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Abstract

This thesis is devoted to novel nano-optical phenomena and devices based on mul-
tilayered photonic structures sustaining electromagnetic surface waves. First, a
hybrid dielectric-metallic multilayer is considered, able to sustain electromagnetic
surface modes called Tamm plasmons. The coupling of emitters to Tamm modes
is exploited in order to obtain a highly directional fluorescence emission from a
single nanoaperture in a metal film. The increased directionality and beaming
of the emission coupled to Tamm modes is demonstrated experimentally through
back focal plane images of the fluorescence intensity. Experimental observations are
well supported by rigorous calculations, performed by means of a Finite-Difference
Time-Domain model. Next, electromagnetic surface waves sustained by a total di-
electric multilayer are considered, called Bloch surface waves. An original device
for enhancing the radiative decay rate and directing the emission of organic dyes
located on the surface of a patterned dielectric multilayer stack is presented. The
device is based on a cavity for Bloch surface waves surrounded by a circular outcou-
pler to redirect the coupled emission at low numerical aperture. A streak-camera
based spectroscopic setup is implemented in order to demonstrate the Purcell effect
through spectral and temporal measurements of the coupled emission. Also, Bloch
surface waves are further exploited for producing vectorial vortex beam through a
mechanism involving a spiral diffraction grating on top of a dielectric multilayer.
The vortex beam is generated in a two-step process, involving a spin to orbital an-
gular momentum conversion from a focused circularly polarized beam into radially
propagating Bloch surface waves and a Bloch surface wave diffraction in free-space,
with the additional phase distribution imparted by the spiral diffraction grating.
Experimentally, Back focal plane imaging plus Stoke’s polarimetry techniques are
implemented in order to retrieve the angular distribution and polarization state of
the diffracted light. The mechanism effectively generates a vortex beam carrying
orbital angular momentum at low numerical aperture.
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Introduction

In a 1987 paper, Eli Yablonovitch observed that losses in semiconductor lasers
and other devices arising from light emitted at unwanted frequencies would not
occur in a medium that prevented these frequencies of light from propagating [1].
He proposed a periodic optical nanostructure that affects the motion of photons
in much the same way that ionic lattices affect electrons in solids, called photonic
crystal (PC). Yablonovitch’s main goal was to engineer photonic density of states
to control the spontaneous emission of materials embedded in the PC. He offered an
analogy to semiconductors, which have an energy “band gap” between the valence
electrons—associated with chemical bonds—and the conduction electrons. Just as
electrons with energies in the band gap cannot exist in a semiconductor, so light
with frequencies in the electromagnetic band gap would not exist in the proposed
structure. In each case, the periodic structure leads to destructive wave interference
(electron waves or electromagnetic fields) that leads to the gap. After 1987, the
number of research papers concerning PCs began to grow exponentially. However,
due to the difficulty of fabricating these structures at optical scales, early studies
were either theoretical or in the microwave regime, where PCs can be built on the
more accessible centimetre scale [2]. The increased capability, in the last decades,
to fabricate structures at the nanoscale and the high degree of control of material
properties achieved by modern deposition systems has led to a plethora of photonic
applications based on the control of the dispersion relation of visible light in two
dimensional PCs, such as laser technology [3], lighting systems [4] and many others
[5, 6].

Also, when an artificial defect is introduced into the photonic crystal, a photonic
nanocavity is produced that can interact with light emitters. The efficient control
of the Local Density of States (LDOS) in photonic crystal nanocavities has led to
the implementation of PCs for biosensing [7] and for the control of spontaneous
emission (SE) [8]. However, the interaction of the emitters with the modes of the
structure is effective only if the emitters are located in close proximity of the LDOS
local maxima [9]. In 2D PC slabs, this might be difficult to attain, as photonic
modes are preferentially confined within high-index regions of the structure [10],
with only evanescent tails leaking in the surrounding medium.
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As an alternative to 2D PCs, a second route for enhancing light/matter in-
teraction is to exploit surface plasmons (SPPs) on smooth planar or structured
metallic films. SPPs are electromagnetic modes sustained at an appropriate metal-
lic/dielectric interface wherein the field reaches its maximum intensity at the surface
of the metal [11, 12]. The compression of the electromagnetic field in small volumes
allows to greatly enhance the light-matter interaction. Unfortunately, SPPs relies
on the oscillations of free electrons in metal, and such phenomenon is intrinsically
affected by the scattering of electrons with metallic ions. The scattering results in
ohmic losses that affect the performances of such devices.

The subject of this thesis is the attempt to overcome some of the limitations
of the two approaches presented by employing properly designed multilayered pho-
tonic structures, sustaining electromagnetic surface waves, in order to manipulate
the light at the nanoscale. The first chapter deals with a brief description of the ba-
sic principles underlying the physics of electromagnetic surface waves. In particular,
two different types of surface waves are discussed: the Tamm plasmon polaritons
(TPPs) and the Bloch suface waves (BSWs). In the second chapter, it is shown
that coupling of fluorophores with Tamm plasmon exploiting small nanoapertures
fosters the reshaping of the fluorescence which is emitted normally to the sample
surface, with a small angular width. The third chapter will deal with the enhance-
ment of the spontaneous emission decay rate, also called Purcell effect, assisted
by resonant BSW in circular cavities, exploiting the so called Bloch Surface Wave
Coupled Emission (BSW-CE), that is the natural coupling of light emitters with
BSW. In Chapter 4, a mechanism for vortex beam generation is discussed, based
on the diffraction of BSW from a spiral grating providing orbital angular momen-
tum to the diffracted beam. Finally, a conclusion is given in Chapter 5 to briefly
summarize the results, and to suggest possible directions for further research.
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Chapter 1

Multilayered structures and
electromagnetic surface waves

This Chapter provides an introduction into the physical basics of the inves-
tigated photonic multilayered structures in order to support understanding of the
experiments and main conclusions presented in this thesis. At first, the principles of
light propagation and excitations in dielectric media and metals are discussed. The
propagation of electromagnetic waves in layered media is explained theoretically
and a short introduction to the transfer matrix algorithm – a powerful method for
calculating eigenstates in optical systems such as 1DPC – is given. Next, electro-
magnetic surface waves sustained by multilayers are discussed, providing the basic
concepts regarding this important phenomenon. The last Sections briefly deal with
the fabrication techniques implemented for the multilayers production.

1.1 Physical fundamentals

1.1.1 Optics in dielectric media
The propagation of an electromagnetic wave in a given medium is generally

described by a set of linear partial differential equations, the Maxwell equations:

∇ × H(r, t) = j(r, t) + ∂D(r, t)
∂t

∇ × E(r, t) = −∂B(r, t)
∂t

∇ · B(r, t) = 0
∇ · D(r, t) = ρ(r, t)

(1.1)

These formulae couple the electric field E, the electric displacement field D, the
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1 – Multilayered structures and electromagnetic surface waves

magnetic flux density B and the magnetic field H. The interplay of these fields
with free electric charges and currents is represented by the charge density ρf and
the current density j.

A dielectric medium is free of charge carriers (ρf = 0) and thus the electric
current flux becomes zero (j = 0). In this case the Eqs. 1.1 are homogeneous. If
the dielectric medium is linear and isotropic, the following constitutive relations
hold:

D = ϵ0ϵ(ω)E
B = µ0µ(ω)H

(1.2)

where ϵ0 and µ0 are the electric permittivity and the magnetic permeability of
vacuum and ϵ(ω) and µ(ω) are the frequency-dependent relative permittivity and
permeability of the material.

After substituting the field D and B in Maxwell’s curl equations by the expres-
sions 1.2 is possible to derive the homogeneous wave equation [13]:

∆E − 1
c2

∂2E
∂t2 = 0 (1.3)

The magnetic and electric constants of the medium relate the phase velocity c
with the vacuum speed of light c0:

c2 = c2
0

ϵµ
:= c2

0
n2 (1.4)

In this thesis, all the materials are non-magnetic at optical frequencies leading to
µ = 1. Moreover, in ideal dielectric materials, absorption is zero and the refractive
index n is a real number which has fundamental importance in optics.

In a linear and isotropic medium, a possible solution of the wave Eq. 1.3 is the
transversal plane wave with angular frequency ω:

E(r) = E0e
i(k·r−ωt) (1.5)

where k denotes the wave vector of the propagating plane wave, pointing towards
the direction of propagation. The dispersion relation of the plane wave is linear, in
accordance to Eq. 1.3:

ω = c|k| (1.6)
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1.1 – Physical fundamentals

In this framework, the materials used are linear and the optical fields are con-
sidered as monochromatic with a single angular frequency and each frequency com-
ponent interacts independently with the media.

1.1.2 Optics in metals
In metals, strong optical losses alter the propagation of electromagnetic waves.

The high density of free electrons generates current flows in metals, causing the
high reflectivity for frequencies up to the visible range. This means that j and ρ
in Maxwell’s equations 1.1 have finite values. With this in mind, it is possible to
derive the wave equation for the propagation of electromagnetic waves in highly
absorbing metals [14]:

∇ (∇ · E) − ∆E = −µ0µ
∂j
∂t

− 1
c2

∂2E
∂t2 (1.7)

According to Ohm’s law, the electric field E and the current density j are linearly
related via the conductivity σ:

j = σ(ω)E (1.8)

Taking a harmonic time dependence as in eq. 1.5, the derivatives with respect to
space and time transform into the Fourier domain as ∂/∂t → −iω, ∂2/∂t2 → −ω2,
∇ → −ik and ∆ → −k2. [15] Finally, the propagation of electromagnetic waves in
non-magnetic metals can be described with the equation:

− k̂(−k̂ · E) + k̂2E =
(︄

iµ0σω + ω2

c2

)︄
E (1.9)

where k̂ denotes the complex wave vector. The generic dispersion relation of a
damped electromagnetic wave in metals is given by:

k̂2 = ω2

c2
0

(︃
ϵ + i

σ

ωϵ0

)︃
= ω2

c2
0

ϵ̂ = ω2

c2
0

n̂2 (1.10)

when transverse waves are considered (i.e. k̂ · E = 0).
Eq. 1.10 is identical to 1.6, but with a generalized complex-valued dielectric

function ϵ̂ = ϵ′ + iϵ′′ and the complex refractive index n̂ = n + iκ. The real and
imaginary parts of the refractive index are related to the complex dielectric function
as:
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1 – Multilayered structures and electromagnetic surface waves

Figure 1.1: Reflection and refraction of s (TE) and p (TM) waves at the interface
between two media with refractive indices n1 and n2.

n2 = ϵ′

2 + 1
2

√
ϵ′2 + ϵ′′2

κ = ϵ′′

2n
ϵ′ = n2 − κ2

ϵ′′ = 2nκ

(1.11)

where κ is called the attenuation coefficient. According to the Lambert-Beer’s
law, κ is directly related to the attenuation of the intensity I(z) of a light beam
propagating through a medium with absorption coefficient α along the z−direction:

I(z) = I0e
−αz with α(ω) = 2κ(ω)ω

c
(1.12)

According to Eq. 1.12, even a small κ will lead to a strong attenuation for visible
light, limiting the penetration depth into conducting media to a small fraction of
the wavelength λ.

1.1.3 Polarization dependent reflection and refraction
In the previous Sections, the propagation of light in infinite and homogeneous

media is described based on solutions of the wave equation. In this Section the
general behaviour of light at optical boundaries is discussed. Detailed discussions
can be found in [13, 16, 17]. In figure 1.1, two media on both sides of the interface
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1.1 – Physical fundamentals

z = 0 have the refractive indices n1 and n2, respectively. The coordinate system
is chosen such that the xz plane is the plane of incidence. A plane wave with
wave vector k1 is incident from the upper side. Without loss of generality, it is
convenient to describe the incident electromagnetic wave as the superposition of two
fields exhibiting perpendicular polarizations. If the two media are homogeneous and
isotropic, these two components (p and s waves) are independent of each other. The
s wave is also known as a TE wave because the electric field vector E is transverse
to the plane of incidence, whereas in case of p or TM wave the magnetic field vector
H is transverse to the plane of incidence. According to Maxwell’s equations, the
boundary conditions require the tangential components of the electric and magnetic
field vectors Ex, Ey, Hx and Hy to be continuous at the interface z = 0, taking
the coordinate system of figure 1.1 (see [13, 14]). For s polarization, imposing the
continuity of Ey and Hx at the interface in z = 0 leads to:

E1 + E ′
1 = E2√︄

ϵ1

µ1
(E1 − E ′

1) cos θ1 =
√︄

ϵ2

µ2
E2 cos θ2

(1.13)

where the continuity on the x-component of the magnetic field H1,x+H ′
1,x = H2,x

and H =
√︂

ϵ/µ k × E have been used to derive the second equation, valid for
transverse waves (E⊥H, E⊥k, H⊥k).

Analogously, the continuity of Ex and Hy for p polarization leads to:

(E1 − E ′
1) cos θ1 = E2 cos θ2√︄

ϵ1

µ1
(E1 + E ′

1) =
√︄

ϵ2

µ2
E2

(1.14)

From the boundary conditions 1.13 and 1.14, it is possible to calculate the
Fresnel reflection and transmission coefficients for s and p polarization, defined
as rs = E ′

1,s/E1,s, ts = E2,s/E1,s, rp = E ′
1,p/E1,p and tp = E2,p/E1,p (considering

µ1 = µ2 = 1):

rs = n1 cos θ1 − n2 cos θ2

n1 cos θ1 + n2 cos θ2
, ts = 2n1 cos θ1

n1 cos θ1 + n2 cos θ2

rp = n2 cos θ1 − n1 cos θ2

n1 cos θ2 + n2 cos θ1
, tp = 2n1 cos θ1

n1 cos θ2 + n2 cos θ1

(1.15)
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1 – Multilayered structures and electromagnetic surface waves

These formulas describe the behavior of an electromagnetic wave at a boundary
and apply to any two media, for both real and complex-valued refractive indices.

1.1.4 Total internal reflection
An important phenomenon underlying the formation of evanescent waves is the

total internal reflection (TIR). If the first medium has a refractive index larger than
that of the second medium (n1 > n2) and if the incidence angle θ1 is sufficiently
large, Snell’s law,

sin θ2 = n1

n2
sin θ1 (1.16)

gives complex values of the angle θ2. This happens when the incidence angle θ1
is greater than

θc = sin−1 n2

n1
, n2 < n1 (1.17)

where θc is called critical angle of incidence. Under this condition of incidence,
there is no energy flow across the interface. Instead, all the light energy is totally
reflected from the surface and the Fresnel coefficients are complex numbers of unit
module, i.e. |rs| = |rp| = 1. Interestingly, at total reflection, the transmission
coefficient |ts| and |tp| are not vanishing, meaning that even though the light energy
is totally reflected, the electromagnetic fields still penetrate into the second medium.
In these circumstances, the electric field intensity decreases exponentially moving
away from the interface. Such a wave is called evanescent wave. The attenuation
occurs within a distance which is only several wavelenghts.

1.2 Transfer matrix method
In the previous Section, the principles of transmission and reflection at a single

interface are discussed. In a sample consisting of several layers, the transfer ma-
trix method is used to describe multiple reflections and transmissions [13, 17, 18].
Instead of accounting for multiple reflections by solving Fresnel’s formulæ for each
single interface, one single characteristic matrix is obtained and has to be evaluated.
The electric field E(z, t), propagating along the z axis, consists of a right-traveling
(+k) and a left-traveling (−k) wave of angular frequency ω and can be written as

E(z, t) = Aei(kz−ωt) + Be−i(kz+ωt) (1.18)

8



1.2 – Transfer matrix method

Figure 1.2: A multilayered dielectric medium with the plane-wave amplitudes as-
sociated with nth layer.

If the two amplitudes A and B of E(z, t) are represented as column vectors, one
can account for propagation through the bulk of the layer (index j) with (complex)
refractive index nj and thickness dj by using the diagonal propagation matrix Pj(︄

A′
j

B′
j

)︄
= Pj ·

(︄
Aj

Bj

)︄
=
(︄

eiϕj 0
0 eiϕ

)︄
·
(︄

A′
j

B′
j

)︄
(1.19)

where ϕj is the respective phase shift, given by:

ϕj = kjdj = 2π

λ0
njdj cos θj (1.20)

with λ0 the wavelength in free space.
To link the amplitudes of the waves on the two sides of the interfaces the trans-

mission matrices Tjk are introduced as:(︄
Aj

Bj

)︄
= Tjk ·

(︄
A′

k

B′
k

)︄
= 1

tjk

(︄
1 rjk

rjk 1

)︄
·
(︄

A′
k

B′
k

)︄
(1.21)

where tjk and rjk are the Fresnel transmission and reflection coefficients, intro-
duced in the previous Section.

9



1 – Multilayered structures and electromagnetic surface waves

Each interface is represented with a transmission matrices, and the bulk of each
layer is represented by a propagation matrix. Such recipe can be extended to the
case of multilayer stacks, and this is the main advantage of the transfer matrix
method, reducing the evaluation of Fresnel equations for multiple relfections to
simple matrix multiplications. For example, a stack consisting of N layers can be
represented as:(︄

A0

B0

)︄
= T01 ·

(︄
N∏︂

l=1
Pl · Tl,l+1

)︄
·
(︄

A′
N+1

B′
N+1

)︄
= M ·

(︄
A′

N+1
B′

N+1

)︄
(1.22)

where A0, B0 and A′
N+1, A′

N+1 denote the field amplitudes to the left and
right of the layer stack and correspond to ambient or the substrate, respectively.
The matrix M is the characteristic matrix of the entire structure, including the
substrate and the ambient medium. It can be represented in the following 2 × 2
form:

M =
(︄

M11 M12
M21 M22

)︄
(1.23)

In general, for multilayer structures, the expressions for Mjk become compli-
cated, but the reflectance R ant the transmittance T can be calculated as:

R = |r|2 =
⃓⃓⃓⃓
M21

M11

⃓⃓⃓⃓2
and T = |t|2 =

⃓⃓⃓⃓ 1
M11

⃓⃓⃓⃓2 tan θ0

tan θN+1
(1.24)

In this framework, all transfer matrix caluclations are performed with the com-
mercial software "FDTD 3D electromagnetic simulator"1.

1.2.1 One dimensional photonic crystal
To illustrate the use of transfer matrix method in the calculation of reflection

and transmission of a multilayer structure, the case of a periodic sequence of di-
electric layers with alternating refractive indices (nj) is considered. In this case,
multiple reflections occur which can interfere constructively if the thickness of each
layer is dj = λd/4nj, where j = H, L represents high and low refractive medium,
respectively. In this case, the phase shift of the reflected parts equals 2 · π/2. In
addition, the amplitude reflection coefficients for the interfaces have alternating
signs. Therefore, all reflected components from the interfaces interfere construc-
tively, having an overall phase shift of 2π, which results in a strong reflection at

1Lumerical, Inc.
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1.2 – Transfer matrix method

a certain design wavelength λd. This device is called distributed Bragg reflectors
(DBR), because of the analogy with the Bragg reflections of x-rays at crystal planes.
Despite the reflected light at a single dielectric interface is only few percent, a DBR
with 2N + 1 layers can strongly increase the reflectivity.

According to Eq. 1.22, the characteristic matrix for a DBR with a final top
layer of high refractive index is given by:(︄

M11 M12
M21 M22

)︄
= T0H(PHTHLPLTLH)NPHTHS, (1.25)

where the indices 0 and S stands for ambient and substrate, respectively.
The propagation matrix for quarter-wave layers (with ϕj = π/2), independent

of the material, is given by:

P =
(︄

i 0
0 −i

)︄
(1.26)

After calculating the dynamical matrices T , the matrix multiplication in Eq.
1.25 is carried out. The maximum reflectance of a DBR consisting of 2N + 1 layers
can be calculated using Eq. 1.24:

Figure 1.3: Calculated maximum reflectance versus number of bi-layers in the DBR,
with material combination: nH = 2.13 (Si3N4) or nH = 2.08 (Ta2O5) and nL = 1.46
(SiO2). Red dashed line represents the case of effective indices nH = 1.15 and
nL = 1.02

11



1 – Multilayered structures and electromagnetic surface waves

R =
(︄

1 − (ns/n0)(nL/nH)2N

1 + (ns/n0)(nL/nH)2N

)︄2

(1.27)

For large N , the reflectance R approaches unity exponentially as a function of N .
Figure 1.3 illustrates the reflectance of a DBR as a function on the number of layers
N , for three different sets of refractive indices. The black and grey lines correspond
to experimentally obtained refractive indices used in this thesis for DBR composed
of Ta2O5/SiO2 (nH/nL = 2.08/1.46) and Si3N4/SiO2 (nH/nL = 2.13/1.46). The
red dashed reflectance profile corresponds instead to the effective index contrast of
the circular DBR, described later in Chapter 3. It is worth noting that, in this case,
more layers are required to reach high reflectance values due to the small effective
index contrast (nH/nL = 1.15/1.02). All the calculated curves do not account for
losses in the materials nor the respective dispersion, meaning that, for realistic
media, it is not possible to reach R = 1 by increasing the number of layers.

Figure 1.4: Calculated reflectance profiles at normal incidence of lossless DBR
mirrors. Increasing the number of layer pairs N , the stop band becomes more
pronounced, while the extension ∆s is set by the difference in refractive index.
a) nH/nL = 2.08/1.46 (materials Ta2O5/SiO2). b) nH/nL = 1.15/1.02 (effective
indices in circular DBR, see Chapter 3).

In Figure 1.4, the reflectance spectra of DBRs with varying number of layers are
calculated using the transfer matrix method. The number of layer pairs ranges from
N = 3, 6, 10 in the case of DBR composed of Ta2O5/SiO2 (nH/nL = 2.08/1.46),
while N = 10, 20, 30 for the case of nH/nL = 1.15/1.02. In both cases, the re-
flectance within a certain spectral range increases with increasing number of layers.
This range is called stop band and is analogous to the band gap occurring in semi-
conductor crystals. When the ionic potential, that in semiconductor gives rise to
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1.3 – Bloch surface waves

the electronic band structure, is replaced by the dielectric function and the elec-
tronic wavefunction is replaced with an electromagnetic wave, a periodic dielectric
structure produces a photonic band structure. At the origin of the band gap is
the periodicity of either the electronic crystal or the DBR as a crystal for photons.
This is why such structure is called one dimensional photonic crystal (1DPC) [19].
The extension of the stop band (also called forbidden band) can be approximated
as [20]:

∆s = 2λd∆n

πn
(1.28)

where ∆n denotes the difference in refractive indices of the composing materials
and n = (nH +nL)/2. In Figure 1.4, the extensions of the stop bands are remarkably
different in the two cases, due to the different refractive indices contrast.

1.3 Bloch surface waves
So far, reflection and transmission properties of layered media have been dis-

cussed. In addition to these properties, layered media can also support confined
electromagnetic propagation, the so-called guided waves (or guided modes). In
this Section, the guiding properties of 1DPC sandwiched between two semi-infinite
bounding media are discussed. To study the propagation of confined modes, the
electric field distribution in bounded 1DPC can be written as E(z, t) = E(z)eiωt,
with:

E(z) =

⎧⎪⎪⎨⎪⎪⎩
B0e

q0z, z < 0
Aje

−ikjz(z−zj) + Bje
ikjz(z−zj), zj−1 ≤ z < zj

A′
se

−qs(z−zN ) zN ≤ z

(1.29)

with:

kjz =
[︃(︃

njω

c

2)︃
− k2

||

]︃1/2
,

q0 = ik0z =
[︃
k2

|| −
(︃

n0ω

c

2)︃]︃1/2
,

qs = iksz =
[︃
k2

|| −
(︃

nsω

c

2)︃]︃1/2
,

(1.30)

where k|| is the propagation constant along the x axis and kjz is the z compo-
nent of the wave vector in the layer whose index of refraction is nj. For confined
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1 – Multilayered structures and electromagnetic surface waves

mode, the two parameters q0 and qs must remain positive, meaning that the elec-
tromagnetic field intensity exponentially decreases moving away from the 1DPC in
the bounding media.

Following the formulation discussed in Section 1.2, the characteristic matrix M
can be obtained as reported in Eq. 1.22, relating the field amplitudes on both sides
of the 1DPC: (︄

0
B0

)︄
=
(︄

M11 M12
M21 M22

)︄(︄
A′

s

0

)︄
(1.31)

where the amplitudes A0 and B′
s have been set to 0 for confined modes whose

field amplitudes must vanish at infinity.
Once the Eq. 1.31 is obtained, the mode condition is given by:

M11 = 0, (1.32)

where M11 is a function of ω, k||, indices nj and thicknesses dj. Eq. 1.32 can
be used for a specific structure (nj, dj) and a specific frequency ω (or wavelength
λ) to solve for the propagation constant k|| of all the confined modes. The effec-
tive refractive index of each mode can be simply calculated as neff = k||(2π/λ0)−1.
Once the propagation constants k|| of the confined modes are obtained, the wave-
function of the modes can also be obtained by using the matrix method. Figure
1.5 shows the wavefunctions with the corresponding effective refractive index of the
modes calculated at λ0 = 570 nm for a 1DPC with N = 6 pairs of Ta2O5/SiO2,
corresponding to the structure described later in Chapter 4. The wavefunction of
TEj0 has exactly j zero crossings. What is remarkable is the wavefunction shown
in Figure 1.5h, which is very different from the rest. Its energy is mostly confined
near the interface 1DPC/Air. This mode is called Bloch surface wave (BSW), and
has crucial importance in this thesis.

The BSW dispersion relation can be easily visualized through the reflectance
map, calculated using the transfer matrix method. In this case, formula 1.24 can
be used to calculate the reflectance from the multilayer sustaining BSW for a range
of wavelengths and propagation constants k||. When the propagation constant
matches the BSW wavevector kBSW , the BSW is excited and a narrow dispersed
dip appears in the reflectance profile, since the energy of the BSW is confined at
the interface. Figure 1.6 shows the reflectance map corresponding to the multilayer
structure of Figure 1.5a, showing the well-defined dispersion relation of the TE-
polarized BSW. The angles of incidence θ with respect to the 1DPC normal is
used for the x−axis, θ being directly related to the propagation constants as k|| =
(2π/λ0)ns sin θ. The BSW dispersion relation appears above the glass/air critical
angle θc and lies within the stop-band of the 1DPC. The BSW wavevector can be
calculated as:
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1.3 – Bloch surface waves

Figure 1.5: Wavefunctions at λ0 = 570 nm of multilayer structure depicted in a,
composed of a glass substrate (ns = 1.5), a 1DPC with materials Ta2O5/SiO2
(nH/nL = 2.08/1.46, dH/dL = 95 nm/137 nm, last layer SiO2, 127 nm) and air.
The neff for each mode is reported. b-g Internal TEj0 modes of the multilayer,
each presenting j zero crossings. h Bloch surface wave confined at the interface
1DPC/air.
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1 – Multilayered structures and electromagnetic surface waves

kBSW = k0ns sin θBSW (1.33)

where k0 is the free space wavevector and θBSW is the coupling angle. The
propagation of such mode in the direction normal to the 1DPC surface is prohibited
both in the external dielectric medium (because of TIR) and in the multilayer, since
it lies within the stop-band. The width of the resonance is ultimately associated to
the overall losses and, consequently, to the decay length of the mode. The top layer
of the 1DPC is truncated, interrupting the periodicity of the underlying layers, in
order to tune the dispersion of the BSW or to maximize the field intensity at the
interface [21].

Figure 1.6: Reflectance map referred to the multilayer structure reported in Figure
1.5a. Below the glass/air critical angle, θc, the 1DPC stop band is highlighted by
the high reflectance region. Above θc the reflectance is high for every (λ, θ) point
in the map because of TIR, except for the narrow dispersion relation of the BSW.

1.3.1 Leakage radiation
Due to the evanescent nature of BSWs, it is not possible to directly couple freely

propagating light in air to BSW both in excitation and in collection. Since the BSW
momentum is larger than the free-space momentum of the ambient medium above
the 1DPC, a strategy to increase the momentum of the incident light is required. A
simple strategy, widely used also in plasmonics, is to couple the 1DPC with a prism,
as in the Rather Kretschmann or in the Otto configuration. In the ideal case of a
semi-infinite 1DPC, the reflectivity inside the stop band is 1. In real systems with
a finite number of layers, an evanescent tail is always crossing the 1DPC, giving
rise to a non-perfect reflectance. Such evanescent tail allows to couple the far-field
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radiation to BSW whenever the substrate has a refractive index higher than the
effective index of BSW [22]. The inverse process is also possible, i.e. the coupling
of BSW to far-field. While the BSW propagates at the 1DPC/air interface with
wavevector kBSW , some radiation can reach the substrate, showing a propagative
behaviour without attenuation at the coupling angle θBSW . This radiation is called
leakage radiation. In an ideal lossless and transversally infinitely extended 1DPC
with a finite number of layers, all the energy coupled to the BSW will be given
back through the leakage radiation in the glass substrate. For this reason, a small
fictitious absorption must be included in the materials properties when performing
transfer matrix calculation to extract the dispersion relation of the BSW from the
reflectance map. This is done by adding a small imaginary part (∼ 10−3) to the
refractive index of the top layers of the 1DPC, to ensure a correct absorption of the
leakage radiation and the appearance of the BSW dip in the reflectance map. This
is necessary because of the plane wave nature of the excitation used in the TMM.

BSWs have recently gained a great interest [23] because of the opportunities
they offer in flat photonics at visible and near− and mid−infrared frequencies
[24–36], BSWs can be considered as the photonic counterpart of Surface Plasmon
Polaritons (SPPs), although the physics is completely different: in the case of a
metallic surface, the localization of the field at the metal/dielectric interface is due
to a negative dielectric constant in the metal [37], while BSWs localization occurs
because of interference effects in the 1DPC [38]. Due to the phenomenological
analogy among SPPs and BSWs, many of the concepts and methods that apply to
SPPs can be imported when dealing with BSWs. Compared to SPPs, BSWs exhibit
some inherent advantages, mainly related to the lack of ohmic losses. This leads
to higher quality factor resonances with consequently longer typical propagation
distances [36]. Moreover, BSW feature narrower mode resonances and spectral
and polarization tenability, existing both in TE or TM polarization for properly
designed multilayers. The high energy confinement of BSW on top of 1DPC [21] can
be particularly advantageous to exploit coupling effects involving nanosources or
absorbers deposited on the surface [35, 39–45]. This concept is treated in Chapter
3, which will illustrate how the high energy confinement of BSW is exploited to
enhance the spontaneous emission decay rate of emitters embedded in BSW cavity.

1.4 Tamm plasmon polaritons
In the previous Section the properties of Bloch surface waves established at the

truncation interface of 1DPC have been discussed. BSWs have a wave vector ex-
ceeding that of light in vacuum, and therefore cannot be directly excited by light
that is simply incident on the surface of the 1DPC. However, there exist electro-
magnetic surface waves that can have a zero in-plane wave vector and therefore can
be produced by direct optical excitation. Such waves are called Tamm plasmons
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polaritons (TPPs), in analogy with electron states predicted by Tamm that can
occur in the energy band gap at a crystal surface. TPPs emerged recently from
the complex interplay between a metal layer and a periodic dielectric structure -
such as DBR - and have been studied by Kaliteevski et al. [46]. According to
their considerations, the metal/DBR structure results in the formation of localized
surface states at the interface. The confinement of the electromagnetic field is due
to the negative dielectric constant of metals below the plasma frequency ωp and the
photonic band gap (stop band) of the DBR [47]. Similarly to BSWs, TPPs show
interesting features:

• they are localized inside the DBR stop bands;

• the dispersion ω(k⃗∥) is parabolic in shape;

• in contrast to surface plasmon polaritons, Tamm plasmon polaritons can be
excited in both polarizations, in TE and TM;

• the splitting between the TE and TM polarized branches is proposed to scale
quadratically with the in-plane k vector;

• their in-plane wave vector is close to zero and they can therefore be excited
via direct optical excitation, conversely to BSWs;

• the dispersion relation can be modified by changing the thickness of both the
metal layer itself and the adjacent dielectric layers.

Sasin et al. reported the experimental observation of TPPs formed at the in-
terface between a gold film and a GaAs/AlAs DBR [48]. In a further step, efficient
out-coupling and beaming of TPPs was demonstrated by Lopez-Garcia et al. [49],
introducing a grating on the air-metal interface providing enhanced directionality
of the transmitted beam. Recently, the coupling of TPP to a monolayer of WSe2
with the formation of exciton-polariton has been studied [50] and the enhancement
of spontaneous emission in Tamm plasmon structures has been demonstrated [51].
In Chapter 2, an original concept for beaming and sorting the fluorescence emission
coupled to TPPs is discussed.

1.5 Multilayer fabrication and preparation
In the following, the principal fabrication techniques implemented for the pro-

duction of the multilayers of this thesis work are briefly discussed.
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1.5.1 Plasma enhanced chemical vapor deposition
Plasma enhanced chemical vapor deposition (PECVD) is a chemical vapor de-

position process used to deposit thin films from a gas state (vapor) to a solid state
on a substrate. Chemical reactions are involved in the process, which occur after
creation of a plasma of the reacting gases. This technique allows the element incor-
poration to be controlled by changing the percentage of the feedstock gases in the
reactor [52] with a thickness control at the nanometric scale [53]. The PECVD is a
modification of the CVD process, in which a plasma is used as a source of energy
in order to obtain the dissociation of the reactive gases at temperatures at which
they would not dissociate thermally. A plasma is any gas in which a significant
percentage of the atoms or molecules are ionized. There are three constituents:
neutral atoms or molecules (depending of the type of gas), ions and electrons. The
ratio between the number of ionized particles and the neutral ones is called degree
of ionization. The degree of ionization of the plasmas used for PECVD can vary in
the range 10−6 ÷ 10−4.

1.5.2 Plasma-ion assisted deposition
This technique belongs to the Physical Vapour Deposition (PVD) methods that

are conducted in high vacuum conditions. Material from a thermal vaporization
source reaches the substrate with no collision with gas molecules in the space be-
tween the source and substrate. The trajectory of the vaporized material is line-
of-sight. The vacuum environment also provides the ability to reduce gaseous con-
tamination in the deposition system to a low level. Typically, vacuum deposition
takes place in the gas pressure range of 10−9 to 10−5 mbar depending on the level of
gaseous contamination that can be tolerated in the deposition system. The material
vaporized from the source has a composition which is in proportion to the relative
vapor pressure of the material in the molten source material. Thermal evapora-
tion is generally done using thermally heated sources such as tungsten wire coils
or by high energy electron beam heating of the source material itself. Generally
the substrates are mounted at an appreciable distance away from the vaporization
source to reduce radiant heating of the substrate by the vaporization source. For
the PIAD technology a plasma ion source is installed in the center of the reaction
chamber. The high energetic ions that are emitted from the source and that are
accelerated towards the substrate holder allow to densify the growing layer very
effectively without heating of the substrates. The result is the production of con-
sistent film properties over a larger area than that covered with strictly ion sources
such as IAD. With IAD, current density is contained within a more restricted solid
angle and therefore limited area coverage.
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1.5.3 Atomic layer deposition
Although not directly involved in the production of the samples considered in the

following chapters, an important technique for multilayer fabrication implemented
in this thesis work is the atomic layer deposition (ALD). Introduced by Suntola
and Antson in 1977 for the deposition of ZnS thin films [54], is essentially based
on a chemical vapor deposition (CVD) process, although the ALD layers are more
conformal, homogeneous and controlled. This is due to the cyclic, self-saturating
nature of ALD process [55].

Figure 1.7: Illustration of the TiO2 coating mechanism by atomic layer deposition
with TiCl4 and H2O precursors. Reproduced from [56]

During atomic layer deposition a film is grown on a substrate by exposing its
surface to alternate gaseous species (typically referred to as precursors) in certain
duration so that the material has time to react with the substrate surface. In each of
these pulses the precursor molecules react with the surface in a self-limiting way, so
that the reaction terminates once all the reactive sites on the surface are consumed.
An example of ALD process for TiO2 film, using TiCl4 and H2O precursors, is
illustrated in Fig. 1.7. The ALD process is done from two different precursors, i.e.,
the reactant and the counter reactant. Each material is pulsed in the gas form for
a certain time to optimally react. Then the excess material is purged and replaced
by an inert carrier such as nitrogen or argon. Regulation of the temperature of the
process is essential, since any temperature out of range can lead to poor, defective
or non−ALD layers.

The ALD technique provides thin layers of material and its thickness can be
controlled by the number of cycles in the atomic scale. The gaseous reaction of
the materials with the surface allows a smooth and uniform layer even in vertical
surfaces and high aspect ratio patterns. In contrast to chemical vapor deposition,
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the precursors are never present simultaneously in the reactor, but they are inserted
as a series of sequential, non-overlapping pulses and the process temperature is
relatively low [55]. For growing metal oxide layers, H2O2, H2O, O3 or O2 from a
plasma can be used as the oxidant. In the case that the reactive oxidant is from
a plasma source, the deposition process is called plasma enhanced ALD (PEALD)
coating. Application of reactive plasma sources can allow to deposit the layers at
lower temperatures and they can be used for less reactive metals.
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Chapter 2

Tamm plasmon coupled
fluorescence in nanohole structure

2.1 Coupling of emitters with photonic structures
According to the Fermi’s “golden rule” applied to the decay properties of an

emitter, both the emission rate and the direction of emission can be affected by the
Local Density of electromagnetic States (LDOS) [57]. The available electromagnetic
modes in which photons can be radiated from a specific location are quantified by
the LDOS, in analogy with the electronic density of states (DOS). For example,
in the case of an ideal point-like emitter in free space, the available modes are the
infinite propagating plane waves, that are the eigen-modes of the vacuum. The
emission in this case results in a spherical isotropic radiation pattern.

The spatial variation of refractive index near the emitter can strongly modify its
emission properties, according to the local photonic band structure [58]. Because
of Bragg’s diffraction causing constructive or destructive interference along specific
directions, the radiation pattern can be angularly dependent [59]. For example,
a three-dimensional photonic crystal can completely inhibit the radiative emission
for a range of frequencies lying in the complete band gap [60].

In the past, photonic crystals have been employed in order to achieve high di-
rectionality of the emission, for application in different field such as biosensing [61]
and quantum information [62]. However they suffer from some inherent limitations.
First of all, as the electric field distribution associated with the photonic modes is
usually distributed inside the high refractive index material [63], the emitter it-
self has to be buried inside the photonic structure in order to efficiently transfer
the energy to the guided modes. This can be a limiting factor especially in sens-
ing applications. Another main disadvantage regarding photonic structure is that
the spatial dimensions required are of the order of the wavelength because of the
diffraction limit. Resonant metallic nanostructures exhibiting surface plasmons
can overcome such limitation. In particular, the exploitation of localized surface
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plasmon resonances (LSPRs) on metallic nanoparticles has led to the possibility
of localizing an extremely intense electromagnetic field in a deep subwavelength
volume, giving rise to the concept of optical nanoantenna [64].

This concept has been widely expoited in many fluorescence-based techniques,
where the omnidirectional emission of fluorophores makes it difficult to capture a
significant fraction of the total emission. It is well-known that an emitter lying
in close proximity with a metallic surface can couples to the surface plasmon, re-
sulting in the so called surface plasmon coupled emission (SPCE) [65]. This effect
occurs because of the strong modification of the LDOS induced by the resonant
metallic structure. This kind of near-field effect has been used to develop plas-
monic nanoantennas [66–70]. Examples include large single-molecule fluorescence
enhancements produced by a bowtie nanoantenna made of two closely placed tri-
angle gold nanoparticles [71] and the optical Yagi-Uda antennas that are analogous
to a traveling wave phase array antenna and can induce a strong directionality to
the coupled fluorescence emission [72]. A nanoaperture surrounded by a periodic
set of shallow grooves in a gold film has also been proposed for beaming and sort-
ing the fluorescence emission. For each fluorescence wavelength, the emitted power
is oriented along a specific direction with a given angular width, thus enabling a
micrometer-size dispersive antenna [73–77]. Periodic plasmonic structures (such as
finite-sized hexagonal arrays of nanoapertures milled in gold film) have also been
exploited to enable directional emission from single fluorescent molecules in the
central aperture [78]. The total emission intensity, integrated over the whole solid
angle, is often enhanced many fold as compared to the corresponding total emission
from a free-space dipole. This effect is thought to be due to several factors, such
as an increased excitation rate due to high light-induced fields in the structures,
an increased quantum yield due to increased radiative rates, and a decreased pho-
tobleaching [79, 80]. In previous works, controlling the directionality of emission
by means of plasmonic elements was demonstrated using complicated metal nanos-
tructures, while these effects were not reported with an isolated metal nanoaperture
[78, 81].

In this chapter, the possibility to obtain a highly directional fluorescent emis-
sion from a single nanoaperture in a metal film is shown. This effect is obtained
by fabricating the nanoaperture on a metallic film deposited on a multilayered
dielectric structure exhibiting a photonic band gap, supporting Tamm plasmon po-
laritons (TPPs) [46, 82] (see Figure 2.4a for a schematic view of the structure).
TPPs features, reported in Section 1.4, have already been exploited to obtain cou-
pled fluorescence directed along the surface-normal [83, 84]. However, as the TPP
maximum amplitude is located beneath the metallic film, an efficient coupled flu-
orescence is obtained only if emitters are sandwiched between the top dielectric
and the metal coating. This novel nanoaperture-based approach can overcome
this geometrical limitation and it does not require spatially extended structures.
The nanoaperture can greatly reduce the fabrication requirements and complexity
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of metal nanostructures. The main results presented in this Chapter have been
published in [85].

2.2 Tamm plasmon polariton coupled fluorescence
on flat metallic film

The enhanced density of electromagnetic states at the interface between the di-
electric multilayer and the metallic film modifies the emitting properties of a light
emitter thereon located [86]. The multilayer design proposed here is composed by
six pairs of an high index layer Si3N4 (nh = 2.13 at 580 nm) and a low index layer
of SiO2 (nl = 1.46 at 580 nm). The thicknesses are respectively 55 nm and 105 nm.
On top of the multilayer, a 200 nm thick layer of silver is deposited. The structure
was fabricated by the plasma enhanced chemical vapor deposition technique, de-
scribed in Section 1.5.1, and it is sketched in the inset of Figure 2.1b. The top Si3N4
layer that is in contact with the silver film is about 53 nm thick, which enables the
Tamm plasmon resonant wavelength at 580 nm with near-normal incidence. The
fabrication was performed entirely by the équipe of Prof. Douguo Zhang. In Fig-
ure 2.1a and 2.1b the reflectance maps calculated with transfer matrix method for
s-polarization and p-polarization are shown. In contrast to a conventional surface
plasmon polariton, optical Tamm states can be formed in both the s and p polariza-
tions. In the inset of Figure 2.1b, the photonic band gap opened by the multylayer
structure without the silver film is shown, demonstrating that the Tamm Plasmon
dipersion lies in the bandgap region.

As already discussed in Section 1.4, TPP are confined at the interface between
the Bragg mirror and the metal film. It is possible to calculate the field distribution
inside the structure by implementing the tranfer matrix method. In Figures 2.2a
and 2.2c the TPP electric field intensity profile of the multilayer design proposed
here are reported, for normally incident excitation. As expected from the Reflec-
tivity maps, when the incident wavelength is 580 nm, the TPP mode is excited at
normal incidence, while other internal modes are excited at non-normal incidence
(Figures 2.2b and 2.2d).

In order to evaluate the near-field coupling of an emitter with the Tamm Plas-
mon, a 2D FDTD model is implemented using the software Lumerical (Figure 2.3a
and 2.3b). The modelling domain is a vertical cross-section of the multilayer and
the emitter is placed immediately below the interface between the top Si3N4 layer
and the silver film. The entire domain is surrounded by perfectly matched layers
(not shown in the figure) so that boundary reflection are avoided and the domain
resembles an open domain.

The field radiated by the dipolar emitter should match the polarization of the
mode in order to have an effective coupling. In the case of the Tamm plasmon
mode this is true in both s and p polarizations, since the mode exists in both the
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Figure 2.1: a) Calculated reflectivity map, for s-polarization, function of the in-
cident wavelength and the angle of incidence with respect to the normal to the
surface. b) Calculated reflectivity map for p-polarization. Both a) and b) are
referred to the multilayer design sketched in the inset. The band gap opened by
the 1DPC (i.e. the multilayer deprived of the top metal layer) is shown in the inset.
The TPP dispersion lies inside the band gap region.

polarizations, as seen in the reflectance maps above. It should be noted that an
effective near-normal radiation can only happens for the s-polarized dipolar emitter,
since the p-polarized emitter does not emit along the dipolar axis.

The modeling result shows that there is a cone of light transmitted through the
multilayer into the glass (Figure 2.3a). Such transmission is well understood as
the signature of the TPP coupling. In fact, due to the near-zero wavevector of the
TPP mode, the TPP coupled fluorescence cannot propagate transversally to the
multilayer structure but can only leaks into the glass substrate. According to the
momentum conservation law, the leakage radiation propagates into the substrate
at a specific angle determined by the TPP dispersion relation according to the
following relation:

kT P P = k0nglass sin(θT P P ) (2.1)
Where kT P P is the TPP wavevector, k0 is the free-space wavevector, nglass is

the substrate refractive index (in this case nglass = 1.51) and θT P P is the leaking
angle.

Since TPP are characterized by a well-defined dispersion relation, different
wavelengths will couple to TPP with different wavevector and will be therefore
out-coupled at different angles. A tool provided by Lumerical allows to compute
the far-field distribution. The standard Lumerical Stratton-Chu near to far-field
projection technique is applied to project the near-field to a 1 m radius semi-circle
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Figure 2.2: Calculated electric field intensity (E2) distributions within the Tamm
plasmon structure, with incident angles fixed at the resonant angle of TPPs (0◦ in
a and b) and internal mode (40.17◦ in b, 35.47◦ in d). The incident wavelength
is 580 nm. The light is s-polarized (a, b) and p-polarized (c, d). The optical
field distribution of the Tamm plasmon mode is the same for two polarization
states. The s-polarized internal mode has a different field distribution from that of
p-polarization. Reproduced from [85].

away from the structure in the glass side. A broadband excitation pulse corre-
sponding to a band of different oscillating frequencies has been set for the dipole
in the simulation, and the corresponding far-field radiation pattern has been com-
puted for each of them. In the polar plot in Figure 2.3c and 2.3d, three exemplary
calculated far-field patterns at three different wavelenghts are presented where a
change in the output angle is observable. Away from the wavelength corresponding
to near-normal radiation (580 nm), the radiation is no more directed to the normal
direction.

2.3 Coupling of fluorophores in single nanoaper-
tures

As reported in the previous Section, TPPs are characterized by an electro-
magnetic energy distribution that is highly localized at the interface between the
metallic film and the mutilayer and have close-to-zero in-plane wavevector com-
ponents (kT P P ) at certain wavelengths. Nanoapertures in the metallic film are
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Figure 2.3: Calculated near-field distribution of the electric field intensity radiated
by an emitter modeled with a dipole. The dipole axis is a) parallel or b) normal
to the surface plane, showing no emission normally to the surface in b). c), d)
Calculated far-field radiation pattern corresponding to the near-field distribution
in a) and b) for different radiated wavelengths. The radiation pattern shows the
dispersive behaviour of the TPP-coupled fluorescence and the highly directional
emission in c).
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thus necessary in order to guarantee an efficient coupling of the emitters, that
must be sandwiched between the metallic coating and the top dielectirc otherwise.
Nanoapertures are fabricated by focused ion beam milling in silver films. Figure
2.4 presents the experimental configuration (a) together with scanning electron
microscopy (SEM) view of the sample (b). The silver essentially eliminates trans-
mission through the structure and confines the observation volume to the isolated
aperture. The diameter (D) of the aperture is about 620 nm. Also, several diame-
ters (D) of the aperture are considered in the subsequent experiments. An ethanol
solution containing fluorescent molecules (rhodamine B, RhB) with 10−4 M con-
centration was spotted on top of the sample to fill the aperture. The excitation
laser light is focused from the bottom of the sample (glass substrate) by means of
a NA= 1.35 oil immersion objective (Figure 2.5). The illumination wavelength is
set at 532 nm and the polarization is linear. To analyze the angular fluorescence
emission, the fluorescence intensity distribution is collected by means of back focal
plane (BFP) imaging onto a scientific camera (Andor, Neo sCMOS). The exper-
iment was entirely conducted by the équipe of Prof. D. Zhang and Prof. J. R.
Lakowicz.

In BFP images, the fluorescence intensity is distributed according to the emis-
sion direction. More specifically, the radial coordinate scales as n sin(θ), where n
is the refractive index of the external medium [87, 88] and θ is the polar emission
angle with respect to the optical z-axis. In the setup, an oil-immersion objec-
tive is used, therefore, n = 1.515 (refractive index of the oil matched that of the
glass substrate) and the polar angle θ is the fluorescence emission angle in the oil
medium. Upon averaging over the azimuthal angle, fluorescence radiation patterns
can be calculated as a function of the polar angle θ. Another CCD (Lumenera’s
INFINITY2-1M digital CCD camera) is used for front focal plane (FFP, or direct
space) imaging. In the measurements, rhodamine B (RhB) dyes are used. The
fluorescence spectrum (Figure 2.4d) collected by means of a spectrometer (ihR 550,
HORIBA Scientific) is a broad one, typical for the RhB emission. To collect spec-
trally resolved fluorescence images from the TPP structure, three bandpass filters
are used, with center wavelengths at 560 ± 2, 580 ± 2, and 600 ± 2 nm (full width
at half-maximum = 10 ± 2 nm).

2.3.1 Angular distribution of radiation in far field
Experimental FFP and BFP images with a single nanoaperture (D = 620 nm)

at three selected fluorescence wavelengths are presented in Figure 2.6. The FFP
images clearly show that the fluorescence is only emitted from the nanoaperture
location, thus demonstrating that silver film is thick enough to block the fluores-
cence from emitters outside the aperture. The BFP images display remarkable
differences with the three selected emission wavelengths. At wavelength of 580 nm,
a beam surrounded by a ring at a larger angle is observed. At 560 nm, the central
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2 – Tamm plasmon coupled fluorescence in nanohole structure

Figure 2.4: a) Schematic view of the Tamm plasmon structure. Rhodamine dyes
in a solution of ethanol are spotted on top of the sample to fill the nanoaperture.
b) SEM image of the metal aperture milled in a silver film 200 nm thick. The
diameter (D) of the aperture is about 620 nm. c) Reflection spectrum from the
sample shows a dip located at 577 nm wavelength. d) Fluorescence spectrum of
the RhB molecules dissolved in ethanol solution. The peak wavelength is located
at 580 nm. Three narrow bandpass filters with wavelengths at 560, 580 and 600 nm
were used to select fluorescence wavelength. The filters spectral width is 10 nm.
Reproduced from [85].

beam expands to a ring, whereas at 600 nm, no central beam is found.
To better evaluate the differences in the radiation patterns, a polar plot (Figure

2.6g) of radiated flux per solid angle (θ) is reconstructed by averaging the radiated
power over the azimuthal angle (ϕ). In the data processing, the fluorescence inten-
sity on the positions of the same polar angle (θ) but with different azimuthal angle
(ϕ, ranging from 0◦ to 360◦) will be summed, then this sum represents the fluores-
cence intensity at this selected polar angle (θ) as shown in Figure 2.6g. The angular
resolution of the objective is estimated to be 0.2◦. A narrow beam with an angular
width of about 19.4◦ (full width at half-maximum) appears in the direction normal
to the glass for emission wavelength at 580 nm. At 560 nm emission wavelength,
the fluorescence is directed at a polar angle θ = 17.6◦, with an intensity minimum
along the direction normal to the sample surface. Based on previous works [83, 84],
emission peaks at 0◦ (λ = 580 nm) and 17.6◦ (λ = 560 nm) correspond to the Tamm
plasmon coupled emissions (TPCEs), where TPPs are confined between the metal
film and the dielectric multilayers. The emission peaks at 32.6◦ (for λ = 580 nm)
and 38.8◦ (for λ = 560 nm) are associated to fluorescence coupled to internal modes
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Figure 2.5: Schematic of the experimental setup. A laser beam at 532 nm wave-
length is expanded by a lens array to fully fill the rear aperture of an oil immersed
objective (60X, NA= 1.35). A linear polarizer is put after the laser source. The
emission from the sample is collected by the same objective and then directed into
two cameras. One is used to record the fluorescence intensity distribution on the
back focal plane of the objective and the other is for the front focal plane im-
age. Three band pass filters with center wavelengths at 560, 580 and 600 nm are
used to select the fluorescence at particular wavelength to reach the two detectors.
Reproduced from [85].

of the dielectric multilayer (referred to as internal mode coupled emission, IMCE).
The IMCE angles are determined by the mode in-plane wavevector components at
the corresponding wavelengths. Similarly, because of the small in-plane wavevector
components of TPPs, the observed TPCE is directed almost normally to the sam-
ple. In fact, at λ = 580 nm, the dominant Tamm plasmon resonant angle (TPRA)
is nearly 0◦. The TPRA increases as the fluorescence wavelength decreases. For
example, at λ = 560 nm, the observed TPRA is 17.6◦ [89]. On the other hand,
if the fluorescence wavelength increases, for example, at λ = 600 nm (Figure 2.6f
and 2.6g), the corresponding TPP coupled emission disappears, as no Tamm plas-
mons are available at this wavelength. The changes of TPRA with the wavelength
are consistent with the calculated angle-dependent reflectivity curves (Figure 2.1),
where the TPRA is 17.3◦ (for p-polarization) or 18.1◦ (for s-polarization) for 560 nm
wavelength and 0◦ for 580 nm wavelength. The structure does not support Tamm
plasmons at λ = 600 nm and no resonant dip appears at that wavelength. The
optical field of internal modes is mainly confined inside the dielectric multilayer
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Figure 2.6: FFP fluorescence images from the sample at three selected wavelengths,
560 nm a), 580 nm b), and 600 nm c). d), e), and f) are the corresponding BFP
images. Arbitrary units are used for the colorbar. The green circles on (a-c) label
the focused spot of the excitation laser beam (532 nm wavelength). The white
dashed circles on d) represent the largest collection angle (θ = 63◦) determined
by the NA of the objective (1.35). The short red dashes represent Tamm plasmon
coupled emission (TPCE) and the long red dashes internal mode coupled emission
(IMCE). The polar angles (θ) of TPCE and IMCE are 17.6◦ and 38.8◦ d) and 0◦

and 32.6◦ e), respectively. For the wavelength at 600 nm, only IMCE appears at
27.7◦. g) Angular radiation patterns in the polar angle (θ) as derived from BFP
images (d-f). The arrows (a, d) show the polarization of the incident laser beam
(vertical direction for FFP images and horizontal direction for BFP images). The
angular resolution of the objective is estimated to be 0.2◦. Reproduced from [85].
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(Figure 2.2b, 2.2d), with evanescent tails leaking out in the outer medium. How-
ever, a weak coupling of fluorophores with the internal modes is still observed.
These experimental results demonstrate that the interplay of a single aperture in
a metallic film with a dielectric multilayer may result in a directional sorting of
the fluorescence emitted by dyes within the aperture itself, whereas no significant
directional feature is observed for nanoapertures on metal-coated glass substrate
[78, 81]. More importantly, the results shown in Figure 2.6 indicate that emitters
can still couple with Tamm plasmons without being necessarily located underneath
the metal film.

Experimental results are well supported by rigorous calculations. The near-field
interaction of the emitter with the structure is investigated by means of 3D FDTD
model (Lumerical Inc.). Single dipoles are placed at the bottom of a 600 nm diam-
eter aperture, in a central position, with dipole momentum oriented either perpen-
dicular (vertical) or parallel (horizontal) to the sample surface. Upon calculation
of the near-field energy distribution in a close volume surrounding the sources, a
far-field projection is performed to get the free-space emitted power in the glass
half-space. Results are shown in Figure 2.7. When dealing with horizontally ori-
ented dipoles, the radiation patterns presented in Figure 2.7a-c are calculated by
averaging the emitted power from multiple dipoles having momentum laying on
the sample surface with a varying azimuthal orientation over a 2π range. In this
way, the axial symmetry about the dipole momentum of the emitters is eliminated.
Moreover, azimuthally homogeneous intensity distributions, that provide a closer
picture to the experimental observations, are obtained. The FDTD calculations
have been performed by considering emitters with a well-defined orientation and
position with respect to the nanoaperture to illustrate the coupling mechanism
with photonic and plasmonic modes of the structure. It is worth recalling, how-
ever, that the experimental observations are related to RhB molecules in ethanol,
which are continuously moving and rotating at random, in time. At λ = 560 nm
(Figure 2.7a,d), both horizontal and vertical dipoles are shown to contribute to
TPCE at leakage angles according to the Tamm plasmon dispersion curve for s-
and p-polarizations (see Figure 2.1). At λ = 580 nm, Tamm plasmons have small
in-plane wavevector components and an electric field oriented mainly parallel to
the multilayer surface. Therefore, horizontally oriented dipoles will preferentially
contribute to TPCE (Figure 2.7b), which is angularly distributed within a nar-
row beam about the surface normal. Vertically oriented dipoles are substantially
polarization-mismatched with TPPs, thus resulting in a weak TPCE (Figure 2.7e).
At λ = 600 nm, no Tamm plasmons are available (see Figure 2.1) and all dipoles
weakly couple to internal modes of the multilayer, depending on their polarization
orientation (Figure 2.7c,e).
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Figure 2.7: Calculated angularly resolved (normalized) power emitted at 560, 580
and 600 nm wavelength in the glass substrate from horizontally oriented dipoles (a-
c) and vertically oriented dipoles (d-f) placed within a 600 nm diameter aperture.
Reproduced from [85].
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2.3.2 Effect of the diameter of the nanoaperture
In the following experiment, four isolated apertures with diameters D = 200,

400, 800 and 1000 nm are investigated to show the effect of the aperture diameter
on the directional coupled emission. Nanoaperture SEM micrographs, FFP and
the corresponding BFP fluorescence images are shown in Figure 2.8. The emission
radiation patterns from single apertures are also shown, as observed on the BFP.
For aperture having D = 200 nm, the IMCE is suppressed relative to the TPCE
at λ = 560 nm and 580 nm, and only one emission peak (TPCE) is dominant in
the radiation pattern (Figure 2.8 a). With an increasing aperture diameter, the
IMCE becomes stronger and finally approaches the intensity of TPCE in the case
of D = 1000 nm (Figure 2.8 d).

This effect can be explained by assuming that coupling with TPPs occurs prefer-
entially in proximity of the bottom aperture boundaries, close to the lateral metallic
walls. Instead, all dipoles filling the inner area of the aperture will preferentially
couple with the multilayer internal modes or directly to the free space, as TPPs
are not available anymore. As a result, for an increasing aperture diameter, the
TPCE intensity is expected to increase proportionally, but the relative TCPE in-
tensity over the total emission intensity follows an opposite trend. Apart from a
change of the intensity ratio between TPCE and IMCE, the TPCE angular width at
580 nm wavelength is also increased gradually with increasing diameter. The min-
imum angular width is 12.5◦, observed at D = 200 nm (Figure 2.8 a). Differently
from previous reports on plasmonic antennas that can direct the fluorescence beam
along a specific direction for each emission wavelength, in this case, fluorescence
is directed along two specific directions (TPCE and IMCE). The influence of the
aperture size on the directional sorting of fluorescence emission provides a means
to control the intensity ratio of fluorescence beams along the two specific directions
by tuning the relative weights of TPCE and IMCE.

2.3.3 Effect of the shape of the nanoaperture
Finally, triangular and squared apertures are demonstrated to control the fluo-

rescence emission. One of the advantages of single nanoapertures in manipulating
the fluorescence emission is that single apertures can be fabricated with low cost
over large scale for high-throughput sensing. Each aperture can work as a single
antenna to manipulate the fluorescence emission, and the aperture array can be seen
as a set of parallel antennas. The advantage of this arrangement is investigated by
considering two arrays of 5 × 5 triangular and square nanoapertures, as shown in
Figure 2.9a,e. The side length is 804 nm for the triangular and 532 nm for the
square aperture, which results in nearly equal area for both types. The period of
the aperture arrays is 1.5 µm, which is larger than the Tamm plasmon propagation
length l in the wavelength range of rhodamine B emission. The propagation length
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Figure 2.8: SEM images, FFP and BFP fluorescence images from the single
nanoaperture with diameter D of about 200 nm (a1-a4), 400 nm (b1-b4), 800 nm
(c1-c4), 1000 nm (d1-d4). Arbitrary units are used for the colorbar. Two band
pass filters with center wavelengths at 560 nm and 580 nm are used. The arrows
(a2, a3) show the polarization of the incident laser beam (vertical direction for
FFP images and horizontal direction for BFP images). a)-d) Angular radiation
patterns in the polar angle (θ) from single nanoaperture with diameter D of about
200 nm (a), 400 nm (b), 800 nm (c), and 1000 nm (d). Adapted from [85].
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of the Tamm plasmon grows as the propagation constant increases [90] and it
is estimated to be l ≈ 1.1 µm for the highest propagation constant available for
coupling within the spectra of rhodamine B emission. The excitation laser beam
was focused onto the central aperture of the two arrays (Figure 2.9b,f). The FFP
fluorescence images show that the maximum of fluorescence intensity is associated
to the central aperture. The BFP images at two selected fluorescence wavelengths
(560 nm (Figure 2.9c,g) and 580 nm (Figure 2.9d,h)) are similar to Figure 2.6d,e.
Despite a different shape, TPCE is beamed normally to the sample (at 0◦) for
580 nm and at 20.0◦ for 560 nm emission (Figure 2.9i,j).

Figure 2.9: SEM images (a, e), FFP (b, f), and BFP (c, d, g, h) fluorescence
images from the samples with 5 × 5 apertures array. The apertures are filled with
ethanol solution of rhodamine B. The nanoapertures have a triangular shape with
side length 804 nm (a-c) and a square shape with side length 532 nm (d-f). (i,
j) The radiation patterns derived from the corresponding BFP images, (c, d) and
(g, h), respectively. The arrows (b, c) show the polarization of the incident laser
beam (vertical direction for FFP images and horizontal direction for BFP images).
Arbitrary units are used for the colorbar. Adapted from [85].

This observation suggests that the angular dispersion of the coupled emission is
independent of the aperture shape, as far as dye molecules can be near-field coupled
to the Tamm plasmon confined beneath the silver coating. In the experiment, if the
laser beam is focused into other apertures of the array, the radiation pattern does
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not change, meaning that each aperture can work independently as an individual
antenna. If the distance between each aperture is further increased to several mi-
crometers, the eventual coupling between apertures can be totally ignored. Because
the angular distributions are the same for a single aperture and the 5 × 5 aperture
arrays, the overall TPP resonance was not significantly affected by the selective
removal of metal corresponding to each aperture. This is a favorable result of the
use of these structures in DNA sequencing or other highly multiplexed assays.

2.4 Conclusions
The present results, fruit of the collaboration with Prof. D. Zhang and Prof.

J. R. Lakowicz, significantly extend the scope of previous observations concerning
fluorophores coupled to Tamm plasmon structures [89, 91–93]. In those works the
fluorophores were located under a continuous metal film. Embedding molecules
below the metal film is not favorable for applications in fluorescence sensing or
imaging, especially for liquid samples. In this chapter it is demonstrated that cou-
pling can also occur when fluorophore is located within the apertures in the metal
film of a Tamm structure, regardless of the aperture shape. In this configuration,
fluorescent probes can be located inside the metal aperture without necessarily be-
ing buried below the metal film. The aperture can also be filled with probes at
different emission wavelengths to implement a high-throughput sensing.
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Chapter 3

Bloch surface wave cavity for
spontaneous emission decay rate
enhancement

Since the pioneer work of Purcell [94] it is well known that the emitting prop-
erties of a light source can be strongly modifed by the photonic environment. If
an emitter couples to a resonator, its spontaneous emission rate (SE, inverse of the
relaxation time) is governed by the quality factor (Q) and modal volume (V ) of the
resonator. The Purcell factor Fp = γ/γ0 ∝ Q/V quantifies the enhancement of the
spontaneous emission rate γ compared to its free space value γ0. The spontaneous
emission can be also inhibited in a photonic crystal, as Yablonovitch proposed in
1987 [1], since no mode is supported in the band gap. His work was notably mo-
tivated by elimination of unwanted spontaneous emission in semiconductor lasers
or solar cells. He also discussed the possibility to improve laser emission by re-
stricting the spontaneous emission to a chosen electromagnetic mode. This has
opened the way to fluorescence control in optical microcavities with applications
as bio-chemical sensing, photovoltaic systems, quantum cryptography and light
nanosources (for a review, see [95] and [96]). The main results presented in this
Chapter have been published in [97].

3.1 Purcell factor
Let us take a closer look at two parameters Q and V , which will play an impor-

tant role through this chapter. The quality factor Q is defined as the ratio between
optical energy stored in the cavity and energy loss per-oscillation cycle. It also de-
termines the linewidth in frequency of the resonance. A mathematical expression
can be written as:
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Q ∝ Energy stored in cavity
Energy dissipation per oscillation cycle ≈ ω0

∆ω
≈ λ0

∆λ
(3.1)

where ω0, λ0 are resonating angular frequency and wavelength of the cavity and
∆ω, ∆λ are the linewidth in frequency and wavelength domain.

The modal volume V characterizes the electric field confinement of a specific
optical mode and can also be expressed as:

V =
∫︁∫︁∫︁

|En|2dr

Max(|En(rn)|2) (3.2)

where En is the elctric field associated to the nth optical mode, with the max-
imum at the nth mode antinode rn. A very interesting point is that Q and V ,
that are properties of the cavity mode independently of the emitter properties, can
describe the light-matter interaction in a cavity and quantify the Purcell factor.
To understand how this can be true, we can refer to Fermi’s golden rule, according
to which the spontaneous emission decay rate in a cavity can be expressed as a
function of the partial local density of states (P-LDOS) of the cavity at the emitter
position r:

γ(r)
γ0

= ρi(r, ω)
ρ0

i (ω) (3.3)

In this expression, ρi(r, ω) is the partial local density of states, according to
the dipole orientation (i = x, y, z), and ρ0

i (ω) = ρ0(ω)/3 = ω2
0/(3πc3) is the free

space P-LDOS (units s · m−3). Finally, the LDOS is the key parameter to describe
spontaneous emission in a cavity. It is possible to show that the spectral shape of
the P-LDOS is explicitly related to the Q factor and the spatial shape is explicitly
related to the mode volume V . A full treatment of the Purcell factor in a medium
of optical idex n1 leads to [14]

Fp = γ

n1γ0
= 3

4π2

(︄
λ

n1

)︄3
Q

V
(3.4)

where γ refers to the coupling to a given bound mode of the cavity (so that
the mode volume can be defined). By looking at this formula, it is clear that the
highest light-matter interaction in a cavity, and so the highest Purcell factor, is
achieved for high Q/V ratio.
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3.2 State of the art for optical resonators for Pur-
cell effect

Figure 3.1 shows estimated Q and V values for various optical resonator devices.
On the top right corner are dielectric microcavities, subject of intensive studies
since decades [8, 10, 97–116]. Optical microcavities exhibit huge resonance qualities
(Q > 1000 and up to 109) enabling to reach high Purcell factors. Nevertheless, they
present the main disadvantage to badly confine optical modes. In fact, the mode
confinement is diffraction limited. Dielectric optical cavities are able to enhance the
emission drastically (Fp > 100) given the high quality factors of their resonances.
Anyway the high quality factors are often achieved at the expense of the mode
volume.

Figure 3.1: Overview on typical Q and V values for various kinds of optical res-
onators. Adapted from [10, 97, 98, 111, 117–121]

In order to overcome these limitations, plasmonic nanostructures are a promis-
ing alternative. With the ability of concentrating light within the sub-wavelength
scale, plasmonic cavities are capable of exploring light-matter interactions in a
regime that cannot be achieved with dielectric structures. Several kinds of di-
electric resonators have been transposed into plasmonic paradigm in last decades,
exploiting the sub-wavelength domain with structures such as plasmonic crystal
cavities [117, 122], surface-plasmon whispering gallery resonators [123–126], and
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other plasmonic cavities [118, 127, 128]. Some of these devices are shown in fig-
ure 3.1, where they occupy the central region with relatively small Q factors but
very small modal volume. However, applications of these plasmonic cavities are
strongly limited by the lossy nature of metals and the metal-induced quenching
effect. Therefore, a plasmonic cavity must be designed and modified with a clear
purpose for the application.

The smallest modal volumes are achieved by plasmonic nano-antennas. Nano-
antennas have the ability to concentrate optical field into a volume as small as
10−3λ3, hence provide strongly enhanced light-matter interaction at the field maxi-
mum [71, 119–121, 129–131]. However, the lossy nature of the metal eliminates the
possibility for forming extremely high Q plasmonic cavities. Therefore, instead of
being designed to confine the fields for a long time, these resonators are usually de-
signed to couple well with radiation modes so they can either concentrate incident
fields into a small spot or guide emission from molecules in the device to free space
radiation. They usually have relative low Q (< 10), as shown in the bottom left
corner of Figure 3.1. The fact that the Q is so low for these antennas allows broad
band emission enhancement but at the cost of their frequency selectivity. Finally,
an important class of devices to manage the spontaneous emission at the nanoscale
introduced recently are based on metamaterials [45, 132–135].

3.2.1 The concept of Bloch surface wave cavity
So far, we have seen there exist two widespread approaches to target the man-

agement of light emission, based on plasmonic structures and dielectric photonic
cavities. Both approaches have demonstrated a high potential in controlling spec-
tral, angular and temporal features of the emission, exhibiting rather complemen-
tary advantages, and many efforts are nowadays undertaken to find hybrid solutions
taking the best from the two sides. However, in order to reach higher Purcell fac-
tors for SE, the emitters have to be located in close proximity of the LDOS local
maxima [9]. In dielectric PCs, this might be difficult to attain, as photonic modes
are preferentially confined within high-index regions of the structure, [10] with
only evanescent tails leaking in the surrounding medium. In plasmonic resonators,
although high LDOS can be produced at dielectric/metallic interfaces, a main limi-
tation is found in the strong absorption at visible wavelengths [136]. When dealing
with nanoresonators, a general issue is represented by the typically low directional-
ity of the power radiated in free space. Although individual objects, such as metallic
resonant nanostructures [71, 129], can be designed to shape their angular radiative
pattern, an accurate control on the coupled-emission direction can be achieved by
employing more spatially extended [137, 138] or periodic structures.

In this chapter I will illustrate an original concept for enhancing the radiative
decay rate and directing the emission of organic dyes located on the surface of a
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patterned dielectric multilayer stack. The multilayer (also referred as one dimen-
sional photonic crystal, 1DPC) supports Bloch surface waves (BSW), discussed in
Section 1.3, which are exploited as a mean to resonantly transfer energy from emit-
ters to free-space, through a resonant coupling effect. The high energy confinement
of BSW on top of properly designed multilayers [139] can be particularly advan-
tageous to exploit coupling effects involving nanosources or absorbers deposited
on the surface [35, 39–45], for example, in sensing applications [140, 141]. In the
present case, BSWs are exploited for a 2-fold goal, namely, to enhance the decay
rate of fluorescent molecules within a surface circular cavity and to deliver the ra-
diated coupled power away from the cavity region toward a diffractive element for
further free-space out-coupling.

3.3 Bloch surface wave coupled fluorescence on
flat multilayer structure

The 1DPC consists of a dielectric multilayer made of a stack of Ta2O5 (high re-
fractive index) and SiO2 (low refractive index) layers, deposited on a glass coverslip
(150 µm thickness) by plasma ion-assisted deposition under high vacuum conditions
(APS904 coating system, Leybold Optics). The stack sequence is substrate−[Ta2O5−
SiO2] × 10 − Ta2O5 − SiO2−PMMA with 23 layers in total, including PMMA. The
Ta2O5 layer (refractive index nTa2O5 = 2.08) is 95 nm thick, and the SiO2 layer (re-
fractive index nSiO2 = 1.46) is 137 nm thick. The top SiO2 layer on top of the stack
is 127 nm thick. On top of the structure is a 75 nm thick layer of dye-doped PMMA
that is spun for pattern fabrication (nPMMA = 1.48). The multilayer supports TE-
polarized BSW localized at the top interface, at wavelengths below 600 nm. BSWs
are tightly bound to the surface and can propagate for several hundreds of microns,
as the number of stack layers is large enough to reduce significantly losses due to
radiation leakage through the glass substrate [142]. In figure 3.2a and 3.2b the
reflectance maps calculated with transfer matrix method for TE-polarized BSW
for bare multilayer and PMMA-topped multilayer is shown. The deposition of the
PMMA layer redshifts the BSW dispersion curve by virtue of the well known di-
electric loading effect [36]. In the inset of figure 3.2b, a cut of the map at a fixed
wavelength (λ = 570 nm, along the blue dashed line) shows that the resonance has
a FWHM of ∼ 0.05 degrees. The width of the resonance is ultimately associated
to the overall losses and, consequently, to the decay length of the mode. A cross
section of the electric field distribution along the structure (figure 3.2c and 3.2d, flat
and PMMA-topped respectively) puts in evidence that the mode has its maximum
in close proximity to the truncation interface and that it is exponentially decaying
in the air. Moreover the redshift of the dispersion due to the presence of PMMA
provides more confinement to the mode, as the dispersion lies more deeply into the
photonic band gap of the 1DPC at λ = 570 nm.
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Figure 3.2: Calculated reflectivity map for TE-polarized BSW, bare multilayer and
PMMA-topped mutlilayer a) and b), respectively. In the insets, the sketches of
the multilayer structures. A cut of the dispersion realtion in b) at λ = 570 nm is
reported in the inset of b). In c) and d) the BSW electric field intensity profile
along the orthogonal direction with respect to the multilayer surface are reported.
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It is possible to evaluate the near-field coupling of an emitter with BSW by
modeling the system in 2D FDTD model implemented in "FDTD Solutions" by
Lumerical, as already shown for the case of coupling to Tamm plasmon in Section
2.2. The field radiated by the dipolar emitter can couple to the BSW only if the TE
polarization is matched (figure 3.3a). By placing the emitter with its dipole moment
oriented orthogonal to the sheet, the Poyinting vector lies in-plane and the BSW
propagates along the truncation interface, as reported in figure 3.3a. Conversely,
the emitter does not couple to the BSW if it is oriented perpendicularly to the
surface, as in figure 3.3b.

Figure 3.3: Calculated near-field distribution of the electric field intensity radiated
by an emitter modeled with a dipole. The maps have been apodized in order to
get rid of the diverging dipole sources. The dipole axis is a) parallel or b) normal
to the surface plane, showing no coupling to TE BSW in b). c), d) Calualted
far-field radiation pattern corresponding to the near-field distribution in a) and
b) for different radiated wavelengths. The radiation pattern shows the dispersive
behaviour of the BSW-coupled fluorescence and the highly directional emission in
c).

According to the momentum conservation law, the leakage raditation propagates
into the substrate at a specifc angle determined by the BSW dispersion relation
according to the following relation:

kBSW = k0nglass sin(θBSW ) (3.5)
where kBSW is the BSW wavevector, k0 is the free-space wavevector, nglass is the

substrate refractive index (in our case nglass = 1.51) and θBSW is the leaking angle.
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In figure 3.3c and 3.3d are reported three far field patterns at different wavelengths,
where a change in the output angle is observable.

Figure 3.4: a) Sketch of the device showing the dielectric multilayer topped by a
patterned dye-doped PMMA layer. The circular cavity and the grating outcoupler
are etched in the PMMA layer. b) Scanning electron microscope image showing
the top layer of the mutlilayer, patterned with the circular DBR and the grating
outcoupler using electron beam lithography. Adapted from [97]

3.4 Bloch surface waves circular cavity
A schematic of the original device analyzed is illustrated in figure 3.4a. The

1DPC is patterned with concentric rings. The pattern includes an inner region
associated with a circular cavity and an outer region corresponding to a circular
grating outcoupler. The cavity is constituted by a central spacer surrounded by
periodic corrugations acting as a distributed Bragg reflector (DBR) for BSWs in a
specific spectral range. An organic dye, Atto-532 (fluorescence range from 530 to
650 nm, peaked at λAT T O = 570 nm), is dissolved in PMMA before spinning, at a
concentration of 0.01 mg mL−1. Cavity and outcoupler structures are fabricated by
electron beam lithography.

In the framework of two-dimensional optics [143], this structure represents an
example of a circular Fabry-Pérot cavity for BSW [144], additionally provided with
an external diffractive light outcoupler (figure 3.3b). The organic dyes embedded
within the PMMA spacer volume are excited by a tightly focused pulsed laser beam.
A portion of the emitted fluorescence couples to the BSW cavity mode, depending
on the randomly distributed orientations and positions of the dye molecules in
PMMA [136]. The cavity is circular in order to maximize the likelihood of the
emitters to couple to the BSW cavity mode, which has an in-plane electric field
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associated thereto. Since the DBR has a finite number of periods, such a BSW-
coupled fluorescence can tunnel through the DBR annular region, thus reaching the
outcoupler and being diffracted out-of-plane in both air and glass. The outcoupler
period is designed to diffract BSW-coupled fluorescence at the zeroth order, along
a direction perpendicular to the sample surface.

3.4.1 Numerical model

2D
Similarly to surface plasmon polaritons [127], periodic surface reliefs can op-

erate as DBRs for BSW, thus, opening frequency gaps in the dispersion curve,
wherein the mode propagation is forbidden [36]. We set up a 2D computational
model of the silica-tantalia 1DPC terminated with a binary DBR inscribed in the
75 nm thick PMMA layer (Figure 3.5a). Numerical modeling is performed using
the FDTD method in Lumerical Inc. software. First, a two-dimensional slice of the
structure is used to compute the BSW modes supported by the 1DPC (topped with
the PMMA layer). Next, BSW modes at specific wavelengths and effective refrac-
tive index are selected for injection into the simulation region, directed toward the
corrugation acting as a distributed Bragg reflector. The reflected power is collected
by a frequency-domain field and power monitor. Depending on the grating period,
BSWs can be partially transmitted or reflected. At each wavelength, the normal-
ized power delivered by back-reflected BSWs is collected and used to calculate the
spectrally resolved reflectivity map shown in Figure 3.5a. The spectral width of the
stop-band is generally determined by the effective refractive index contrast ∆neff

introduced by the DBR. At λ0 = 570 nm, a neff between 1.02 and 1.15, modulated
with a spatial period ΛDBR = 260 nm produces a 30 nm wide stop-band in the
wavelength range from 550 to 580 nm (Figure 3.5b). The stop band is designed to
be roughly centered about the emission spectrum of the dye embedded in PMMA.
According to the 2D model, the inner spacer can be sized such that one or more
BSW cavity modes are allowed (Figure 3.5c). For diameters D ranging from 540
to 580 nm, the BSW cavity is single-mode, the mode spectral position being tun-
able within the DBR stop band. In an exemplary design with D = 570 nm and
ΛDBR = 260 nm, a cavity mode occurs at λ0 = 570 nm, as shown by a reflectivity
dip in the stop band reported in Figure 3.5d. Although simplified, this 2D approach
is useful to set the cavity geometrical parameters. However, the calculation of the
cavity Q−factor, the mode volume and the corresponding field distribution requires
a more realistic 3D model.
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Figure 3.5: a) Sketch of the 2D model used to calculate the DBR period. A BSW
mode is launched parallel to the multilayer surface, toward a grating inscribed in
the PMMA film. The reflected power is collected by a monitor, located behind
the BSW injection position. A dispersed, high reflectivity spectral band appears
for different corrugation periods. b) BSW reflectivity spectrum resulting from a
grating period ΛDBR = 260 nm. The stop band is about 30 nm wide. c) Sketch of
the two- dimensional model used to calculate the cavity spacer diameter. A weakly
dispersed cavity mode appears for different spacer diameters. d) Exemplary cavity
spectrum at λ0 = 570 nm resulting from a spacer diameter D = 570 nm. The
cavity mode appears as a narrow reflectivity dip within the stop band. Inset:
Intensity distribution |E(x, y)|2 referred to the electromagnetic field emitted at
λ0 by a single dipole located in the cavity spacer, embedded 35 nm beneath the
PMMA top surface. The dipole momentum is oriented as indicated by the cyan
arrow. Reproduced from [97].
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3D
Q−factor and Purcell factor are calculated based on a 3D model of the cav-

ity, wherein single dipolar emitters are positioned within the cavity spacer. As
the dipole-cavity coupling strength depends on the position and orientation of the
dipole momentum with respect to the cavity geometry, the most favorable configu-
ration has been considered, that is, emitters are always located in the spacer center,
35 nm beneath the surface, with the dipole momentum oriented parallel to the sur-
face, thus maximizing the mode coupling to TE-polarized BSWs. For each emission
wavelength, the corresponding nearfield distribution |E(x, y)|2 is calculated over a
plane 10 nm above the PMMA surface (Figure 3.5d, inset) and integrated. Fur-
thermore, the Q factor is estimated as λ0/∆λ from the cavity near-field spectrum
obtained by Fourier-transforming the time-varying values of the electromagnetic
field as sampled in multiple locations (randomly distributed) within the spacer.

The Q factor is found to be Q = λ0/∆λ ≈ 1440 for a cavity configuration
having 30 DBR periods (ΛDBR = 260 nm) and spacer diameters D ranging from
550 to 570 nm. The Purcell factor is calculated as the power flow ratio from the
emitter in the cavity and in a homogeneous medium (PMMA). The power flow is
calculated by monitoring the energy dissipation rate of the emitter. In order to
do this, the simulation time window needs to be set large enough to guarantee a
complete decay of the radiated electromagnetic energy, with a negligible residual
energy within the simulation domain. To cross-check the reliability of the numerical
results, the Purcell factor is also calculated by using the quality factor Q and the
mode volume V of the cavity at the resonance wavelength λcavity into 3.4, as will be
discussed later in this chapter. The cavity mode volume is obtained by performing
numerically the integral in V =

∫︁
ϵ(r)|E(r)|2dV/Max{ϵ(r)|E(r)|2} .

3.5 Time-resolved spectroscopic setup
The measurement apparatus can perform a spectral and temporal measurement

of light emitted from the sample surface, with spatial and angular resolution. In
Figure 3.6a, a sketch of the setup is presented. The illumination is provided by
means of an upper stage mounting a NA = 0.95 objective (Olympus MPlan Apo
100×) working in air and the collection is performed by a NA = 1.49 oil immersion
objective (Nikon APO TIRF 100×). The illumination objective focuses a circularly
polarized λ = 505 nm pulsed laser onto the sample (15 ps pulses, 80 MHz repetition
rate obtained by means of a Spectra Physics Tsunami Ti:Sa system in combination
with an Inspire Blue harmonic generator), which is positioned on a 3-axis piezo stage
(Physik Instrument). When measuring the decay rate of emitters coupled to the
cavity mode, the excitation laser is accurately focused onto the spacer only, in order
to minimize uncoupled emission radiated from other locations. Emitted fluorescence
is collected by the oil immersion objective and then spectrally filtered (550 Long
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pass, Thorlabs) in order to block the laser radiation. A three-lens telescope system
produces two intermediate image planes wherein spatial masks (e.g., a diaphragm
or a beam blocker) can be inserted. The sample direct plane is then imaged either
onto a CMOS camera (Thorlabs HR-CMOS DCC3260M) or on the entrance slit of a
spectrometer (Acton SpectraPro 300, Princeton Instruments), thanks to a tiltable
mirror. Only fluorescence emission coming from specific spatial regions defined
according to the spatial masks can be then spectrally and temporally analyzed by
the streak camera system (Hamamatsu). Spectroscopic measurements related to
direct plane imaging mode are performed with a 600 lines/mm grating, leading to a
spectral resolution down to 0.18 nm. In BFP imaging mode, the grating is changed
to a 150 lines/mm, in order to increase the level of the detected signal, although at
the expense of the spectral resolution. The time range of the streak camera is 2 ns,
which is large enough to measure the uncoupled background Atto 532 lifetime. In
front of the telescope system, a flipping lens performing Fourier transformation is
used to produce a BFP image of the collection objective onto the CMOS camera
and the spectrometer entrance slit. By selecting specific portions of the BFP image,
light propagating within corresponding angular ranges is spectrally and temporally
analyzed.

3.6 Experimental results

3.6.1 Spectral signature of BSW-coupled emission
Experimentally, dye molecules dispersed within the PMMA spacer are excited

by a λ = 505 nm pulsed laser beam. When the whole cavity is illuminated with
a broad laser spot, a fluorescence image as shown in Figure 3.7a is observed. All
excited dipoles radiate either in the free space or coupled to BSWs, according to the
local density of states (LDOS) available at their specific locations. As the BSW-
coupled radiation propagates along the structure surface, it gets weakly scattered
by the structure reliefs. The combination of the direct free-space emission and the
BSW-coupled radiation scattering results in a broad fluorescence distribution that
appears spatially homogeneous over the illuminated area. Part of the BSW-coupled
fluorescence from dipoles spread all over the illuminated structure resonates within
the cavity and gets scattered at the spacer, as indicated by the bright spot located
at the cavity center. Unfortunately, this fluorescence spot includes a large amount
of radiation emitted by dipoles excited out of the spacer, which are insensitive to
the cavity mode LDOS. In order to reduce the emission from dipoles out of the
spacer, the laser excitation needs to be tightly focused in the cavity center (Figure
3.7b). After a proper spatial filtering by means of a diaphragm, as illustarted in
the previous Section, the image of the very cavity center can be then collected for
the spectral and temporal analysis.
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Figure 3.6: Optical setup for time-resolved spectral measurements with
space/angular resolution capabilities. A flipping lens allows the imaging system to
switch from a BFP image or a direct-plane image detection. By properly employ-
ing masking elements (e.g., diaphragms or beam-blockers) on the two intermediate
image planes, specific portions of either the direct-plane or the BFP images can be
selectively projected on the spectrometer entrance slit. Reproduced from [97].

The spectroscopic signature of a typical BSW cavity-coupled emission reveals
a two-peak profile, as shown in Figure 3.7c. The two peaks are separated by
roughly 1 nm and are well fitted by a pair of Lorentzian profiles centered at λ1 =
564.3 nm and λ2 = 565.1 nm, with FWHM ∆λ1 = 0.6 nm and ∆λ2 = 0.4 nm,
respectively. We account these two peaks to a slight deviation of the cavity from a
perfectly circular shape. An elliptical spacer would lead to the appearance of two
distinct modes associated with the orthogonal directions parallel the ellipse major
and the minor axis. As illustrated in Figure 3.5c, a variation of the spacer width as
small as 10 nm results in a corresponding spectral shift of the mode resonance by
about 1.3 nm. This effect is found for all the considered samples. Corresponding
estimations for the cavity quality factor result in Q1 = 940 and Q2 = 1413.
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Figure 3.7: a) Fluorescence image of a BSW cavity (with no outcoupler) illuminated
by a wide laser spot. b) Same cavity illuminated by a laser beam focused on
the spacer. Fluorescence surrounding the central bright spot is associated with
BSW cavity-coupled emission that is radially propagating and scattered by the
DBR corrugations. c) Emission spectrum collected from direct-plane imaging of
the cavity center. d) Time-resolved decay of BSW cavity mode-coupled emission
Icavity(t) (blue circles) and free-space emission from a flat 1DPC region Iflat(t) (grey
circles). Solid lines relate to corresponding stretched exponential fitting functions.
The theoretical excitation pulse is represented as a Gaussian pulse with a 15 ps
temporal width. e) Probability density distributions of time constants PDFcavity(τ)
(blue line) and PDFflat(τ) (grey line) associated with the stretched exponential fits
in d). Reproduced from [97].
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3.6.2 Temporal signature of BSW-coupled emission
A time-resolved decay of the BSW cavity-coupled emission Icavity(t) can be

obtained upon integration of the detected fluorescence over the spectral region
including the resonance peaks. For comparison purposes, the fluorescence intensity
Iflat(t) collected from a homogeneous, flat region (aside from the cavity structure)
is also considered. As commonly acknowledged, a single exponential function is
unsuitable to fit the observed temporal signals, because fluorescence results from
multiple independent emitters, which are possibly cavity coupled with different
strengths and corresponding decay rates, depending on continuous variations of
relative positions and orientations. In these circumstances, a stretched exponential
(Kohlrausch) function is usually employed [113, 119, 145], which is also suitable in
case the emitters are embedded within soft matrices or bound to dielectric surfaces
[146]. For the fitting operation, we employ a normalized time-varying stretched
exponential function, written as:

I(t) = exp
[︄
−
(︃

t

τ0

)︃β
]︄

=
∫︂ ∞

0
Pβ(s) exp

[︃
−
(︃

s
t

τ0

)︃]︃
ds (3.6)

where Pβ(s) is a parametric probability density function (PDF) for the normal-
ized decay rate s = τ0/τ [147], τ0 is a characteristic time constant of the decay and
0 < β ≤ 1 is the stretch factor [146]. The PDF is given by

Pβ(s) = 1
π

∞∑︂
n=1

(−1)n+1Γ(nβ + 1)
n! snβ+1 sin(πnβ) (3.7)

such that
∫︁∞

0 Pβ(s)ds = 1. From the experimental time-resolved intensities,
a background level is estimated by averaging the detector counts collected ahead
of the excitation pulse. The signal is then background-subtracted and normalized
before the fitting procedure with the function I(t) above. Experimental signals
Icavity(t) and Iflat(t), together with the associated fitting functions (added to the
background level), are shown in Figure 3.7d in a semilogarithmic plot. As expected,
the observed fluorescence signals depart significantly from single-exponential pro-
files and are well fitted by Kohlrausch functions with β = 0.51±0.01, τ0 = 62±3 ps
for the BSW cavity-coupled emission and β = 0.56 ± 0.15, τ0 = 860 ± 30 ps for the
emission from the flat area. The deviation of Iflat(t) from a monoexponential pro-
file can be due to local aggregation effects (also observed, for example, in clusters
of quantum dots [129]), while Icavity(t) is strongly affected by the LDOS provided
by the resonant structure. The two decay mechanisms experienced by dipole ei-
ther within or outside the cavity lead to time constant distributions PDFcavity and
PDFflat shown in Figure 3.7e. PDFs are calculated from the β and τ0 parameters
from the fitting procedure. Far from the cavity, where no coupling effects to the
resonant structure take place, fluorescence is emitted according to a continuous
distribution of lifetimes τ spanning over a range of more than 10 ps and peaked on
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a highest-probability value τ flat
m = 3.5 ns. An average lifetime for the uncoupled

emission can be calculated as ⟨τ flat⟩ =
∫︁∞

0 τPβ=0.56(s)ds = 1.4 ns. On the other
hand, the transient fluorescence from dipoles in the cavity is observed to occur on
shorter time scales than outside. The PDFcavity distribution is well separated from
PDFflat, with the highest-probability lifetime τ cavity

m = 340 ps and an average time
constant ⟨τ cavity⟩ =

∫︁∞
0 τPβ=0.51(s)ds = 120 ps. An average decay rate enhancement

by 1 order of magnitude is obtained by considering the ratio ⟨τ flat⟩/⟨τ cavity⟩ ∼= 12.
However, this value underestimates the maximum lifetime decrease experienced by
emitters whose orientation and spatial position accomplish a full coupling to the
BSW cavity mode.

In order to gather more insights on the observed enhanced decay rate, we pro-
pose an alternative fitting model based on a two-exponential function

I(t) = Afast · exp
[︄
− t

τfast

]︄
+ Aslow · exp

[︃
− t

τslow

]︃
(3.8)

which substantially assumes the total signal intensity as steadily given by two
independent terms with constant amplitude over time. Fluorescence from the cavity
has a fast component with a time constant τfast = 45 ± 2 ps, and a slow compo-
nent with τslow = 366 ± 10 ps. The fast component here is dominant over the slow
component, the relative contributions being given by the normalized amplitudes
A

(N)
fast = Afast/(Afast + Aslow) = 0.71 and A

(N)
slow = Aslow/(Afast + Aslow) = 0.29,

respectively. A weighted sum of the fast and slow lifetimes results in A
(N)
fastτfast +

A
(N)
slowτslow = 138 ps, which is close to the average time constant ⟨τcavity⟩ = 120 ps

previously calculated from the PDFcavity distribution. According to this interpre-
tation, a significant amount of the overall fluorescence is emitted within a very
short time scale, thanks to the coupling to the cavity mode. By retaining this fast
component only, an estimate of an improved decay rate enhancement for cavity-
coupled dipoles can be calculated as ⟨τflat⟩/τfast

∼= 31. The change of decay rate,
quantified as the Purcell factor FP (see section 3.1), is related to the Q factor and
the modal volume of the resonance through the formula 3.4. Based on a FDTD 3D
model (see section 3.3.1), the BSW cavity mode volume for a Q = 1440 cavity is
V = 2.23(λ/n)3. This leads to a factor FP = 49, which represents the maximum
expected decay rate enhancement for fully coupled dipoles. The observed decay
rate enhancement ⟨τflat⟩/τfast

∼= 31 is consistent with a Purcell factor FP = 32
calculated for the lowest-quality cavity mode (Q1 = 840), assuming a mode volume
as previously shown.
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3.7 Directional BSW cavity-coupled emission in
free-space

Generally speaking, the BSW-coupled radiation occurs according to a well-
defined dispersion curve, as we have seen in section 3.2. Upon application of the
Bragg law, suitable diffraction gratings can be designed such that the BSW-coupled
radiation in given spectral ranges is diffracted along specific directions [142, 148].
In the following, we consider cavities having the BSW resonant mode peaked at
λ0 = 560 nm, surrounded by a circular diffractive element. A sketch of this struc-
ture is reported in figure 3.8. In order to diffract BSW-coupled radiation at λ0
normally to the multilayer surface, a circular grating outcoupler having period
Λoutcoupler = 520 nm is introduced.

Figure 3.8: Working principle of the device showing the mechanism of emission
coupling to the BSW cavity mode and corresponding diffraction by means of the
outcoupler. Adapted from [97].

3.7.1 Numerical model
FDTD calculations are performed on a complete 3D model (including cavity and

outcoupler). The source is represented by a single oscillating electric dipole buried
in the center of the cavity spacer, with the dipole momentum lying parallel to the
surface. Emission wavelength is λ0 = 560 nm, thus, matching the cavity mode. By
far-field projecting the calculated near-field energy distribution around the struc-
ture, the angularly resolved radiated power in the top and bottom half-spaces (air
and glass, respectively) can be obtained. Angularly resolved radiation patterns are
calculated by projecting near-field power values collected by monitors surrounding
the cavity and the outcouplers. Once the radiation intensity |E(θ, ϕ)|2 is obtained,
an integration in spherical coordinates is performed over proper angular integration
intervals according to

∫︁∫︁
|E(θ, ϕ)|2 sin(θ)dθdϕ, leading to the emitted power values

in the surrounding media. A normalization to the overall power emitted in a 4π
solid angle is also performed. In Figure 3.9a,b, the integrated emitted power in air
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and glass within a NA = 0.09 about the multilayer normal is plotted as a function
of the number of outcoupler corrugation periods. Upon a comparison with two
reference cases represented by a dipole within a flat 75 nm thick PMMA slab on
the multilayer and a dipole at a glass-air interface, we found that the presence of
the outer grating greatly enhances the directionality of the emitted radiation from
the dipole coupled to the BSW cavity mode, provided the momentum-matching
according to the Bragg’s law. Extraction performances increase with an increasing
number of periods considered. As an example, for 30 outcoupler periods, the power
collected within NA = 0.09 in air is enhanced up to 26 and 62 times with respect
to the dipole on a bare glass-air interface and on the flat multilayer, respectively.
Similarly, in the glass medium, the diffracted BSW cavity-coupled power is 20 and
36 times larger as compared to the glass-air and the flat multilayer cases. These
enhancement factors are merely due to an energy angular redistribution and are not
taking into account the Purcell factors previously discussed, as normalized powers
are here concerned.

3.7.2 Angular distribution with back focal plane technique
In order to appreciate the angular distribution of the emitted power, radiative

patterns are calculated in the glass substrate for emitters in PMMA-topped flat
1DPC area and within the BSW cavity. In these calculations, multiple emitters are
included, having random 3D orientations and emitting at λ0 = 560 nm. Dipoles
located over a flat 1DPC area radiate in free space, with some coupling to TE- or
TM-polarized leaky modes sustained by the multilayer (sometimes called “internal”
modes [149]). As a result, multiple rings beyond the critical angle are observed, as
shown in Figure 3.9c. On the contrary, BSW coupled fluorescence is hampered to
leak into the glass substrate because of the large number of the structure layers.

Experimental observations performed by means of BFP imaging are in good
agreement with the calculated pattern (Figure 3.9d). When the dipoles located
in the cavity spacer are considered, a significant amount of power is beamed at
emission angles close to the 1DPC surface normal (Figure 3.9e). This is expected,
as the BSW cavity-coupled emission produced inside the cavity can tunnel through
the surface DBR corrugations and are then diffracted by the surrounding outcou-
pler. Experimentally, a similar BFP image is observed, as shown in Figure 3.9f,
wherein the normally diffracted radiation intensity almost saturates the camera.
The divergence of such a diffracted BSW cavity mode-coupled fluorescence is well
below NA = 0.09, as indicated in the figure.

3.7.3 BFP spectral and temporal analysis
The BFP image can be spatially filtered by means of a diaphragm and then

directed to the spectrometer entrance slit. In this way, only fluorescence diffracted
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Figure 3.9: Calculated BSW cavity-coupled emission power from a single dipole
located in the cavity spacer, diffracted within a NA = 0.09 about the multilayer
normal in air a) and in glass b). For comparison purposes, single dipoles within a
75 nm thick PMMA layer on top of a 1DPC and on a bare glass-air interface are
also considered. Power is normalized to the overall power emitted in a 4π solid
angle. c) Calculated radiated intensity |E(θ, ϕ)|2 in glass from multiple dipoles
with 3D random orientations in a flat 75 nm thick PMMA layer on 1DPC. Color
scale is linear. Emission wavelength is λ = 560 nm. d) Back focal plane image of
fluorescence collected from a flat region of the PMMA-topped 1DPC by means of
a NA = 1.49 oil immersion objective. e) Calculated radiated intensity |E(θ, ϕ)|2
in glass from multiple dipoles with random 3D orientations in the cavity spacer
center. Color scale is logarithmic to avoid color saturation at θ = 0◦. Emission
wavelength is λ = 560 nm. f) Back focal plane image of fluorescence collected from
cavity and outcoupler, wherein the cavity spacer only is illuminated by a tightly
focused laser beam. Reproduced from [97].
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at small angles about the optical axis is collected. The spectrometer slit aperture
had to be kept as large as 200 µm and a 150 lines/mm grating is used in order to
gather a signal high enough on the detector, at the expense of the spectral resolution
attainable. As expected from design, a strong evidence of a BSW cavity-coupled
fluorescence is observed (Figure 3.10a). A closer analysis reveals that the peak can
be well-fitted by a pair of Lorentzian functions, spectrally separated by 1.4 nm,
as a spectral signature of the BSW cavity-coupled emission. A higher background
intensity is also observed. The peak centered at λ ≈ 570 nm is likely to be associated
to the band edge mode relative to the DBR.

Figure 3.10: a) Diffracted fluorescence spectrum collected at the central region of
the BFP. The BSW cavity-coupled emission is well-fitted by a pair of Lorentzian
functions. b) Time-resolved decay of fluorescence collected from the central region
of the BFP for cavity and outcoupler, Ic+o(t) (pink circles) and for a flat 1DPC
region, Iflat(t) (grey circles). Solid lines refer to stretched exponential functions
used for fitting. c) Probability density distributions of time constants PDFc+o(τ)
(red line) and PDFflat(τ) (grey line) associated with the stretched exponential fits in
b). Average time constant ⟨τ⟩ and most probable time constant τm are summarized
in the inset. Adapted from [97].

As temporal traces are concerned, fluorescence diffracted from a cavity + out-
coupler system, Ic+o(t), is observed to decay faster than the fluorescence from a
flat area (Figure 3.10b), as a result of the cavity coupling. In analogy to the
previous analysis, a stretched exponential function is used for data fitting, result-
ing in a characteristic time constant τ0 = 272 ± 25 ps and a stretch parameter
β = 0.55 ± 0.03. From the corresponding time constant distribution PDFc+o pre-
sented in Figure 3.10c, a highest-probability lifetime τ (c+o)

m = 1.2 ns and an average
lifetime ⟨τ (c+o)⟩ =

∫︁∞
0 τPβ=0.55(s)ds = 464 ps are also obtained. Moreover, when

fitting with a two-exponential function, a fast and a slow components are found,
with time constants and normalized amplitudes τfast = 95 ± 13 ps, A

(N)
fast = 0.48,

and τslow = 810 ± 45 ps, A
(N)
slow = 0.52, respectively. Differently from the cavity-only
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case considered above (Figure 3.7), the far-field fluorescence signal diffracted by the
outcoupler has a more important contribution associated with the slow component.
This result suggests that the higher background level observed in the spectrum of
Figure 3.10a is related to the emission from uncoupled (slowly decaying) molecules,
which are laser-excited, despite the spatial mismatch with respect to the cavity.
This limiting aspect is due to the dispersed distribution of dye on the photonic
surface. Taking into consideration the fast component only, an increase of the
fluorescence lifetime ⟨τflat⟩/τfast

∼= 15.
Overall, the combination of the enhanced decay rate and the angular redistri-

bution of free-space radiation is estimated to provide a final increase of the power
emitted within a NA = 0.09 and a spectral range ∆λ ≈ 1 nm (in illumination
saturation condition) by roughly 2 orders of magnitude.

3.8 Conclusions
In this chapter we have analyzed a novel photonic structure, constituted by a

dielectric multilayer patterned with an annular structure having an inner circular
cavity and an outer diffraction grating. The overall structure supports a localized
BSW resonant mode within the cavity and dispersed propagating BSW modes out-
side. Thanks to the availability of BSW modes, we managed to increase the decay
rate of fluorescent emitters located in the cavity center and to diffract the corre-
sponding coupled emission in free space with high control. The evidence of a fast
decaying BSW cavity-coupled emission within NA = 0.09 in the far field demon-
strate the effectiveness of the mechanism proposed. It is observed, however, that
the diffracted fluorescence contains a higher contribution from uncoupled radiation,
thus, resulting in a correspondingly larger time constant with respect to fluores-
cence directly imaged from the cavity center. We account for this background as
due to the overall fluorescent PMMA structure on top of the multilayer. In fact,
despite the laser illumination being tightly focused, dye molecules spread all over
the cavity are unavoidably excited and (at least, partially) coupled to propagating
BSW that are then diffracted in free space. Stated otherwise, it is highly likely
that BSW-coupled emission excited elsewhere outside the cavity spacer contribute
to the far-field intensity detected along the optical axis because of diffraction. This
effect is expected to disappear in case localized sources such as single quantum dots,
diamond crystals or precisely defected 2D flakes are employed [150, 151]. With this
respect, our approach offers an advantage for emitters to be deposited and possibly
manipulated directly on the structure surface, thus, reducing fabrication efforts for
source(s) integration.
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Chapter 4

Vortex beam generation by
spin-orbit coupling in Bloch
surface waves

Axis-symmetric grooves milled in metallic slabs have been demonstrated to pro-
mote the transfer of orbital angular momentum (OAM) from far- to near-field and
vice versa, thanks to spin-orbit coupling effects involving surface plasmons (SP).
However, the high absorption losses and the polarization constraints, which are in-
trinsic in plasmonic structures, limit their effectiveness for applications in the visible
spectrum, particularly if emitters located in close proximity to the metallic surface
are concerned. In this chapter, an alternative mechanism for vortex beam gener-
ation is presented, wherein a free-space radiation possessing OAM is obtained by
diffraction of Bloch surface waves (BSWs) on a dielectric multilayer. A circularly-
polarized laser beam is tightly focused on the multilayer backside by means of an
immersion optics, such that TE-polarized BSWs are launched radially from the fo-
cused spot. While propagating on the multilayer surface, BSWs exhibit a spiral-like
wavefront due to the polarization-selective coupling mechanism. A spiral grating
surrounding the illumination area provides for the BSW diffraction out-of-plane,
by imparting an additional azimuthal geometric phase distribution defined by the
topological charge of the spiral structure. At infinite, the constructive interference
results into free-space beams with defined combinations of polarization and OAM
satisfying the conservation of the total angular momentum, based on the incident
polarization handedness and the spiral grating topological charge. As an extension
of this concept, chiral diffractive structures for BSWs can be used in combination
with surface cavities hosting light sources therein.
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4.1 Angular momenta of light

4.1.1 Spin angular momentum and polarization structure
of light

An electromagnetic wave is specified by its frequency and direction of propa-
gation as well as by the direction of oscillation of the field vector, i.e. the polar-
ization state of the electromagnetic wave. By virtue of the transverse nature of
electromagnetic wave, the variation of the electric field vector is confined in a plane
perpendicular the the direction of propagation. For a monochromatic plane wave
propagating in the z direction, the electric field vector is given by:

E(z, t) = E0e
i(ωt−kz) (4.1)

where k is the wave vector in the direction of z and E0 is the complex polar-
ization vector that lies in the xy plane. The end point of the electric field vector
E describes a curve at a typical point in space, which is the time evolution of the
components (Ex, Ey):

Ex = E0x cos(ωt − kz + δx), Ey = E0y cos(ωt − kz + δy) (4.2)

where the complex polarization vector E0 has been defined as E0 = xE0xeiδx +
yE0yeiδy , with E0x and E0y positive numbers and x and y unit vectors.

It is convenient to express the polarization vector E0 in the form of Jones vector,
which describes efficiently the polarization state of a plane wave:

J =
(︄

E0xeiδx

E0yeiδy

)︄
(4.3)

The Jones vector contains complete information about the amplitudes and the
phase of the electric field vector components. The normalized Jones vectors for the
right- and left-hand circularly polarized light waves are given by:

R = 1√
2

(︄
1

−i

)︄

L = 1√
2

(︄
1
i

)︄ (4.4)

These two circular polarizations are mutually orthogonal R∗ · L = 0 and can be
used as a basis for any polarization states, which can be represented as a superpo-
sition of R and L.
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4.1 – Angular momenta of light

Circularly polarized light carries an intrinsic spin angular momentum (SAM)
of ±ℏ per photon, as deduced by Poynting in the early 1900s [152]. This finds
confirmation in the photon picture of absorption and emission of light from atomic
systems, where the angular momentum is conserved between the interacting optical
field and the electronic state.

By properly combining the Eqs. 4.2, it is possible to find the curve described
by the tip of the electric vector in the xy plane as time evolves [13]:

(︃
Ex

E0x

)︃2
+
(︄

Ey

E0y

)︄2

− 2 cos δ

E0xE0y

ExEy = sin2 δ (4.5)

where δ = δy −δx. Eq. 4.5 is the equation of the polarization ellipse, represented
in Figure 4.1a. A complete description of the polarization state of a light wave
requires the orientation of the major axis of the ellipse with respect to the x axis,
i.e. the orientation angle α, and the ellipticity angle ϵ, as indicated in Figure 4.1a.
Right-handed circular (RHC), left-handed circular (LHC) and linear polarizations
(LP) correspond to ϵRHC = π/4, ϵLHC = −π/4 and ϵLP = 0 respectively. Linear
polarization along x axis or y axis correspond to ϵ = 0∧α = 0 and ϵ = 0∧α = π/2,
respectively. The parameters α and ϵ can be represented also on the Poincaré
sphere, which is a unitary sphere with its cartesian coordinates (S1, S2, S3) equals
to the normalized Stokes parameters [153].

Figure 4.1: Schematic diagrams of a polarization ellipse and b Poincaré sphere.
Note the north and south poles of the Poincaré sphere stand for RCP and LCP,
respectively. On the equator of the Poincaré sphere, the corresponding polarization
states are linear with the orientation varying with the azimuthal position.

4.1.2 Stokes parameters
In the previous section, the polarization description of a monochromatic plane

wave is discussed. By virtue of its nature, a monochromatic plane wave must be
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4 – Vortex beam generation by spin-orbit coupling in Bloch surface waves

polarized. However, if the light is not absolutely monochromatic, the polarization
state may be constantly changing. In this case, the light is said to be partially
polarized, and to describe the polarization state of this type of radiation, the Stokes
parameters are necessary:

S0 =
⟨︂
E2

0x + E2
0y

⟩︂
,

S1 =
⟨︂
E2

0x − E2
0y

⟩︂
,

S2 = 2
⟨︂
E0xE0y cos δ

⟩︂
,

S3 = 2
⟨︂
E0xE0y sin δ

⟩︂
,

(4.6)

where the amplitudes E0x, E0y and the relative phase δ are assumed to be time
dependent. Some Stokes parameters of principal interest are given by:

• Unpolarized light. Since there is no preference between E0x and E0y, S1
reduces to zero. The time average makes S2 and S3 also equal to zero. So the
Stokes representation, for normalized field (S0 = 1) is (1,0,0,0),

• Linear horizontal polarization. E0y = 0, so the Stokes representation is
(1,1,0,0),

• Linear diagonal polarization. In this case, E0x = E0y. If δ = 0 it can be
represented as (1,0,1,0), if δ = π (1,0,-1,0),

• Right circular polarization. δ = −π/2, so it is represented by (1,0,0,-1).

Stokes polarimetry is used to completely characterize the polarization state of
light, by using the four normalized Stokes parameters, which all have the dimen-
sion of intensity. Experimentally the Stokes parameters can be retrieved through
six intensity measurements, by properly setting a quarter-wave plate and a linear
polarizer on the optical axis [154] and projecting the light onto 3 different basis: H-
V (horizontal-vertical), 45-135 (diagonal and anti-diagonal) and RHC-LHC (right-
and left-handed circular). In this way, 6 intensity measurements are obtained, I(H),
I(V), I(45), I(135), I(RHC) and I(LHC), each representing the projection of the
light on a specific polarization channel. The 6 measurements can be combined to
obtain the Stokes parameters:
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4.2 – Vortex beam

S0 = I(H) + I(V)

S1 = I(H) − I(V)

S2 = I(45) − I(135)

S3 = I(RHC) − I(LHC)

(4.7)

Next, the polarization ellipse parameters α and ϵ can be retrieve using:

ϵ = 1
2 · arg

(︃√︂
S2

1 + S2
2 + iS3

)︃

α = 1
2 · arg (S1 + iS2)

(4.8)

4.1.3 Orbital angular momentum
So far, the polarization characteristics of electromagnetic waves have been dis-

cussed and the SAM has been introduced. In addition to the SAM, there exist an-
other type of angular momentum, namely the orbital angular momentum (OAM).
The OAM is the component of angular momentum of a light beam that is depen-
dent on the field spatial distribution, and not on the polarization. The existence
of the OAM was suggested by Darwin in the 1930s [155] in the attempt to explain
that quadrupole transtitions in atomic systems necessitated an angular momentum
exchange between light and atom corresponding to integer multiples of ℏ. By this
he meant that the radiated photon must carry away not only spin but also OAM,
and he gave expressions for each of these components [155]. Despite the work of
Darwin and others, it was not until 1992 that Allen and co-workers [156] recognized
that a light beam having helical phasefronts carried an orbital angular momentum
distinct from, and additional to, the SAM of the photon. In particular, they derived
that beams with l interwoven helical phasefronts carry an OAM of lℏ per photon.
When such a light beam is represented by optical rays, these rays are skewed with
respect to the beam direction.

4.2 Vortex beam
Figure 4.2 shows the phase structure and intensity property of light carrying

OAM of various l values. When l /= 0, the azimuthal phase term ejlϕ and the
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4 – Vortex beam generation by spin-orbit coupling in Bloch surface waves

Figure 4.2: Phase and intensity properties of light beams with a vortex charge
number l = −1, 0, 1, 2, 3 (from right to left): a) Schematic snapshots of the instan-
taneous phase. Helical phase fronts occurs when l /= 0. The blue dash lines indicate
the wave propagation. b) Phase profiles in a transverse plane [157]. c) Intensity
distributions in a transverse plane. Annular intensity patterns can be seen when
l /= 0. Reproduced from [158]

common propagation phase term ejkz , together, define an intertwined helical phase
structure for OAM-carrying light (Fig. 4.2a). The topological number of this twist
equals to |l| while the twist handedness is defined by the sign of l. Due to its vortex-
like feature, OAM-carrying light is well-known as "optical vortex" or "vortex beam".
Vortex beams represent a family of structured beams generally characterized by a
phase singularity along the optical axis, a doughnut intensity distribution and an
azimuthally-varying phase over a beam transverse cross-section [159, 160]. Figure
4.2b shows the corresponding phase distributions in the transverse plane. We can
see a phase dislocation or phase singularity at the center of the beams when l /= 0.
Such a phase singularity impart these beams an annular intensity profile as shown in
Fig. 4.2c. The effective radii of these bright rings are also quantized, proportional
to l [161].

The azimuthal phase item that defines the OAM is linked to the spatial variation
of the light intensity and is independent of the polarization structure. Therefore, we
can see that the optical SAM and OAM manifest the different degrees of freedom
of light. When the polarization state is spatially inhomogeneous, the term vectorial
vortex beams is often used [162].

In recent years, vortex beams have gained an increasing popularity because of
several new applications into different domains such as micro-particle manipulation
and trapping [163–165], compact laser sources [166, 167], microscopy [168, 169] and
optical communications [170, 171]. Conventional methods for producing vortex
beams [172] involve the use of (possibly tunable) anisotropic media such as liquid
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crystal [173, 174] and q-plates [175] or hierarchically structured holograms encod-
ing proper phase functions [176–179]. More recently, metasurfaces, which can be
either dielectric or plasmonic, have been introduced in order to gather more degrees
of freedom in OAM manipulation [180, 181], through the control of so-called spin-
orbit coupling effects mediated by the metasurface topology [182]. Metasurfaces are
mainly employed as free-space beam converters, which have found applications also
within laser cavities [183]. The concept of beam conversion through metasurfaces
relies on a spatially-dependent phase manipulation of the scattered field. The out-
put vortex beams result from a coherent sum of the scattered radiation originating
from different portions of the surface, which is illuminated as a whole. However,
this approach can be hardly adopted when the input field has a limited spatial ex-
tension (as for focused beams or localized coherent sources such as optical antennas
or cavities), unless some mode coupling is intervening [184]. This is indeed the case
in structured metallic films, wherein the generation of free-space vortex beam car-
rying OAM occurs upon spin-orbit coupling and scattering/diffraction of plasmonic
modes by means of nano-slits [185–187], properly arranged nano-apertures [188],
possibly combined with circular diffraction gratings [189, 190]. Such results rely on
the fact that OAM possessed by surface plasmons can be further manipulated and
transferred to freely propagating radiation [187, 191].

In this chapter an alternative way of producing vortex beam is presented, by
exploiting BSW, introduced in Section 1.3, as a mean to transfer energy, momen-
tum and OAM to a free-space propagating beam. Such a two-step process involves
a spin-orbit conversion from a focused circularly polarized beam into radially prop-
agating BSWs and a BSW diffraction in free-space, with an additional geometric
phase imparted by a chiral diffraction grating. Such a BSW-based approach can
benefit from the multilayer low absorption that is potentially suitable for light
source integration and an additional degree of freedom in the polarization state of
coupled BSWs, which can be either TE- or TM-polarized depending on the multi-
layer design [192].

4.3 Spiral diffraction grating

4.3.1 The sample
The sample, sketched in Figure 4.3c, consists of a dielectric multilayer made

of a stack of Ta2O5 (high refractive index) and SiO2 (low refractive index) layers,
deposited on a glass coverslip (150 µm thickness) by plasma ion-assisted deposition
under high vacuum conditions (APS904 coating system, Leybold Optics). The
stack sequence is substrate-[Ta2O5-SiO2]x6-Ta2O5-SiO2-PMMA with 15 layers in
total, including PMMA. The Ta2O5 layer (refractive index nTa2O5 = 2.08) is 95 nm
thick, the SiO2 layer (refractive index nSiO2 = 1.46) is 137 nm thick. The top SiO2
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4 – Vortex beam generation by spin-orbit coupling in Bloch surface waves

Figure 4.3: a) Sketch of the experimental setup. L1−4 Plano-Convex lenses, LP1,2
Polarizers, QW1,2 Quarter-wave Plates, BB Beam Blocker, BS Beamsplitter, BFP
Back Focal Plane. In the exemplary BFP image, an interference pattern is shown,
due to the superposition of a diffracted vortex beam and a reflected spherical wave
from the sample surface. No beam blocker has been used in this case. b) Detailed
view of the BSW coupling and diffraction mechanism. Illumination is provided by
means of a beam-blocked circularly polarized laser beam focused through an oil
immersion objective, such that the minimum incidence angle is slightly above the
critical angle θc, in order to match the BSW coupling conditions. c) Sketch of
the multilayer structure with an exemplary spiral diffraction grating fabricated in
PMMA on top (not to scale).
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layer on top of the stack is 127 nm thick. The stack sequence is the same as the
1DPC described in Chapter 3, unless the smaller number of layers. In this case, in
fact, the purpose is not to reduce the leakage radiation or to enhance the LDOS
at the surface, but to have a good coupling between the laser radiation and the
BSW. On top of the structure a 75 nm thick layer of PMMA is spun for pattern
fabrication (nPMMA = 1.48). Chiral diffractive structures are fabricated by means
of electron beam lithography. In Figure 4.4 SEM images of the patterned surface
are shown.

Figure 4.4: SEM image of the patterned surface of the 1DPC. The top layer of
PMMA has been lithographed by means of electron beam lithography. a) Single-
arm spiral grating. b) Double-arm spiral grating.

4.3.2 Experimental setup
The experimental setup is shown in Figure 4.3. A TEM00 doubled-frequency

Nd:YAG laser beam (GEM, Laser Quantum) is collimated (L1) and transmitted
through a first polarization-control box, consisting of a linear polarizer LP1 and a
quarter wave plate QW1. Circular polarization states with both handedness (RH
and LH) are generally produced. The laser beam is spatially filtered by means of
a properly sized circular beam blocker. An oil-immersion objective (NA= 1.49)
is back-contacted to a multilayer glass substrate, in order to focus the incoming
beam onto a flat area of the top surface. The sample holder is mounted on a 3-axis
piezo stage. Thanks to the beam blocker, only focused light propagating at angles
larger than the glass/air critical angle θc can reach the sample. A fraction of the
incoming power is thus available for coupling to BSWs, provided that wavelength,
momentum and polarization matching conditions are fulfilled, as explained in Sec-
tion 1.3. Since the coupling mechanism is polarization-sensitive and the incident
electric field is circularly polarized, BSWs are spreading radially from the focused
spot area, with an accumulated phase delay that is linearly varying with the az-
imuthal angle of the propagation direction. As a result, an omnidirectional BSW
is obtained, with a peculiar spiral-like wavefront profile, analogous to plasmonic
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vortices [185]. Surrounding the flat coupling region, an axis-symmetric diffractive
grating is etched in the PMMA layer. The grating operates as an outcoupler, by
diffracting BSWs out-of-plane in both substrate (glass) and cladding (air) media,
along a direction close-to-normal to the sample surface (order of diffraction n = −1)
[193]. Depending on the grating shape (e.g. circular or spiral-like), an additional
geometrical phase profile can be imparted to the diffracted radiation. In previous
applications, this feature has been exploited for steering the diffracted beam [148,
194]. When measuring the diffraction patterns from the spiral gratings, the excita-
tion laser is accurately focused onto the geometric center of the diffraction gratings.
The outcoupled power is then collected by the same high-NA objective and directed
toward the collection arm of the setup, after passing through a 50/50 beam splitter.
A second polarization-control box consisting of a quarter wave plate QW2 and a
linear polarizer LP2 filters the outgoing wave onto the desired polarization state
(RHC, LHC or LP). Subsequently, the lens L4 images the BFP of the objective
onto a CMOS camera (Thorlabs HR-CMOS DCC3260M). If the beam blocker is
removed, an interference pattern as shown in Figure 4.5 can be obtained, due to the
superposition of the light reflected by the multilayer inside the light cone (NA≤ 1)
with the diffracted BSW patterns, eventually carrying OAM. As a result, spiral-like
interference fringes can be observed depending on the OAM number l, as shown in
Figure 4.5 [191].

Figure 4.5: Interference patterns within NA≤ 1 collected when no beam blocker
is used in the experimental setup. The spherical wavefront of the reflected light
illuminating the sample surface below the critical angle interferes with a: a) l = 0,
b) l = 1 and c) l = 2 beam.

4.4 Numerical modeling
Numerical modeling is performed using the FDTD method in the Lumerical

Inc. software. In order to mimic the focused circularly polarized light coupling to
BSWs, a pair of orthogonal dipolar emitters are positioned at the geometric center
of the spiral grating. More specifically, the emitters are placed 10 nm above the
PMMA layer, with the dipole momentum laying parallel to the multilayer surface,
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such that the TE polarization of the BSW can be matched. The two oscillators are
phase-shifted by ±π/2. In this way, thanks to a near-field interaction, part of the
radiated energy from the dipoles is transferred to BSWs (BSW-coupled emission,
see Section 3.3). As shown in Figure 4.6, resulting BSWs are radially propagating,
with a spiral wavefront due to the time-varying polarization matching conditions
of the field given by the coherent sum of the radiation from the two dipoles.

Figure 4.6: a) 3D sketch of the structure used in the FDTD model. A pair of or-
thogonal oscillating dipoles is located at the spiral center, with the dipole momenta
laying on the multilayer surface. A phase delay π/2 is introduced between the os-
cillators. In order to avoid the direct emission of the dipoles in air, a metallic cover
is placed few nanometers above the oscillators. In this way, the only contribution
to the far-field pattern in air is due to the BSW-coupled emission diffracted by
the grating. b) Exemplary near-field ENF (x, y; t) =

√︂
E2

x + E2
y + E2

z of an omnidi-
rectional BSW propagating radially from the dipole area towards the surrounding
diffractive structure. The overall time-varying BSW near-field is given by the co-
herent sum of the BSW-coupled emission from the individual dipoles. The dipole
excitation is time-limited to a pulse duration of 3.23 fs, peaked at λ = 532 nm with
a spectral width ∆λ = 126 nm.

The diffraction gratings are modeled as circular or spiral grooves in the PMMA
layers, with a spatial period Λ = 450 nm. The total simulation region has di-
mensions (15 × 15 × 2.6) µm3. Boundary conditions are set as perfectly matched
layers. The smallest mesh size is 23 nm. The electromagnetic near-field is collected
using a spatial monitor over a plane 23 nm above the PMMA layer. A near-to
far-field projection technique is applied to calculate the field at a distance of 1 m
from the structure, on the air side. A cylindrical perfect electric conductor, placed
50 nm above the dipole sources, have been introduced in order to avoid the direct
free-space emission from the sources, which could produce interference with the
BSW-diffracted radiation we want to investigate. This metallic plate mimics the
role of the beam blocker in the experimental setup. With this arrangement, only
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the air-side far-field patterns are calculated. However, as the propagation angles
of the diffracted beams (with respect to the multilayer normal) are very small, the
refraction effects are negligible and the far-field patterns are expected to be similar
to those on the glass substrate side.

4.5 Analysis of spiral radiation patterns
In this Section, experimental results are presented related to (i) a circular-

symmetric annular grating with topological charge m = 0, (ii) a single-arm spiral
grating, (iii) a double-arm spiral grating. In the last two cases, both handedness
of the incident polarization are considered, namely RHC and LHC polarizations,
such that the incident beam SAM and the grating topological charge can have
either equal or opposite sign. The polarization state of diffracted light is evaluated
for each wavevector across the BFP through the polarization ellipse parameters
ϵ(kx, ky) and α(kx, ky) [154]. The Stokes parameters are used for the evaluation
of ϵ(kx, ky) and α(kx, ky), as explained in Section 4.1.2. For each of the following
annular outcoupler considered, a complete set of the Stokes parameters S1, S2 and
S3 across the BFP is presented in Appendix 1, along with 6 BFP measurements
that led to the evaluation of each of them.

4.5.1 Circular outcoupler (m = 0)
In this configuration, a RHC circular polarization (ϵ = π/4) is employed to cou-

ple BSWs that are then diffracted. As shown in Figure 4.7a,e, the total intensity
collected on the BFP exhibits a maximum at kx = ky = 0, corresponding to a
constructive interference condition for light traveling along a direction perpendic-
ular to the multilayer surface. A linear-polarization filtering reveals the presence
of a pair of spiral-like arms spreading from the central maximum that rotate as
the polarization analyser is rotated (in Figure 4.7b,f the measured and calculated
intensity of the x−component of the diffracted light are presented). Without the
polarization filter, the spiral-like arms merge together to form a ring surround-
ing the central maximum. When polarization-projected onto a RHC polarization
state, the intensity pattern has still a maximum in the BFP center (Figure 4.7c,g),
while a weak ring is obtained for a projection onto a LHC polarization state (Fig-
ure 4.7d,h). A comparison between the distributions for the measured and the
calculated parameter ϵ(kx, ky) on the BFP indicates that the central maximum
is substantially RHC polarized, i.e. ϵ(0,0) ∼= π/4, while the outer ring is LHC
polarized, i.e. ϵ(0,0) ∼= −π/4 (Figure 4.7i,l).

By enforcing the conservation of the total angular momentum J, which also
takes into account the topological charge m imparted by the diffraction grating, the
following equation applies: σi + m = 1 + 0 = σ0 + l, where σ0 is the output SAM
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Figure 4.7: BFP Diffraction patterns from a circular outcoupler (m = 0). Incident
polarization is RHC. a,e) experimental and calculated total intensity showing a
central spot surrounded by a weak outer ring; b,f) experimental and calculated
x−polarized intensity; c,g) experimental and calculated RHC intensity showing a
central spot; d,h) experimental and calculated LHC intensity showing a doughnut
shape; i,l) experimental and calculated polarization ellipse parameter ϵ(kx, ky) with
the sign reversal from the inner area to the outer ring; m) calculated phase of
the diffracted field with RHC polarization, showing a constant distribution; n)
calculated phase of the diffracted field with LHC polarization, showing two 2π
discontinuities.
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number and l is the corresponding OAM number. The solution to this equation
is not unique. In particular, two SAM-OAM configurations are possible: a RHC
beam preserving the input polarization and carrying zero OAM, i.e. σ0 = +1 and
l = 0, and a doughnut LHC beam with a reverse polarization, with σ0 = −1 and
OAM with l = +2. The two beams are partially overlapped. This observation is
supported by the phase distribution calculated for the RHC and the LHC polarized
fields presented in Figure 4.7m,n: a flat wavefront with constant phase is found for
the RHC beam (l = 0) and a spiral wavefront with two 2π discontinuities for the
LHC beam (l = +2).

4.5.2 Spiral outcoupler (m = −1)
BSWs are first coupled with an input RHC polarization (σi = +1) and made

interacting by a spiral grating with opposite handedness (m = −1). The cor-
responding intensity pattern is shown in Figure 4.8a,e. The phase delay profile
imparted by the diffractive structure onto the diffracted BSWs results into a de-
structive interference such that a zero-intensity phase singularity is produced at
kx = ky = 0. When filtered with the linear polarizer LP1 (e.g. oriented along
the x, y or 45◦ direction), two-lobe patterns are found, whose orientation is per-
pendicular to the analyser transmission axis (Figures 4.8b-d). Calculated intensity
patterns are in good agreement with the experimental observations (Figures 4.8f-h).
The distribution of the parameter ϵ(kx, ky) shows a substantially linear polariza-
tion corresponding to the doughnut (ϵ ∼= 0) (Figures 4.8i,l). The uniformity of
the polarization orientation is evaluated by extracting the parameter α(kx, ky), in-
troduced in Section 4.1.2, which provides the local orientation of the polarization
ellipse (almost a line, in this case) across the BFP [154]. In Figures 4.8m,n both
the experimental and the calculated distributions for α(kx, ky) indicate that the
substantially linear polarization follows an axis-symmetric distribution such that
the electric field is azimuthally oriented about the beam axis in kx = ky = 0. In
this case, the J conservation rule reads as σi + m = 1 − 1 = σ0 + l = 0, leading
to to two fully overlapped beams with SAM σ0 = +1 and OAM l = −1 and SAM
σ0 = −1 and OAM l = +1, respectively (see Figures A.3e,f and Figures A.4e,f in
Appendix A). The coherent superposition of such beams having circular, yet or-
thogonal, polarizations is consistent with the observed azimuthal polarization state
of the output beam.

When the illumination polarization is switched to LHC (σi = −1) the input
SAM and the grating topological charge possess the same sign. The overall intensity
pattern having a doughnut shape is presented in Figure 4.9a,e. At a closer look,
the output results from the superposition of a pair of ring-shaped beams, which are
non-interfering because of their orthogonal polarizations. A weak outer ring (Figure
4.9c,g) is imaged upon RHC filtering, while an intense inner ring (Figure 4.9d,h)
is obtained upon LHC filtering. The experimental and the calculated distributions
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Figure 4.8: BFP Diffraction patterns from a 1-arm spiral outcoupler (m = −1).
Incident polarization is RHC. a,e) experimental and calculated total intensity show-
ing a doughnut shape; b,f) experimental and calculated x−polarized intensity; c,g)
experimental and calculated y−polarized intensity; d,h) experimental and calcu-
lated 45◦−polarized intensity; i,l) experimental and calculated polarization ellipse
parameter ϵ(kx, ky) indicating a substantially linear polarization state ϵ ∼= 0; m,n)
experimental and calculated ellipse parameter α(kx, ky) indicating an azimuthal
orientation of the electric field.
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Figure 4.9: BFP Diffraction patterns from a 1-arm spiral outcoupler (m = −1). In-
cident polarization is LHC. a,e) experimental and calculated total intensity showing
a superposition of an inner and an outer ring-shaped patterns; b,f) experimental
and calculated x−polarized intensity; c,g) experimental and calculated RHC inten-
sity, distributed according to the outer ring; d,h) experimental and calculated LHC
intensity; distributed according to the inner ring; i,l) experimental and calculated
polarization ellipse parameter ϵ(kx, ky) indicating a substantially circular polariza-
tion with handedness reversal from the inner to the outer ring; m) calculated phase
of the diffracted field with RHC polarization, showing three 2π discontinuities; n)
calculated phase of the diffracted field with LHC polarization, showing a 2π dis-
continuities.
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for ϵ(kx, ky) (Figure 4.9i,l) confirm that the polarization state of the two beams is
still substantially circular. However, a reversal of handedness from LHC to RHC
can be found while moving from the inner ring toward the outer. The two partially
overlapped beams must satisfy the J conservation rule, i.e. σi + m = −1 − 1 =
σ0 + l = −2. A first solution to this equation is represented by a LHC polarized
beam having the same SAM number as the incident radiation σ0 = −1 and OAM
l = −1. An orthogonal solution is a RHC polarized beam having a reversed SAM
σ0 = +1 and OAM l = −3. The topological charge of the diffracted vortex beams
can be directly appreciated from the calculated phase distributions of the RHC and
LHC polarized beams (Figure 4.9m,n), exhibiting three and one 2π discontinuities
respectively, on the BFP.

4.5.3 Spiral outcoupler (m = −2)
As in the previous configuration, an incident RHC polarization (σi = +1) is

first considered. The overall intensity shown in Figure 4.10a,e is obtained as the
superposition of a weak outer ring and a brighter central spot. Both patterns can
be individually imaged by operating a polarization filtering through a RHC state
(Figure 4.10c,g) and a LHC state (Figure 4.10d,h), respectively. The distribution
of the parameter ϵ(kx, ky) indicates that the polarization is substantially circular
across the pattern. However, the bright central spot shows a LHC polarization state,
which is reversed with respect to the incident radiation (Figure 4.10i). Furthermore,
the outer weak ring maintains a LHC polarization, as the illumination (Figure
4.10l). The conservation of the momentum J leads to σi+m = +1−2 = σ0+l = −1,
which has the following two solutions associated to the observed beams: σ0 = +1
(RHC) and l = −2; σ0 = −1 (LHC) and l = 0. The calculated phase distributions
are consistent with the total angular momentum algebra, since the RHC beam has
a vortex wavefront with two 2π discontinuities, while the LHC beam has a flat
wavefront (Figure 4.10m,n). A constant phase is also consistent with the existence
of a central maximum at kx = ky = 0 for the LHC beam.

For a LHC polarization (σi = −1) a phase singularity is produced on the optical
axis, and the overall intensity pattern (Figure 4.11a,e) results from the superpo-
sition of a LHC polarized inner ring (Figure 4.11c,g) and a RHC polarized outer
ring (Figure 4.11d,h). Measured and calculated ϵ(kx, ky) show the handedness re-
versal occurring when departing from the optical axis toward larger propagation
angles, wherein the inner ring preserves the same polarization as the incident ra-
diation (Figure 4.11i,l). From the conservation of the momentum J, we have:
σi + m = −1 − 2 = σ0 + l = −3, which has the following solutions: σ0 = +1 (RHC)
and l = −4; σ0 = −1 (LHC) and l = −2. In this case, both beams exhibit a phase
vorticity, with four 2π discontinuities for the RHC (Figure 4.11m) state and two
2π discontinuities for the LHC state (Figure 4.11n).
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Figure 4.10: BFP Diffraction patterns from a 2-arms spiral outcoupler (m = −2).
Incident polarization is RHC. a,e) experimental and calculated total intensity, given
by the superposition of a central spot and a weaker outer ring; b,f) experimental
and calculated x−polarized intensity; c,g) experimental and calculated RHC inten-
sity, distributed according to the weak outer ring; d,h) experimental and calculated
LHC intensity, distributed according to the bright central spot; i,l) experimental
and calculated polarization ellipse parameter ϵ(kx, ky) indicating a substantially cir-
cular polarization, with handedness reversal from the central spot to the outer ring;
m) calculated phase of the diffracted field with RHC polarization, showing two 2π
discontinuities; n) calculated phase of the diffracted field with LHC polarization,
showing a uniform phase distribution.
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4.5 – Analysis of spiral radiation patterns

Figure 4.11: BFP Diffraction patterns from a 2-arm spiral outcoupler (m = −2).
Incident polarization is LHC. a,e) experimental and calculated total intensity; b,f)
experimental and calculated x−polarized intensity; c,g) experimental and calcu-
lated RHC intensity; d,h) experimental and calculated LHC intensity; i,l) experi-
mental and calculated polarization ellipse parameter ϵ(kx, ky); m) calculated phase
of the diffracted field with RHC polarization showing four 2π discontinuities; n)
calculated phase of the diffracted field with LHC polarization, showing two 2π
discontinuities.
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4.6 Conclusion
To conclude, a new mechanism for the generation of vectorial vortex beams

has been presented in this Chapter, based on spin-orbit interactions involving cou-
pling and diffraction of BSWs. Generally speaking, this kind of effects relies on the
coherence characteristics of the radiation involved. For this reason, a laser beam
has been employed as an external free-space radiation for coupling BSWs that are
subsequently diffracted, with an imparted geometrical phase. Several combinations
of polarization states and OAM are obtained, as summarized in Table 1. Further
options for vortex beam generation carrying OAM with other polarization configu-
rations can be possibly produced by means of multilayers supporting TM-polarized,
in addition to TE-polarized BSWs [195].

Figure 4.12: Summary of the SAM-OAM combinations obtained by diffraction of
BSWs coupled from either RHC or LHC polarized incident light.

The numerical model developed here suggests that the presented approach is
likely to work regardless of the coupling mechanism for BSWs. For example, in the
perspective of advanced engineered light sources for free-space applications, BSWs
can be launched from a single emitter on the multilayer surface by virtue of near-
field interactions (BSW-coupled emission, see Section 3.3) [39, 196]. Then, chiral
diffractive structures can be used as outcouplers surrounding single sources or even
planar BSW cavities (e.g. as described in ref. [97]) hosting light sources within.
Provided the coherence requirements for the BSW-coupled radiation leaking out of
the cavity are satisfied, the diffraction mechanism for free-space vortex generation
remains as reported in the text above. While nanocavities can be chiral themselves,
with a handedness-depending LDOS [197], it has been recently shown that chiral
plasmonic structures can foster sources located on their surface to radiate accord-
ing to a specific circular polarization handedness [198]. These strategies provide
an unprecedented degree of control on the polarization state of the emitted light.
The use of BSWs as a mean for coupling and transferring energy from sources to
free-space, mediated by chiral diffractive gratings, can contribute to enhance the
performance of purely plasmonic nanostructures, which are often limited by the
strong absorption occurring at visible frequencies.
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Summary and perspectives

The focus of the current thesis regards multilayerd photonic strctures sustaining
electromagnetic surface waves. In this work, I demonstrated that the implemen-
tation of structured multilayers can be advantageous in manipulating the light at
the nanoscale, promoting rich physics and possible device applications. Electro-
magnetic surface waves sustained by the multilayers are the main actors of this
work.

The first part of this thesis dealt with the beaming of the fluorescence from emit-
ters coupled to Tamm plasmon polaritons. In particular, a novel approach has been
presented based on a nanohole in the metallic film, ranging from 200 nm to 1 µm
in diameter, through which emitters can couple to TPP. The nanoaperture avoids
the embedding of the emitters beneath the metallic film, which is not favorable for
applications in fluorescence sensing or imaging. The increased directionality and
beaming of the emission coupled to TPP is demonstrated experimentally through
back focal plane images of the fluorescence intensity. The observations confirm that
for λ such that kT P P (λ) = 0 the coupled emission appears in the direction normal
to the glass, following the dispersion of TPP. Experimental observations are well
supported by rigorous calculations, performed by means of a FDTD model. Further
investigations confirmed that other nanoaperture shapes can be employed without
losing the beneficial coupling to TPP.

The second part of the thesis is focused on Bloch surface waves manipulation
on one-dimensional photonic crystal. In Chapter 3, the realization of circular cavi-
ties based on Bloch surface wave for the enhancement of the spontaneous emission
decay rate has been described. The cavity is realized on top of the 1DPC by means
of a circular grating, acting as a distributed Bragg reflector for the BSW-coupled
emission from emitters embedded in the center of the cavity. Rigorous 2D and
3D FDTD simulations have been implemented to design the cavity and to fully
characterize the cavity mode for the wavelength range of interest, calculating the
mode profile, the mode dispersion and the quality factor. The fabricated devices
have then been analyzed using a streak-camera based spectroscopic setup, in or-
der to collect the spectral and temporal signature of the emission coupled to the
BSW cavity mode. The spectrum of the coupled emission from the all dielectric
cavity presents narrow peaks according to the calculated Q ∼ 1400. Regarding the
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temporal signature, the decay curves highlight an enhancement of the decay rate,
giving an estimation of the Purcell factor of Pf ∼ 31. An accurate fitting procedure
(stretched exponential) has been implemented in order to grasp all the aspects of
the complicated coupling mechanism inside the center of the cavity. In a further
step, an outcoupling mechanism is introduced based on circular diffraction grat-
ings surrounding the cavity, in order to control the extraction from the multilayer.
The outcoupler efficiently redirects the emission at normal direction with respect to
the multilayer surface, as demonstrated by BFP measurements. Thus, the ability
of this device to provide enhanced directional light emission is envisioned to be
exploited for single photon source manipulation.

In Chapter 4, a mechanism for producing a vortex beam by exploiting BSW
have been discussed. The vortex beam is generated in a two-step process, involving
a SAM-to-OAM conversion from a focused circularly polarized beam into radially
propagating BSWs and a BSW diffraction in free-space, with the additional phase
distribution imparted by a spiral diffraction grating. Experimentally, BFP imaging
plus Stoke’s polarimetry techniques have been implemented in order to retrieve the
angular distribution and polarization state of the diffracted light. Circular and
spiral outcouplers with one and two arms have been characterized, by illuminating
them with a circular polarized beam, testing both handednesses. The BFP diffrac-
tion patterns together with the calculated phase profiles of the diffracted beams
have demonstrated that several combinations of polarization states and OAM can
be obtained, depending on the handedness of the incoming polarization and the
number of arms in the spiral outcoupler. The mechanism effectively generates a
vortex beam carrying OAM at low NA. All the experimental observations are sup-
ported by numerical simulations of the system, performed in a rigorous 3D FDTD
environment. In the perspective of advanced engineered light sources for free-space
applications, chiral diffractive structures can be used as outcouplers surrounding
single point-like sources.

The photonic structures discussed in this work can be an interesting substrate
for manipulating and engineering single-photon emitters, that nowadays play an
important role in many leading quantum technologies. There is still no "ideal" on-
demand single-photon emitter, but a plethora of promising material systems have
been developed. Recently, several works focused on single-photon emission from
hexagonal boron nitride, a wide bandgap semiconductors with very high thermal
and chemical stability. We envision the possibility to integrate this emerging two-
dimensional material with the photonic structures presented in this work, in order
to exploit the high influence of the electromagnetic surface waves on the photonic
behaviour of the emitters near the surface.
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4.6 – Conclusion

Author’s contribution
In the work presented in Chapter 2 and published in [85], the author was respon-

sible for the FDTD simulations to support the experimental observation. Regarding
the work discussed in Chapter 3 and published in [97], the author conducted the
fabrication of the cavity+outcoupler system and was responsible for the construc-
tion of the experimental setup, the numerical simulations and the experimental
characterization of the device. Regarding the work discussed in Chapter 4, the
author conducted the design and the fabrication of the spiral diffraction grating
and was responsible for the construction of the experimental setup, the numerical
simulations and the experimental characterization of the device.
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Appendix A

Stokes parameters of diffracted
light from annular gratings

In the following, the Stokes parameters used for the evaluation of ϵ(kx, ky) and
α(kx, ky) in the experiment described in Section 4.5 are presented. For each annular
outcoupler considered in Section 4.5, a set of 6 intensity measurements with 6
different outgoing beam polarizations (H, V, 45, 135, RHC and LHC) have been
carried out, by filtering the diffracted light with a quarter wave plate and a linear
polarized, as described in Section 4.3.2. Next, the Stokes parameters are retrieved
through the 6 measurements (more details can be found in [153, 154]). Here the
Stokes parameters Si, i = 1,2,3 are normalized by S0 and therefore range from
−1 to +1. It should be noted that the intensity measurements are not background
corrected, since this would invalidate the calculation of the Stokes parameters. That
is why even away from the central region of the Back Focal Plane, the intensity
is not exaclty zero in some cases. The calculated Stokes parameters with FDTD
Lumerical are presented, as well, showing perfect matching with the experimental
evaluation.
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Figure A.1: Circular grating (m = 0): RHC polarized illumination. (a-f)
Polarization-filtered intensities and (g-i) Stokes parameters (experimental).
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Figure A.2: Circular grating (m = 0): RHC polarized illumination. (a-f)
Polarization-filtered intensities and (g-i) Stokes parameters (calculations).
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A – Stokes parameters of diffracted light from annular gratings

Figure A.3: Spiral grating (m = −1): RHC polarized illumination. (a-f)
Polarization-filtered intensities and (g-i) Stokes parameters (experimental).
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A – Stokes parameters of diffracted light from annular gratings

Figure A.4: Spiral grating (m = −1): RHC polarized illumination. (a-f)
Polarization-filtered intensities and (g-i) Stokes parameters (calculations).
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A – Stokes parameters of diffracted light from annular gratings

Figure A.5: Spiral grating (m = −1): LHC polarized illumination. (a-f)
Polarization-filtered intensities and (g-i) Stokes parameters (experimental).
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A – Stokes parameters of diffracted light from annular gratings

Figure A.6: Spiral grating (m = −1): LHC polarized illumination. (a-f)
Polarization-filtered intensities and (g-i) Stokes parameters (calculations).
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A – Stokes parameters of diffracted light from annular gratings

Figure A.7: Spiral grating (m = −2): RHC polarized illumination. (a-f)
Polarization-filtered intensities and (g-i) Stokes parameters (experimental).
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A – Stokes parameters of diffracted light from annular gratings

Figure A.8: Spiral grating (m = −2): RHC polarized illumination. (a-f)
Polarization-filtered intensities and (g-i) Stokes parameters (calculations).
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A – Stokes parameters of diffracted light from annular gratings

Figure A.9: Spiral grating (m = −2): LHC polarized illumination. (a-f)
Polarization-filtered intensities and (g-i) Stokes parameters (experimental).
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A – Stokes parameters of diffracted light from annular gratings

Figure A.10: Spiral grating (m = −2): LHC polarized illumination. (a-f)
Polarization-filtered intensities and (g-i) Stokes parameters (calculations).
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