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Abstract

The purpose of the present thesis is the study of the interaction of
plasmonic nanostructures with an emitter in close proximity. The inves-
tigation was carried out following different approaches but always with
the aim of inserting the experimental results in the framework of new
or existing theoretical models in order to better understand the pho-
tophysical nature of the interaction. To this aim in the framework of
this thesis plasmonic nanohole arrays have been synthesised and coupled
to Er-doped silica layers. The choice of Erbium as emitting source was
driven by the great technological importance of this rare earth in photon-
ics and optoelectronics, connected to the characteristic emission at 1540
nm that matches the window of minimum transmission loss for silica. For
this reason the first step of the research activity was devoted to the op-
timization of the Er®* photoluminescent properties in silica. When an
emitter is placed near an interface, its optical properties will be modified.
To describe this variation different contributions have to be taken into
account: the variation of the local density of state due to the reflection
from the interface, the coupling of the emitted radiation with propagating
surface plasmons on the metal-dielectric interface and the dissipation in
the overlayer. Nanostructuring the overlayer offers further opportunities
for changing the optical properties of a nearby emitter. Among different
plasmonic nanostructures, nanohole arrays (NHAs) can represent the ideal
candidate for this purpose due to their extraordinary optical transmission
(EOT): at specific frequencies determined by the hole periodicity, the light
transmitted through the NHA is orders of magnitude higher than the one
predicted with the classical diffraction theory. When the EOT peak was
tailored with the emission wavelength of the emitter strong plasmonic
coupling was demonstrated, leading to lifetime shortening with almost no
dissipation in the overlayer. Finally, all the obtained results allowed the
development of predictive models that can be used in the design of novel
devices for different photonic applications.



Lo scopo del presente lavoro di tesi & I'analisi dell’interazione di na-
nostrutture plasmoniche con un emettitore. Lo studio & stato condotto
seguendo diversi approcci, ma sempre con il fine di confrontare i risultati
sperimentali con modelli teorici sia gia noti che nuovi, in modo da com-
prendere appieno la natura foto-fisica dell’interazione. In questo senso
nell’ambito della presente tesi sono state sintetizzati nanohole array plas-
monici ed accoppiati con film sottili di silice drogata con erbio. La scelta
dell’erbio come emettitore & stata dettata dalla sua grande importanza
tecnologica nella fotonica e nell’optoelettronica, associata alla caratter-
istica emissione radiativa a 1540 nm, che si trova nella finestra di min-
imo assorbimento ottico della silice. Per questa ragione il primo passo
dell’attivita di ricerca e stato volto all’ottimizzazione delle proprieta di
fotoluminescenza dello ione erbio in silice. Quando un emettitore & posto
in prossimita di un film sottile le sue proprieta ottiche vengono modifi-
cate. Per descrivere tale variazione ¢ necessario tenere conto di contributi
differenti: la variazione della densit locale degli stati dovuta alla rifles-
sione all’interfaccia, ’accoppiamento della radiazione emessa con plas-
moni di superficie propaganti sull’interfaccia metallo-dielettrico e infine
la dissipazione nel film. La nanostrutturazione del film puo offrire ul-
teriori opportunit nella modifica delle propriet ottiche di un emettitore.
Tra le diverse nanostrutture plasmoniche, i nanohole arrays (NHAs) pos-
sono essere visti come i candidati ideali per questo scopo grazie alla loro
trasmissione ottica straordinaria (EOT): a determinate lunghezze d’onda
definite dalla periodicit dei buchi e dalle proprieta dielettriche dei mate-
riali coinvolti, la luce trasmessa attraverso il NHA & ordini di grandezza
piu grande rispetto a quella predetta dalla teoria classica della diffrazione.
Quando il picco della EOT é risonante con la lunghezza d’onda di emis-
sione dell’emettitore, & stato dimostrato un forte accoppiamento plasmon-
ico che porta ad un marcato accorciamento del tempo di vita nella quasi
assenza di dissipazione nella nanostruttura. Infine, tutti questi risultati
hanno permesso lo sviluppo di modelli predittivi che possono essere uti-
lizzati nella progettazione di nuovi dispositivi per diverse applicazioni fo-
toniche.
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Introduction

The interest in the so called nanoscale materials has been gaining great impor-
tance in the scientific community during the last decades, due to the discover
of new properties arising as the size of a system ranges between few and hun-
dreds of nanometres. These peculiar features are not present in materials with
macroscopic size, but also disappear at the atomic scale. In particular, a lot of
morphological and chemical characteristics, that are intrinsic at the macroscopic
scale, become dependent on the size, shape and dielectric environment.

The first acknowledgement of the importance of the nanoscale is attributed
to Richard Feynman, in his lecture ”There is plenty of room at the bottom”
[1], where he first suggested that the properties of materials and devices at
nanometre range would present future opportunities.

The meaning of the term Nanotechnology could be explained with the words
of N. Taniguchi [2], the first to use this term in 1974: Nanotechnology mainly
consists of the processing of separation, consolidation, and deformation of ma-
terials by one atom or by one molecule. Since then a lot of techniques for pro-
cessing materials in the way described by Taniguchi have been developed and
produced important innovations in many fields, as biological sensors, surface
coating, catalysis, computer science, optics, and many others.

One of the most fascinating fields in nanoscience is the study of the inter-
action of light with metallic nanostructures, since it exhibits unique properties
absent in the macro-world. The study of the optical properties of radiation at the
nanoscale, goes under the name of nanophotonics. In particular the branch that
handles with the interaction between the interfaces of nanostructured metals (in
particular noble metals) and electromagnetic radiation, is named Plasmonics.
The purpose of the research in this field is to have a control on the confinement
of light over distances smaller than the wavelength and over the consequent
enhancement of the optical near-field [3].

Among the various possible applicative scopes of plasmonics, the one on
which this thesis work focuses, is the interaction between an emitter of elec-
tromagnetic radiation and a plasmonic nanostructure placed in close proximity.
This configuration allows the interface to modify the decay rate of the emit-
ter, thanks to the coupling in the near-field with Surface Plasmon Polaritons
(SPPs), i.e. propagating electromagnetic waves confined at the surface of a
metal [3].

In principle the excitation of SPPs is not allowed on a flat interface due to a
mismatch between the momentum of impinging radiation and the propagation
constant of the SPP, but thanks to the wide range of wave-vectors available in
close proximity (d < Aem) of a dipole-like emitter, the coupling with SPPs in
near-field becomes possible and this increases the de-excitation probability.

Moreover, once obtained the excitation of surface modes, they could re-
excite the emitter or at least couple out into far-field radiation if a grating that
matches the momentum is present. This grating properties can be achieved
nanostructuring the metal interface in an ordered way with the periodical prop-
erties of a lattice. This allows to obtain the necessary coupling and thus to get



an increased efficiency of the photo-emission.

This work focuses on the study of the optical properties of so-called nanohole
arrays, i.e. ordered lattices of nanometric holes on a thin film of a noble metal.
As first observed by Ebbesen et al. in 1998 [4] the characteristic feature of
these structures is to give rise to an extraordinary optical transmission (EOT)
at a particular resonant wavelength, i.e. the transmitted intensity of from the
holes is much higher than the intensity impinging on the total holes’ area. The
position of the resonance can be chosen by varying the lattice parameter of the
nanohole array.

There are multiple possible applications of nanohole arrays, most of them not
yet investigated. This study is focused on the possible application of ordered
arrays of holes in the coupling with the emitted radiation from erbium ions
(Er3t) embedded in a silica matrix. If the ions are placed in close proximity
of a metal interface, the local photonic density of state is modified [5] and this
produces a variation in the radiative lifetime of the state of the emitter, thanks
to the near-field coupling with SPPs. Moreover the grating properties of the
lattice of holes permits to couple-out the SPPs to the far-field.

The choice of the erbium as the emitter is related to its technological im-
portance connected to the characteristic emission at 1540 nm, that matches the
window of minimum transmission loss for silica. Erbium doped fiber amplifiers
are in fact widely used to compensate losses in the transmission of optical sig-
nals over long distances. However, the Er-doped glass technological applications
are limited by the small excitation cross-section and the long lifetime of the Er
excited state [6]. Thus finding a way to enhance the efficiency of the emission
can lead to important improvement in the optical communication field.

The work is divided in two main parts: the first concerns the theoretical
description of the plasmonic properties, the fabrication and characterization
of nanohole arrays (sec. 1, 2, 3), and the second on the optical features of
erbium and the study of the influence of nanohole arrays on the efficiency of its
photo-emission properties (sec. 4, 5, 6).






1 Interaction between metallic nano-structures
and electromagnetic radiation

1.1 Electronic properties of metals

The interaction of metals with electromagnetic fields can be understood in a
classical framework based on Maxwell’s equations. Following [3] it’s shown that
even metallic nano-structures down to the order of a few nanometres can be
described without a need to resort to quantum mechanics, since high density of
free carriers results in minute spacings of the electron energy levels, compared
to thermal excitation.

Thanks to the strong dependence of the optical properties on frequency, a
great variety of optical phenomena occurs in metals. For low frequencies, up to
far-infra-red, metals are highly reflective and do not allow electromagnetic waves
to propagate through them. In this regime the perfect conductor approximation
of infinite or fixed finite conductivity is often valid, since only negligible part of
the radiation penetrates into the metal. As frequency rises towards near-infra-
red and visible part of the spectrum, field penetration increases significantly,
leading to considerable dissipation, and make it difficult to scale the behaviour
of the metal from the low frequency regime. Finally, at ultraviolet frequencies,
metals acquire dielectric character and allow the propagation of electromagnetic
radiation, with refractive index and absorption depending on electronic struc-
ture. Alkali metals exhibit an almost free-electron-like response and become
transparent to UV radiation, noble metals instead, show a strong absorption in
UV range, caused by inter-band transitions.

The fundamental quantity to describe optical and dispersive properties, in
a classical way, is the complex dielectic function €(w), which can be calculated
theoretically and measured experimentally.

The start of the study of electromagnetic response of metals are the macro-
scopic Maxwell’s equations:

V . D = Pext (11)
V-B=0
OB

E:—i ]..

V x 5 (1.3)
oD

H=J. — 1.4

V x t + ot ( )

These equations link the macroscopic fields, electric E, magnetic B, dielectric
displacement D and magnetic induction H, with the external charge density
Pext and the external current density Jex¢. Clearly there are internal current
and charge density too, so that in total piot = pest + p and Jior = Jext + J-
Constitutive equations lead to introduce two more fields, polarization P and
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magnetization M, connected to the others via:

D= 60E+P (15)
H-1B_-M (1.6)
Ho

Magnetic response represented by M is not considered for purely plasmonic
systems, since only non-magnetic media are treated. Polarization P describes
the electric dipole moment per unit volume and it’s related to the internal charge
density via V- P = —p. Charge conservation (V -J = —%) imposes that:

_op
Y

With this approach the macroscopic electric field includes all polarization
effects.

Now if the medium is linear, isotropic and non-magnetic, D and H are
proportional to E and B, and the relations between them can be expressed
using relative permittivity ¢ and magnetic permeability pu:

J (1.7)

D =¢cE (1.8)

The last constitutive relationship needed is:
J=0E (1.10)

where o is the conductivity.

Equations (1.8) and (1.10) are correct only for linear medium, without spatial
and temporal dispersion, but for metal, whose properties depend on frequency,
the non-locality in space and time is to br taken into account , generalizing the
linear relationships:

D(r,t) = eo/dt’dr’e(r -’ t - )E(, t°) (1.11)
J(r,t) = /dt’dr’a(r -1, t - )E(, ) (1.12)

Taking the Fourier Transform of (1.11), the fields are decomposed into in-
dividual plane-wave components of wave vector K and angular frequency w,
obtaining:

D(K,w) = eoe(K, w)E(K, w) (1.13)
J(K,w) =0c(K,w)E(K,w) (1.14)

After these considerations the relation between conductivity and relative
permittivity (from now on called the dielectric function) can be written:
ic(K,w)

Eow

e(K,w)=1+ (1.15)
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Due to this intimate relationship either quantity can be used to describe
electromagnetic phenomena. Historically at optical frequencies is preferable to
use the dielectric function ¢(K,w), and since this work investigates properties
in NIR-Vis range, so only dielectric function will be considered.

While studying the interaction of light with metals, a simplification in the
limit of a spatially local response can be introduced. This is valid as long as the
wavelength A of the EM radiation in the material is significantly larger than all
typical dimensions of the medium, such the unit cell size and mean free path of
electrons. This condition is fulfilled up to UV frequencies (A < 100nm). Under
this assumption (K = 0,w) = €(w).

In general € is a complex valued function, depending on the angular frequency
w, which is real: e(w) = €;(w) + ie2(w) can be written. Experimentally e can
be determinate via reflectivity measurements, thanks to the relation with the
complex refractive index 1 = n(w) + ik(w):

i = Ve (1.16)

The imaginary part of the refractive index k = 52, is called the extinction
coefficient and determines the optical absorption of EM radiation propagating
through a medium. It’s proportional to the absorption coefficient « of the Beer’s

law of attenuation in a medium (I(x) = Ipe™**) by the relation:

_ 2k(w)w

a(x) (1.17)

Therefore, the imaginary part e; of the dielectric function determines the
amount of absorption. For |e1| > |ea|, the real part n of the refractive index,
quantifying the lowering of the phase velocity of the propagating waves due to
the polarization of the material, is mainly determined by €.

It’s useful to look for travelling-wave solutions of Maxwell’s equations in
absence of external stimuli. Combining the curl equations (1.1) yields the wave
equation:

8D
2
K(K-E) - K°E = —¢(K,w)—E (1.19)
C

in the time and Fourier domains, respectively. Two cases need to distinguished,
depending on the polarization direction of the electric field vector. For trans-
verse waves, K - E = 0, leading to the generic dispersion relation:

2

2 w
K- = e(K,w)c—2 (1.20)

For longitudinal waves, we obtain:
e(K,w)=0 (1.21)

12



signifying that the longitudinal collective oscillations can occur at frequencies
corresponding to zeros of e(w).

1.1.1 Drude Model

As pointed out before, the dielectric function e(w) describes most of the in-
formation about the interaction between metals and EM radiation. In a large
frequency range, including NIR and VIS, the simple Drude model of free elec-
tron gas permits to calculate the dielectric function. This a plasma mode in
which an electron gas of density n is supposed to move against a fixed lattice of
positive ions. It’s to note that this approach has limited validity for noble met-
als, because of inter-band transitions, that occur at visible frequencies: this kind
of transitions need more sophisticated model, treated in section 1.1.2. In this
model electrons are supposed to be free particles, neglecting details of lattice
potential and electron-electron interactions, the only assumption is that some
features of the band structure are incorporated into the effective optical mass
m of the electron.

If an EM radiation is applied to the metal, electrons oscillate according to
the external field, and their motion is damped via collisions against the ions,
with a collision frequency v = % At room temperature the relaxation time 7
of the free electron gas is typically ~ 10~'*s, and the frequency ~ 100M H z.

Considering a free electron and a driving electric field E a simple equation
of motion is obtained:

mX + myx = —eE (1.22)

Assuming a time harmonic time dependence for the external electric field,
E(t) = Ege~ !, the steady state solution has the same harmonic dependence
x(t) = xpe~ ™!, where x( is a complex value, which incorporates any phase shift
between driving field and response via:

x(t) =

e
m(w? + iyw)

E(t) (1.23)

Being x(t) single electron displacement, the electric dipole moment p(t) =
—ex(t) can be written. Combining the effect of all n electrons in a unit volume,
macroscopic polarization P writes:

7’L€2

P= nex=-——2% g 1.24
nex m(w? + iyw) (1.24)

Inserting this in (1.5) the displacement D results:

D= 1—-—2 E 1.25
€o( w2+iw) (1.25)

where the plasma frequency of the gas wg = Zf:l was introduced. From this the

dielectric function of the Drude model is obtained:

13



@1 = 1o ) tiaw) (126)
e(w) = _w2—|—i'yw_ _w2+72 Zw(w2+72) =€ (w 1€9(w .

Different regimes can now be distinguished by varying w compared to w,.
The model gives good results for w < wy, but fails in the regime of high fre-
quencies w > wy, where e(w) — 1 is expected. In fact real metals and in
particular noble metals (like Au, Ag, Cu), important in plasmonics, have the
filled d band close to the Fermi surface, and this produce a high polarization.
Taking into account this additional polarization of the ion cores by adding a
term P, = €p(€o — 1)E to (1.5), where P now represent the polarization due
to free electrons only. With this correction dielectric function becomes:

w? w2y
e(w) = (€00 — 2 f72) +i(w(w2p+ ’72)) (1.27)

where €5, >~ 1 + 10. Validity of this free electron approach is shown in 1 where
experimental data from Johnson and Christy [7] are compared to the dielectric
function of Drude model. Model agrees with experimental measurements as long
as inter-band transitions are negligible, in particular for copper and gold below
2eV (600nm) and for silver below 4eV (300mm). The occurrence of inter-band
transition above this energies leads to an increase of absorption, linked to €.
Clearly an advantage of having analytical formula for dielectric function is
that it can be easily included in numerical solvers for Maxwell’s equations.

T
o 10 10
= = =
S S g
2 0 = g 0 g 0
= = =
% *5 5%
o Q Q
B E E
8 10 8 10 8 10 .
el . =] ] .
a a a .
20 20 20
w‘ /
2 4 6 2 4 6
Energy eV Energy eV Energy eV
(a) Copper (b) Silver (c) Gold

Figure 1: Solid line represents dielectric function €(w) from Drude model fitted
to experimental data from Johnson and Christy [7] (dotted line)

1.1.2 Lorentz-Drude model

It has been pointed out that for noble metals the Drude model is not adequate
for describing the dielectric function at high frequencies. Above the band edge
thresholds, incident radiation is efficient in inducing inter-band transitions in
the bounded d electrons, below the Fermi surface, to higher bands, yielding
absorption and competition between excitations of s and d electrons.

14



Au(eso = 1.1156,0/eg = 1355.01s7 1) [ Ag(es = 1.4783,0 /¢ = 3157.56571)
A;leV] Bi[eV?] Ci[eV?] A;[eV] Bi[eV?] | Ci[eV?]
i=1]-8577-10% | —1.156 - 10% | 5.557 - 107 || —1.160-10° | —3050 | 3.634-10°%
i=2] —2875 0.0 2.079 - 10° —4.252 | —0.8385 112.2
i= —997.6 —3090 6.921-10° || —0.4960 | —13.85 1.815
i=4| —1.630 —4.409 26.15 —2.118 —10.23 14.31

Table 1: Coefficients of L4 model for Au and Ag

The model inadequacy can be overcome by adding a term in the equation of
motion (1.22):

mX 4+ myx + mwix = —eE (1.28)

Inter-band transitions are included considering the bounded electrons as os-
cillators with resonance frequency wg. This frequency corresponds to a certain
inter-band transition with fwy energy. If other inter-band transitions are con-
sidered, there will be the same number of equations like (1.28) to solve. Each
of this equations leads to a Lorentz-oscillator term of the form:

A;
(JJ2 w? —
Yiw

P~

(1.29)

to add up to the dielectric function yet calculated for free-electrons. Here w is
the radiation frequency, while w; is the resonance frequency of the i-th inter-
band transition [8]. If N inter-band transitions are considered, the dielectric
function results:
2 N
w A;
P 1
eEwW) =€ — + S 130
(W) = €0 w? + iyw ;wf—oﬂ—z%w (1.30)
Reminding the relationship between € and o and renaming coefficients, di-
electric function becomes:

S T < . — (1.31)

P (.L)2 + ’LA7(.L) + Bl

Coefficients were calculated by Nordlander and Hao [9] taking account of four
transitions (L4 model) and are shown in 1. It appears from 2 that analytical
dielectric function fits very well experimental data, and it become helpful for
numerical calculations.

15



1.2 Plasmon polaritons
1.2.1 Volume plasmons

When considering the high frequency regime (w > wy, > <, neglecting inter-
band contribution) for the e of the Drude model, metals are transparent to the
radiation. Therefore e(w) is predominantly real and the imaginary part can be
neglected, so it results:

w2

ew)~ew)=1- w—g (1.32)
Combining this dielectric function with Maxwell’s equations (1.1), assuming
Jext = 0, a wave equation is obtained, supporting propagating waves whose

dispersion relation is:

w? = wi + K22 (1.33)

For w < w, the propagation of transverse electromagnetic waves is forbidden,
instead for w > w,,, the plasma supports transverse waves propagating with
group velocity vy, = g—; < c. The significance of the plasma frequency w, can
be clarified, recognizing that in the small damping limit, e(w,) = 0 (for K = 0),
which corresponds to a collective longitudinal mode. The physical significance
of the excitation at w, can be understood considering the collective longitudinal
oscillation of the conduction electron gas versus the fixed positive background
of the ions cores, in the long-wavelength limit. The quanta of this oscillations
are called volume plasmons, due to their longitudinal nature, they do not couple
with transverse EM waves and can only be excited by particle impact.

1.2.2 Surface plasmon polaritons

Another kind of electromagnetic excitations, the one relevant in this work and
for photonic applications of metals, are Surface plasmons (SP). This type of
plasmons are excitations propagating at the interface between a dielectric and

Dielectric Function
=
=
o
Dielectric Function
=
=
(]

20 / 20 /

Energy eV Energy eV
(a) Silver (b) Gold

Figure 2: Dielectric constant from L4 model and experimental data from John-
son and Christy [7].
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Dielectric g4

AVAVAVAYA

OH H,

Metal €,

Figure 3: Geometry for SPP propagation at interface berween a metal and a di-
electric. Electric and magnetic fields for the p-polarized SPP are also described.

a conductor, and their peculiarity is the ability to confine electromagnetic fields
at length scales smaller than the wavelength. If the interface is extended they
are called Surface plasmon polaritons (SPP), if it’s related to three-dimensional
nanoparticles, they are named Localized surface plasmons (LSP).

The coupling of light with SPPs can be described starting from the wave
equation:

e O°E B
2 o2
with the assumption that the variation of € is negligible over distances on the

order of one optical wavelength. This is solved assuming a harmonic dependence
of the field E, E(r,t) = E(r)e~ ™! obtaining the Helmholtz equation:

V2E — (1.34)

V2E + kieE =0 (1.35)

with ko = %, the wave vector of the radiation propagating in vacuum.
Assuming a semi-infinite plane interface that coincides with z = 0, waves
travel along x-axis and € depends only on z-direction. In this geometry propa-
gating waves at z = 0 can be described as E(z,y, 2) = E(2)e?®, where 3, the
propagation constant, is the component of the wave vector along the direction
of propagation.
This leads to a simplified form of (1.35):

0°E(2) 2 2
5.2 + (k§ — B°)E(2) =0 (1.36)
and a similar equation for magnetic field H is found.

Now imposing the correct boundary conditions on fields, two sets of solutions
for (1.36) are obtained:

e Transverse magnetic (TM), in which only the field components E,;, E,, H,
are Non-zero
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e Transverse electric (TE), where only H,, H,, E, being non-zero

Once defined the scattering plane, where incident and reflected wave-vectors lay,
TM has the magnetic field perpendicular to this plane, TE the electric one.

Now if the considered single flat interface is between a dielectric, non absorb-
ing medium (z > 0) with positive, real dielectric constant e¢; and an adjacent
conducing half space (z < 0) described by a dielectric function €,,(w), with the
requirement of metallic character, Re[e,, (w)] < 0 and solutions required are con-
fined to the interface, i.e. with exponential decay in perpendicular z-direction,
only TM modes are allowed, finding the dispersion relation:

- EmE€d
B= /r o (1.37)

where €, and ¢4 are the dielectric functions of the metal and the dielectric.
Now this relation can be studied in two cases, for metals with or without
attenuation:

Ideal conductor If the metal has no attenuation i.e., it has purely real dielec-
tric function, an explicit dispersion relation can be found. In figure 4 real and
imaginary parts of the dispersion relation w(/3) are plotted, and it’s clear that
SPP excitations correspond to the part of the dispersion curve which lies on the
right of the light lines. In the limit of small wave vectors (IR or lower), the SPP
propagation constant is close to kg and the waves extend over many wavelengths
into the dielectric space. In the opposite regime of large wave-vectors, the fre-
quency of the SPPs approaches the characteristic surface plasmon frequency:

Wp
V1+ e
as w approaches wg,, wave vector tends to infinity and group velocity goes to

zero. In this case oscillation mode acquire electrostatic character and is called
surface plasmon. Such mode is obtained when €,,(w) + ¢4 = 0.

(1.38)

wsp -

Real conductor Excitations of the conduction electrons in real metals suffer
both free-electron and inter-band damping. Therefore, €,,(w) is complex, and
so the SPP propagation constant. In this situation travelling SPP are damped
with a propagation length L = (2I'm[8])~! (typically in the range 10 <+ 100um)
and reach a maximum, finite wave-vector at the surface plasmon frequency wsy.
In this way there is a lower limit for the wavelength Ay, = Ri—?m and for the
amount of mode confinement perpendicular to the interface, since the SPP fields

fall off in the dielectric as e~ !*II* with k. = \/B? — €2(2)2.
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Figure 4: Dispersion relation at air/Drude metal and silica/Drude metal inter-
faces for dispersionless metals. Solid and dashed curves represent respectively
Re{B} and Im{/3} while straight lines represent light lines w = kc/n

It’s important to stress the fact that SPP cannot be excited direct with
three-dimensional light beams, since the propagation constant [ is greater than
the wave vector k inside the dielectric, leading to evanescent decay on both sides
of the interface. There are various techniques for coupling radiation with SPPs
like prism coupling and grating coupling. This last coupling will be used in the
present work and described in the following.

1.2.3 Localized surface plasmons

Another type of surface plasmons can be defined, characterized by non propa-
gating charge density oscillations, thus called Localized surface plasmons. LSP
arise when oscillations are confined to metallic nanoparticles or nanostructures.
When light interacts with metallic particles, smaller than the incident wave-
length, the electrons of a nanostructure can couple to the electromagnetic field.
The curved surface of the particle exerts a restoring force on electrons, so that
resonances may arise when the particle is placed in an oscillating EM field. This
leads to field enhancement both inside the particle and outside, in the adjacent
sub-wavelength region. In contrast to SPPs, LPSs can be excited by direct
light, without particular technique. The frequency of the resonance depends on
the metal, the shape and the size of the particle, and also from the dielectric
constant of the medium embedding the nanoparticles. In general there is not
analytic model describing this resonances. For spherical particles the Mie theory
[10] allows a full treatment of the scattering problem by a single non-interacting
spherical particle, expanding solution in spherical multi-pole partial waves. In
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Figure 5: Dispersion relation at air/metal and silica/metal interfaces for real
metals (silver in this case).

the dipole approximation, for particles smaller than both radiation wavelength
A and inter-particles distance d, two different regimes are found: if d < A the
near-field interaction dominates with a d~3 dependence and strong field local-
ization occurs between adjacent particles. If d > A far field dipolar coupling
dominates, with d~! dependence.

1.3 Nanohole arrays and the EOT

This work focus principally on the properties of nanohole arrays in metal films
and their possible applications. These nanostructures present a special opti-
cal property, the extraordinary optical transmission (EOT), first described by
Ebbesen in 1998 [4]. This phenomenon consist in an enhancement of the EM ra-
diation transmission through a metallic nanohole array of sub-wavelength size,
i.e. more light can pass through the apertures than incident on their areas.

1.3.1 Transmission by sub-wavelength apertures

The starting point to study the transmission through apertures, is the descrip-
tion of the diffraction by a single hole in an opaque screen. In this situation
if the radius of the aperture is larger than the wavelength of the impinging
radiation (r > A), the problem can be treated with Huygens-Fresnel principle
and the light transmitted is almost the total light incident in the hole area,
thus the transmission coefficient is about to 1. The more interesting case is the
sub-wavelength one, in which r < Ay, because near-field effects are expected to
dominate the response. Bethe and Bouwkamp [11]first considered such a system
assuming that the film was infinitely thin and a perfect conductor. For normal

20



incidence the aperture can be described as a small magnetic dipole located in
the plane of the hole and the transmission coefficient becomes:

64

- 27w2

where kg = 27/)\g. The scaling with (r/Xg)* implies very weak total trans-

mission and is in agreement with Rayleigh’s theory of the scattering by small
objects.

If the hypothesis of infinitely thin screen is relaxed, assuming a finite thick-
ness h, via numerical simulation [12]it is found that the transmission coefficient
is exponentially attenuated with h. At least if the real character of the metal
is taken into account, with finite conductivity, the screen is not perfect opaque,
but if & is on the order of several skin depths, radiation tunnelling is prevented.

Bethe also predicted that the light would be diffracted as it emerges from
the hole in an angular pattern that depends on the orientation relative to the
polarization of the incident light. If the diffraction pattern is scanned along the
direction of the incoming polarization the intensity should be constant, while in
perpendicular direction, the intensity decreases with increasing angle [11].

Mesurements of transmission and diffraction from a single sub-wavelength
aperture revealed unexpected features: less diffraction intensity and the presence
of a peak in the transmission spectrum (Wood’s anomalies) [13]. The appearance
of these resonant peaks can be understood as the excitation of SP modes at the
edges of the hole, in particular LSPs in this case. In general it is often the
presence of some type of resonance that leads to transmission enhancement
[14].

(kor)* (1.39)

1.3.2 Grating coupling

The mismatch in wave-vector between the in-plane momentum k, = ksiné of
impinging photons and 8 can be overcome by patterning the metal surface with
a shallow grating of grooves or holes with constant lattice a. The ordered array
can be described via a primitive cell and a basis vectors: this configuration
produces a reciprocal lattice, whose vectors provide the momentum needed for
SPP excitation. For the simple one-dimensional case, phase-matching takes
place whenever the condition:

B = ksinf £ vg (1.40)

is fulfilled, where g = %’T is the reciprocal vector of the grating and v = 1,2, 3, ....
The excitation of SPPS is detected as a minimum in the reflected light. The
reverse process can also take place: SPPs propagating along a surface modulated
with a grating can couple to light and thus radiate.

For one-dimensional gratings, significant changes to the SPP dispersion re-
lation occur if the gratings are sufficiently deep, so that the modulation can no
longer be treated as a small perturbation of the flat interface. In fact localized
modes inside the grooves lead to distortions of the first higher-order band [15].
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Figure 6: Grating coupling between light and SPPs.

1.3.3 Extraordinary transmission in nanohole arrays

As pointed out before, metallic structures can convert light into SPs by providing
the necessary momentum conservation for the coupling process. If a screen with
regular, periodic lattice of holes is structured, the phase-matching conditions
imposed by the grating leads to a well-defined structuring of the transmission
spectrum T'(A\g), with peaks at the wavelengths where excitation of SPPs takes
place. At these wavelengths, more light can tunnel through the aperture than
incident on their area, since light impinging on the metal screen is channeled
trough the aperture via generation and propagation of SPPs. This is the so
called extraordinary optical transmission, EOT.

This enhanced transmission is the result of a resonant coupling of the EM
radiation which impinges the metal, with standing surface plasmons on both
sides of the film. The process can be divided into three steps: the coupling
of light to SPs on the incident surface, transmission through the holes to the
second surface and re-emission from the second surface. The intensity of SP
electromagnetic fields above each holes compensates for the otherwise inefficient
transmission through each individual hole.

The observed structure of T'(\) can be explained by assuming that grating
coupling to SPPs takes place, with the phase matching condition:

2
B = ky £ nGy £ mGy = ksin(f) + (n + m)—ﬂ (1.41)
a

where £ is the incident wave-vector and 6 the incidence angle, G, and G, are
basis wave-vectors of the reciprocal lattice and n, m are Miller indexes which
define scattering order, thus direction of propagation of the excited SPP.

Considering the case of a two-dimensional triangular array, the peak posi-
tions Ajq; at normal incidence are given in a first approximation by the Bloch-
wave SPP relation [16, 17]:

a EmEd
A = 1.42
STV mn+ m2 \ em + .
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where a is the period of the array. As this result is valid for negligible holes’
diameter and the associated scattering losses, it neglects the interference that
gives rise to a resonance red-shift, so more accurate relation would be necessary.

To quantify the extraordinary transmission is worth to define a normalized
transmission coefficient T),,m as the ratio between transmittance T ga and
the sum of that for the single holes Tsg;:

T
Tnorm = NHA (1 43)

> Tsmj
When extraordinary transmission occurs 7Ty,0rm becomes greater than 1 for
the wavelength at which there is a resonance between EM radiation and SPPs.

Features of NHA The SPs generated in the array will propagate along de-
fined symmetry axes with their own polarization depending on the (n,m) num-
ber of the mode, and then is been re-emitted to far-field. Interesting is the
way in which this happens: one can suppose that the SPP emerging from the
holes propagates on the metal surface and are scattered by the array of holes,
so the strength of the enhancement depends on the number of scattering cen-
tres encountered by the SPP within his decay-length. Instead a study [18] on
mini-arrays demonstrates that is only the local environment which influences
the extraordinary transmission, because excited SPPs are confined to the im-
mediate surroundings of the emerging hole and scattering from only nearest
neighbours, generating standing waves.

Furthermore relation (1.42) is valid for a single interface between two semi-
infinite layers, but the nanohole array presents two interfaces, that can both
sustain SP modes. So if the two surfaces are in contact with different materials,
the transmission spectrum contains two sets of peaks, each set belonging to one
of the surfaces.

An interesting feature of the nanohole arrays is that, as it’s clear from (1.42)
despite the rough approximation, there is a linear relationship between the pe-
riodicity of the array a and the position of the peak, so tuning this trait permits
to choose the position of the peak.

Other important properties to control the transmission spectra are:

Thickness h Two cases need to be distinguish: if the skin depth ¢ is larger or
of the order ¢, SPPs excited by incident radiation on front interface might
couple with SPPs on the other, only if adjacent dielectric is the same.
If t > 6, as happens in this work for Vis-NIR, there is no transmission
through the metal film and the radiation can only tunnelling through the
holes via SPPs.

Hole diameter d If the diameter is large enough to allow propagating modes,
transmission could be modulated via resonances of wave-guide modes.
But when d < A/2 only tunnelling modes are allowed. In this work this
condition is generally fulfilled, since d < 800nm and typical resonance is
at A = 1540nm.
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Holes diameter is also important in determining the line-width of the
peaks, in fact reducing the diameter makes the Wood’s anomalies shaper
and contributes to obtain well-defined peak, but reduces the transmission
[18].

Hole simmetry Different spectra are observed with square rather than cir-
cular holes, in particular square holes spectra strongly depend on the
polarization of the impinging light [14].

LSP modes Another phenomenon to point out is the rise of localized surface
plasmons modes on the rim of each hole, due to the strong localization of the
field. The emission spectrum is influenced in two ways by this hot-spots: hole’s
effective diameter results increased and with it the cut-off wavelength limit for
propagating modes allowed inside the hole, and field enhancement at the rim,
which can increase the transmission. Besides, a study of Degiron and Ebbesen
[19] pointed out that the contribution of the LSP modes is less important than
that of propagating SPP.
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2 Nanohole array fabrication

There are many techniques used to produce nanohole arrays. One fundamental
feature they must have is the possibility of controlling dimensional parameters
of the nanohole array during the synthesis. The one adopted in this work is also
a cost-effective way, characteristic which can be important in the eventually use
for mass-fabrication of NHA based devices.

2.1 Nanosphere Litography

Nanosphere lithography (NSL) is an inexpensive, simple to implement, high
throughput, self assembly technique capable of producing an unexpectedly large
variety of nanoparticle arrays with controlled shape, size, and inter-particle
spacing. It is based on the self-assembly of a monolayer of size-mono-disperse
spherical nanoparticles of polystyrene to form a colloidal crystal on the substrate
surface. NSL particle diameters ranging from 40 nm to several microns and the
size of the polycrystalline monolayers can extend up to several cm?, and this
is one of the main advantages of this technique [20, 21]. These monolayers,
arranged with HCP crystalline structure, can be used as efficient templates to
fabricate 2-D ordered nanostructure arrays in particular as a mask for the metal
deposition [22].

Mechanism of masks formation Closed-packed monolayers of colloidal
spheres can be produced by spreading particles solution on a solid surface and
evaporating the solvent. The formation of the monolayers of colloidal spheres is
due to the lateral capillarity forces that acts when the spheres protrude from the
solvent. The spheres are pushed together and nucleate an ordered mono-layer,
flow of solvent brings in more spheres and the mono-layer grows. The nature of
the forces governing the ordering is revealed by the fact that 2D crystallization
always starts when the thickness of the water layer becomes equal to the particle
diameter.

Observations suggest a two-stage mechanism: at first stage, a nucleus of
ordered phase forms. Spherical particles partially immersed in a liquid layer
deform the liquid-gas interface, giving rise to strong and long-range inter-particle
capillarity forces. These attractive forces are caused by two effect: pressure
effect caused by hydrostatic pressure and surface force effect due to the spatial
variation of the slope of the liquid surface. Energy of capillarity attraction
can be much larger than the thermal energy, kg7, even with sub-micrometer
particles, and interaction is a long range force, whose effect extend at distances
greater than 1000 particles radii.

Once the nucleus is formed, the second stage of crystal growth starts through
directional motion of particles toward the ordered array. This motion is caused
by a convective water flux which carries along the particles toward the ordered
phase. Once ordered regions are formed, the thinning of the water layer inside
them is slowed due to hydrophilicity of the particles. The evaporation from
the menisci between the particles, clustered in a nucleus, increases the local
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curvature and hence the local sucking capillarity pressure. A convective influx
tends to compensate the water evaporation and carries the particles toward the
clusters, where they remain attached to the domains, pressed by hydrodynamic
pressure and captured by capillarity attraction [23].

Experimental procedure Among the variety of methods that can be used
for deposition of the nanoparticles on the substrate, the chosen one for the
present work is based on the works of Schatz and uses a colloidal suspension of
polystyrene (PS) nanospheres in ultra-pure water and alcohol (2-Propanol).

(1) (2)

Figure 7: The device used for self-assembling mask consists of a rack and pinion
system (a) driven by a small electric engine that allows to the T-shaped arm
(b) to move vertically at two different speeds. At the end of the arm a SLG
substrate (c) is fixed and NSs are deposided on. As the substrate is dipped,
in (1), NSs separate from it and start floating on water surface. In (2) a well-
ordered monolayer of NS has formed.

ﬁ *
(1) (2)

Figure 8: Collecting step is here showed. A second substrate is used to manually
pick up the monolayer by first dipping it in the water then slowly pulling it out
together with the NS mask.

The first step is the cleaning of the substrate in a ”Pirahna” solution, to
make the substrate hydrophilic: at first an acid solution is used, a 3 : 1 mix-
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ture of concentrated sulphuric acid with 30% hydrogen peroxide, and after a
basic one, 3 : 1 mixture of concentrated ammonium hydroxide with 30% hydro-
gen peroxide. The substrate is then rinsed with Milli-Q water and dried in a
stream of nitrogen. The suspension of PS nanoparticles and isopropylic alcohol
is poured on the clean substrate and slowly immersed in a large glass vessel
filled with Milli-QQ water. PS particles self-assemble at the meniscus between
alcohol dispersion and water bath, the resulting compact monolayer floats on
the water surface, and it is collected on the substrate surface and slowly pulled
out and dried at room temperature.

] -

Capillarity
forces
—

293

(a) Drying step, while capillarity
forces drive the monolayer to a close-
packed pattern.

Figure 9: Self-assembled monolayer of PS nanospheres

During different depositions some parameters had been varied, to optimize
the formation of an extended and ordered monolayer on the water surface and
to collect it.

Dilution of the solution Different dilutions are used for the water/alcohol
nanospheres solution, to change the evaporation rate, and finally the cho-
sen one was a 1: 1. In fact with the others tried (1: 2 and 3 : 4) no mask
were formed on the water surface.

Water temperature The temperature of the water bath was varied to modify
the dispersion of the mask on the surface, for D = 248nm cold water
(4°C) was better to form a good mask, instead for D = 1030nm room
temperature was chosen.

Volume of solution The volume of the poured solution was varied between
30pul and 90pul and the quantity necessary to form a sufficently wide mask
was found to be 75 + 85ul.

Enviromental conditions Is worth noting that environmental conditions have
strong influence on the formation of good mask, in particular temperature
and humidity. Typical conditions are a temperature of 20°C' and humidity
of ~ 60 — 70%.
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(a) AFM image of a self-assembled mask of
nanospheres
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(b) SEM image of a self-assembled mask of
nanospheres

2.2 Reactive ion etching

For the fabrication of the NHAs, is needed a reduction of the diameter of the PS
nanoparticles of the colloidal crystal, keeping unchanged the lattice position of
the spheres, to obtain a 2D periodic non-closed-packed array of PS nanoparticle,
that will be used as a mask for the subsequent metal deposition.

Reactive ion etching (RIE) is a plasma-based dry etching technique char-
acterized by a combination of physical sputtering with the chemical activity of
reactive species.[24] The etching is anisotropic and chemically selective, and the
gas mixture determines the etched species. The etching rate has to be con-
trolled, to choose the correct nanopartice size and optimize the features of the
NHA obtained from the mask.

RIE parameters The most important parameters controlling the etching rate
are the gas composition, plasma energy and working pressure. The gas chosen
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(a) low-pressure (b) high-pressure

Figure 10: The two types of RIE etching, according to the pressure.

was a mixture of Ar (28%) and Oz (72%), where Oq acts as active chemical
species. Some parameters have been varied in order to reach an optimum con-
dition. Three different pressure have been studied: high (~ 3700 - 10~%mbar),
medium (~ 800-10~*mbar) and low (~ 80-10~*mbar); and with powers between
10W and 20W, in general the higher the power, the faster is the etching rate. In
particular at high pressure (HP) the chemical action is enhanced and we obtain
particles with a more homogeneous surface, but the particles were eroded even
in the bottom surface, so often they dropped and moved from original position.
At low pressure (LP) instead, physical action was prevailing, so the erosion was
less homogeneous, but particles remain more stable in their lattice site.

Pressure  9-10"2mbar

09 flux 3.7 sccm
Ar flux 1.2 sccm
Bias 199V
Power 12 W

Table 2: Optimal parameters for low-pressure RIE process used in the present
work.

2.3 Metal deposition

Once obtained the 2D periodic array of PS nanoparticles and etched it, the mask
can be used as a template for the metal deposition. The metal deposition was
performed with a magnetron sputtering system, which consist in the physical
removal of material from a target (metallic in this case) by the collision of
inert atoms. Atoms from an ionized gas (e.g. Argon) strike the metallic target
eroding it, this caused the ejection of atoms from the target in all directions [25].
Ejected atoms reach the sample through diffusion in an evacuated chamber and
deposit there, growing the desired metallic layer.

Clearly since source has finite dimension, emission of the target atoms is
neither spherically nor uniformly distributed, so the sample was placed in front
of the source, parallel to the target surface, and near the target to have a
collimated sputtered atom flux, that reproduces the pattern of the etched mask.
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(a) 7 minutes RIE on D = 1030nm diam- (b) 14 minutes RIE on D = 1030nm di-
eter mask nanospheres ameter mask nanospheres

Figure 11: RIE tests with different exposure time

The power was kept as low as possible to avoid the heating of the sample
and the melting of the PS nanospheres. The deposition took place in an Ar
atmosphere, at a pressure of 510 3mbar and with a power of 20/W. The metal
will deposit both on upper surface of the particles and on the surface of the
substrate, in the gap region between the etched spheres.

Mask remval After the deposition the mask was removed using ultrasound
sonication in toluene, leaving a metallic nanohole array on the sample surface.

zuonm EHT = 5.00K/ Signal A= Inlens Dats 10 Jul2015 I
PS 1030 RIE22AUT00 D652 wh= g3mm Mag= 50.00K X Time 100257 |

Figure 12: SEM image of a nanohole array after the mask removal process. The
diameter results D = 438nm.
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3 Characterization and results

Since the purpose of this work is the study of the interaction between plasmonic
nanohole arrays and Erbium photo-emission, is necessary to find out the correct
features for the NHA, that allow to have a correct matching between resonance
peak of the EOT and the characteristic Er transition 4113/2 —4 L5/, at 1.54pum.
In order to do this, numerical simulation have been carried out.

3.1 FEM simulations

Is necessary to find the correct lattice parameter that allows to have a resonance
EOT peak at about 1.54um; to do this Finite Elements Simulation (FEM, see
section 6.3) have been performed. In order to simulate the NHA, the whole
domain is constituted by silica, except for the NHA film extending in the XY
plane, and centred at z=0, as shown by Fig. ??. The translational invariance in
the XY plane doesnt hold and it has to be replaced with the periodic Honeycomb
lattice resulting from the NSL process.

The result from this numerical calculations was that the best value of the
lattice parameters, that allows to have a good superposition between the Er
emission peak and the EOT peak of the NHA, was ~ 1uym. The EOT peak in the
simulation, therefore, results in good agreement with the experimental position
when the chosen diameter of the nano-spheres for the mask was 1030nm, so this
size was chosen for the next experimental measurements.

EXP/FEM
——— — -Coupled (a,=1030 nm
100 T T T T T T T p ( 0 )

80 1 1
60

40

Transmittance (%)

204

0 e e
1000 1200 1400 1600 1800 2000
Wavelength (nm)

Figure 13: Comparison between the EOT peak obtained from FEM calculations
and from experimental transmittance measurements on sample Ss. It’s also
reported the Er emission peak at 1540nm.
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3.2 Sample synthesis and features
3.2.1 Nanosphere masks

For the preparation of the NSL masks, polystyrene nanoparticles from Micropar-
ticles GmbH were used, in particular mono-disperse nanospheres of diameter of
(1030 £ 12)nm in aqueous solution. The solution of nanoparticles suspension
was prepared with isopropyl alchol (2-propanol).

For the mask synthesis three kind of substrate were used: Soda Lime Glass
(SLG), hyper-pure silica glass (HSQ 300) and mono-crystalline silicon wafer
with < 100 > lattice orientation. SLG slabs were used only for the immersion
while silicon and silica glass as substrate for the self-assembling of the masks.

After the cleaning in the ”piranha” solutions, before the acid one for 1 hour
treatment followed by the basic for a 20 minutes one, the substrates are ready
for the self-assembly process.

A motorized dipper, shown in fig 14 was used for the immersion: the SLG
substrate was fixed to the end of the T-shaped arm, the solution was poured
over it, and it was slowly dipped into the water. Nanoparticles floating form a
closed-packed mask, which was picked up using Si or SiO? slab and let drying.

Figure 14: The mechanism employed for the self assembly.

Characterization In order to check the quality of the masks, two types of
measurements were done, optical and morphological. Optical measurements
were done using a Jasco V-670 UV-VIS-NIR spectrophotometer, by illumi-
nating the sample with normally incident non-polarized light. Morphological
characterizations were done by Atomic Force Microscopy (AFM) employing a
NT-MDT Solver PRO-M microscope and by Scanning Electron Microscopy us-
ing Zeiss SIGMA HD SEM-FEG microscope. The absorbance spectra of the PS
nanospheres masks were acquired, as in figure 15. The absorbance A is linked
to the transmittance T (in percent) by the following relationship:

A =100(2 — logio(T)) (3.1)
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where both quantities are expressed in percent. In the NIR range the mask is
almost transparent to the radiation (A < 1%), but the absorbance increases
quickly as A decreases. The spectra present a sharp peak at about 1250nm, and
its width is linked with the overall degree of order of the mask. Therefore a
narrow peak suggests a well-ordered mask.

0,84
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0,2

0,0 T T T T T
600 800 1000 1200 1400 1600
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Figure 15: Absorbance spectrum of a 1030 nm PS nanospheres monolayer mask
on silica.

More specific details about the morphology of the mask, but focused on a
small area of the sample, were acquired by SEM and AFM microscopies. Figure
16 shows a SEM image of a mask produced by PS nanospheres of diameter of
1030nm.

EHT= 200KV Signal A=SE2  Date :28 Apr 2015

 — WD=78mm Mag= 200KX Time:12:11:17

Figure 16: SEM image of a typical PS nanosphere mask

Figure 17 shows an AFM image of a mask, and its Fast Fourier Transform
(FFT) calculated by Gwyddion software. The presence of a hexagonal lattice
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of spots in the FFT image, representing the reciprocal lattice, suggests a well
ordered array in the direct space.
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(a) Image of the direct lattice of the mask (b) Fourier transform of the lattice

Figure 17: Images from AFM microscopy of PS nanospheres array.

These images show that the self-assembly of PS nanospheres allows to pro-
duce well-ordered monolayers.

3.2.2 Reactive ion etching

The RIE process was optimized to obtain the best size for the particles and to
avoid their fall, caused by excessive erosion in the bottom part. The parameters
chosen where reported in the table 2 and fixed them, the only free parameter to
control the diameter of the etched particles is the etching time. Different RIE
times were tested and a time calibration was done in order to control the etching
rate, the etched masks were observed bye FE-SEM and the average diameter
for each etching time was calculated by analysing the images with the ImageJ
software.

Etching time (min) Diameter (nm) Fraction of initial size

0 1030 £ 12 1

12 790 £ 5 0.77
18 576 +4 0.56
22 498 + 8 0.48

Table 3: Diameter of PS nanospheres after RIE process.

In the figure is reported a linear fit of the diameter as a function of the
etching time, clearly the trend is not linear, but this allow to have a rough
estimation of the etching rate. The etching time chosen, which allows to obtain
the minimal diameter for the sphere and avoids their collapse, was of 22 minutes.
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Figure 18: Plot of etched diameter against etching time.
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(a) AFM profile of NHA (S1) (b) AFM image of NHA (S1)

Figure 19: AFM characterization of Sj.

3.2.3 Metal deposition

The metal film used for the samples is a gold film of ~ 100nm deposited by the
magnetron sputtering with an RF source. This thickness allow to ensure a quite
good opacity to the film, at the typical frequencies used in this work of about

1.5um. The skin depth can be calculated as the reciprocal of the extinction
coefficient (1.17), obtaining:

1
d=—=12nm (3.2)
a

Considering as a good optically thick film the case in which it is at least 5§
thick, a 100nm thickness is enough to have a good screen.

The fixed parameters for deposition are reported in the table below:

The deposition time chosen for the samples in this work is of 6'45" and

produced a thickness of (93 &+ 2)nm for the sample Sy used for the next charac-
terizations. The thickness was measured with the AFM.
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Pressure of the chamber Power Deposition rate

5- 10~ 3mbar 20W  ~ ldnm/min

Table 4: Set for the magnetron sputtering.

3.3 NHA characterization

The NHA characterization is optical and morphological, in order to obtain in-
formations on both the structural features and the optical transmission and to
understand the correlation between them.

Morphological measurements The structural characterization is based on
the SEM images, which allow to measure the diameter of the holes and to
evaluate the roughness of the surface, as well as the smoothness of the holes’
rim.

The measured diameter of the holes for the test samples S; and S, are
reported in table below:

Sample Time of RIE (min.) Holes’ diameter (nm)

So 18 552+ 10
St 22 438 £8

Table 5: Holes’ diameter correlation with RIE duration.

P S — [ Fomorezanovs: Ga1E

(a) Sample Sz, RIE time 18min (b) Sample S1, RIE time 22min
Figure 20: SEM images of NHA.
As it’s clear from the images the roughness and irregularity in the sample S

are more evident than in sample S7, so the last is chosen as model for standard
fabrication in the following of the work.

36



Optical spectra In order to evaluate the extraordinary transmission for the
nanohole arrays, optical spectra were acquired using the Jasco V-670 UV-VIS-
NIR spectrophotometer. The spectra of sample S; and S; are shown in the
figures below.

It’s evident the presence of a transmission peak at ~ 1500nm for S; and
at ~ 1700nm for Sy. Being the lattice constant the same (it is determined
by the initial diameter of the nanospheres, which was 1030nm), the spectra
show a red-shift of the transmission peak as the diameter of the holes increases.
Moreover appears an obvious reduction of the transmission efficiency and also
a sharpening of the peak while the diameter decreases.
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Figure 21: Optical spectra for samples S; and Ss.
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EOT measurements The EOT peak, corresponding to the < 1,0 > SPP
Bloch-wave excitation, is observed in the NIR range. To define the position of
a peak, its centroid can be used, that corresponds to the center of mass of the
peak. The wavelength of the centroid of the EOT curve in such a spectrum is

given by
A o Zl /\z(Tz - Tth)
CE’I’LtT’Oid - T~ /m_ 7T N\
> = Tin)

where T; is the transmittance at the wavelength A;, T, is a threshold value of
transmittance chosen between the peak minimum and the maximum, and only
A; such that T; > T}, are considered in the evaluation of A.eniroig- Centroids
are measured in a range from 1350nm to 2500nm, and results for S and S, are
reported below.

(3.3)

Sample Centroid (nm) FWHM (nm)

S, 1672 370
Sy 1566 177

300
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100 100

Normalized transmittance (%)

50
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500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

Figure 22: Normalized transmittance spectrum for sample S;.

Normalized transmittance tells how much light passes through the NHA with
respect to the light that would pass through a single hole, in an opaque screen,
with an area equivalent to the sum of all the single apertures. Therefore, the
normalized transmission is calculated as the ratio of the measured one to the
filling factor f of the NHA, for sample Sj.

= Holes area ( d )2 2

=_— " = — ~0.1 4
NHA Area V3 016 (34)

2a9
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where d is the hole diameter and ag is the periodicity of the array. It means
that, neglecting plasmonic properties, 16% of the incident light would be trans-
mitted. Dividing the transmittance spectrum by f, the plot from figure 77 is
obtained. Transmittances above 100% can be observed and this stresses that
an extraordinary transmission occurs through the NHA.

3.4 Conclusions

The presence of an extraordinary optical transmission resonance through plas-
monic nanohole arrays has been demonstrated. This EOT is due to the coupling
between impinging EM radiation and SPP Bloch-waves, which can propagate
through the holes and being re-emitted to the far-field.

The conditions for fabrication of the nano-structure have been optimized for
the matching between the EOT resonance and the Er3t typical emission peak
at 1.54um, in order to study the mechanism of interaction between emitters and
nano-structures, and evaluate the possible modifications in the photo-emission
efficiency.
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4 Er:SiO, films

Erbium doped materials are of strategic interest in the field of optical commu-
nication technology for their application in many photonic devices [6, 26-28].
This importance is related to the sharp room temperature luminescent emission
at 1540nm of the Er3*t ions, that matches the window of minimum losses in
silica optical fibres. This chapter will focus on the synthesis and the character-
ization of Er-doped silica thin films via co-sputtering, investigating the effects
of the preparation parameters in order to optimize the photo-luminescence of
Er3t ions embedded in the silica matrix.

4.1 Er** optical properties

Erbium is a rare earth element in the Lanthanides series, with atomic number
68. The electronic configuration of the neutral Er atoms is [Xe] —4 12652, while
the most common form of Er embedded in a solid is the ionic trivalent state
Er3*, which has an electronic configuration [Xe] — 4f1!. Since Er ionization
involves the removal of two weakly bounded 6s electrons and one of the 4 f shell,
Er37T ion has an incompletely filled 4 f electron shell shielded from external fields
by outer-lying filled 5s25p% shells from the [Xe] configuration. The electrostatic
shielding of the 4f electron shell reduces the perturbation due to the charges
of surrounding ligands and makes this shell quite atomic-like. Due to this fact
atomic energy levels and hence spectroscopic properties can be understood from
a consideration of the free ions [29].
24 GSA
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Figure 23: (a) Energy levels of Er®* labelled with the Russell-Saunders nota-
tion. For each state the GSA column lists the wavelength of the ground-state
absorption transition terminating on it. (b) Absorption spectrum of Er-doped
silicate glass. Absorbtion values at the peaks of the strong bands at 380 and
520 nm are 1.5 and 1.0, respectively [26].
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In the case of the free ion the degenerate levels are sharp with equal parity
and therefore the electric-dipole transitions involving one photon between most
of these energy are parity forbidden. However, when Er ion is embedded in a host
material the surrounding chemical species weakly perturb the 4 f state, inducing
odd-parity character in the 4f wavefunctions and allowing for the occurrence of
radiative transitions.

PL emission spectrum The Er excitation process originating the character-
istic 4113/2 —4 157 transition at 1.54um occurs with the absorption of a photon
in one of the higher-lying levels, followed by the non-radiative fast multi-phonon
decay to the metastable *I;5/5 state (7 < 10ns) [30]. The relaxation energy be-
tween the 4113/2 state and the ground state is about 0.8eV, so multi-phonon
emission is unlikely and the radiative emission occurs. The PL emission spec-
trum shape depends on the host glass, the peaks and valleys are determined
by the locations of the Stark levels, the intensity of the transition between the
Stark levels and the amount of inhomogeneous and homogeneous broadening of
these levels [31].

Lifetime The lifetime (7) of an excited level is given by the inverse of the
sum of radiative (v,) and non-radiative (7,,.) decay rates, according to the
Mattiessen’s rule:

1 1 1
= =%+ Ynr = —+
T Tr Tnr

(4.1)

The typical transition of Erbium is characterized by a large separation energy
between the two levels, so the lifetime is in the millisecond range and mostly
radiative, since the phononic non-radiative transition probability drops expo-
nentially with the number of phonons required to bridge the energy gap. Any-
way, the presence of matrix impurities and defects can act as non-radiative
recombination centres and influence the decay rate of the non-radiative transi-
tions. Moreover, the long lifetime of the metastable state, makes Er3% emission
sensitive to non-radiative decay process such up-conversion and concentration
quenching.

Cross section The cross section quantifies the probability of the transition
between two states to occur, with the concurrent emission or absorption of
light. Optical transitions in Er3T have small probability: the cross-sections for
optical excitation and stimulated emission are quite small, typically on the order
of 1071% — 1072'em? depending on the host matrix [6, 26, 32]. This on of the
major limitations in the realization of photonic and optoelectronic devices with
Er doped materials.

4.2 Er:SiO, film synthesis

Erbium-doped silica (Er : Si02) films were prepared via co-deposition of Er and
Si0s in a magnetron sputtering system. A metallic Erbium target was mounted

41



on a magnetron Direct Current (DC) source while the SiO one was placed on a
magnetron Radio Frequency (RF) source. As sputtering gas a mixture of Ar and
05 was used (95%Ar+5%0-), operating at room temperature and at a pressure
of 5-10~®mbar, which is the lowest one to sustain the plasma and to minimize
the re-sputtering phenomenon. The reactive atmosphere was chosen to prevent
a slight oxygen under-stoichiometry observed in pure argon depositions. The
deposition was performed at 250W for the RF source (to prevent overheating
of the sample) and at 3W for the DC one. The concentration of Er varies
linearly with the power of the DC source and the film thickness shown a linear
dependence with the deposition time at constant RF power.

4.3 Measurements on Er:SiO, films

To characterize the Er doped silica films, photo-luminescence (PL) spectroscopy
measurements were used. A model of the apparatus is visible in fig.24. The mea-
surements were done by exciting the sample with a 6 Hz mechanically chopped
continuous wavelength (CW) Ar laser (1), with in-resonance conditions (Aeze =
488H z), selected by a laser line filter. The chopper (3) was placed between two
lenses (100 mm focal length) (2) to reduce laser beam spot dimension on the
chopper plane and obtain a faster open/closed transition. Emitted radiation
was collected by a single-grating monochromator (8) via two converging lenses
(7). To detect the luminescence signal a near-infrared photomultiplier was used
(HAMAMATSU R5509-72) (10) cooled by liquid nitrogen, and acquired with
a lock-in amplifier, using the chopper frequency as a reference. Time-resolved
analyses were performed by fixing the monochromator wavelength at 1.54um
and collecting the PL intensity evolution with time using a digital oscilloscope
(Tektronix TDS 7104).

Figure 24: A schematic representation of the PL measurement set-up.
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4.3.1 Thermal activation

After the deposition no luminescence signal was detectable in IR region, be-
cause of the local disorder around the Er ions. Defects like dangling bonds,
vacancies, bond angle and length distortion in the silica network can act as
non-radiative de-excitation centres, dampening the Er3T emission. Annealing
above the temperature of 400°C' is required to recover host matrix defects and to
restore the octahedral coordination of 6 oxygen atoms around the Er ions [33].
Temperature and atmosphere of the thermal annealing influence the restoring
of the defects in the silica matrix and the promotion of the oxygen coordination
around Er ions. In a simple picture the PL intensity (Ipy) can be described by
the relation:

Ipp < Ngetn (42)

where N, is the concentration of optically active Er ions and 7 is the quantum
efficiency of the luminescence process, given by:
q= Yrad — L (43)
Yrad + Ynr Trad
with the measured lifetime 7 and the radiative one 7,44.

The condition chosen for thermal annealing were 900°C temperature and
vacuum atmosphere, for a two hours treatment. This are the conditions in
which a maximum is reached both for intensity and lifetime [34]. Above 600°C'
(minimum temperature for measurable signal), both intensity and lifetime in-
crease rapidly, thanks to the restoration of the configuration order in the silica
matrix and to the increase of the quantum efficiency of the radiative transition.
PL intensity reaches a maximum at 900°C and decrease for higher tempera-
ture, because of the decrease of the number of optically active Er ions, due to
the Er-Er clustering phenomenon, which is known to produce concentration-
quenching of the PL intensity. Lifetime keep on increasing, but slower above
800°C. Annealing in high vacuum, besides, increases by more than 3 times
the PL intensity respect to air, suggesting that low pressure supports the out-
diffusion of quenching species, as OH groups, from the deposition layer.

4.3.2 Er?t spectrum

After the thermal annealing was possible to acquire PL spectra of the Erbium-
doped films, obtained with the resonant excitation of Erbium using the 488nm
laser line.

It’s clearly visible the emission due to the transition from the first excited
state to the ground (*I15/5 —* I15/5) that presents a main peak at 1540nm (1),
a shoulder at 1500nm and two weak structures at longer wavelength (2, 3). The
peak centroid is located at 1542nm and the FWHM is 56nm, the total width
of the main peak and the long tails are due to the Stark splitting of the excited
and the ground states in the host electric field, as well as homogeneous and
inhomogeneous broadening.
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Figure 25: PL intensity (a) and lifetime values (b) at 1.54um as a function
of the temperature of the thermal tratments performed in air and in vacuum
atmosphere [34].

In figure 27 the PL temporal intensity decay is shown, with a single expo-
nential fit Ipy, = Ioet/ 7, where 7 is the characteristic lifetime of the transition
at 1.54um. The calculated lifetime results (10.9 £ 0.51)ms. It’s worth noting
that this value is less than the one expected for pure radiative decay (14.2ms
[6]), this probably due to the influence of a non perfect reconstruction of the
matrix defects during the annealing process.

4.3.3 Er concentration

One of the problem in the use of Er-doped materials for photonic devices is the
occurrence of concentration quenching phenomena. Concentration quenching is
a manifestation of the Forster non-radiative energy-transfer phenomenon [35,
36], and causes a decrease in the luminescence emission as the concentration
of emitting species increases. The mechanism proceeds through a self-energy
transfer by a resonant interaction between couples of quenching centres. This
migration becomes more efficient at smaller Er-Er distances, with an efficiency
kt, which reads:

=6

S v

where r is the separation between two Er ions and Ry is the Foster radius,
which depends on spectral overlap, refractive index of the matrix and relative
orientation of emitters. Because of the rapid decay of the energy-transfer effi-
ciency with increasing r, concentration quenching is significant only if r is less
or comparable to Ry. For Er in silica the limit is reached for concentrations in
the range 0.1 = 1%at depending on the matrix [37].

ky (4.4)
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Figure 26: Main photo-emission peak for Er3*. The various components of the
peak are labelled.

4.3.4 Emission cross section

A fundamental parameter to characterize the optical properties of Er-doped
systems is the emission cross-section. If the fluorescent bandwidth, the sponta-
neous lifetime and the degeneracy of the excited and ground states are known,
the cross section can be estimated via the Fuchtbaner-Ladenberg equation[38]:
/\2
091 = —=A v 4.5

21 8712 219(v) (4.5)
where 1 and 2 are the ground and excited states respectively, and A the wave-
length of the peak, g(v) is the line shape of the emission spectrum, As; the
Einstein coefficient for spontaneous emission and u the refractive index. Con-
sidering only radiative channel, the Einstein coefficient for spontaneous emission
becomes the measured decay rate (Ag; = %) For what concern the line shape,
it has not a simple form in general, so defining the effective linewidth:

oo
IppAdeyp = / I(A\)dx (4.6)
0
the line shape function can be written:
Ly A1

= = =— 4.7
g(V) f]dl/ C A)\eff ( )

and the Fucthbauer-Landberg equation:

A1 1

= 4.8
o2 87TILLZC TA)\eff ( )
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Figure 27: PL decay of Er photo-emission at 1.54um fitted with single expo-
nential curve.

From the spectrum reported in figure 77 it is possible to calculate the ef-
fective line-width, which results of 56nm and considering the radiative lifetime
of 14.2ms reported in literature [6], the cross section is obtained, with a value

of 1.24 - 1072'em? in good agreement with the values reported in literature
[6, 26-28).
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5 Interaction between Erbium and interfaces

The long lifetime associated with the transition I35 —* I15/5 of Er ions in
silica limits the possibility of obtaining photonic and optoelectronic devices,
because the long permanence of the ion in the excited state promotes non-
radiative decay processes such as energy migration, cooperative up-conversion
and concentration quenching.

It’s known that the change in local photonic density of state (LDOS) may
influence the decay rate of an emitter [5] and putting an interface at a distance
d close to an emitter (d < \) is the simplest way to influence the local photonic
density of states [39-43]. In this section the case of Er3* ions in silica interacting
with thin films is explored, and in particular the possible coupling between
emitted radiation and SPPs at 1.54um.

5.1 Theoretical model

The decay rate (I'; ;) of a spontaneous emission process between excited state
and ground state j, as photo-luminescence, is given by the Fermi’s golden rule
[44]:

27
L= g|Mi,j|2Pj (5.1)

where M; ; is the matrix element of the transition, linked to the wave-functions
of the energy levels and p; is the density of states of the optical field at the
transition frequency (LDOS). The presence of an interface in proximity of an
emitter can modify both the LDOS and the matrix element, but the second
will be modified only if the overlap between the wavefunctions of an ion and
an atom in the film is significant i.e., if atoms are nearest neighbours. Sponta-
neous emission is a typical quantum mechanical process where LDOS are seen
substantially as vacuum fluctuations, but the classical point of view, in which
density of states is seen as the ability of the surrounding structures to support
emission, is equivalent and provide the same quantitative results [45, 46].

In the classical point of view, the emitter is considered as a forced dipole
oscillator and the influence of the surface is taken into account by determining
the total EM field acting on the dipole, including the dipole back-reflected field
from the surface. The distance between the emitter and the surface is a fun-
damental parameter for the control of the lifetime, because the amplitude and
phase of the reflected field determine if the emission is enhanced or suppressed.
Besides, for a complete description of the phenomenon energy loss via transfer
to the interface (coupling with SPPs) is to be considered. The analytical solu-
tion to this problem is given by Chance, Prock and Silbey (CPS model) [47, 48].
Considering the emitter as a forced damped dipole oscillator, the equation of
motion becomes:

d2/f4 dﬂ 2

e
ﬁ + VOE + UJQM = EER (5-2)
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where p is the dipole momentum, w is the oscillator frequency without damping,
m the effective mass, E'r the reflected field at dipole position and g the damping
constant in the absence of the reflecting surface. The dipole momentum and
the reflected field oscillate with the same (complex) frequency:

o= uoefi[wthw]te*T“’t 5.3
—t

ER = Ege llwtavlt == (5.4)
where Aw and 7y are the frequency shift and the decay rate in the presence of

an interface. Using (5.3) and (5.4) and neglecting terms which contain 2 or
(€?/uom) Ep, that are very small compared to w? [49], eq. (5.2) yields:

72 62
Aw=— E .
w 3w + [Quomw}Re( 0) (5.5)
62
= Im(E, .
y=0t [ () (5.

The frequency shift is quite small [48]. Equation (5.6) shows that the change
of the decay rate of an emitter close to an interface is dictated by the out-of-
phase component of the reflected field. Now what is to do is the calculation of
the reflected electric field at the dipole position [50]. Once obtained it the decay
rate for any dipole orientation can be derived combining perpendicular (y;) and
parallel (,) dipole components with respect to the interface:

[e'S) 3
e 76{1 — 2Im[/ RpZezp(thlalz/)\)du] } (5.7)
0 1

Vp = 76{1 + ilm[/ooo [(1 —u?)R, + Rt} ;exp(—zmnlalz/mdu} } (5.8)

where u is the component of the wave-vector (of the dipole field) in the plane
interface, normalized with respect to the far-field wave-vector ky of the dipole
radiation field in medium 1 surrounding the emitter (u = k,/k1), ny is the
refractive index, z the distance between the emitter and the interface, A the
emitting wavelength. The parameter a; = —iv/1 — u? is related to the perpen-
dicular component of the wave-vector at the interface, while R, and R; are the
Fresnel coefficients for p- and s-polarized light at the interface:

a; —a €102 — €20
Ry= 2 R, = ci%2 T t2%1 (5.9)

a1 + as €102 + €201
with €; the dielectric function of the medium embedding the emitter, e; the

complex one of the material beyond the interface and as = —i, /z—’;‘ —u2.
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Figure 28: Variation of normalized lifetime as function of the distance (z) from a
Au overlayer (e2 = —105.66 +:3.85) for an Er-like emitter (Aep, = 1540nm) em-
bedded in silica. Parallel, perpendicular and isotropic orientations are obtained
from eq. (5.10), (5.7) and (5.8).

The normalized vector can range over all positive values so the reflection
coefficients have to be evaluated for both real and complex angles of incidence,
that correspond to incident waves propagating and evanescent respectively. If
the dipoles have isotropic orientations with respect to the interface, the decay
rate becomes:

1 2 1 21 11
iso — — — = — = — — _—— 5.].0
" A LT (5.10)

5.2 Er®t lifetime with CPS model

The aim of this section is the calculation of the Er3* decay rate via the CPS
model. The dipole momentum of Er3+ ions in silica have not a preferred orien-
tation, so they are random also with respect to the interface and the decay rate
takes the averaged form:

1 e 3
Vio(2) = fyg{leIm/ [*Rpuf+<(1—u2)Rp+Rt) i} 6xp(47rn1alz/)\)du}
2 0 a1 aq

(5.11)
where v the radiative decay rate in the medium without interface.

Clearly the experimentally measured decay rate () is to be considered
as the sum of radiative (7§) and non-radiative (y") contributions, with the
second being unchanged by the interface. In the following the decay rate will be
indicated with v when referred to the decay rate of a single dipole-like emitter,
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and with I' when referred to the integrated decay rate over a distribution of
emitters. The Er-doped film has a finite thickness, so the Er distribution in the
film is to be taken into account. Since atomic diffusion is negligible during the
annealing [34], the concentration profile is assumed to be:

_ | fo, 2 €[20,20 + 2Er]
y= { 0, z ¢ 20,20 + 2Er] (5.12)
where zg = zZnin is the distance of the Er : SiO, film from the interface, zg,
the thickness of the film and f; the constant value of Er concentration.
It’s now possible to calculate the time dependence of the PL intensity:

00 ZEr
I =Ty [ F@)esobin@d: = Tfy [ exwbi, e (6.3
z0

with ~/,, the decay rate for an emitter at a distance z from the interface and I
the stationary emission intensity. The dependence is not perfectly exponential,
so the determination of the radiative decay rate (I'}, .,;.) was performed fitting
the first 20ms (where there was good agreement) of the normalized function,
with a single exponential curve. If the non-radiative decay rate (I'fy") is kept

constant the calculated Er lifetime becomes 7eq1c = 1/ (Tiso,catc + IF7)-

1
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Figure 29: Comparison between time dependence of the PL intensity calculated
with CPS model and a single exponential.

5.3 Radiative and non-radiative lifetime

For the determination of the two components, radiative and non-radiative, of the
lifetime it is necessary an experimental measurements of the total lifetime. The
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presence of the dielectric medium, with purely real component of the dielectric
function, does not influence the radiative lifetime of an emitter in close proximity
of a dielectric-dielectric interface, since dissipative contribution is linked to the
complex part of the dielectric function. At low Er concentration, the decay
rate (Ip) of the 4113/2 —4 I 5/, transition in a relaxed SiO; lattice is 70571
(1§ = 14.2ms), mainly due to radiative emission (I'y = I'}) [6]. With this value
in (5.11) and the procedure described previously, the radiative decay (I'%,,.) can
be obtained for the reference samples. The difference between the experimental
value and the calculated one is the non-radiative decay rate I'"".

The calculation of radiative efficiency (¢q) is done from the calculated and
experimental decay rates:

r r
r o Fiso,calc

S S T

q (5.14)

5.4 Metallic overlayer

The lifetime modification for the transition at 1540nm has been studied first for
a gold film, which is a noble, plasmonic metal [34]. The study of this configu-
ration is extremely useful both to study the influence of a dissipative medium
in the process of photo-emission (see section 2.5) and to test the accuracy of
numerical simulations used in susequent NHA analysis. In fact there is not
yet a satisfactory analytical model developed to describe the NHA interaction
with an emitter, due to the complexity of the NHA structure. Finite Element
Simulations (FEM) have been carried out to try to understand the behaviour
of the NHA interacting with an Er-like emitter, assuming every ion to be an
emitting dipole (see section 3.3). These simulations have been replicated for a
gold thin film, for which exists the analytical solution from the CPS model and
the results have been compared, as shown in fig. 30.

The FEM results are in perfect agreement with the previsions of the CPS
model, so they have been used to obtain a simulation of the NHA behaviour.

5.5 Power dissipation

In this section the different ways in which the decay can occur for an excited
Er3t in proximity of an interface are analysed. In a geometry with an in-
finitely extended plane above the emitter and another below it, if the energy
flux through these two planes is calculated it is possible to obtain a rigorous sep-
aration between the energy flowing away by far-field () and energy transferred
to the interface (F)). The flux is calculated integrating the normal component
of the complex Pointing vector (5*) over the plane [48].

Dividing then the energy flux by the total energy radiated by the dipole, the
probabilities of the two mechanism (vy4,7,) are given by:
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Figure 30: Comparison between simulation (FEM) and the CPS model for the
variation of the normalized decay rate of an Er-like emitter (\e,, = 1540nm) as
a function of the distance from a gold film [34].

: 1 ! u? U
= F6{1 + §Im/ [ -R,— + ((1 —u?)R, + Rt) a] exp(—47m1a12/)\)du}
0 1

" (5.15)
W= FS{;Im /100 [— Rij + ((1 —u?)R, + Rt) CZ] exp(—47m1a1z/)\)du}
(5.16)
And:
11(2) +71(2) = 7iso(2) (5.17)

As a first approximation, v+ may be seen as radiative decay rate (") and
7, as non-radiative one (y,r). Now the far-field radiative efficiency (gy) is
computable: it represents the energy of photons which couples directly to far-
field radiation, divided by the total energy emitted by the dipole. The far-field
efficiency is thus given by:

T
RO e 5.15)
Y2) +9mm(z)  m(2) +n(z)

Clearly gy is not the effective radiative efficiency of the emitter, because of
the presence of the contribution of surface plasmon polaritons which are consid-
ered as non-radiative decay channels, since they are expected to dissipate energy
in the plane below the emitter. Actually SPPs are EM propagating modes on

qr
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the metal-dielectric interface that can couple out into far-field radiation or re-
excite an Er ion close to the interface, thus contributing to the total emitted
radiation [51].

To have a better understanding on how the energy leaves an excited dipole,
it’s important considering with more accuracy the behaviour of the near-field,
which extends at most at a distance \.,, from the emitter. The near field emitted
from a dipole contains components with a large range of wave-vectors k, but
only if k < kq it will propagate directly into the far-field (k; is the far-field wave-
vector in the matrix containing the dipole). Near to a planar surface, a large
wide range of k, (the wave-vector in the plane of the interface) exist too, the
emitted radiation can couple to modes having in-plane momenta greater than
k1, like SPPs in case of metal films, modes not accessible to incident waves.

The power dissipation of a dipole in the presence of a metal interface can be
written as a sum of three different contributions [52]:

P = Pphoton + Pspp + Prsw (519)

where Pphoton is the power radiated via photons, Pgpp via surface plasmons
and Ppgw via the so called lossy surface waves. If the emitters are randomly
oriented, at a certain distance from the interface, the power dissipation spectrum
can be obtained from the imaginary part of the integrand in (5.11) as a function
of the normalized wave-vector [45].

At small distances (2 < A/50) the non-radiative contribution due to the
coupling with LSW is dominant. Going farther from the interface the LSW
contribution decreases rapidly and becomes negligible. SPPs coupling vanishes
with the distance but remains detectable to a range comparable to the Acy,.

To calculate the contribution of the SPP modes to the total decay rate,
integration of the peak above the light line as function of u, has been performed.
After this, also the non-radiative contribution has been calculated:

YLSW = Vnr — YSPP (5.20)

and thus the near-field radiative efficiency:

" Yr +YSPP
qr(z) =
Yr +YsPP + YLSW

In an ideal case in which all the energy associated to the surface plasmons
can be coupled-out, yspp can be considered an actual radiative decay channel
also in the far-field.

If the depth of the Er-doped layer is accounted, I',., I'spp and I'; gy can be
evaluated.

(5.21)
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6 Control of Erbium emission lifetime by inter-
action with Nanohole arrays

Studying the variation of the Er3+ decay rate at 1540nm, it has been found
that the Er radiative emission can couple with SPP modes on the noble metal-
silica interface. This coupling can significantly shorten the lifetime reducing
the permanence of the ion in te excited state and thus the probability of non-
radiative recombinations. The possible interesting development is to induce an
efficient coupling-out of the SPP into the far-field. This aim could be reached
using plasmonic nano-structures, which thanks to the electromagnetic field con-
finement and near-field enhancement, can in principle enhance the luminescent
properties of emitters placed in close proximity. A lot of works had been carried
out on the interaction between an emitter and a plasmonic nano-particle, show-
ing how the enhancement of the luminescence is function of the distance from
the nano-particle [53]. For what concern the nanohole array-emitter interaction
not many works are present in literature [54-59], but their peculiar feature of
extraordinary transmission (EOT), joint to the possibility of coupling out the
SPPs propagating on the NHA surface, without using gratings.

6.1 Interaction between Er and NHA

The presence of a nanostructure in proximity to Er ions can in principle both
enhance or quench the characteristic emission at 1540nm. When plasmonic
nano-particles are close to an emitter, two competitive mechanisms take place:
near-field enhancement and reduction of the quantum efficiency due to energy
transfer to the nano-structure. For NHAs, no theoretical description of the
phenomenon has been developed, and their optical properties in presence of
active species has still to be investigated.

6.1.1 Sample synthesis

The synthesis of the samples uses the techniques presented in the previous sec-
tions. The aim of the work is to study the interaction between Erbium and
nanohole arrays placed at different distances, and to compare the results with
numerical simulations. To do this the idea is to deposit an Er : SiO? layer via
magnetron sputtering on silica glass substrate, to cover it with a silica spacer
increasing the thickness on each sample and fabricate the gold NHA over the
spacer.

Two samples have been used as test samples for Er-deposition and subse-
quent treatments:

Er:SiO? deposition The deposition of the Er-doped layer was performed via
magnetron co-sputtering, using an RF source fixed at 250W for the silica ad
a DC source at 3W for Erbium, this permits to obtain a concentration of Er
of 1.0%. During the sample deposition the holder was rotating to have a good
homogeneity of the film composition and thickness and the atmosphere was a
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Sample Er: SiO3 layer (nm) Silica over-layer (nm)

S1 30 200
R 30 0

Table 6: Features of the test samples for PL. measurements. Sample S; presents
a 100nm NHA below the Er-doped layer, besides sample R; is as test reference
sample.

mixture of 5%0 and 95%Ar at pressure of 5-10"3mbar. Magnetron sputtering
allows to control the distances between Er-doped layer and the surface of the
sample, just depositing un-doped silica during the same process. The choice
was to fabricate two sets of four samples with four different distances between
a 20nm thick Er-doped layer and the NHA, before the Er-doped layer, a 30nm
thick silica layer was deposited. The thickness was then measured using a
profilometer and the results are reported below:

Sample Spacer [nm] Thickness measured [nm] Thickness expected [nm]

M 30 80 +5 80
Meo 60 113+5 110
My 90 140+ 5 140
Misg 120 160 + 5 170
N 30 83+5 80
Ngo 60 11545 110
Noo 90 14145 140
Niao 120 17545 170

For the first set of M samples the choice was to perform the thermal anneal-
ing after the Er deposition and before the NHA fabrication, to avoid eventual
modifications on the NHA structure due to the high temperature, for the set N
the annealing was done after the deposition, but covering the NHA with a silica
layer to prevent damages due to the annealing process.

For each thickness and each set two samples were prepared, one reference
sample labelled, in the following, with M"¢/ or N"¢f and one with the NHA,
labelled with M or N.

Nanohole fabrication After the Er-doped deposition, the NHA synthesis
was performed using NSL for depositing PS mask, as described in section 2,
RIE process for the reduction and magnetron sputtering for gold deposition. A
22" RIE was carried out on the M series of samples and a 24' one for the N se-
ries, because the RIE had been less effective and the erosion of the PS particles
was not as efficient as for the test samples S; and S;. The conditions of the
RIE process have been the same used for the test RIE, 9 - 10~2mbar pressure,
12W power and the atmosphere was a mixture of 27%Ar and 73%0,. After the
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Figure 31: AFM image and profile of the NHA after a 200nm silica deposition
on test sample S;. Is clear that the silica overlayer does not influence the deep
of the holes, since it is of ~ 100nm before and after the deposition.

RIE process the gold deposition was executed with the magnetron sputtering,
obtaining a ~ 100nm layer. After this the mask have been removed via ultra-
sound sonication in toluene, and after this a ~ 150nm of silica deposition was
carried out to protect the NHA from the high temperature of the annealing.

Thermal annealing As pointed out before a thermal annealing is necessary
to activate the Pl emission of Er ions in the silica matrix. This process restores
the defects in the matrix and avoids the loss of energy absorbed from the Er
due to non-radiative modes. Moreover, high temperatures could modify the
properties of the gold NHA, in particular the can induce a blue-shift of the
EOT peak, modifying the holes’ lattice.

Two ways can be followed to reduce this modifications: annealing the sam-
ples before the NHA synthesis or cover the NHA with a SiOs over-layer and
perform the annealing after the metal deposition. The first has the advan-
tage that the NHA does not suffers the high temperature treatment, but the
disadvantage that the activation is carried out before the various processes nec-
essary for the NHA synthesis, thus more time passes between activation and PL
measurements and also they undergo the action of many solvents and acid sub-
stances, which can somehow influence the quality of the emission. The second
way has the disadvantage that the NHA must suffer the high temperature and
could be modified by this, but the activation is performed as the last process
before the PL measurement. For the set M the first way was followed, for the
set N the second.

Before the treatment a series of incremental annealing were performed on
the test sample S, with the nanohole array covered with a 200nm silica layer,
to evaluate the eventual blue-shift caused by the temperature. The annealing
were carried out in Ny atmosphere from 300° to 900°, with increment of 100°
for 1 hour treatment at each temperature.

As it’s clear from figure 32 there is an appreciable blue-shift of the peak pass-
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Figure 32: Transmission spectra of Sy, after a series of thermal annealing at
increasing temperatures. The annealings were performed in N, atmosphere.

ing from environmental temperature to 300°, but the peak remains substantially
in the same position after the treatment at the higher temperatures.

6.2 Characterization and measurements

Transmittance spectra To have a control on the matching between the EOT
peak of the NHA and the emission peak of Erbium, optical transmittance mea-
surements have been performed. The transmittance spectra were measured at
normal incidence with respect to the NHA plane, while the rare earth emission
in a glassy matrix is in general angularly isotropic, therefore it is difficult to es-
timate a priori the matching of the EOT peak with Er3T emission wavelength.
So to avoid a possible mismatch between the two peaks, the choice has been to
have a slightly larger resonance peak for EOT, with respect to the one on test
sample R;. This could be done by making NHAs with greater holes radius.

PL measurements The characterization of the Er3t luminescent emission
properties of the samples and the interaction mechanisms between the Er ions
and NHAs proceeds through the measurements of photo-luminescence (PL)
(both integrated and time-resolved) at room temperature using resonant (A =
488nm) Er excitation condition. A CW Ar laser was used as the excitation
source using the experimental set-up described in section 1.3.

Under resonant excitation no difference in the PL peak position or shape
were detected.

It’s interesting to note that the PL signal can be detected from both sides pf
the samples and this feature could be interesting for possible photonic applica-
tion, since the NHA can act as a filter, selecting only the wavelengths matching
the EOT peaks.
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Figure 33: Transmittance spectra for samples Mgy and Ngg. It’s reported the
position of the Er emission peak.
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Figure 34: Photo-emission decay for sample series M. It’s clear the lifetime
reduction as the distance between Er-doped layer and NHA decreases.
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6.3 Finite Element Method simulations

Since a theoretical model that predicts the variation of the emission properties
of an emitter in the proximity to a NHA has been not yet be developed yet, it
was necessary to use finite element method (FEM) simulations to predict the
lifetime variations and thus to obtain more informations about the near-field
of the emitter. FEM simulations were performed with the commercial software
COMSOL Multiphysics [60].

Finite element methods [61] take into account a finite space domain, dis-
cretizes it in small cells and solve the equations on every node of the mesh.
These methods can work either in the frequency domain (finite difference fre-
quency domain - FDFD) or in the time domain (FDTD). In the FDFD the
Helmoltz (1.35) equation is solved, with standard boundary conditions. The
condition of finite domain is necessary to keep the equation system sufficiently
small to be manageable, but creates problems due to back-scattering of waves
by the outer surface. The proper scattering boundary condition must then be
imposed at the outer boundary, to permit the numerical analogous of the out-
going waves [62]. The method transforms the problem in a linear system of
matrix, with a Helmholtz equation for each node, and solves this system with a
linear solver.

For the simulation of the emitters one dipole at a time have been consid-
ered. The signal from an arbitrary distribution of dipoles and their variations
of decay rates were then recovered by integrating the results from differently
placed dipoles. In this case the use of periodic boundary conditions, using for
the simulation of periodically ordered structures, was not suitable. Indeed, in
fact, a mirrored dipole would be generated in each cell, with the result that
the simulation would describe a system where dipoles have the same periodic-
ity of the nano-structure, which is not the case. The alternative is to extend
the simulation domain to include several unitary cells together, using Perfectly
Matched Layer (PML - an additional (artificial) domain that absorbs the in-
cident radiation without producing reflections) at the boundaries to suppress
backscattering. For the correct implementation of the model, the minimum size
of the domain has to be the one that ensures that near-field from the dipole
emission vanishes before reaching the boundaries.

Homogeneous film As a first step, the effect of a semi-infinite film have
been modelled to determine the domain minimum size and to validate the
method using as a benchmark the electrodynamical derivation of the CPS model
proposed by Chance et al.[47] and discussed in section 2.4. A simulation do-
main surrounded by a sphere of radius (R ~ 3\.,,) was found to be enough for
the correct modelling of the emitter lifetime variation in close proximity of an
interface, as it will be shown in the following. To simulate an Er-like emitter
(Aem = 1540nm) interacting with the film, the domain have been divided into
two hemispheres, one representing the silica matrix, the other representing the
film. The interface has been placed at the z=0 plane. Dipoles have been placed
so that their projection on the interface plane falls in the centre of the simu-
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Figure 35: Wireframe views of the NHA-emitter interction model.

lated sphere (x = 0,y = 0). The z coordinate of the dipoles (i.e., the distance
from the interface) has been varied from 1 nm to 1000 nm. For each z position,
the decay rate for a dipole with parallel (v,) and perpendicular (vy;) orientation
with respect to the interface was calculated. The normalized decay rate was
evaluated by integrating the Poynting vector (S) on a closed surface (¥) encir-
cling the dipole (and not any part with absorbitive material) and dividing by
the decay rate (7§ calculated without the interface:

ol _ fE Sdo
v Jx Sodo

In figure 30 there is a comparison between ~; and 7y, both calculated with
FEM simulation and analytic electrodynamic model (CPS), and the numerical
calculations result in good agreement with the analytical prevision. To take
into account the Er distribution in the z direction typical for the Er:SiO2 co-
sputtered films, the procedure described in section 2.4 has been used, leading
as expected to the same calculated lifetime values.

(6.1)

Nanohole array The simulations of the emitter-NHA interaction have
been carried out in an analogous way. In this case, the whole simulated domain
is constituted by silica, except for the NHA film extending in the XY plane, and
centred at z=0, as shown by Fig. 35. Unlike the film geometry, the translational
invariance in the XY plane doesnt hold any more and it has to be replaced with
the periodic Honeycomb lattice resulting from the NSL process.

As already discussed, the periodic boundary conditions can not be used for
the correct evaluation of the decay variation due to the replication of the emitter.
Thus, 19 XY unit cells have been modelled, in order to obtain the domain size
determined for the film geometry. Because the periodicity of the lattice, the
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Figure 36: Wigner-Seitz cell: construction and sampling points.

behaviour of the emitter can be sampled in one unitary cell only. Moreover, due
to the symmetries in  and ¢ direction, the hexagonal unit cell can be reduced
to only a quarter, as shown by Fig. 36.

Once the minimum cell has been defined, for each z value a grid with 27
points representing the dipole position in the XY plane have been defined ac-
cording to Fig.36, to sample as accurately as possible the whole cell. Moreover,
for each position in the XY plane 3 different dipole orientation have to be
taken into account, since in addition to the perpendicular orientation, the par-
allel one has to considered along % and ¢y the axes of the NHA. Thus, when
the emitters have an isotropic orientation configuration the decay rate becomes
Yiso = 1/3(%5 + Vpz + prz)' )

Fig.37 shows the decay rate (7**°) for the 27 positions of an Er-like emitter
as a function of the distance from a NHA with lattice parameter ag = 1030nm,;
the black line represents the dipole at the center of the hole. The colors are
as lighter as the projected distance (r = /22 4+ y2) from the center of the hole
increases and the variation of the decay rate becomes more prominent for small
distances from the NHA. As a comparison, the blue curve represents the result
obtained in the Au film case. Furthermore, it is worth noting that in the range
0 < z < Aem/2 there are two regions at z ~ 200nm and z ~ 600nm where the
modification of the lifetime is almost insensitive to the position of the emitter
in the XY plane.

To average dipole emission in this case, the equation (5.13) must be rewritten
considering the differences given by the XY position of the emitter. The integral
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Figure 37: Simulated ,(z) for emitter placed at different positions in the XY
plane for a ag = 1030nm NHA. The color map indicates the distance from the
centre of a hole in the WS cell, as in fig. 36(b).

is still present in the Z direction, while in the XY plane, the integration is
substituted by a sum over the 27 emitter positions sampled in the minimum cell
and denoted by the couple of i and j indices:

+oo
Ipp(t) =1HA Z Cij / flzi, v, z)e_"”"s"(“’y“z)tdz (6.2)
— 0
i,
where the coefficients c;; account for the normalization of the points shared by
adjacent cells and A = > L — is a global normalization factor.

,j ©id

6.4 Experimental results and discussion

The goal of this work was to evaluate if the interaction between a Er : SiOq
film and a gold plasmonic nanohole array can induce a variation in the photo-
emission efficiency of excited Erbium ions, and how this variation is correlated
to the distance between the Er-doped layer and the NHA.

In order to obtain the emission efficiency:

L,
B Fr + Fnr
the total decay rate I'cyp = I'y. 4+ I'yyp is needed.
For each sample of the set M and N the Er3T lifetime was extracted from
the PL measurements. The hypothesis was that the photo-luminescence decay
could be fitted by a single exponential curve Ipy(t) = Aet/™ + yo, thus the

q (6.3)
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calculated. This procedure was performed for the reference samples and for the
NHA samples. Measurements are listed in table below:

experimental lifetime 7., can be obtained and the total decay rate I'cyp, =

(a) Reference samples mea- (b) NHA samples measure-
surements ments
Sample  7/7¢/ [ms] Sample  77¢/ [ms]
Mg 114£06 Mz 4.940.2
M 118406 Mgy — 6.7+0.3
MIS 124406 Mgy — 7.7+0.4

MY 102405 Mg 72404
N3g 6.5+0.3

N3 103405 Neo 6.9+ 0.4

Nggf 9.4+0.5 Ngo 7.6+0.4

Ngs? 88404 Niso 87404
N 103405

Table 7: Measured lifetime for the two sets of samples M and N.

For the lifetime measurements a 5% error was estimated from repeated mea-
surements. Errors of the derived quantities were than propagate with the for-
mulas reported on [63].

From the measured decay rates (I‘g;{)) of the reference samples is now pos-
sible to calculate the non-radiative decay rate I'y,., making use of the radiative
decay rate expected from the CPS model calculation (I'cpg):

Lpr =T7¢ —Teps (6.4)

exp

I'cps was computed using the commercial software Mathematica 10.1, as-
suming a 20nm thick layer of Er : Si0Oy with an uniform concentration of Er
ions, placed at the same distances used for the experimental samples, from an
Air-silica interface, which is the case of the reference samples. Results are pre-
sented in table 77.

Once obtained the non-radiative decay rate, with the reasonable hypothesis
that the presence of the metallic over-layer or the NHA does not modify the
intrinsic non-radiative decay rate, it is possible to give an estimation of the
radiative decay rate (I';) in presence of the nanohole array subtracting the non-
radiative one (I’ from the experimental decay rate measured for the NHA
(FNHA).

exp

r,=rN#A_p.. (6.5)

exp

The calculated radiative decay rates are reported in table 9 and are than
compared with the FEM simulation in figures 39 and 38.
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Sample TI7¢f [1/s] Tcps [1/s] T

exp

Myt 88+4 55.4 3244
M 8544 58.1 27+ 4
Mgt 81+4 60.3 20 + 4
M 98+ 5 62.1 36+5
NiET 9745 55.4 4245
NS 10645 58.1 48+ 5
NG 11446 60.3 5346
NSt 9745 62.1 3145

Table 8: Experimental, CPS radiative and calculated non-radiative decay rates.

Sample 7NHA [ms] TXHA[1/s] T, [1/s]

Mz 4.9+0.2 204+9 172410
Meo 6.7+0.3 149 +7 12349
Moo 7.7 +0.4 120+ 7 110 +8
Mg 72404 1394+ 7 103 +9

Nso 6.5+0.3 154 + 8 11249
Nso 6.9+0.4 145+ 7 97+9
Noo 7.6+0.4 13247 7849
Niso 87404 115+ 6 84+8

Table 9: Experimental lifetimes and decay rates, and computed radiative decay
rates.

As it’s clear from figure 38 the samples of N series is in agreement within the
errors with numerical simulations. From this fact it’s possible to observe that
the second way used to fabricate the samples, allows a better reconstruction
of silica matrix defects around Erbium ions, which produces a reduction of the
total decay rate. The figure shows a decrease of the radiative decay rate as
the distance from the interface increases, this is due to a progressive weaker
coupling between dipole emission and SPP modes, as distance increases.

The agreement with FEM calculations permits to obtain two interesting in-
dications. On one side it is an indication that the single dipole approximation,
made applying the FEM procedure is a good way to simulate the interaction
between a population of emitters and an interface or a nano-structure. This
result is of primary importance since it shows that a random oriented distribu-
tion of dipole-like emitters can be studied simply considering one dipole at time
and performing an incoherent sum over the whole distribution. Experimentally
this is true if each dipole is substantially independent from the others, and this
happens if the Er concentration is not too high.

The second result is that Finite Element Method simulations are a good
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Figure 38: Comparison between FEM simulation of radiative decay rate and
experimental radiative decay rate for set N.

way of modeling the behaviour of the electromagnetic field and can be used to
study various systems, in particular the cases in which there is a lack of effective
analytical models, as in case of NHAs.

For what concern the M of samples, as it can be seen in figure 39 the
trend followed by the experimental points is in quite good agreement with the
simulated curve, but the measured decay rate are higher than the expected ones.
This is due to a higher non-radiative component of the decay rate. This could
be caused by different factors like a less efficient action of the annealing process,
which fixed the matrix defects worse than in the case of N series, or because of
a major occurrence of the concentration the quenching phenomenon caused by
not optimal configuration of the environment around the Er ions.

In conclusion is possible to calculate the efficiency of the photo-emission for
Er ions in presence of the nanohole array at the interface and for the reference
samples, results in table 10.

As it can be seen, for each sample there is an improvement of the efficiency
of the emission for the Er-ions, this confirms the role of plasmonic nanohole
array in helping the emission process, by coupling in the near-field the radiation
emitted with the SPP modes, and with the subsequent re-emission into the
far-field thanks to the grating properties of the lattice of holes.
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Figure 39: Comparison between FEM simulation of radiative decay rate and
experimental radiative decay rate for set M.

Sample g¢7¢f ¢NHA

M3 0.63 0.84
Meo 0.69 0.82
Moo 0.75 0.84
My  0.63  0.74

N3 0.57 0.73
Neo 0.55  0.67
Nyp 0.53  0.59
Nigo 0.68 0.73

Table 10: Photo-emission efficiency for reference samples and for NHA.
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7 Conclusions

In this work the properties of plasmonic nanohole arrays have been studied, the
presence of the extraordinary optical transmission resonance has been verified
and the dependence of its position on the lattice parameter has been pointed
out. The dependence of the peak shape and position on holes’ diameter has
also been studied, finding that by increasing the nanohole diameter the peak
undergoes a red-shift and strong broadening.

Nanosphere litography has been presented and optimize as a versatile and
cost-effective method for producing nanostructures, making use of single-layer
masks of polystyrene nanospheres. In particular used in combination with re-
active ion etching processes (RIE) it resulted useful in producing ordered struc-
tures like arrays of nanoholes and obtaining a fine tuning of the diameter of the
holes, without varying the lattice parameter.

In the present work, nanohole arrays have been applied to the study of the
modification of the decay rate of an emitter in proximity to an interface. Er-
bium was chosen as the emitter because of its great importance in the field of
optical communication. The variation of the Er lifetime has been verified in
the presence of nanohole arrays, which brings to an enhancement of the photo-
luminescent emission, thanks to the strong coupling in the near-field between
dipolar emission of Er ions and SPP Bloch waves on the interface between the
nanohole array and the silica matrix in which the ions are embedded.

The trend of variation of the decay rate with the distance between the Er-
doped layer and the nanohole array is in good agreement with the results of
Finite Element Simulations carried out to supply the lack of analytical models
for the description of these systems. The agreement between simulations and
experimental results is a validations of the approximation used in the numerical
simulation, in which the solution for the problem of interaction is found con-
sidering each ion singularly and then performing an incoherent sum over the
whole distribution. This approximation could be used in general to study a lot
of of systems in which there is the presence of dipole-like emitters randomly
distributed.

The study carried out in this thesis work presents many possible future devel-
opments. In particular optimizing the matching between the EOT peak and the
Er emission wavelength and examining in depth the variation of photolumines-
cence intensity and lifetime changing the angle of incidence or the polarization
of the exciting light, could lead to a deeper understanding of the mechanisms of
interaction between nanostructures and emitters, and to an optimized control
of their properties.
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