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1. Introduction

This thesis investigates the interaction between
light and matter in coupled dielectric metasur-
faces and molecular aggregates thin films. It
explores the opportunities of developing hybrid
systems that allow to tune the radiative proper-
ties of molecular excitons operating in the visi-
ble, with the potential of working at room tem-
perature.

The aim of this work was to develop room-
temperature polaritonic devices that can achieve
both weak and strong coupling in the visible
range by designing a variety of metasurface de-
signs and fine-tuning the optical properties of
the emissive material through supramolecular
chemistry. For this proof of principle demonstra-
tion, for the dielectric metasurface we have cho-
sen a TiO2 thin film, while for the emissive coun-
terpart we have chosen the J-aggregate formed
by aggregating the TDBC cyanine dye. Due to
the coupling between the two components, the
isotropic excitonic emission is imparted with di-
rectional emission according to the geometrical
features of the dielectric metasurface.

Novel insights into the design and possible appli-
cations of coupled dielectric metasurface molec-

ular aggregates through both simulated and ex-
perimental results will be presented throughout
this work, setting the foundations for further de-
velopments of superradiant devices based on J-
aggregates.

2. Theoretical Background
2.1. Dielectric Optical Resonators!®

In recent years, the study of light-matter inter-
actions has garnered a great deal of attention
from researchers due to the potential to con-
trol light confinement at the nanoscale. Ad-
vances in nanofabrication have made it possible
to design and fabricate subwavelength nanos-
tructured materials that can control and en-
hance the electromagnetic field distribution of
light in a variety of ways.

This concept is based on the principle of light
scattering with structures of size comparable to
the incoming wavelength, which according to
Mie theory causes strong scattering resonances
both in metallic and dielectric structures. In
its simplest form, Mie theory predicts that the
scattering phenomena associated with a mate-
rial will depend on its permittivity and a size
parameter defined by the geometry of the ob-



ject. The response of a metallic material differs
from that of a dielectric material because their
permittivity is opposite in sign.

The interaction between light and a metallic
nanoparticle whose size is comparable to that
of the incoming radiation causes an electric re-
sponse from the particle that can be associated
with the emergence of a localized surface plas-
mon resonance. While the interaction with a
dielectric nanoparticle can generally cause both
an electric and magnetic response depending on
the specific displacement currents generated in
the material.

Plasmonic resonators have long been employed
in nanophotonics due to their capability to effi-
ciently confine the electromagnetic field to small
volumes and thus have strong local field en-
hancements. However, these materials are heav-
ily limited by their considerable Ohmic losses,
particularly in the visible range.

High refractive index dielectric materials have
generated a great deal of interest in the last
decade due to their high real refractive index
and low dissipative losses. Multiple studies have
shown how these materials can lead to high qual-
ity factor nanostructures that work for a variety
of resonances.

The type of response and its strength strongly
depend on the refractive index of the material
and, to some extent, the surrounding volume. It
is also heavily affected by the specific geometry
of the object; modifying the geometrical features
of the resonator will inevitably alter the relative
spectral position of the resonances involved, as
well as its optical character.

Considering all the advantages of dielectric ma-
terials, we have chosen TiO, thin films to be
nanostructured into dielectric metasurfaces that
will serve as a substrate to the molecular aggre-
gate thin film.

Metasurfaces [*» 4 The periodic repetition in
space of a planar pattern of resonators of sub-
wavelength thicknesses is known as a metasur-
face. In these structures, the optical response of
the bulk pattern will differ from that of the sin-
gle resonator, hence the design criteria between
the two will differ even though all that has been
mentioned above regarding size and permittivity
still holds true. The base concept of light inter-
acting with a resonator also remains present in

metasurfaces, but the presence of multiple ob-
jects that interact with the same incoming ra-
diation allows for more freedom in the design
process and plenty of possible applications.
The design flexibility of metasurfaces allows us
to accomplish impressive feats such as wavefront
shaping, nearly perfect absorption, reflection or
transmission, induced polarization, and chiral-
ity, along with many more applications. How-
ever, working with a large number of resonators,
designing for a specific resonance wavelength be-
comes a sensitive task due to the potential im-
pact of fabrication tolerances and error propa-
gation. Despite recent advances in fabrication
techniques that have reduced the presence of
such artifacts, the complexity of the fabrication
process inevitably increases when moving to vis-
ible wavelengths because of the reduced size of
the resonators.

While it is possible to design a metasurface to be
less sensitive to fabrication tolerances, achiev-
ing high-quality factor cavities in the visible
spectrum remains a relatively new and challeng-
ing field, hence further advances in nanofabrica-
tion techniques must be developed for fabricated
metasurfaces to be reliable substrates for more
complex fully integrated devices. Regardless of
such challenges, thanks to careful design and re-
fined fabrication processes, we have been able
to fabricate dielectric metasurfaces able to ef-
ficiently couple with molecular aggregates thin
films in the visible range.

2.2. Molecular Excitons/® 71

J-aggregates are a class of molecular aggre-
gates consisting of highly ordered molecular as-
semblies of dyes or other chromophores. In
these aggregates, the units are arranged in a
one-dimensional chainlike structure that allows
for strong electronic coupling between the sub-
units, resulting in unique optical properties.
The J-band peak, which is red-shifted from the
monomeric peak, emerges from the excitonic
coupling between the units in the aggregate.
This results in a delocalized excitonic state of
great intensity (Figure 1), which distinguishes
these structures from other emissive materials.
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Figure 1: Schematic representation of the spectral
changes following the formation of H- and J- aggregates
in cyanine dyes [5].

The ordered self-assembled structure of J-
aggregates allows for the formation of delocal-
ized excitonic states spanning over multiple sub-
units, leading to an increase in the rate of emis-
sion of the aggregates. This phenomenon is an
extension of the concept of "superradiance," in-
troduced by R. H. Dicke in 1953. J-aggregates
can be formed by a wide range of dyes and chro-
mophores, and the formation of J-aggregates is
influenced by a number of factors, including the
structure of the chromophore, the solvent polar-
ity, and the aggregation conditions.
J-aggregates have many potential applications
in sensing, imaging, and optoelectronics. They
have been used as fluorescent probes for
biomolecules and cells, as well as for the detec-
tion of environmental pollutants. They have also
been incorporated into organic solar cells and
light-emitting diodes, where their unique optical
properties can improve device performance. Re-
searchers are actively exploring ways to control
the formation and morphology of J-aggregates in
order to be able to exploit their unique optical
properties in more complex systems in tandem
with other materials.

Superradiance R.H. Dicke introduced the
concept of superradiance in 1954 |2], suggesting
that molecules interacting within a shared ra-
diation field cannot be considered independent
oscillators and their radiative behavior will be
influenced by their degree of coherence. The
dipole moment of the ensemble of radiating ob-
jects is given by the sum of the expectation val-
ues of each dipole moment. Additionally, such
systems will radiate coherently in the direction

of excitation, since all the other components will
interact to cause transitions to states of lower
cooperation number. In the past few decades,
research has confirmed the validity of Dicke’s
model and developed more advanced theoretical
frameworks.

Experimental observation of superradiance is
challenging because of local disorder, inhomoge-
neous broadening, and temperature-related phe-
nomena that cause dephasing between oscillat-
ing dipoles and a reduction of coherence within
the system. However, claims of superradiant be-
havior have been reported in literature in mate-
rials such as H-Aggregates, quantum dots, and
perovskites thin films. Theoretical models pre-
dict that a superradiant system will show an in-
crease in the decay rate of emission, a burst in
the cavity mode population, and a non-linear de-
pendence of the maximum of photoluminescence
from the number of coupled emitters.
Experimentally, non-linearity of emission in
pump fluence measurements and photon bunch-
ing are typical of strongly coupled systems of
quantum emitters. Achieving superradiance ex-
perimentally and being able to foster its emer-
gence at room temperature is a field of great
interest for researchers due to the possibility of
exploiting it to create ultrafast, highly selective,
and directional emitters for applications in a
variety of fields such as bioimaging and multi-
photon high-brightness quantum light sources,
as well as in fields on the rise such as optical
and quantum computing.

3. Numerical Simulation

Methods

The simulated results presented in this work
have been calculated through the commer-
cial softwares Ansys Lumerical Finite-Difference
Time-Domain and Comsol Multiphysics. The
device configuration that has been simulated
consists of a 1 mm quartz substrate, followed by
a 200 nm film of patterned TiO2 which is then
completely covered by a TDBC thin film as the
J-aggregate based emissive material. A wide ar-
ray of simulated results including transmittance
spectra as a function of geometrical sweeps, elec-
tric field distributions, and angle-resolved trans-
mittance spectra will be presented and discussed
in the next paragraphs.

The principles behind the design process em-
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Figure 2: a,b) Normal-incidence transmission spectra of cylinders of multiple radii in the form of a 2D colourmap for the
bare (a) and active (b) structure. ¢) Normal-incidence transmission spectra as a function of the thickness of the TDBC

thin film for the passive structure.

ployed in this work were to provide a variety
of metasurfaces working at distinct optical reso-
nances and quality factors so that different cou-
pling regimes between the metasurface and the
molecular aggregates could be investigated.
Since the dimensions of the resonators are com-
parable to the wavelength of the incoming ex-
citation, the optical resonances of the metasur-
faces will be strongly dependent on the size and
geometrical features of the resonators. Conse-
quently, finding the right set of geometrical pa-
rameters associated to each distinct resonance
requires precise investigation of how each param-
eter affects the optical behaviour. This concept
will be studied by performing parameter sweeps,
large batches of simulations where one geomet-
rical parameter is varied within a range, while
all other parameters are kept constant.

Two major classes of optical resonances will be
presented in this manuscript: the Mie and the
quasi-bound states in the continuum resonances.

3.1. Mie Resonances

Three types of structures will be discussed in the
following paragraphs:
The bare metasurface: patterned TiO>
on a glass substrate.
The passive structure: the bare metasur-
face surrounded by the molecular aggregate
thin film with a constant refractive index
(n) corresponding to the value of n at high
wavelengths.
The active structure: the bare metasur-
face surrounded by the molecular aggre-

gate thin film as an absorbing material with

its refractive index depending on the wave-

length.
The bare metasurface will be used to identify
the resonance and fine tune the geometrical pa-
rameters. The passive structure will instead
be important to estimate how introducing an-
other high-index material influences the reso-
nance and in particular the near-field electro-
magnetic field distribution (or mode volume).
The active structure is analysed to estimate the
extent of coupling between the photonic res-
onators and the excitonic active material, even-
tually exposing the presence of polaritons under
the right conditions.

Parameter Sweeps Knowing that the mag-
netic dipole resonance can be generated when
the wavelength of light within the dielectric res-
onator is comparable to the particle’s diameter
D = =n the preliminary dimensions of the res-
onators can be roughly estimated. Fine tun-
ing of the size and spacing of the resonators
within the unit cell will then be required to
achieve stronger light-matter interactions and
resonances with a stronger electric or magnetic
dipole character.

The resonance can be initially identified by
a pronounced dip in transmittance, associated
with a strong interaction between light and mat-
ter, meaning that the electromagnetic field of the
incoming radiation has been localized within the
patterned dielectric and redistributed through-
out space depending on the specific geometry
and the surrounding refractive index.



Figure 2 (a) represents the normal-incidence
radius-sweep plot for the bare structure, two
bands can be distinguished by a dip in trans-
mittance that shifts along with the radius. The
higher wavelength band can be attributed to the
magnetic dipole resonance (MD), while the lower
wavelength band can be identified as the electric
dipole resonance (ED). An increase in volume of
the resonators, shown in this figure by higher
radii (R > 150 nm), allows the multipole reso-
nances to arise at lower wavelengths.

This batch of simulations allowed us to deter-
mine the magnetic (MD) and electric dipole
(ED) resonances for the bare metasurfaces with-
out active dissipative TDBC thin film.

The same simulation setup was used to investi-
gate the optical response of the two resonances
when the molecular aggregate thin film behaves
as an active dissipative material (Figure 2 (b)),
hence with both real and imaginary permit-
tivity expressed as a function of wavelength.
Here, both bands split into two distinct peaks
each for the radii associated to the on-resonance
configurations (MD and ED). These additional
peaks, which were not found in the original bare
structure, can be attributed to the formation of
exciton-polaritons in the weak-coupling regime.
Additionally, Figure 2 (c) shows how the opti-
cal response of the metasurface is affected by
a passive TDBC film of varying thickness. The
electric field distribution of the MD and ED con-
figurations did not change with the presence of
films of different thickness, thus the two Mie res-
onances can be deemed robust under the pres-
ence of the molecular aggregate thin film.

A more refined discussion of the design process,
supported by a variety of parameter sweeps, can
be found in the complete manuscript.

Angle-resoled Transmittance Angle-
resolved transmittance measurements can
be used to study the dispersion of exciton-
polaritons, as further proof of their mani-
festation in a hybrid photonic device. The
exciton-polariton optical signature can be asso-
ciated to dips in transmittance after light passes
through the metasurface covered by the active
molecular aggregate thin film. Angle-resolved
transmittance spectra will also display the
exciton-polaritons dispersion, allowing us to
distinguish them from other optical resonances.

The lower polariton dispersion bands have been
highlighted by the white dashed lines and la-
beled LP. The associated energy splitting for the
MD resonance is Egplitting 318 meV , while for
the ED resonance is Egplitting 400 meV .

3.2. Quasi-Bound States
in the Continuum

The unit cell and the field distribution of the ED
Q-BIC is shown in Figure 4.

y(m) (x10A-9)

Figure 4: Electric field distribution for the ED quasi-
bound state in the continuum resonance. The latter uni-
vocally identifies the optical resonance.

The angle-resolved transmittance spectra for
this resonance are shown in the last column of
Figure 3. In this case, the energy splitting for
the polaritons is Espitting 370 meV .

4. Sample Fabrication

The devices fabricated in this work are com-
posed of a multilayer structure (Figure 5), con-
sisting of three different materials stacked on top
of each other. The bottom layer is a 1 mm thick
quartz substrate. The middle layer is a 200 nm
thick TiO2 metasurface. The top layer is a thin
film of TDBC J-aggregate (Figure 8 (a)).

()

Figure 5: a) Schematic representation of the fabricated
arrays. b) Optical micrograph of the fabricated arrays.
¢) Schematic representation of the unit cell of the ED-
MD Mie and ED Q-BIC optical resonances.
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Figure 3: Simulated angle-resolved transmission spectra for the MD R = 120 nm (a), ED R = 130 nm (b), and Q-BIC
(c) resonances covered by the TDBC film in its passive form. d-f) Simulated angle-resolved transmission spectra for the
active structure of the same resonances showing the emergence of the lower polariton bands.

The fabrication process consists of five steps:
in solution growth of the molecular aggregate,
sputtering of TiO2 on quartz, electron beam
lithography (EBL) of TiO2, dry etching to trans-
fer the metasurface pattern, and spincoating of
TDBC on the metasurface.

Sputtering of TiO2 The first step in the fab-
rication of metasurfaces is the deposition of 200
nm TiO3 thin films on top of a 1 mm thick quartz
substrate. The latter is cleaned beforehand by
sonication in water, acetone, and isopropanol for
5 minutes per step.

The TiO7 thin film is deposited by sputtering at
a vacuum pressure of roughly 10”mbar in a Ar
atmosphere and a power of 150 W with deposi-
tion rates ranging from 1.75 to 2.35 2™ depend-
ing on the physical position of the substrates
with respect to the 99:99% titanium dioxide tar-
get.

Electron Beam Lithography The EBL and
dry etching steps have undergone a series of at-
tempts with varying degrees of success. The
most successful attempt will be discussed in this
paragraph and the next.

In this case, a 30 nm chromium hard mask was

deposited on top of the 200 nm titanium diox-
ide film to serve as a protective layer during the
etching step. A 120 nm HSQ thin film was spin
coated at 5000 rpm for 60 seconds, followed by a
softbake step at 140°C for 3 minutes. The sam-
ple was then exposed through EBL at dosages
varying between 0.9 and 1.2 d_ost’ with the best
results later found to be associated to the 1.1
and 1.2 d_ost dosages. The exposed sample was
immersed in a salty developer (1 wt.% NaOH
and 4 wt.% NaCl in deionized water) for 4 min-
utes, followed by a rinse in deionized water.

The fabricated structures appeared to be more
uniform in size and spatial distribution, with

overall fewer defects (Figure 7).

Dry Etching Following development, the
HSQ layer will have been patterned according
to what has been written during EBL, hence
the chromium hard mask underneath can now
be selectively etched to expose the TiO2 bottom
layer. The chromium thin film is etched using
inductively-coupled plasma reactive ion etching
(ICP-RIE) with a mixture of Cly and Os.

The TiO2 can now be selectively etched with
CHF3 gas. During this process the top HSQ
layer will gradually etch eventually exposing the
Cr hard mask underneath. The latter will act as



a protective layer since its etching rate in CHF3
is much lower than that of TiO,.

Depending on the thickness of the TiO; layer, a
thin chromium film could be left over on top of
the now patterned TiOy. Being a dissipative ma-
terial by nature, it is important that the resid-
ual chromium is removed so as not to worsen the
optical properties of the device. To do so, the
sample was immersed in a commercially avail-
able chromium liquid etchant for a few minutes.
The sample is then rinsed in deionized water and
IPA, and then dried with Nj.

HsQ
L
a . b c
Tio2
Quartz
d W e m

Figure 6: Schematic representation of the fabrication
process using a chromium hard mask. a) Unpatterned
sample. b) EBL exposure and development of HSQ re-

sist. ¢) ICP-RIE of Cr hard mask. d) CHF3 RIE of TiOs.
e) Cr wet etching.

Figures 7 (a) and (b) show the metasurfaces
throughout the improved fabrication process for
respectively the MD and ED Mie and ED Q-BIC

resonarnces.

HsQ pillars on Cr/TiO, film -

HSQ/Cr pillars on TiO, film L d

(b)

TiO, pillars on quartz

Figure 7: a) SEM images of the cylinders-based (Mie)
and elipsoidal-based (Q-BIC) metasurfaces throughout
the fabrication process.

Synthesis of the TDBC J-aggregate The
TDBC monomer was dissolved in DI water at
a concentration of 2:5%& and left to aggregate
for 24 hours at room temperature, covered from
light exposure. A solution of 6442 of Poly(vinyl
alcohol) was prepared by further polymerizing

PVA in DI water for 4 hours at 90°C under con-
stant stirring.

. rC .
TDBC j@o\/\)\ﬁ
0, H\ i
Quartz L‘e | RS
(a) (b)

Figure 8: a) Side view of the schematic represen-
tation of the fully integrated device. b) Structural
formula of 5,6-Dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-
sulfobutyl)-benzimidazol-2-ylidene]-propenyl]-1-ethyl-3-
(4-sulfobutyl)-benzimidazolium hydroxide, inner salt,
sodium salt in its monomeric form.

The grown TDBC molecular aggregate and the
PVA solution were then mixed in a 1:1 ratio.
The addition of PVA is required to ensure better
filmability by supplying a stable matrix to the
aggregate.

Spincoating of TDBC A volume of 100 L
of the mixed TDBC-PVA solution is spincoated
at 2000 rpm for 60 seconds on top of the pat-
terned metasurfaces. The film is then further
dried at 4000 rpm for 30 seconds.

5. Experimental results

5.1. Normal-incidence Transmittance

The bare fabricated metasurfaces have been
characterized by normal-incidence transmit-
tance measurements to confirm the success of
fabrication by comparing the spectra of the var-
ious arrays with the simulated results.

The normal-incidence spectra of the arrays as-
sociated with the MD and ED resonances of the
sample that will be referred to as S1 from now
on can be seen on the left and right of Figure 9
respectively.

The MD resonance (Figure 9 left panel) seems to
precisely match the simulated results. While the
ED resonance (Figure 9 right panel) is slightly
blue shifted with respect to the simulated re-
sults due to fabrication tolerances, which means
that the resonance that matches the experimen-
tal results is associated to the array of radius
R = 155 nm).

In both cases, the overall lower values of trans-
mittance can be attributed to inevitable fabrica-
tion tolerances and intrinsic Ohmic losses of the
TiO7 thin film. This should not pose an issue
since the presence of the TDBC thin film will
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Figure 9: Comparison between the simulated (a) and simulated (b,c) normal-incidence transmittance for unit cells
of dilerknt radii for sample S1 (b) and S2 (c). The MD and ED bands are shown to perfectly match between the
experimental and calculated results for sample S1 attributed to figure (b), while the response is blueshifted for S2
suggesting overetching. d,f) Experimental (dotted) and simulated (continuous line) transmittance spectra of the magnetic
dipole (left) and electric dipole (right) Mie resonances. The inset shows the simplified schematics of the optical setup

used to measure the transmittance.

increase the resonance strength due to its high
refractive index, as shown for the passive struc-
ture in the chapter on simulations and as will
also be shown by the angle-resolved photolumi-
nescence measurements in this chapter.

These measurements have been repeated for all
arrays, allowing us to evaluate the quality of fab-
rication for each dosage and sample. Figure 9
(b,c) shows the normal-incidence transmittance
spectrum for the radius sweep associated to the
highest dosage, these results can be compared
to the simulated spectra present in the same fig-
ure (a). The match between the experimental
results for this sample can be considered as ex-
cellent, hence these metasurfaces can be used
as substrates for the TDBC thin-film deposition
step.

5.2. Photoluminescence as a Function

of Pumping Power

The optical properties of J-aggregates have been
shown to be influenced by the pumping power
used to excite their emission. The reason being
that the ordered chains of unit molecules found
in aggregates are able to couple with each other

and radiate coherently, meaning that the result-
ing emission will be dependent on the number of
units that are coupled and thus on the pumping
power they are subjected to. This phenomenon
can be quantified by measuring the response of
the aggregates to different excitation powers.
To highlight this characteristic property of J-
aggregates, a series of normal-incidence photo-
luminescence measurements were performed on
a TDBC:PVA thin film on a 1 mm quartz sub-
strate. The film was excited by a pulsed laser at
an excitation wavelength of 405 nm with a rep-
etition rate of 80 MHz over a range of roughly
10 90 W of excitation power with a 100x ob-
jective.

A closer look at the data in Figure 10 shows
that the optical response of the aggregate can
be divided into two regions by a pumping power
threshold of roughly Phreshola = 60 W. This
behaviour is further highlighted in the double
logarithmic plot in Figure 10. While data points
before the threshold can be fit with the equa-
tion of a straight line, those after the thresh-
old power are perfectly fit by the exponential
function F(x) = x*88 10739927 meaning that
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