-oscillators model:

_ih
CU1 1 5 8 [aljzw[alj (1)
g wz—i% 4 %

where o, (i=1, 2) are the frequencies of the uncoupled
initial states a;, and g is the coupling strength between the
selected Mie resonance (j=1) and the excitonic transition
of the dye (j=2). In our case, hy,=hy,_ =40 meV, while
hy,=hy,,~120 meV for the MD and hy,=hy,, ~150 meV
for the ED resonances, as obtained by fitting the numeri-
cal scattering spectra (see Supporting Information). We
can thus fit the experimental data with only the coupling
constant as a fitting parameter, resulting in a coupling
strength hg, =68+2 meV for the MD resonance and
hg,,=60+3meV for the ED resonance. A similar result was
found by numerical calculations on the coupled system
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(see Section 4 for details), obtaining hg,  =72+2meV and
hg,,=59+2 meV.

The condition to formally evaluate if one system is in
the strong coupling regime has been recently discussed
in the literature [6, 55]. Briefly, the solution of the two-
coupled-oscillators problem at zero detuning (w2 =w,= wO)
reads:

w;%—l’%—i%i% (4g)y —(y,-v,), )
where w , are the energies of the resulting hybrid states.
It may then seem that a condition for defining the onset
of the strong coupling could rely on the maximization of
the splitting through the term in the square root, that is
2g>|y~y,|/2. However, as we will explain in the follow-
ing, in the presence of significant damping this condition

can be interpreted as only necessary but not sufficient.
To ease our discussions, we define the following quan-

tities: 2w, =4/(48)* —(y, —7,)* and Q,=2w ,/(y,+7,). Next,

solving for the dynamics of an initially excited emitter and
an empty cavity, one can obtain exact analytical expres-
sions for the occupation factors for the emitter and the
cavity, i.e. |a,(t) |?and |a,(t) | 2. Whereas the literature offers
several more or less appealing figures of merit, the point
here is that the above parameterizations constitute the
one and only natural re-scaling of the time variable in the
context of the analytically exact solution to the dynam-
ics (see Supporting Information). In the large-g limit, the
solutions are obtained straightforwardly, reading:

‘al(t)‘z N exp[_a)ul’] . {sinz (;wut)}' (3)

‘az (l‘)‘2 - Q, cos’ (%wlzt)

Thus, w,, is indeed the characteristic Rabi-like fre-
quency of the oscillations, while in the spirit of cavity
ring-down-spectroscopy, Q,, is a quality factor that quan-
tifies the number of oscillations of the system, before the
overall occupation decays in the presence of damping,
t

ie |a()f +|a,(t)~exp —w”). Similar figures of merit
12

expressed in a slightly different notation have appeared

elsewhere [56]. As such, Q,,=1 unambiguously marks the
transition from weak to strong coupling. In other words,

vit+y,

2

inequality, in the limit of y, ~y, becomes 23’2%’ a

strong coupling implies that 2g>2g’= . This

condition that was shown to coincide with the coupled-
system spectrum becoming flat-topped [55]. Both of these
inequalities are usually used in the literature for defining
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the threshold for the strong coupling regime. In our case,
we get 27ig,  ~ 90 meV and 2%g; ~110 meV, thus demon-
strating that both the MD and the ED can enter the strong
coupling regime. We underline here that the linewidth
estimation is based on the fitting of the numerical spectra
shown in Figure 1B, that is the only way to access the indi-
vidual resonance contribution, without possible inhomo-
geneous broadening mechanisms arising from sample
inhomogeneities at the single particle level. In fact, the
full fitting of experimental spectra usually requires several
Lorentzian contributions to be taken into account, which
makes the fitting itself and the evaluation of a physically
meaningful linewidth difficult to interpret. However, we
emphasize that since the peak splitting behavior, as we
will show in the following, is well reproduced by numeri-
cal calculations with both the extended layer multiple
scattering (ELMS) [57] and the discontinuous Galerkin
time-domain (DGTD) method [58, 59] (see Section 4), it is
reasonable to assume the numerical linewidth as a refer-
ence for the strong coupling threshold estimation.

A further important feature of the strong light-matter
interaction regime in nanoparticle-based systems is the
observation of a peak splitting also in the absorption or
extinction cross section of the hybrid system, since it
has been shown that a peak splitting and an anti-cross-
ing can arise in the scattering spectra even far from the
strong coupling, as a consequence of surface-enhanced
absorption or induced transparency [60]. Here, while our
experimental setup makes measuring absorption harder,
numerical simulations performed by DGTD show that
similar splittings are indeed observed in absorption (see
Figure S4 in Supporting Information), thus conforming
to another strong-coupling requirement [45, 60]. Particu-
larly interesting is the case of the exciton-resonant ED
(Figure S5B). Here, a peak splitting is observed in absorp-
tion but not in the scattering spectrum, where the low
energy branch visibility is lowered by the presence of
the detuned MD at lower energies. This behavior can be
expected from the measured coupling 2iig, =120 + 6 meV,
which is of the same order of magnitude as the predicted
strong coupling limit 2Ag,, =110 meV, thus putting this
resonance at the threshold between the strong coupling
and an induced transparency effect.

The observed splittings are nevertheless of the same
order of magnitude as those predicted for silicon nano-
spheres in a core-shell geometry [43, 61], and as the ones
reported for plasmonic systems on individual and arrays
of particles interacting with the same molecule [18, 19],
thus confirming that high-refractive-index nanoparticles
can be a valid alternative platform to metals, for strong
coupling applications.
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Another key effect observed in our system is the dif-
ference in the coupling strength between the MD and the
ED resonances, observed both experimentally and numer-
ically. Contrary to what one might perhaps presume, the
MD shows a larger coupling strength compared to the ED.
In general, since the electromagnetic field profiles are
expected to be spatially different for the two resonances,
there is every reason to expect the frequency splittings to
differ as well. This is because the light-matter coupling
constant g can be considered as an indirect measure of the
overlap between the electric field of one optical resonance
and the excitons localized in the dye layer deposited in the
near-field of the nanoparticle.

In order to check this, we performed numerical calcu-
lations on a bare silicon ND geometry excited at normal
incidence with a plane wave, and calculated the electro-
magnetic field total intensity (color scale) and the electric
field amplitude (arrows) at resonance (4=590 nm), in a
vertical plane cutting the silicon ND in its centre, as shown
in Figure 5 (see Section 4 for details). We chose the two ND
diameters corresponding to the zero detuning condition
for the MD (d =150 nm, Figure 5A) and the ED (d=230 nm,
Figure 5B); for a short discussion on the differences in sizes
between experiments and simulations, see Section 4. The
results clearly show that the intensity and electric field
profiles are completely different in the two cases. For the
small ND, the electromagnetic field profile at resonance
resembles that of an MD, with a clear circulating electric
field loop inside the particle, partially extending into the
substrate. By contrast, the larger ND shows an ED behav-
ior, with an antinode in the electric field amplitude at the
particle center. It is also clear that the electric field inten-
sity is higher all around the smaller ND (d =150 nm, Figure
5A), and particularly at the ND sides. Although the numer-
ical results in Figure 3 considered an ordered model with
a coaxial thin dye disk lying only on the top surface of the
NDs, the real J-aggregate geometrical distribution around
the ND is not well-known, and in general, it is natural to
expect that a higher field intensity leads to stronger near-
field mediated interactions. Furthermore, considering the
surface-to-volume ratio as a very rough indication of the
ratio between the total electric field energy and the physi-
cal space available for the molecules, it is plausible that
the smaller ND exhibits a larger splitting. However, given
the uncertainty about the positions of the molecules and
their dipole orientation distribution, nothing more conclu-
sive than this can be safely stated, and we stress here that
particular attention must be paid when studying dielectric
systems with overlapping electric and magnetic dipolar
resonances. By contrast, fewer degrees of freedom can be
offered by two-dimensional materials, the homogeneity
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Figure 5: Magnetic and electric dipole near-field profiles.

Logarithm of total electric field intensity (color scale) and
orientation of the real in-plane part of the electric field (arrows)

at resonance and under normal incidence, calculated for silicon
nanodisks with (A) 150 nm and (B) 230 nm diameter. Here z<0
represents the sapphire substrate. The smaller disk clearly exhibits
a magnetic-dipole-like behavior, with a loop in the electric field
amplitude inside the particle, while the larger disk shows an electric
dipole behavior, with an antinode at the nanodisk center.

and in-plane dipole orientation of which might result in a
simpler system to be studied [43, 61].

3 Conclusions

In summary, we have investigated experimentally and
theoretically the light-matter interactions between Mie
resonances supported by high-refractive-index silicon NDs
and excitons in a J-aggregated dye. The lower geometrical
symmetry of our nanoparticles, compared to the nano-
sphere case, enables spectral separation of the MD and ED
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resonances, and independent investigation into their cou-
pling with the excitonic dipoles. A significant peak splitting
was observed in both cases. In the MD case, the splitting
was found to be larger than the losses in the system, thus
setting our system in the strong coupling regime. On the
contrary, the ED splitting was of the same order of magni-
tude as the losses, thus suggesting the interaction regime
to be at the boundary between the strong coupling and an
induced transparency effect. We found that the two differ-
ent light-matter interaction regimes arise as a consequence
of the different near-field profiles of the two resonances,
when tuned by geometrical means at the exciton energy.
The coupling strength measured in our system is compa-
rable to those reported for similar plasmonic systems, thus
confirming that high-refractive-index nanoparticles can be
a valid alternative platform to plasmonics for room-temper-
ature strong coupling applications. Moreover, in passing
we note that other less lossy high-refractive-index materi-
als may be considered in the future in order to excite even
sharper resonances, which can in principle result in a more
efficient light-matter coupling and larger splittings. By con-
trast, realizing strong light-matter interactions on dielectric
nanoparticle systems can be interesting when exploiting
the salient features of Mie resonances, such as directional
scattering and high intrinsic nonlinearities.

4 Methods

4.1 Sample fabrication

A commercial silicon-on-sapphire substrate (Univer-
sity Wafer, Inc., South Boston, MA, USA) was cleaned in
acetone and 2-propanol in an ultrasonic bath for 30 min,
and then dried with a nitrogen steam. Hydrogen silses-
quioxane (Dow Corning Corporation, Midland, MI, USA,
XR-1541-006 e-beam resist) was then spin coated on the
sample at 500 rpm for 5 s followed by 1200 rpm for 45 s, and
then baked on an hot plate at 170°C for 2 min, resulting in
a final resist thickness of approximately 200 nm. The nano-
structures were written by electron beam lithography with
design diameters ranging from 100 nm to 300 nm, in 20 nm
steps, and at different doses, so as to obtain a fine diameter
tuning. After developing the hydrogen silsesquioxane in
tetramethylammonium hydroxide, the silicon beneath was
etched. The etching process is a standard BOSCH process,
where after an isotropic etch, a passivation process follows.
This sequence is repeated until the desired etch depth is
achieved. In our case, since one cycle etches approximately
40 nm, we etched the sample for three cycles, ensuring a
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complete etch of the silicon layer, as clearly evidenced
by the change in the substrate appearance from a semi-
opaque green color to completely transparent. Thereafter,
a quick 5 min BHF bath removed the hydrogen silsesquiox-
ane layer. The sample was finally cleaned in acetone and
2-propanol. We observe that the electron beam lithography
process changes the surface properties of the substrate
in the area around the structures, thus making impos-
sible the dye deposition by spin coating without employ-
ing surface chemistry. We thus drop-casted the dye (FEW
Chemicals GmbH, Bitterfeld-Wolfen, Germany, CAS NO
18462-64-1) from a dilute solution depositing a 2 ul drop
on the nanostructured area and slowly drying it with a
gentle nitrogen flow. The solution was prepared dissolving
the dye in methanol with a 0.1 mM concentration (0.76 mg
dissolved in 10 ml). Then 1 ml of this solution was added
to 6 ml deionized water. The NDs’ diameter was carefully
characterized at the end of all the optical measurements by
scanning electron beam microscopy. To this aim, the dye
was removed by immersing the sample in deionized water,
and a 13 nm thick aluminum layer was evaporated onto the
whole sample by thermal evaporation to ensure sufficient
in-plane conductivity. All the particle arrays optically inves-
tigated were then imaged at a 30 keV acceleration voltage.

4.2 Optical characterization

Optical characterization was performed on an inverted
optical microscope in dark-field configuration, exciting
the sample and collecting back-scattered light through a
high numerical aperture (100x, NA=0.95) objective lens.
The optical image of the sample at the output port of the
microscope was collected with a 150 mm focal length
doublet lens and reconstructed on the entrance slit of an
imaging spectrometer with a 200 mm focal length doublet
lens. The ND array was carefully aligned with the entrance
slit of the spectrometer so as to simultaneously measure
15 particles in a single charge-coupled device image.
Unwanted signals from defects on the sample surface
were manually removed when analyzing the data. Pho-
toluminescence spectra from the molecular layer were
measured on a Raman microscope, exciting with a diffrac-
tion-limited spot at A=535 nm. Low power was used for
the excitation, so as to avoid photo-bleaching of the dye.

4.3 Numerical calculations

The scattering properties of individual NDs were cal-
culated with an efficient T-matrix method [62], namely
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EBCM [50], the principal characteristic of which is that it
takes the boundary conditions of continuity of the tangen-
tial components of the fields into account through appro-
priate surface integrals. The incident field is expanded
into vector spherical waves about the origin, with expan-
sion coefficients a,, , where P=E, H is the polarization, of
electric or magnetic type, and ¢, m are the usual angular
momentum indices. Accordingly, the scattered wave is
expanded into vector spherical waves with expansion
coefficients a,, , which are connected to those of the inci-
dent field through the elements of the T-matrix, with:

P/m 2 Pim;P’(’'m’ P/m (4)

P'm’

For spherical particles, T is diagonal with respect to
P and 7, and independent of m. For non-spherical parti-
cles, however, this no longer holds and, strictly speaking,
an unambiguous classification of its eigenvalues in terms
of polarization and angular momentum cannot be made.
Nevertheless, for relatively small NDs, one largely predom-
inant matrix element always exists, and this is what we
plot in Figure 1C. For increasing ND size, the contribution
and mixing of off-diagonal elements becomes ever more
important, and assigning a predominant character to the
resonances — especially higher-order ones — becomes prac-
tically impossible. This is strikingly visible in the lower
panel of Figure 1C, where the scattering peak at 580 nm
cannot be reproduced by any scattering matrix element
alone, even though its near-field profile implies that it is
predominantly a magnetic quadrupole, while the corre-
sponding T-matrix element (red line) peaks at 550 nm, not
exactly corresponding to a scattering resonance. Scatter-
ing and extinction-cross sections are calculated through:

2

O 72 2 Pom; P'0'm P(m f) ’ (5)

q pimlprem

:_iRez(AP(m p) z Pim;P’1’'m’ me p’ (6)

Pim P'i'm’

w
where q =z«/ &u is the wavenumber of the incident wave

of angular frequency @ in a homogeneous environment
with permittivity ¢ and permeability 4, and c is the veloc-
ity of light in vacuum. The matrix elements A are related to
the expansion coefficients aj, of an incident plane wave
with electric field E  and polarization p through [57]:

a, =A} (q)-pE (q). @)

To describe the J-aggregate/silicon ND system, we use
the ELMS method [57], which is ideal for periodic arrays of
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spherical or cylindrical scatterers. Initially developed for
scatterers with spherical symmetry described through Mie
theory [63], the method has been extended through imple-
mentation of EBCM, and can efficiently describe transmis-
sion and reflection from combinations of stacked arrays of
disks or cylinders of various sizes, with the restriction that
all arrays have the same two-dimensional periodicity [64—
66]. In our case, we consider “birthday cakes” where the
role of the cake is played by the silicon ND, and an “icing”
of thickness 20 nm and the same diameter is introduced
as the molecule. These two-component particles are
arranged in square arrays with a lattice constant 720 nm,
which ensures that interactions between individual build-
ing blocks are minimal, while lattice resonances from the
Rayleigh-Wood anomalies are kept outside the wavelength
window of interest, as much as possible. Weak interac-
tions for the larger NDs, and small differences between
the modeled and real permittivities, explain why slightly
smaller particles are required to match the theoretical and
experimental spectra, e.g. a diameter of 230 nm is used
in the simulations for the 250 nm ND of the last panel of
Figure 3. The arrays are illuminated by p-polarized light,
incident at an angle of 70°, and reflectance spectra are
calculated by integrating the energy flow above the struc-
ture over the first Brillouin zone. The coupling strengths
are then obtained through the width of the anti-crossing
in the reflection spectra at zero detuning. The composite
arrays are deposited on a semi-infinite sapphire substrate,
described by a relative permittivity equal to 3.13. For the
permittivity of silicon we use the experimental values of
Green [67], while for the molecule we use a Lorentzian
permittivity:
foy,

Co =€ T T 8
mol 6()2 _ wz + 16()’}/2
exc exc

withe_=2.56, ho_ =2.11eV, hy, _=0.33 eV, and f=0.35.

In all EBCM calculations, we truncate the angular-
momentum expansions at ¢ =12. A larger number of
matrix elements corresponding to /=16 is required
at some steps within the method, although they are not
involved in the final calculation of cross sections. Integrals
at the surface of the particles are calculated with a Gauss-
ian quadrature integration formula, with 4000-6000
integration points, depending on the ND size. The only
additional convergence parameter involved in ELMS is
the number of reciprocal-lattice vectors involved in plane-
wave expansions, and here 161 vectors were required to
achieve convergence.

The field plots in Figure 5 were calculated using the
DGTD method [58, 59] using third order polynomials
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on a tetrahedral mesh with element sizes of 20 nm in
the silicon disk, 60 nm in substrate and air close to the
disk, and 120 nm elsewhere. Silicon was modeled using
a single-pole Lorentz model in order to reproduce the
experimental data [67], with a relative error of 2% for
wavelengths between 2500 nm and 400 nm. The substrate

was modeled with a constant permittivity ¢, , =3.133.
273

5 Supplemental material

The following files are available free of charge.
- Imaging spectral measurements

— Photoluminescence maps

— High concentration drop casting

— Higher order resonances

— Numerical absorption spectra

- Spectra fitting

— Two-coupled-oscillators model
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