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Abstract

One of the most ambitious goals of modern Physics and Computer Science is the realization of a
universal quantum computer. Among all the implementations of quantum systems as quantum bits
(qubits) that are tested and pursued, ion trapping represents one of the most promising options.
This is due in part to the long coherence times and lifetime of the electronic states used to encode
the qubit and the reproducibility, since every ion is the same. However, scalability is possibly
the most challenging to fulfil among all DiVincenzo’s criteria for ions as well as many other qubit
modalities. For this reason, a development in designing ion traps and in-chip photonics is lately
strongly pursued. In fact, integrated photonics have shown early promise, but the requirements of
trapped-ion systems raise numerous challenges for integrated photonics. In particular, generating
pure circularly polarized fields for state preparation and readout in ion-based qubits (and to some
extent for laser cooling, i.e. EIT [1]), and developing materials capable of guiding the blue and

UV wavelengths of interest are two of major challenges in this direction.

The present thesis aims at studying a micro-metric ring resonator, that in its structural sim-
plicity and without active tuning, is able to emit pure (P ~ 99.9%) circularly-polarized beams (so
with one polarization component being a P fraction of the total intensity), that can be integrated
into next-generation ion trap designs and used for high fidelity quantum state control. Further-
more, a study on Hafnium Dioxide (HfO3), used to realize multi-layer composite together with
Alumina (Al,O3), as a potential low-loss high refractive index material for blue-UV waveguides is
presented. The resulting material gets as low as ~ 2.2 dB/cm for slab mode loss and ~ 4.2 dB/cm
for material loss keeping an effective refractive index of n ~ 1.96 (A = 406 nm) and there is the
possibility for further optimization. This multi-layer nano-laminate can be suitable for high-index

contrast diffraction gratings and highly confining waveguides in the blue-UV.
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Chapter 1

Introduction

1.1 Challenges in integrated photonics

In this thesis work we will tackle two major challenges concerning integrated photonics for single
and multiple trapped ions addressing in quantum processors, that can however have useful impact

in many other engineering and physics related fields.

Trapped-ion quantum processors make use of ions to encode the physical qubits. The ions are
usually first ionized atoms such as Alkaline earth metals - Beryllium (°Be*), Magnesium (>*Mg*),
Calcium (*°Ca™) - in order to have just a single valence electron and a Hydrogen-like electronic
structure, where the |0) and |1) states can be encoded. Once the most suitable ion is chosen, it can
be trapped in an electrodynamics potential well. Indeed, as a simple consequence of Earnshaw’s
theorem, it’s not possible to confine a charge in 3 dimensions with a superposition of static elec-
tric fields. The two main techniques are Penning trapping and Paul trapping [2]. Penning traps
exploit a strong magnetic field for radial confinement, while Paul traps use a mix of static (DC)

and radio-frequency (RF) electric fields, supplied by electrodes arranged in either 3D or 2D.

However, in order to build a quantum charge-coupled device (QCCD) [3], where every step, from
trapping to readout is realized, many further improvements to chip designs and material choices
have to be made. One of the most challenging obstacles to overcome (yet a very fascinating topic)
is the integration of many wavelengths for optical control of the ion electronic state. So far, state
of the art quantum processors, such as the ones developed by companies TonQ [4] and Honey-
well [5], or by academic groups as Innsbruck’s Quantum Optics and Spectroscopy Group [6] and
UMD’s Trapped Ion Quantum Information Group [7], employ free-space lasers with the appropri-
ate wavelength to address the single ions inside the ion crystal. This technique can be limiting for
scalability due multiple aspects: the number of ions has to be increased and therefore the number
of separate free-space beams that have to be accurately aligned to the micron scale, with limited
access to the ion string in case of a 3D trap (also due to the vacuum chamber/cryostat where
the trap is usually located). Addressing the ions with free-space beams also comports vibrations
and polarization impurities given by the chamber windows materials (often slightly birefringent).
One promising alternative is designing chips that aside of the electrodes also include waveguides
to transport many wavelengths and outcouplers able to radiate focused and polarized beams onto
the suspended ions [8]. This approach could give the possibility to supply many beams in parallel
using multiple outcouplers simultaneously, along with more vibration stability and less frequency

drifts in the employed beams, since all the optics used to emit the light are inside the vacuum
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system in a much confined zone, protected from the exterior environment. Furthermore, these
kind of integrated optical components are planar-fabricated, layer by layer, with well established
CMOS techniques.

As stated before, the |0) and |1) states of the logical qubit are chosen to be two out of the many
electronic energy states in the selected ion: depending on which couple of these are taken, the
qubit is called Zeeman, Hyperfine or Optical. To state prepare, cool down, coherently control and
readout the state of the atom, many different wavelengths and, in some species, light polarizations
(to exploit selection rules) must be employed. For instance, a commonly used ion in the TIQI
Group is Calcium (*°Ca*). The needed wavelengths space in a range from 389 nm to 855 nm
and to achieve scalability thanks to integrated optics, both waveguides able to transport light in
the requested frequency range and outcouplers that can emit light correctly polarized and shaped
have to be developed and implemented. Thanks to previous works [9], tapered gratings acting as
linearly-polarized light emitters have already been implemented in 2D traps in the 729-855 nm
range, tested for even wider ranges of frequencies (405-1092 nm) [10] and their suitability for high-
fidelity quantum operation has been shown [11]. However very few researches have been conducted
in search of low-loss high refractive index materials for waveguides able to confine modes in the
blue-UV frequency range. For instance, Aluminum Oxide (Al;O3) is one of the few examples of
promising material in this regard. It has already been tested as core material, given the sub dB/cm
optical losses in the range of interest, despite its quite low refractive index ~ 1.7 [12]. The same
lack of studies regards emitters for circularly-polarized light beams: having the possibility to emit
highly-pure circularly-polarized light from micro-metric devices that can be embedded in chips, it’s
crucial for a fully integrated optics control system. This could permit to perform many more op-
erations on the qubit, such as cooling, state preparation, readout procedures, that are more or less
fundamental depending on the used ion species. For instance, in trapped-ion quantum processor
based on Beryllium (°Be™), highly pure circularly-polarized light is really essential to control the
Hyperfine qubit. However, very few devices have been designed and studied for this purpose so far
and, most of the time, without any particular regard or interest to the polarization purity of the
emitted light [13]. High purity is required for high-fidelity state preparation via optical pumping,

as required for low-error quantum computation [14].

In Chapter 2 and 3 we will present a ring resonator working near 729 nm and able to emit a

focused beam perpendicular to the waveguide plane with highly pure circular polarization.

Then, in Chapter 4 we will study Hafnium Dioxide (HfO2) and how, engineered together with
Aluminum Oxide, it can provide a promising waveguide core material in a very wide frequency
range, basically covering all the visible spectrum, maintaining losses < 3 dB/cm and refractive
index > 1.9 (as unpatterned slab). Having a high contrast in refractive index at the core-cladding
interfaces implies various advantages, such as stronger coupling to radiated field if the waveguide

is endowed of a diffraction grating, as treated in Section 2.1.4.

1.2 Waveguides and optical fibers

In this Section we present a general dissertation about propagating electromagnetic fields in hetero-
geneous media. It will give the reader a simple yet enough complete theory to face the waveguides
topic recurring in Chapter 2 and 3. Moreover, we present an introduction over waveguides loss

mechanisms to better understand Chapter 4.
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Dielectric waveguides are multi material composed structures that exploit total internal reflec-
tion to guide optical waves with low loss and high confinement. We will treat the waveguide as a
dielectric material (core) confined in 2 dimensions by another dielectric material (cladding) with
different refractive index. We will see that the confinement of the guided modes is dependent on
geometrical aspects of the structure, such as the width and height of the core, here considered to

have a rectangular section, and the refractive index difference between the two dielectrics.

1.2.1 Vector potential wave equation

Let’s introduce firstly the wave equation for the vector potential A in a non uniform medium
without sources[15]:
V2A 4+ w?ppe A = —jwpVed (1.1)

where we have chosen the Lorenz gauge
V-A+ jwppe® =0 (1.2)

and assumed a time dependency exp(jwt) with w the angular frequency. ® is the scalar potential,
is the dielectric constant and py the magnetic permeability of free space. The electric and magnetic
fields are given by

E=—jwA-Vd

1.3
/LoHZVXA ( )

The nonuniform dielectric couples the vector potential to the scalar potential, and vice versa.
However, in the studied problem the variation of € is null due to a homogeneous medium. The

coupling term is hence not present and we arrive at the wave equation for A:
V2A +w?peA =0 (1.4)

We assume a uniform medium in the z direction with step variation in the transverse directions

(z,y) and a particular polarization for A, say parallel to y. We write
A = gu(z,y)e 7P (1.5)

where § is the, still undetermined, propagation constant. The exponential factor exp (—j8z) con-
tains the entire z dependence, so that the remaining factor u(z,y) can be assumed z independent.
Considering the medium dielectric constant varying only in the transverse directions x and ¥y, we

obtain from Eq. 1.4 the differential equation

Viu+ [wpoe(z,y) — B*lu=0 (1.6)

where Vr is the vector differential operator in the two transverse coordinates (z,y). To start,
let’s consider a simpler structure: a slab material with thickness 2d and index €; confined in the x

dimension.
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1.2.2 Transverse electric (TE)

We start with the analysis of a transverse electric (TE) wave with the vector potential and the
electric field polarized along g, transverse to the direction of propagation, the z direction.

Because the structure is symmetric, one picks the origin of the Cartesian coordinates at its center,
and one looks for solutions for the electric field that are either symmetric, or antisymmetric with

respect to the symmetry plane of the waveguide, the y — z plane.

A schematic of the waveguide is shown in Fig. 1.1

+d —_——

£, N; /§§:

s, n
Figure 1.1: slab waveguide scheme.

We can choose a set of symmetric solutions for the different defined zones and then match the

boundaries conditions. _
E, = Acoskyze % |z| <d

E, = Be %7 14 (1.7)
= Be IPree® < —d

The equations for H follow from Faraday’s law.

Taking advantage of symmetry, we need to match the boundary conditions only at x = d. Evalu-

ating I, and H, at z = d and dividing the two equations gives

Acosk,d = Be™ %4 E,(x=d .

cos ) ¢ ye=d) and dividing — tank,d = Ga (1.8)
—kyAsink,d = —a,Be =4 H,(x=d) k.

We further have from the wave equation

B? — a2 = wupe
(1.9)
B + ki = w’poe;

Combining these two equations, we find a condition for the parameters

Oy w?ug (e, — ¢€)
— =y —= -1 1.10

The dispersion diagram, the dependence of the propagation constant 8 on frequency, is found by

constructing an intersection in Fig. 1.2 of the functions tan k,d and «, /k, for each frequency and
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mode and then evaluating § from Eq. 1.9. For decreasing w, a,/k, moves toward the origin and
intersections are lost, except for the intersection with the first branch of the tangent function. This
corresponds to the dominant mode, m = 0, with no cutoff. All higher order modes (m > 0) have

a "cutoff”; they are not guided below a certain critical frequency, the cutoff-frequency.

™ Symmetric modes
N e
50 n
\ _
. \ m=1
\ .
R \ \ Increasing frequency
N
2.5+ S
m=0 \\ A m=2
5 N -
<
g 0.0 a2 T
- .
ey i
E:
-25F
A J
-5.0 L i L s
\ —? 7.0
LA

Antisymmetric modes

kyd ey

Figure 1.2: Graphical solution of Eq. 1.10 and Eq. 1.8. In dashed lines the TM modes. ¢;/e = 1.
Fig. duplicated from [15].

"
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5 |
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0.0 0.5 1.0 L5 [l
2 _
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Figure 1.3: Dispersion diagram for TE waves in dielectric slab guide. n; =9, n = 3.5, d = 0.6 um.
The interior index is picked exaggeratedly large in order to separate the dispersion curves. Fig.
duplicated from [15].
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The dispersion curves of Fig. 1.3 are obtained by the use of Eq. 1.9, with the value of k, for every
frequency evaluated from Fig. 1.2.

Studying the dispersion curve for low-high frequency limits:

e For w — 0, the fundamental mode acquires a small k,. Hence tan k,.d ~ k,d, and 1.10 and
1.8 yield
Wi (g5 — ) d* — k2d* ~ kid* (1.11)

Neglecting k2d* compared with k2d?, we have k2 = w?uq (¢; — ¢) and from 1.9, 8 ~ w.,/fige.
The wave propagates at the speed characteristic of the external region. This may be ex-

plained by the fact that most of the field is outside the slab at low frequencies.

e On the other hand, when w — oo, k,.d approaches 7/2 and we find from 1.9 that § ~ w./[o&;.

Now the propagation is at the speed characteristic of the interior of the slab.

The field is confined to the interior, as shown in Fig. 1.4. The pictured field is the simplest possible
mode where the confinement just in the x dimension, so its a slab mode. With a further patterning
also in the y dimension (following the same procedure for the x confinement) we can achieve a

fully confined mode propagating in the z direction, such as the ones in proper waveguides.

k.d=n/10

\ Ny a=a/8

/ \
0.6 — / l \ \ -
T i /o | A 1
ny / / ‘ \.
/o] P\ .
A /] \
A \ \
-/ Y
/'/ , \ \\ .
0.2 V4 ” \ Ny s
- / \ ]
L 1 [
-2 -1 0 +1 ’\ +2
kod=Tm/16

Figure 1.4: Profile of the electric field for three different frequencies. Fig. duplicated from [15].

1.2.3 Waveguide losses

Light transport through optical fibers and waveguides implies losses due to different factors. The

main sources of power loss while propagation are:

e Scattering loss, due to surface roughness and impurities inside the core material,
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e Absorption loss, due to photons annihilated inside the material,
e Radiation loss, due to curves, macro- and micro-bending of the waveguide.

To quantitatively describe the optical loss, the exponential attenuation coefficient « is generally
used. In this case, the intensity (power per unit length) decays along the waveguide in the z

direction

I(z) = Ipexp(—az) I is the initial intensity at z =0 (1.12)

The attenuation coefficient o can be seen as a sum of different terms,

Scattering loss This kind of loss is given by two contributes, volume scattering and surface
scattering. Volume scattering is caused by impurities in the composition and homogeneity of the
material such as contaminations or crystalline defects if the used material is meant to be crys-
talline, or crystallization if it’s meant to be amorphous. Surface scattering instead, is caused by
the roughness of the waveguide walls, often given by deposition processes or lithography used for

the structure realization.

A complete model for radiation loss arising from scattering by surface roughness of the waveg-
uide walls is derived in [16]. We will call the portion of the exponential attenuation coeflicient «
relative to the surface scattering loss as «.

ko

47,

as = ©*(d) (nf — n2)2 /07T R (B — nkq cos 0) df (1.13)

where n; and n are respectively the refractive indices of core and cladding materials, ¢(d) is the
modal field evaluated at the interface, S the modal propagation constant and kg the e free-space
wavenumber. The surface roughness of the waveguide walls is described by the spectral density
function R(£2), which is related to the autocorrelation function (ACF) R(u) of the surface roughness

through the Fourier transform
R(Q) = / R(u) exp(iQu)du (1.14)

The surface roughness is characterized by a correlation length L., and mean square deviation o2

from a flat surface. The parameter o2 is related to the autocorrelation function R(u) by
o? = R(0) (1.15)

The modal field ¢(y) used in Eq 1.13 1 is normalized so that

/OO ¢ (y)dy =1 (1.16)

—00

In Fig. 1.5 the waveguide with surface roughness is schematized.
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Figure 1.5: Geometry of the planar waveguide used for the derivation of Equation 1. The surface
roughness is described by the r.m.s, deviation o from flatness of an unperturbed waveguide of
width 2d. The incident TE mode has a propagation constant 3.

The result is then analytical calculated for specific ACFs in [17], highlighting some insight over
the waveguide structural parameters. Another crucial aspect regarding surface scattering loss is
the dependency on the mode. Higher order modes are more affected by this kind of loss process.
This can quite easily understood considering that higher modes have a smaller 6,,, and therefore

are reflected more times than lower order modes in the same Az.

Absorption loss Absorption is the source of attenuation that convert optical power into another
energy form such as heat. The causes for this kind of loss are two: intrinsic, due to band struc-
ture of the fiber material or extrinsic, due to impurities that modify the very same band structure.

Intraband and free carrier absorption are two among the intrinsic sources of absorption attenuation.

To give an example, using the Drude’s model, it’s straightforward to link the complex refrac-
tive index of the core material to the free carrier absorption attenuation coefficient a¢e,. The

motion of an electron in an oscillating electric field Eyexp(iwt) can be written as

_ eEy/m*

5 exp(jwt) (1.17)

w? —iwg
where m* is the effective mass of the electron in a specific band and ¢ is the motion damping coeffi-
cient due to scattering and is linked to the mobility ;1 = e/m*g. Then, considering the polarization

p = —Nex, (N density of free carriers) is possible to arrive to the complex electric susceptibility:

9 (N62) / (m*eq)

_ _ _ .

X =1 P iwg X +ix

2 *

;o (Ne?)/(meo) 1.18
X 7n0 w2+gz =n ( N )
= (Ne?g) / (m*weo)

w2+92

Where ng is the refractive index of the medium not considering the free carriers. From here is

possible to write af.q as:
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" 3
X Ne
Qfeq = —2kon” =~k = ———— (0> 1.19
fea 0 0 n m*Qnsowzuc ( g) ( )
The free carrier absorption is proportional to the carrier density and the refractive index is also
affected by the free carriers. This kind of absorption is therefore present in certain materials, where

free carriers can be excited, such as metals or semiconductors.

For our particular interest, the band-to-band transitions give an important contribute to absorp-
tion losses, especially at short wavelengths. Most materials used in integrated photonics have
absorption edges above the UV - e.g. Si, GaAs, Ge, InP, etc, and that is part of our challenge.
HfO4 is an interesting candidate (along AlO3) due to a much lower edge, with a photon energy
E,=5—6¢eV (250-200 nm).

Confinement factor We can define the confinement factor T' of a guided mode in a waveguide
as the ratio between the time-averaged z-component module of the Poynting vector integrated over
the core and integrated over its total support (here we assume the propagation direction parallel

to 2, as in figure 1.5):

r — Jeore 15:(2,y))| dudy (1.20)

SIS (2, y)) | dedy

Through the calculation of the confinement factor in a given waveguide geometry and a measure-

ment of the guided mode optical loss (assuming that the total loss is dominated by material loss)

we can back out the material loss by simply:

L i T
Linaterial = % (1.21)

This will be useful in Chapter 4 to compare the studied material in terms of losses and refractive

index with another established waveguide material, alumina.

1.3 Deposition and characterization tools for thin films

In Chapter 4 we will present a study over an array of different films. Here we present the tools
that have been protagonists both of the fabrication process, through deposition, and the optical

characterization:

e the PEALD (Plasma Enhanced Atomic Layer Deposition) for the realization of the thin slabs
e a Spectroscopic Ellipsometer, for refractive index and thickness measurements

e a Prism Coupler, used to measure tha slab mode optical loss of the films

1.3.1 Plasma Enhanced Atomic Layer Deposition

Atomic layer deposition (ALD) is a material growth process that was introduced by Dr. Suntola
in 1974. It is based on a pair of sequential, self-limiting, surface-mediated reactions that lead to
a nominal layer-by-layer growth process for a wide range of oxides, nitrides, and metals and has
become a key enabling technology in semiconductor manufacturing and a rapidly expanding number
of other applications where ultrathin, conformal coatings can bring performance advantages.

The process generally involves four steps:
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1. pulse of the precursor

2. purge of excess precursors and reaction by-products from the gas phase
3. pulse of the reactant

4. purge of the reaction products and excess reactants

The reaction between the precursor and reactant forms the nominal monolayer of choice and con-
stitutes one ALD cycle, which can be repeated to build thickness of the desired material in a linear
fashion [18].

In particular, Plasma-Enhanced ALD (PEALD) is used to expand the properties and application
of thermal ALD materials and the number and types of materials beyond the material set avail-
able to thermal ALD. PEALD generally uses a plasma to create the reactant “pulse” in the ALD

sequence. In Figure 1.6 is shown a scheme of the four steps in PEALD process.

functional groups

Inner gas
purge

Figure 1.6: Scheme of the four steps of PEALD process. Fig. duplicated from [19].
In respect of the thermal ALD, PEALD allows for a wider choice of precursor chemistry with
enhanced film quality:

e Plasma enables low-temperature ALD processes and the remote source maintains low plasma

damage

e Eliminates the need for water as a precursor, reducing purge times between ALD cycles -

especially for low temperatures

10
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e Higher quality films through improved removal of impurities, leading to lower resistivity,

higher density, etc
e Ability to control stoichiometry/phase
However some of the disadvantages of PEALD over ALD are [20]:
e More complicated reaction chemistry and reactor designs

e Potentially poor conformality and presence of plasma-induced damage

1.3.2 Spectroscopic ellipsometer

In this Section we are going to explain the basic working principle of the Spectroscopic ellipsometer
used for refractive index and thickness characterization of thin films. The specific tool that was
used is a SENTECH SE&50 Ellipsometer.

An unpolarized light beam is emitted by a source at different wavelengths: after being linearly
polarized and phase compensated it is reflected by the sample and collected by a detector. A

scheme is shown in Fig. 1.7.

Light Source p-polarization

(unpolarized) s-polarization
Plane of incidence

”

Polarized Analyzer /

Detector

Figure 1.7: Scheme of the spectroscopic ellipsometer tool and working principle.

The detector measures the complex reflectance ratio p = :—: = tan Ue'®, where rp and 74 are the
normalized amplitude components after reflection, tan ¥ is the real amplitude ratio and A is the
phase shift. In order to maximize tan ¥, the incidence angle 6 is set to 8 ~ Oprewster = arctan Z—f

(0p ~ 70° for most of the studied materials).

The light collected by the detector is the sum of many contributions in the two S and P po-
larizations: portion of the light is directly reflected at the air-material interface, another portion
will be the result of as first refraction and a consecutive reflection on the second (from top) inter-
face and so on [21]. Knowing approximately the layer structure of the sample, ¥ and A can be
reconstructed thanks to Fresnel equations and then fitted on the data. From the fits is possible
to get d, ng1,2 and ko1,2 in a range of A[360,800] nm. These are parameters for the Cauchy’s

transmission equation:

11
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n(A) =no + 2 + 5l refractive index
b by (1.22)
k(A\) = ko + 2t absorption coefficient

1.3.3 Prism coupler

In this section we are going to explain the basic working principle of the Prism coupler instrument
used for refractive index and slab mode optical loss measurements of thin films. The specific tool
that was used is a Metricon Model 2010/M.

As shown in Fig. 1.8, a polarized light beam enters in the prism by one side, totally reflects
on the lower face and is refracted again out of the prism where a detector measures its inten-
sity. For certain incidence angles 61 ,,, the evanescent wave’s wavevector along the horizontal -
generated by the total reflection at the lower prism-air interface - matches to the wavevector of
the guided mode in the film. This is called phase-matching condition. When satisfied, a dip in
the detected intensity is observed and a slab mode is excited. Then, knowing the refractive index
of the prism and the angle 6, ,, is possible to obtain for each mode m B,, = nkgcos#,, that is
the propagation constant and n.rs = ncos6,, called effective refractive index of the mode. The
coupling condition is Mprism €080, = Neg . With multiple modes, both d (thickness of the film)
and n can be estimated [22]. The process can be iterated with different wavelengths to potentially

obtain n(A) by a Cauchy’s transmission equation fit, in Eq, 1.22.

Polarized light source Detector

air gap

pushing screw

Figure 1.8: Scheme of the prism coupler tool and working principle for slab mode coupling in thin
films.

Once the 6, ,, is fixed in order to observe a slab mode m and opportunely blocking the outcoupled
light with a shield, the waveguide optical loss can be obtained by scanning a fiber optic probe
down the length of a propagating streak to measure the light intensity scattered from the surface
of the guide. The assumption is that at every point on the propagating streak the light scattered
from the surface and picked up by the fiber is proportional to the light which remains within the

12



1.3. TOOLS FOR OPTICAL CHARACTERIZATION CHAPTER 1. INTRODUCTION

guide. The best exponential fit to the resulting intensity vs distance (z) curve yields the loss in

dB/cm. A scheme of the loss measurement module is presented in Fig. 1.9.

fiber probe

shield

) 8m |
propagating slab mode

film

subs

pushing screw

Figure 1.9: Scheme of the Metricon tool and working principle for slab mode loss measurements.
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Chapter 2

Ring resonator circular

polarization emitter - Theory

In Chapter 1, we introduced the importance of developing micro-metric devices able to outcouple
focused beam in the preferred polarization state and wavelength. These then can be embedded
underneath the electrodes layer that will be opportunely engineered with some conducting but
optically transparent windows to let the emitted beams pass through. While structures that can
radiate linearly-polarized light have already been designed and successfully implemented in such
way [8], there is still lack of designs that can be suitable candidates to replace the free-space
delivery method for circularly-polarized light currently used. Highly pure right and left-circular
polarized light is indeed strictly necessary for multiple reasons. Depending on the ion chosen for the
quantum system (some times even multiple species are required [23]), 4 polarized light at specific
wavelengths is employed for many operations such as cooling, pumping for state preparation and
read-out measurements. So far, the most successful attempts consist in circular resonators [24,
13], like the one we are going to present in the following Chapters, or micro-disks [25]. However,
despite the remarkable results, all the previous works did not have the final purpose of having
high polarization purity for high fidelity operations, crucial aspect in the trapped-ion quantum
computation research. This feature was either not measured or not not very high. The highest
reported value that we're aware of comes from more complex photonics circuits [26], that however

need an active tuning. The maximum achieved polarization purity in these is 99%.

In this Chapter we will present a schematics of the studied device (the actual physical device
is shown and described in Chapter 3) and we will discuss its working principle and how the radi-
ated light can be modeled in an analytical way thanks to a classical diffraction theory. We will see
that having an simple model that can describe the emission and fit the data is extremely useful
in designing next generation high purity circular polarization emitters in order to improve perfor-
mances. This process would be way more time demanding using just a fully numerical approach.
Part of this Chapter, especially Section 2.1, is based on the content of a semester project by Tom
Schatteburg, a previous student in TIQI Group [27].

14
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2.1 Working principle

2.1.1 Device design

A ring resonator with an angular grating as shown in Fig. 2.1 theoretically allows the emission of
almost purely circularly polarized light. In the following sections we will discuss about the general
concept of an optical resonator, the optimal working conditions and then how the modes confined
into the studied circular structure can be coupled into a radiated beam thanks to the diffraction

grating.

Figure 2.1: Scheme of the ring resonator with a feeding waveguide. On the inner boundary of the
ring, grating elements are added to couple radiation out of the ring. z forms a optical axis due to
the circular symmetry of the emission grating.

2.1.2 Optical Resonators

An optical resonator is a system in which light circulates and is fed back to its original state. Let’s
call the optical path length L which light rays travel until they reach their initial position again,
and an attenuation factor which accounts for losses during one round-trip. The losses in a resonator
can have many sources, from the partially reflecting mirrors in a Fabry-Perot etalon to impurities
in the guiding material (as explained in Section 1.2.3) closed in a loop. Although this occurs only
at specific positions in the resonator, we can usually ’distribute’ the losses mathematically so that

they are averaged over one round-trip.

Optical resonators have resonant modes at particular frequencies. The resonance condition is
satisfied when the interference of the fed light from the exterior and the one fed back by the struc-
ture itself (due to its geometry, usually a closed path) is constructive. This means that additionally
to spatial feedback, light also has to have its original phase when it reaches its initial position again.
Otherwise, the light wave interferes destructively with itself so that these components are cancelled
out. This means that only electric fields with wavelengths submultiples of the total optical path
are self-consistent and can exist in the resonator. In the resonator of our interest, described in

Section 2.1.1, the resonance condition is simply expressed by:
2TR = mAo/Neyy (2.1)

where R is the circumference effective radius (where the propagation wavevector of the mode can

be considered to lay), Ao is the wavelength in vacuum of the light inside the ring and n.ys is the
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effective refractive index of the guided mode with index m. In a circular resonator as the one we

are presenting, such guided electric fields are called whispering gallery modes (WGMs).

2.1.3 Coupling Mechanism

Figure 2.2 shows a scheme of the coupling region at the gap between the feeding waveguide and
the ring resonator, the following coupling model is based on [28]. The electric field guided inside
the dielectric core is not totally confined, and it extends to the cladding, with intensity that de-
cays exponentially with distance from the core, as evanescent wave. However in a coupling region,
another structure is flanked to the bus waveguide, in this case the ring resonator. If the coupling
gap is small enough, such as the evanescent tail of one of the bus waveguide modes overlaps with
one mode of the gallery, a portion of the electric field propagating inside of the feeding waveguide

can be coupled into the ring. There, it is guided again and does not lose amplitude by propagation.

Ein Ethrough
-k K
e
E r*
0 Erl

Figure 2.2: Scheme of the feeding region, from the bus waveguide to the ring resonator.

The different electric fields - now considered single complex quantities describing the amplitude of
the mode - at the coupling region are related by Eq. 2.2.

Ethrough _ t R Ei (2 2)
B Kt Evo '

where Ei, and Finrougn are the mode amplitudes in the feeding waveguide before and after the

coupling, E,¢ and E,; are the electric fields in the ring before and after the coupling, ¢ is the
transmission coefficient and « is the coupling coefficient. Energy conservation requires that the
transmission matrix is unitary, so that [t|?>+|k|? = 1. E,¢ follows only from E,.; due to propagation

of the electric field in the ring,

E,o = Ej e~ 32 et (2.3)

where « is the intensity decay rate due to loss in the resonator, R is the radius in the ring and ¢ is
the phase shift introduced in one round-trip. The transmitted field Eiprough can thus be expressed
in terms of the input field E;,:

te—ig‘b _ ,—arR

(&
Ethrough =F

W o—i¢p _ pxe—amR (24)

At resonance, there must be constructive interference between the field ¢t* E,.q which propagates in
the ring and the field E,; added by the feeding waveguide. This means arg {t*FE,.o} = arg{E,1}
and thus ¢ = y; up to a shift of a multiple of 27, where ¢, is the phase of t. Then, Eq: 2.4 reduces to
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|t| _ efoer

Ethrough = Ein G’L@tm (25)
Looking at the numerator, it follows that the transmitted field becomes zero for
|t| = e~ ™R (2.6)

which is the critical coupling condition. For these pairs of parameters |t| and «, the field in the
feeding waveguide interferes destructively with the field coupled back from the ring. This means
all the input power is transferred into the ring, where it is lost through whatever mechanism causes
the intensity decay rate . In our structure, the values of |t| and « are linked to the choice of
two geometrical parameters, respectively the coupling gap width d and the grating amplitude g.
It goes without saying that |¢| and a are also dependent on the material choice, the fabrication
processes (especially o) and other factors. However it’s easier to control the first two parameter in
respect to the others. The major loss mechanism in the studied ring resonator, and hence the major
contribution to «, is predominantly given by the grating situated in the inner side of the circumfer-

ence, explicitly used to radiate the light into a perpendicular beam as we will discuss in Section 2.2.

We will see in the Chapter 3 that the critical coupling condition is indeed observed, choosing
[t| and « to satisfy Eq. 2.6. However we are interested in maximising both the radiated power in
respect of the injected one, but more importantly the circular polarization purity of the radiated

beam, that is also dependent on [¢| and «.

2.1.4 Coupling WGMs into radiated field

This Section is devoted to explaining how portion of the electric field of the propagating whispering
gallery modes (WGMs) inside the waveguide can be radiated outside of the structure plane. We
will explain why this can be achieved by matching the azimuthal mode index m to the number of

grating elements g by a difference of 1.

As already introduced, circular resonators support whispering gallery modes (WGMs). Let’s use
angular propagation constant vy gy = B R, which give the phase shift per unit azimuthal angle.
R is the effective radius of the WGM and 3, is the propagation constant of the guided mode m. On
resonance, the phase shift for one round trip has to be a multiple of 27, so that viway = B R = m.
m is an integer which is called the azimuthal mode number and denotes the number of cycles that
the light goes through when propagating one round-trip through the resonator. The electric field

in the ring waveguide then takes the form

Ewon x (Epﬁ + E¢$) etem (27)

We can neglect the 2 component (the one perpendicular to the circumference in Fig. 2.1) because,
in our devices, we only couple into quasi-TE modes. E, and Ey4 are respectively the radial and
azimuthal components of the electric field confined and propagating in the core. Due to circular
symmetry, they are independent of angle ¢, but in principle they do depend on position. A
visualization is present in Fig. 2.4. At the grating elements, a part of the light is reflected and
removed from the guided mode. According to Huygen’s principle, each point where this occurs is

the source of a new spherical wave. Each grating element can be regarded as quasi-point source
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for such a spherical wave. There are different phase shifts between these waves from neighboring
grating elements due to different path lengths up to a given point in space. If the phase shift is
an integer multiple of 27, constructive interference occurs and light is radiated into this spatial
direction. Oppositely, for uneven integer multiples of 7, destructive interference is observed. Due
to the circular symmetry of the problem, in case of constructive interference the wavefronts are
circular as well and do not present any discontinuity. The radiated field will be described in detail
in Section 2.2.1, but we can already introduce the general shape of this kind of outcoupled emission

modes as:

E;qq (Epﬁ + E¢¢A’)) ei¢l (28)

in a similar fashion as Eq. 2.7, where [ is an integer. Similar to the Laguerre-Gaussian modes, they
carry a total angular momentum of /A per photon. The azimuthal dependence manifests itself in
helical wavefront, where [ can be see in a geometrical representation as the number of helices in a
l-helix.

To understand which radiation modes are excited by a waveguide mode we can calculate their

coupling coefficient x (different from the one mentioned in Eq. 2.2). It is given by

HO(/ E:fadAeEWGMdV (2.9)
\4

which is an overlap volume integral of the unperturbed field in the waveguide Eyw gy with the
radiated field E,,q4, mediated by the Ae. Ae is the dielectric perturbation given by the grating;
in our design the grating can be described as a square wave in the azimuthal direction with a
contrast of A€ = €core — €cladding- The angular dependent parts are evaluated separately and Ace is
expanded in a Fourier series. Considering only the first term, it is given by Ae o sin(g¢), where ¢
is the number of grating elements. Then, each of the electric field vector components contributes
to the coupling coefficient like the following:

2
mx/ ¢imta=09 | gilm—a-19 (2.10)
0

For this integral to be non-zero, one of the exponents has to become zero. This gives the condition
Il = m + ¢q. Since the radius of the radiation modes increases with [, a small structure like the
azimuthal grating only overlaps with modes with small values of I. m and ¢ are both numbers
in the order of 10 to 100, so only the difference condition produces significant overlap. Thus, the
azimuthal mode index [ of the radiation is given by the difference between the azimuthal mode

index m of the WGM and the number of grating elements ¢ :
l=m-—gq (2.11)

Then, the propagation constant of the radiation in z direction fB,q4 . is given by

ﬂrad, z = \/(Brad)2 - (ﬁrad,¢)2

2T N surr 2 2
() (0

where ng,. is the refractive index of the cladding medium and X is the free-space wavelength.

Because of the circular symmetry, the general propagation is along the z direction.
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2.1.5 Mode [ dependency of the field polarization components

Before heading into a more accurate descriptive model of the radiated field in Section 2.2.1, we
can briefly give an idea on how the polarization components of the emission are dependent on the
azimuthal mode [. There are different conventions about the terminology of circular polarization.
Here we use the unit vectors &4 = R = %(53 —14y) for right-handed circular polarization (RHCP)
andé_ =L = %(:i—&—zy) for left-handed circular polarization (LHCP), assuming the quantization
axis to be parallel to 2 for notation simplicity. In order to show the mentioned dependency on I,
we can start from Eq. 2.8 (we can neglect the 2 component, as it will be shown in Section 2.2.1),
where p = cos ¢& + sin ¢y and qf) = —sin @& + cos ¢y are the unit vectors in radial and azimuthal
direction, respectively. The transverse components of the radiated field FE,.,q can also be expressed

in the basis of circular polarization:

E. ..=F,6,+FE_6_ (2.12)
Then, by projection onto the basis vectors of circular polarization, £ and E_ are given by

E, = ¢l (Epp G4+ Eyp- &+)

_ ilg P —ip ¢ —id
= e —€ — —=1€e
(\/i V2 )
= E-‘r(pa Z)ei(l_1)¢
E_=¢? (Epﬁ 6_+Eyp- &_) (2.13)
_ile P ig b ;g
—e —e " + —=1e
(ﬁ V2 >
= E_(p,2)e'1TV?

Ey+iE
with Ei(r,z) = Fi—2—2L
+(r,z) =F NG

written in this form to be in the same one used in Eq. 2.27, Section 2.2.1. Although EL(r,z) is
complex, it does not vary with angle ¢ or with time, so its phase stays constant. It is important
to note that the amplitudes of right- and left-handed circularly polarized light do not have to be
the same, but are determined by the relative amplitudes and phases of the radial and azimuthal

components in the waveguide.

We now consider the case where [ = 1. E; becomes independent of angle ¢. For E_, the an-
gular dependence is given by e???. With non-zero intensity, there would be a discontinuity at
p = 0. Because this is nonphysical, the intensity on axis p = 0 must vanish. This applies more
generally, so that all Laguerre-Gaussian modes with [ # 0 have zero intensity on axis. In this case,
this means that the 6_ component vanishes at this point. The analogous argument leads to the
conclusion that for [ = —1, the transverse components of the light must be purely left-handedly
(6-) polarized at the center of the p — ¢ plane.
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Electric field (a.u.)

E(/). -1

Figure 2.3: COMSOL Multiphysics simula-
tion of the electric field components of a
quasi-TE mode in a rectangular waveguide
with the same characteristics of the studied
resonator. Fig. duplicated from [27].

Figure 2.4: Graphical representation of the
field components, parallel (E4) and perpen-
dicular (E,) to the propagation direction

().

2.1.6 Simulations

Now we consider the state of polarization of light inside the waveguide. The geometry of the
waveguides in this study is close to the one of a planar dielectric waveguide. The modes in this
waveguide are quasi-TE modes, so that the electric field vector lies within the waveguide plane.
From a previous work on this kind of circular resonator that simulated the emission and the WGMs
[27] we know that, in the center of the waveguide where the intensity of the guided mode is highest,
the electric field vector is transverse, which corresponds to radial polarization for a ring waveguide.
In contrast, at the inner sidewall of the waveguide, which is where the grating is placed, the
electric field vector has both transverse and longitudinal components (Fig. 2.3). In fact, due to
strong confinement, the longitudinal components at the waveguide boundary can be of comparable
strength as the transverse components [29]. From the perspective of a ring, this means a mixture
of radial and azimuthal polarization with a 7/2 phase shift between them [27]. As will be shown in
the following section, the exact emitter state of polarization is not important for the reasoning to
obtain purely circularly polarized light at one point. However, it does determine the overall ratio
of the amplitudes of left-handed and right-handed circular polarization.

2.2 Radiated emission description

As expressed previously, it’s useful to obtain a fairly detailed analytical model of the emission
depending on the geometrical properties of the resonator in order to further optimize the device

to achieve even better results.

2.2.1 Diffraction theory model

In this Section the main purpose is to model analytically the radiated electric field E(p, ¢, z) in any
arbitrary spatial point Q(p, ¢, z) (in cylindrical coordinates) thanks to a diffraction theory model.

All coordinates and the parameters nouns used are represented in Figure 2.5.
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The model is based on a more simple one, used in [13]. The field is emitted by the grating in the
inner side wall of the circular waveguide composing the ring resonator. Each one of the g grating
teeth is spaced equally in the ring circumference. Let’s call G5(1, ¢s,0) the spatial points where

the grating teeth are situated, each at an angle ¢s = 27s/q with s =1,2,...,¢

Figure 2.5: The ring has a nominal radius R normalized at 1. Every other spatial dimension is
divided by R to get rid of the metric unit.

Inside of the circular waveguide a whispering gallery mode (WGM) is confined with dimensionless
wavelength A — A\/R and dimensionless wavenumber v = QT“R. The emitted electric field is pro-
duced by the diffraction of the propagating WGM partially scattered by each one of the grating
tooth and it can be described as a superposition of dipole electric fields with Py = (P¢<£S+pr)s)ei¢l

situated at G4(1, ¢s,0) with s = 1,2, ...,¢. Each dipole Py can be decomposed into two orthogonal
components Py and P, respectively along gﬁs and ps. These two components are dependent on the

amplitude and the phase that the two components £y and E, of WGM field have in each point G.

The field can be written as:

E =E + E/
A < ivre i V2w 1 R N R 2v 2 A
"R Z { s gl®sl [(7‘ - ZT—Q - 7"3> (Fs N ps) ANTg — <Z7’2 + 7"3> (Fs - (bs)rs} }
s=1 S s s S S
(2.14)
B i i v:ov 1 . . . 2v 2 NN
RZ{ Se(bsl |:(7‘_Z7‘2_7"3) (rs/\ps)/\rs_ (1742"_73) (rs'ps)rs]}

where A = P, /4mey = xEy/4m and B = P,/4mey = xE, /4.

In the far field zone z/p > 1 and some approximations can be taken:
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e The distance rs can be expressed in O ((p/z)) and orders > 1 can be neglected.

14 p* —2pcosAgs

re = \/22 + (12 4 p2 — 2pcos Agy) = Z\/l-l—

22 -
~ (1 " (124;2/)2) B tan@zosAst) - (1;7;)2) — tan© cos Ao,
given p/z = tan ©. Then, calling
(p.) = ()
e™"s can be expressed as
VT = P(p, 7)o tan O cos s (2.15)

e The terms in Eq. 2.14 that are proportional to 1/r2 and 1/r2 are negligible compared to the

terms proportional to 1/rs, which can be treated as 1/z.

Thanks to these two approximation, the explicit leading vectorial terms of the field (calculated in
Appendix section 6), we can express the field components in cylindrical coordinates in a simpler

way:

A v?

Ep,l(pa b, Z) = E;il(pa ?, Z) + Eg,l(pa b, Z) == 77(1)(% Z)

efil/ tan © cos A¢, eild’s sin A¢S+
R3 z

M=

w
Il
—

BV
R3 z

2

+ @(p, Z) e—il/ tan © cos A¢s eild)S coS A¢s

-

»
Il
—

Av

e e~ tan © cos A¢, ezl¢s coS A¢s+
R3 z

®(p, 2)

M=

Eyi(p,¢.2) = ES (p. ¢, 2) + B (p. 6, 2) =+

w
Il
i

B V2 —ivtan © cos A ilds o:
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w
Il
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2

Av —iv tan © cos 7 .
Ezvl(p’¢’z) = Eil(p,gf),Z) +E5,l(p7 ¢,Z) =+ ﬁzﬁ@(pa Z) € tan © A¢sel¢spslnA¢s+
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(2.16)

It can also be interesting to notice that, following these approximations, we arrive at the following

relations:

B
Es,l(pa ¢a Z) = +ZE:;:,Z(/)7 ¢a Z)

B
Eg,l(p7 (ba Z) = _ZEZ{[(p7 QS) Z)

From now on we will just consider the transverse field components E,;(p, ¢, z) and Ey ;(p, ¢, 2),

(2.17)

since the vertical component E. ;(p, ¢,z) is an O ((p/z)?) and therefore subdominant in the far
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field zone. By taking an approximate integral representation of the Bessel function of the first kind
(2r/q < 1):

q
Z exp (—iv tan © cos Agy) exp (inAgs) ~ i"qJ,(—v tan ©) (2.18)
s=1

And using the two following properties for Bessel function of the first kind

Tt @)+ Juia (@) = 20 (2) -
In-1(x) = Jpi1(z) = degx( )

It’s straightforward to arrive at the final and compact form for the two transverse field components:

(Al Bv
Epa(p,6.2) = E{1(p6,9) + L1609 =1 7000, )6 { S -vtan ©) = 22 v tan )

Iz . Av Bl
Eoi(p.0.5) = B4 (0.6:2) + E} (p.602) =i' (9. )6 { <L si(-wtan ) - ZLs(-vtame) |
(2.20)

Now, with a basis change, we can find the two Right and Left hand circular polarized (R/LHCP)
components of the transverse field in the B” = {]:2 = (& —i9)/V2, L = (& +i9)/V/2, 2} basis.

EP
( 5 ) (2.21)

) (Al Bv L Av Bl
Eri(p, o, : “‘z’{ —id (J - 'J’) e (J’ - J>}
Ri(p, &, 2) = ng ®(p,z)e"? e Sl e i
. Al Av BI
E Zlgf) s Zd) i /A
L l(pa (ba ) \/>R3 (p7 2)6 { ( P Jl 1 Jl) ( P ']l ? p Jl)}

with J, = Ji(—vtan®©) and J] = J/(—vtan©).

In order to visualize in the best way how the emission polarization depends on the relation between

A and B we can express again the two circular polarized components as

, l
Eri(p, ¢, 2) = \ng B (p, z)eI=1 (Jl - qu,> (A+iB)
(2.23)
il i(l+1)¢ .
Brilp.002) =i 2 (. )09 (154 L7 ) (4 - iB)
Then, calling the argument of the Bessel function as ( = —vtan© = —vp/z we can write the term
l v, v(l ,
h Z =__ (= .24
(Lo 2a) =2 (La0 2 51(0)) (2.21)
and using the recurrence relations
J(Q) = #(¢) = 5 (Ji-1(Q) = Ji+1(Q)) (2.25)
Ji(¢) = 5 (Ji-1(Q) + J141(C))
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we arrive to

l v v

~LF-J ) =——J 2.26
(5% 25) = =2 (c) (2.20
Substituting once again the dummy parameters A and B in order to highlight the dependency of
the radiated field on Ey and E,, we obtain:

Erad,ai,l(pa ¢7 Z) = K(I)(p7 z>ei(l$1)¢Jl:Fl (Ed) + ZEp) (227)
K=- 43%’;3’];3 global factor
v (er 1+p2)
D(p,z)=¢ = global phase
with J; = Ji(—vtan ©) Bessel function 1%¢ kind order { (2.28)
Ey = |Ey azimuthal component of the WGM
E, = |E,|ei?® radial component of the WGM

where we called the RHCP and LHCP respectively 4 and é_, assuming the quantization axis to

be parallel to 2 for notation simplicity.

2.2.2 Considerations on the model

Now that we have an analytical model, it’s possible to understand how to enhance just one of the
two components in order to have a micro-metric device, that can be integrated in ion traps and

able to address highly pure 64 light. This radiated field could be used for operations on single ions.

Let’s go back to Eq. 2.27: we can notice that, aside of a global factor and a global phase, there

are two terms of interest

Eradosi(p, 6, 2) = K®(p, 2)e' TV Jipy (B +iE,)
—_~— ———
@ ®
The term @ is dependent on the azimuthal mode number [ and it also contains the spatial depen-
dency. The term @ instead, highlights the dependency on the WGM components of the field inside
the wavewguide. We can exploit both terms in order to maximize one & component in respect of
the other:

@ By selecting the right mode m (so selecting the m-th resonance frequency by tuning the
wavelength of the light injected into the bus waveguide), we can choose which mode [ is
radiated.

Since Ji(—vtan® = 0) # 0 just for [ = 0, we have intensity on axis p = 0 only for the
6+ component when [ = F1 respectively. In particular, choosing I = 1 (so m = ¢+ 1), on

the axis = 0, the 6_ polarization component goes to zero:

ETad,U,J:l(p = 0) =0

(2.29)
Erad,a+,l=1(,0 = 0) 7£ 0

This nice feature of the emitted field can be very useful for multiple reasons: firstly, the
spatial distribution shows a Gaussian-like beam on axis p = 0 in Erad,o. 1=1 that can be use
to address single ions if these are kept trapped above the ring resonator. For instance, in the
studied device in Chapter 4, the HWHM of the central spot at z ~ 50pum is about ~ 1um.

This could fit with the usual dimension scales in state of the art surface traps, where ions are
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usually trapped ~ 50pum above the gold electrodes and kept at a distance one from the other
of ~ 4um. Secondly, at the center of the beam, one of the two field components is orders of
magnitude higher than the other. This assures that for the mode | = 1 we manage to have
a highly pure 64 polarized beam, a very not trivial property (& if the light is coupled into

the ring in the opposite sense, so with anti-parallel propagation direction).

A visualization of the emission pattern for the two components E,, is presented in Fig.
2.6, a simulation of the field in the [ = 1 mode.

ReE - 6,) Re(E - 6.)
. ‘ 25 3
=25 =3

Figure 2.6: Lumerical simulation of the radiated field in mode [ = 1, using the FDTD method.
Fig. duplicated from [27].

@ In the second term instead the dependency on the WGM electric field components E , is
shown. Writing the two components as in Eq: 2.28, we can arrive to an interesting relation

between these two.

Ey = |Ey| azimuthal component of the WGM
E, = |E,|e?? radial component of the WGM

with A the relative phase between the two E, and E.

Now we can write again the second term as:

, E
@ x (1 4 ¢iAvtn/ 2>||E—:||) (2.30)

where the +(—) is for the 4 (6_) component.

If Ap = —m/2 (so there’s a —i phase between E, and Ey), then expi(Ag¢ + 7/2) = 1. From
the Helmholtz equation inside the waveguide, in a anticlockwise propagating mode inside the
ring the two E, and E4 have indeed this phase relation (while it’s opposite for the clockwise
propagating direction). So, choosing one propagation direction (anticlockwise in the studied

case), Eq. 2.30 becomes

@ x (1 + |—P|) (2.31)

The |E,|/|Ey| ratio depends on the field spatial distribution of the WGM and therefore on
the sizes of the rectangular section of the waveguide core.
In the particular limit |E,|/|Ey| ~ 1

1' E ad,o _ bl bl — 0 VZ 2.32
e im L Bradoi(p,6,2) -
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The quite outstanding property is that this limit that brings to zero the E,.q,,_,; component
is valid no matter which mode [ (m) we are selecting and no matter where in space we are

looking (as long as the far field approximation is still valid).

However, term @ condition is more robust, because it just implies to be at resonance. Term
@ instead, despite being ideally an even more powerful relation, requires exactly the right
effective ratio between field components. For this purpose a simulation on the |E,|/|Ey| ratio
has been conducted. Maintaining the same sizes of the core rectangular section (let’s call the
width w and the height h, in a very ingenious way), the ratio has been evaluated for different

grating amplitudes in such a way:

=R—w/2
B, nay | Bplp, 2 = h/2)|dp

- =R—w/2
Bol [ |Eslp, 2 = h/2)|dp

(2.33)

considering no azimuthal dependency for the module of the field components and following

the coordinate system in Fig. 2.7.

— =

¢I_____I

Figure 2.7: Coordinate system referenced with the waveguide core position. The ring is laying on
the z = 0 plane and its center is congruent with the axes origin.

The field profiles used to evaluate the |E,|/|Ey| ratio thanks to Eq. 2.33 are the simulated

ones shown in Fig. 2.3. The profiles of the two components are also plotted in Fig. 2.8.
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x coordinate vs |E|
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Figure 2.8: WGM component profiles vs normalized distance from the center of the core. In
particular the dashed line represents the side wall of the core, while the solid lines represents
different grating amplitudes g.

IEpl/|Eql [a.u.]

The results of the numerical evaluation of Eq. 2.33, considering 4 different grating ampli-
tude values g = [30,50,70,100] nm (indeed the 4 grating amplitudes that we tested during
Chapter 3) are plotted in Fig. 2.9.

grating amplitude vs |Ep|/|Eg|
1.8050 - °

1.8025 A

1.8000 A

1.7975 A

1.7950 ~

1.7925 A

1.7900 A

1.7875 A

T T T T T T T T
30 40 50 60 70 80 90 100
grating amplitude [nm]

Figure 2.9: |E,|/|Ey| ratio as evaluated in Eq. 2.33 vs grating amplitude g.

We can observe that the ratio, for all the tested grating amplitudes, is quite off to be ~ 1.

The two components, due to the choice of the core dimensions, are visibly quite different (see
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Fig, 2.8), and even selecting the smaller available grating is not possible to lower the ratio
below ~ 1.787. On the other hand, we are probably overestimating the ratio value. It would
make more sense to consider the real value to be an average between the calculated one and

the one at the interface inside the core that is closer to 1 in Fig 2.8.

Here again it’s possible to highlight how the formulated model can be useful in designing

the next generations ring resonator for having even higher polarization purity.

The physical devices that are presented and experimentally tested in Chapter 3, were fabricated
before the diffraction model was formulated, so they are not optimized in these terms, especially

for the properties coming from @.
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Chapter 3

Ring resonator circular
polarization emitter -

Experimental results

In this Chapter we will describe the ring resonator waveguide in its geometrical and material
specifics. Then, after explaining the setup used to acquire all the measurements, we will undergo

all the data acquisition together with the relative analysis and considerations.

3.1 Device

3.1.1 Design

The system is composed by a ring resonator flanked by a linear waveguide travelling from one facet
to the other of the chip. The feeding (or bus) waveguide core doesn’t maintain the same dimensions
for all its length: it is wider and thinner near the input and output regions to facilitate the light
in- and out-coupling and to reduce the optical losses, while in the central region, approaching the
ring coupling zone, is tapered into a thicker and narrower bi-layer core [30]. The ring cross section
is the same as the bus waveguide in the central zone. A schematics of a cross section of the whole
chip (not in scale) is presented in Fig. 3.1, where are listed the materials and the thicknesses of the
layers. The ring resonator has a nominal radius R = 10 um and it be observed in a SEM image
reported in Fig. 3.2. On the inner side of the circumference is also possible to observe the square
50% duty cycle grating with ¢ = 143 elements (and hence ¢ periods). In Fig. 3.3 the mode profiles

in the two different core sections are shown, together with their widths.
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direct beam reflected beam

3.5um

feeding waveguide

170 nm PPN
nm

25nm input v A ; output

2.7 um

Materials: Si - SisN, Sio,

Figure 3.1: Cross section of the multi-layer chip structure (not in scale). The black dashed lines
show the position of the ring. Below: legend for the materials.

10 ym radius

Figure 3.2: SEM image of the ring and the feeding waveguide (top view). The tapering of the
bus waveguide can be seen in the bottom left part of the image. Inset: schematics of the square

grating.
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Thln Si3N4 Tthk Si3N4

\
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Relative intensity

SiO, cladding SiO, cladding

Figure 3.3: COMSOL Multiphysics simulations of the quasi-TE modes in the two different core
geometries. Fig. duplicated from [30].

As we already explained, the device has two geometrical parameters called grating amplitude g
and coupling gap width d. Indeed we had the possibility to test rings with different g and d.

We had 4 different values for g = [30, 50,70,100] nm and at each value of g, 5 different values of
d = [100, 130, 160,190, 220] nm. All these separated devices, together with their own bus waveg-
uide, were fabricated on the same chip, with the parallel feeding waveguides travelling from one
facet to the other of the chip; a photo in Fig. 3.4.

Figure 3.4: Picture of the chip with a 1 euro coin for comparison.

3.1.2 Materials

The device, fabricated by LioniX foundry, has been realized thanks to e-beam lithography with
silicon nitride SizNy (for the waveguides) embedded into silicon dioxide SiO4 (cladding) on a silicon
Si substrate. Silicon nitride is a interesting material for optics, it allows for designs that range
from low- to high-contrast waveguides with low propagation losses in the range of 0.3 dB/m to 1.0
dB/cm over the range from ~ 400 to ~ 2350 nm [31]. More on the fabrication process in [30]. The

devices were made on the same wafer as the devices in [11], hence with the same layer stack up.
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3.2

Experimental Setup

The experimental setup is composed by (in order from light source to emission imaging system):

Ti:Sapphire laser (M Squared SolsTiS) connected to a wavemeter

Free space optic system to couple the beam exiting from the Ti:S to a single mode fiber
(SMF), attenuating the power - Polarized Beam Splitter (PBS), mirrors for alignment, Neu-
tral Density (ND) filters,

Fiber squeezer - to adjust polarization in order to optimize the coupling with the quasi-TE

mode inside the bus waveguide,

Fiber attenuator - a simple mechanism used to align and misalign two consecutive SMFs in

order to reduce the power coupled into the chip,

Fiber alignment motion system - used to align the SMF to the waveguide facet to in-couple
the light. The chip was mounted on a temperature controlled aluminium chuck at the center

of the fiber alignment system,

out-coupling SMF - to collect from the feeding waveguide facet on the other side of the chip
the light that is not coupled into the ring,

interchangeable imaging systems.

During the data acquisition, in fact two different imaging systems have been employed:

1.

a CCD camera sensor (Teledyne Lumenera INFINITY) together with a lens tube (InfiniTube
54-590), a quarter wave plate QWP (Altechna 2-CPW-Z0-L4-0729-S) linear polarizer LP
plate (Thorlabs LPVIS100) and a near infra-red NIR 50x lens (Mytutoyo M Apo Plan NIR
HR 50x). We will call this imaging system as ”camera imaging system”. A scheme is pictured
in Fig. 3.5.

a free space powermeter head (Thorlabs S120VC) connected to a powermeter (Thorlabs

PM400), together with a iris and LP plate. We will call this imaging system as ”powermeter

imaging system”. A scheme is pictured in Fig. 3.6.

lens tube -

QW plate

NIR 50x
lens

out-coupling
SMF

in-coupling
SMF

O bus waveguide

| chip

Figure 3.5: ”Camera imaging system”.
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free space
powermeter head

tube

iris / shutter

in-coupling out-coupling

bus waveguide @

| chip

Figure 3.6: ”Powermeter imaging system”.

After manually aligning the in-coupling and (when needed) the out-coupling fiber and the imaging
system, it has been possible to control most of the procedures by Python script, even remotely, in
order to minimize all the possible vibrations that could interfere with the setup and disturb the
data acquisitions. Indeed the Ti:S laser frequency, the rotation angle of the LP plate (thanks to
a motorized rotation mount), the camera and the different powermeters (one for the Powermeter
imaging system and a second to read the power of the out-coupled light in the second SMF) have

been all interfaced and controlled by script.

Fig. 3.7 shows a photo of the camera imaging system.
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CCD camera sensor
(Teledyne Lumenera INFINITY)

Linear stage
(Newport M-UMR12.40)
Lens tube »
(InfiniTube 54-590)

Motorized rotation stage
(Thorlabs-K10CR1)
+
Linear polarizer plate
(Thorlabs LPVIS100)

Quarter wave plate
(Altechna 2-CRW-ZO-
-0§29%)

<NIR 50x lens

Figure 3.7: Photo of the camera imaging system over the ring resonator emitter (glowing in red).

3.3 Emission characterization

In this section is dedicated to the data acquisition and the following analysis in order to characterize
the behaviour of the ring in dependence on the feeding light frequency, the grating amplitude g
and the coupling gap width d. Eventually, the final purpose of the Chapter is to get a reliable

value for the purity P, , defined as the ratio between the radiated intensity associated to the &

[ )
circular polarization ;44 ,, and the total transverse radiated intensity I.qq,7- At the same time we
aim at understanding what limits the polarization purity and how it’s dependent on the structure

parameters.

34



3.3. EMISSION CHARACTERIZATION CHAPTER 3. RING EMITTER - EXP. RESULTS

3.3.1 Critical coupling condition

As introduced in Section 2.1.3, there is a relation called critical coupling condition between the
transmission coefficient ¢ and the loss per round trip a. While ¢ is directly linked with the coupling
gap width d, « is the results of many contributions. We have a partial control over « thanks to the
grating amplitude g. To test this condition, is possible to select a g and observe the out-coupled

power in function of the in-coupled light frequency near a resonance and how this changes varying d.

Experimentally, this has been achieved with the following procedure. Let’s choose one set of 5
rings with the same grating amplitude - ¢ = 30 nm - and we couple one ring at the time starting
from d = 100 pm and proceeding with all the following coupling gap widths. Coupling inside
the feeding waveguide light at constant power (8P, /P;, < 2%) with tunable wavelength, we can
observe the response of the ring in frequency dependency measuring the out-coupled light in the
second fiber. For each one of the rings we observe one resonance dip in the transmitted power at
A ~ 722.7 nm (that is mode m = 144, [ = 1 from Eq. 2.1). The fact that these are not exactly
at the same Ao might be given by multiple factors: the radius of the ring resonator and its core
width can slightly vary due to fabrication processes, and therefore the effective refractive index
associated to the mode. The power extinction for each one of the coupling gap widths are plotted
in Fig. 3.8.

ring set with grating amplitude g =30nm

1.0

0.8 -

0.6 -

049 ¢ d=100um
v d=130um
024 ¢ d=160um

Pout/Pout, offresonance [a.u.]

x  d=190um
004 ° d=220um
722.4 722.5 722.6 722.7 722.8 722.9
Anm]

Figure 3.8: Wavelength dependency of the out-coupled power from the feeding waveguide for 5
different d values, keeping constant ¢ = 30 nm. The markers represent the actual data, while the
dot-dashed lines draw the Lorentzian best fits.

The data for each d have been fitted with a Lorentzian curve, as expected for a resonance in such

a ring resonator.
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Pout(A
L() -1— E% (3.1)
Pout,off resonance ™ (>\ - >\O) +7
In Fig. 3.9 are plotted the best fit parameters for all the d values. The extinction represents the
contrast between the out-coupled power off resonance with the out-coupled power at resonance,

then Ag is the resonance wavelength and v is the HWHM.

best fit parameters
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Figure 3.9: Best fit parameters for the different coupling gap widths d. From top to bottom:
Extinction - the contrast between the out-coupled power off resonance with the out-coupled power
at resonance; \g - the resonance wavelength; v - the HWHM.

As predicted in Section 2.1.3, for a fixed g value, univocally linked to one intensity decay rate
value «, there is an optimal value for d that satisfy the critical coupling condition (Eq. 2.6), that

maximizes the extinction (Fig. 3.9) and therefore maximizes the radiated power at resonance.

It’s also interesting noticing how the coupling gap influences . As one can expect, increasing

d, the quality factor @ = Ao/~ will also increase.

3.3.2 Emission imaging of modes [ = +1,0

In this Section we present the procedure and the gathered data regarding the emission imaging of

modes [ = £1,0. In particular we will observe:

36



3.3. EMISSION CHARACTERIZATION CHAPTER 3. RING EMITTER - EXP. RESULTS

1. the radiated intensity pattern of the two &4+ components in the plane z = 100um,

2. the height scan of the beam, so how the total radiated intensity looks like across a section in
the z = 0 plane (p = 0,¢ = 7/2 plane).

In order to separately observe the two polarization components of the radiated light we used a quar-
ter wave plate together with a linear polarizer. It’s possible to select which polarization component
to look at by adjusting the angle between the LP axis and the QWP fast axis. Fixing the angular
position of the QWP, we can indeed rotate the LP using the motorized rotation stage where it’s
mounted. With a § = +45° between the LP axis and the fixed QWP fast axis, it’s possible to select
just the 6 polarization component (RHCP); vice versa with a § = —45°, just the &_ polarization
component (LHCP) can pass through the plates. The scheme is in Fig. 3.10. The composition of
a QWP and a LP gives indeed a right/left hand circular polarizer system, depending on the 6 angle.

I rad, trans

l—___

Irad,ai
Figure 3.10: Plates system scheme - if § = +45° (§ = —45°) the complex is a RHC (LHC) polarizer.
In Fig. 3.11 are presented Irq4,0, and lrqq,0_ for the modes I = £1,0. The images are taken

100pum above the ring resonator plane, using the camera imaging system. The ring resonator used

for these images has g = 30 nm and d = 100 nm.
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Emitted intensity, ¢ = components for I=-1,0,1 modes, 100um above the structure

Figure 3.11: I,44,,, for the modes ! = £1, 0, images taken with the camera imaging system, 100pum
above the ring resonator plane. The normalization is common for the polarization components in
the same mode, but different for each mode.

For our purpose, the right column in Fig. 3.11, depicting mode | = 1, is the most interesting one.
We can notice the resemblance to the simulation in Fig. 2.6 (nb: the simulation shows the radiated
electric field, while Fig. 3.11 shows the radiated intensity). It’s also observable a symmetry in the
radiated patters patterns for opposite polarizations comparing the two modes [ = +1. However,
even more interestingly, the purity on axis p = 0 of the two stronger components - 4 for [ = 1 and
6_ for Il = —1 (so the ratio of the implied intensity component in respect of the total intensity)
- is quite different. This is due to polarization asymmetry given by term @ in Eq. 2.30. Our
choice to inject the light exciting a mode with a anticlockwise propagation direction instead of the
other breaks the symmetry in the system, given Ap = —7/2. The polarization purity for the most
promising mode [ = 1 will be measured in a more suitable and reliable way than just using these

images, in Section 3.3.4.

In Fig. 3.12, 3.13 and 3.14 are pictured the total intensity z scans for the three modes [ = +1,0.
The image processing to arrive at such visualization goes as following: using the camera imaging
system (without the LP and the QWP) we take 51 different images of the total intensity (visually
similar to the ones in Fig. 3.11, but not selecting any polarization component) every 2 pm, starting
from the focal plane (called z = 0 um) of the ring and going up to z = 100 um using a micro-
metric screw. Then it’s possible to extract an angular average over ¢ of each image, obtaining 51
consecutive Irqq10t(p). Lastly, we merge together the 51 total intensity profiles in a I qq t0t(p; 2)

plot.
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Figure 3.12: Radiated inten-
sity, radial and height spatial
distribution, mode [ = —1.
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Figure 3.13: Radiated inten-
sity, radial and height spatial
distribution, mode [ = 0.
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Figure 3.14: Radiated inten-
sity, radial and height spatial
distribution, mode [ = 1.

3.3.3 Data-theory agreement

Now we can compare the data from the two intensity components I;q4,,, and lr.q4,0_ and the
diffraction theory model for each one of the modes of interest. The images has been manipulated
as in Section 3.3.2: selected a mode [, it has been performed an angular average over ¢ on the two

respective images of 1,4, ;and I

rad,o_,7 0 Fig. 3.11, obtaining two radiated intensity radial dis-

tributions 1,4 ,, 7(p, 2 = 100 pm). To pass from pixel to pm a due calibration has been performed
by using an image taken on the focal plane of the ring and knowing its nominal radius R = 10
um. The conversion factor is C' = 0.1609 wm/pixel for the used imaging system and lenses. Then

is possible to normalize the angular average with the number of pixels in the whole circular area.

Simply taking the squared module of Eq. 2.27, we arrive at:

2

2 E
Irad,o'i,l X |E7‘ad,ai,l(p7 ¢7 Z)| = ’KIJl:Fl (1 + E_ﬂ) (32)

¢

Where we substituted Agp = —7/2 as specified in 2.2.2. For the fit of of both polarization com-
ponents in the modes | = +1 (4 curves) just one fitting parameter has been used (aside a scaling
factor for K’): the |E,|/|Ey| ratio mentioned in Section 2.2.2. To fit the [ = 0 mode is needed
another fitting parameter, C'g. The fit functions for the two 4 intensity components in the [ =0
mode are given respectively by }Emd,a o+ CREmd,gpl]. This is given by the matching of the
WGM index m and the number of grating elements ¢. In this condition the back-scattering at
the grating elements is enhanced due to Bragg reflection and this produce a counter-propagating
mode inside the ring waveguide [32]. The final emitted intensity for each one of the polarizations
is the squared sum of the expected field component plus a portion (Cg) of the opposite emission
pattern. All the other parameters, such as v, z, R are fixed to be measured or nominal values.
In Fig. 3.15, 3.16 and 3.17 are plotted the data for each mode relative polarization components,
fitted with the model in Eq. 3.2.

39



3.3. EMISSION CHARACTERIZATION CHAPTER 3. RING EMITTER - EXP. RESULTS

g=30nm,d=100nm [= -1
A=730.873nm z=100um
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relative radiated intensity [a.u.]
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Figure 3.15: Data (markers) and fit (dashed lines) for the radial distribution of the relative radiated
intensity, mode [ = —1.

g=30nm, d=100nm I=0
A=726.7941nm z=100um
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Figure 3.16: Data (markers) and fit (dashed lines) for the radial distribution of the relative radiated
intensity, mode [ = 0.
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g=30nm,d=100nm I[=1
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Figure 3.17: Data (markers) and fit (dashed lines) for the radial distribution of the relative radiated
intensity, mode [ = 1.

From all the three double curves fits, the fitting parameter |E,|/|Ey4| is ~ 1.34(9). It’s also possible
to notice that while the model is faithful to the data for p < 12 pm, it starts to be not quite reliable
for bigger p, as we would expect since the diffraction theory model used here is in far field and
paraxial approximations. However is pleasantly surprising to observe how the model describe fairly

well for all the different modes, maintaining the same fit parameter value.

3.3.4 Polarization purity measurement

This Section is dedicated to evaluate the 4 component purity on axis p of the radiated intensity,
with particular interest for the [ = 1 mode. The purity is defined as
Irad,a+,l=1(p ~ 0)

Po, = 3.3
’ Irad,a+,l:1(p ~ 0) + Irad,a,,lzl(p ~ 0) ( )

With p ~ 0 is intended an average on a circular area with diameter ~ 1/6 of central spot diameter.
This is achieved by closing the iris to an aperture @ ~ 0.5 mm at z ~ 5 cm. Here we neglect
the Irq4,2, being an O ((p/z)Q) and therefore subdominant in the far field zone compared to the

transverse components, as expressed in Section 2.2.1.

A straightforward method to measure the purity of a circularly-polarized beam consists in just
exploiting a linear polarizer and observing the transmitted intensity. We can briefly explain why
this method is effective using the Jones formalism: let’s consider a light beam with polarization
state Si, = VP& +e?y/1— Pé_ (with, = (1,—i)!/v/2and 6_ = (1,i)"/+/2 ) passing through
a linear polarizer (LP) arbitrarily rotated by an angle 6 in respect of the & = (1,0) direction. The
P parameter acts as purity of the 64 (RHCP) component and ¢ is an arbitrary phase.
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We call Mp,p(6) the 2 x 2 matrix for the LP at an angle 0.

Mpp(0) =R(—0)Mrps R(6) =
cosf) sind ] [ 1 0 ] [ cosf) —sinf ] B l cos? 6 cos fsin 0 ] (3.4)

—sinf cos6 0 0 sinf cosf cosfsinf cos? 6

The transmitted state will be

Sout = MLP(Q) Sin =
_ l cos? 6 cos fsin 6

cos fsin 6 cos? 6

VP [ 1 L YIZP (1 (3.5)
Val =i )7 T

And the transmitted intensity (adimensional) in function of 6, P and ¢ will be

Tout(6,P.6) = |Spusl® = [Myp(6) Sinf* = 5 (14 20/PL— Peos(0 —20))  (3:6)

We can notice that if P =1 then S;,, = & is a pure circular polarization state and, as expected,
the transmitted intensity is independent on the LP angle # (in an analogue way it happens if
P = 0, for the other circular polarization). Otherwise, if P # 0 from the transmitted intensity
oscillation we can evaluate P and therefore the sought polarization purity. In Fig. 3.18 is shown
the relation between the oscillation contrast of the measured transmitted intensity and the purity
P. The contrast is defined as

Iout,max - Iout,min _ 2 P(l B P)

Iout,ma:r: N %—&-\/P(l—P)

We can notice that a low relative uncertainty on the oscillation contrast gives an even lower relative

C(P) = (3.7)

error on the purity value, due to the high derivative of C'(P), especially for P ~ 1. Measuring high
levels of purity (close to 1) is easier and more reliable, exploiting this useful feature that grants a

high sensitivity.

Transmitted intensity oscillation contrast vs o, polarization purity
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0.995 0.996 0.997 0.998 0.999 1.000
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Figure 3.18: Oscillation contrast of the transmitted intensity in dependence of the polarization
purity of the incoming field.

For the data acquisition, the powermeter imaging system, schematized in Fig. 3.6 has been em-
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ployed. Aligning the center of ring resonator with the center of the iris and closing enough the
shutter, is possible to measure the transmitted intensity through the LP in just the very center of
the radiated pattern. As shown in Fig. 3.14, the radiated field diverges increasing the height. This
means that it the iris is placed at z ~ 5 cm, the central spot is wide enough to be observed by
eye. This permits a quite easy alignment of the imaging setup. Then, we measure the power read
by the powermeter connected to the free space powermeter head that is screwed in a tube face
down on top of the LP + iris stack. The tube is used to be sure that the power measured by the
powermeter is just from the portion of light passing through the center of the almost completely

closed iris (& ~ 0.5 mm).

In Fig. 3.19 is pictured the powermeter free space setup during the alignment procedure. The
free space powermeter head is removed to observe the radiated beam projected on a white screen
fixed above the structure. The iris is letting passing through the first three concentric fringes. For

I =1 is possible to see clearly the central spot.
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Figure 3.19: Picture of the powermeter imaging system. The free space powermeter head has been
removed and a white screen has been added on top to visualize the projected beam.
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Before passing to the complete polarization purity vs wavelength characterization, a single shot
measurement - so fixing a frequency inside the [ = 1 resonance and measuring the purity - on each
one of the rings has been performed. This permits to better understand which device geometry,
in terms of d and g, offers the highest purity values. Firstly a resonance scan like the ones shown
in Fig. 3.8 for each ring has been taken; then, chosen a frequency inside the respective [ = 1
resonance, a purity measurement, as described above, has been acquired. The results are plotted
in Fig. 3.20. All the 20 rings have been tested with the same coupling conditions and the same

imaging system alignment.

o polarization purity vs coupling gap
vs grating amplitude mode /=1

1.00 A
0.99 4
0.98 -
5
5
- 0.97 1 =~
o ~3
0.96 -
v g=30nm
g=50nm
0.95 A g= 70nm
g=100nm
100 130 160 190 220

d[nm]

Figure 3.20: 20 single measurements of polarization purity on I = 1 resonance in function of grating
amplitude and coupling gap.

Turns out that, for all the grating amplitude g values, the purity decreases by increasing the cou-
pling gap width d and hence the quality factor @, as defined in Section 3.3.1. We attribute this
behavior to the fact that for a fixed intra-ring reflection coupling the forward and reverse propagat-
ing modes, the fraction contained in the reverse propagating mode increases with increasing Q [33].
Also, it seems that smaller gratings (fixed the best d = 100 nm) give higher purity. For this reason,
overshadowing the critical coupling condition that would just give us a better radiated/in-coupled

power ratio, we choose for the following characterization the ring with d = 100 nm and g = 30 nm.
Chosen the ring, the procedure for the polarization purity vs wavelength data acquisition is straight-
forward:

1. fix the wavelength to be inside the [ = 1 resonance (previously scanned),

2. measure the transmitted intensity (through the LP and the sufficiently closed iris) with the

powermeter,
3. rotate the LP plate by 0,:p = 9° thanks to the motorized rotation mount,
4. repeat step 2 and 3 a total of 20 times, in order to have 20 intensity vs 6 points between

[0°,180°),
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5. repeat step 1 - 4 for as many wavelengths as pleased, in order to study the polarization purity

vs wavelength function.

From Eq. 3.6 is clear that the periodicity of I,,.(6, P,d) is 180°.

Transmitted power vs theta (LP rotation angle)
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Figure 3.21: 20 data points (markers) and relative fits (solid lines) for three different wavelengths.
An example of transmitted power vs 6 is presented in Fig. 3.21, for 3 wavelengths. As we can see,
there is a 6 dependency; this implies that the radiated field is a slightly impure circular polariza-

tion state. From the fit we can obtain the polarization purity values for the studied wavelengths.

Iterating the process across the whole [ = 1 resonance, Fig. 3.22 is obtained.
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o, polarization purity and transmitted power vs wavelength
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Figure 3.22: 20 data points (markers) and relative fits (solid lines) for three different wavelengths.
The average 6 polarization purity across the FWHM is 99.9%, and it reaches values above 99.99%.

We can also notice that there is clearly a non monochromatic oscillation in dependence of the
wavelength. We observed this phenomenon being even more accentuated depending on how the
fibers-chip alignment are arranged. We firstly noticed that coupling both the input and output
optical fibers while measuring P,, with the powermeter imaging system at various frequencies
inside the [ = 1 resonance, resulted in a strong purity-wavelength dependence. Then, placing the
output fiber farther away from the exiting chip facet, this dependence decreased significantly. This
decreased even more once a index matching gel has been applied both at the input fiber-chip facet
touching point and at the exiting chip facet. The data in Fig. 3.22 are indeed acquired in this

configuration.

A possible reason for this phenomenon can be addressed to a sum of Fabry-Perot cavity effects
given by multiple unintentional built-in cavities that can cause a non trivial dependence on the
used wavelength. For instance, the facets of the two input and output fibers, touching the chip,
increase the reflectance of the two SigNy-Air interfaces. This creates, for certain frequencies a
constructive interference inside the bus waveguide resulting in a stranding wave. The standing
wave can be seen as a sum of two waves, forward and back-propagating. Both of them are coupled
(in different ratios) inside the ring, and promote the emission of a field with the same pattern,
but with specular circular polarizations. This inevitably creates a modulation in the resulting po-
larization purity vs wavelength relation, that otherwise it’s supposed to be (inside the resonance)
constant. The modulation appears to not be monochromatic probably due to a superposition of
multiple of these unwanted effects. At such high level of purity, even a subtle portion of reflected
and therefore back-propagating mode can influence significantly the purity value, coupling into
the ring in the unwanted direction. This however demonstrate the strength and sensitivity of our

measuring method, able to measure oscillations in purity of ~ 0.3%.
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A possible next generation device based on the studied ring resonator, will be optimize to not
present this effect, taking into account the structure of the chip, or even to exploit this phe-

nomenon to its advantage.
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Chapter 4

Hafnium Dioxide study

As introduced in Chapter 1, another crucial aspect to face when pursuing the integration of op-
tics inside multilayered chips that will constitute next ion traps, is all about material study and
optimization. Multiple wavelengths must indeed be transported along the chip to be eventually
delivered to the ions using various sorts of outcouplers - in future possibly even with one based on
the ring resonator studied in Chapters 2 and 3, or that exploits similar working principle. For this
reason, there is an urgent need of suitable waveguide materials for all the frequencies of interest. A
befitting material ought to have both quite higher refractive index than the cladding meant-to-be
material and, also very important for scalability, low optical losses. Higher refractive index contrast

AN = Neore — Nelag MeEANS:

e a higher confinement factor I' of the guided modes - ratio between the power confined in the

core and the total power [34],

e higher coupling factor between the guided mode and the emitted field if the waveguide is
designed to have a diffraction gratings (as mentioned in Eq. 2.9). The coupling factor

approximately scales with An? [34],
e smaller minimum device feature size (scaling roughly as A\/n) [35],

e a higher numerical aperture NA and a lower 0, = arcsin(ngjqq/Meore) permit the waveguide

to accept more modes, obviously depending on the waveguide sizes too.
However it also means:
e stronger sidewall scattering for equivalent roughness [36].

Concerning losses instead: waveguide lengths might have to substantially increase in a hypothetical
charge-coupled device (QCCD) [3] architecture. In state of the art trapped-ions quantum proces-
sors the employ integrated photonics, waveguides have a total length of ~ 5 mm [11]. Possibly in
future, this path length will be extended to several centimeters, having the necessity to guide the
wavelengths to different operation zones of the processor This means that having materials with
sub 1 dB/cm losses is becoming more and more crucial, considering the ~ 2 — 6 dB usually lost

for fibers-waveguides attachment and at the diffraction gratings.

4.0.1 Materials choice

From previous studies, we know that thermal ALD-deposited aluminum oxide is one of the best

materials in terms of optical losses, both for scattering and absorption, in the blue and near UV
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(NUV) range of wavelengths presenting a refractive index naj,0, = 1.65—1.72. A waveguide made
with thermal ALD alumina can reach < 2 dB/cm losses at 405 nm and 3 dB/cm losses at 371 nm
[12].

On the other hand, an interesting alternative seems to be hafnium dioxide. It is known to have
a higher refractive index in the same frequency range ngro, ~ 2.1 compared to alumina [37].
Optical and structural properties of thermal ALD-deposited hafnia seem to be strictly dependent
on the thickness of the deposited layer. Indeed, increasing the thickness above ~50 nm results
in a denser film, with higher refractive index but also with a more rough surface (passing from
rrys =0.25 nm at d ~ 10 nm to rrys =2.03 nm at d~ 100 nm). This is due to a progressively
more present crystallization of the compound [38]. Hafnium dioxide is also an already established
material for UV optical coatings, it can be patterned with CMOS techniques and it’s used as gate
dielectric. We decide to use PEALD over thermal ALD for the depositions due to the advantage
in speed. Going through an optimization process, we must perform and consecutively study mul-
tiple depositions and thermal ALD is a much slower technique. Which one of the two deposition
processes offers better results in terms of reproducibility and optical properties of the resulting

material is still unclear [39].

Here is our starting point. Making use of the PEALD over the thermal ALD, we will study
hafnia and how its crystallization and surface roughness influence its optical properties. Then the
pursued idea for material optimization is based on interrupting the hafnia crystallization process
by interposing layers of alumina. In this way, we aim at creating a periodic hafnia-alumina multi-
layer structure, in order to maintain a relatively high refractive index (hafnia trait), a low surface
roughness while exploiting a low-loss and well established matrerial for blue-UV waveguides, alu-

mina.

Therefore in the following Sections, we will go through a study on an engineered nano-laminate
composed by hafnium dioxide and aluminum oxide. Such multi-layer material is promising for
realization of blue-UV waveguides, but maintains sufficiently high refractive index values and low
losses in all the visible frequency range, comparably with the materials currently used for the same
purpose. For instance at A ~ 400 nm in a 100 nm thick slab, a An 0,450, ~ 0.21 gives a TE,
confinement factor I' = 0.339. Having instead Anmuiti-layer,si0, ~ 0.47 provides a TEq confinement
factor I' = 0.696 (and T" = 0.402 for TMy). The workflow for the studies of the HfO5-Al;O3 films

is divided in two consecutive parts, conducted in two different cleanrooms:

1. the fabrication process, consisting in material deposition using a Plasma-Enhanced Atomic
Layer Deposition (PEALD) tool (by Oxford Instruments) in Binnig and Rohrer Nanotech-
nology Center at IBM Ziirich,

2. the characterization process, which include refractive index and thickness study, together
with optical losses for slab modes, has been realized with several tools in First-Lab at ETH
Ziirich.

We already introduced the reader to the specific technique/tools used for the fabrication and char-
acterization of each one of studied thin films in Section 1.3. Here some details about the procedures
will be described to give a better sense of a complete deposition-characterization workflow (respec-
tively in the two distinct Sections) in order to achieve a optimized material in terms of sought

performances.
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4.1 Fabrication

As mentioned, just one tool has been employed for the fabrication process of all the studied films,
the PEALD, indroduced in Section 1.3.1. This Section is instead meant to give to the reader a

deeper understanding of which parameters influence the deposition process.

4.1.1 Deposition procedure

Each realized film has been deposited on two different substrates (during the same process session):
a < 100 > silicon (Si) 6 inches wafer with on top a 2.7 pum layer of thermal SiOs, and on a 1.5 cm
x 1.5 cm < 100 > bare Si sample, cleaved from a bigger wafer. Depositing the same material on

two distinct substrates allows for different kind of analysis, as explained in Section 4.2.

Choosing the PEALD as deposition technique, gives us the possibility to control different pro-
cess settings parameters. The deposition temperature 7' = 290°C has been kept constant for all
the realized samples. The reason is fairly simple: if in future these promising materials will be
integrated as waveguides or gratings inside a more complex chip together with other materials such
as Pt (as shield between the integrated optics stack and the electrodes above), Au (for the trap
electrodes), and so on, is required that the temperature of the depositions would monotonically
decrease during the whole process, from substrate to the electrodes. This because low-temperature
depositions can be affected by higher-temperature processes. Furthermore, T = 290°C is a com-
monly used temperature for ALD and we have no interest in decreasing the temperature, since
this could comport less dense material - so lower refractive index - and less pure films due to
a lower efficiency of impurities annealing. Another two parameters that can be set in case of a
multi-material periodic stacking (as explored in this study), are the periodicity P and the duty
cycle DC' of one material in respect of the other. Lastly, with a due calibration, is possible to
decide the thickness d [nm] with a consistent reproducibility. These three structural parameters
d, P and DC can be controlled by the number of cycles N, of the PEALD process. Roughly 1
cycle, so the 4 complete steps in Section 1.3.1, corresponds to ~ 1 A; this can vary depending on
the precursor and the deposition temperature. The PEALD process can take several hours (i.e. 5.
5h for 700 cycles of Hafnia), so the goal thickness of all the depositions was meant to be just more
than the minimum film height in order to guide at least one slab mode. This minimum thickness
was established a priori simulating with COMSOL Multiphysics a slab mode for each material.

For completeness in Section 4.2, both N, and the measured d will be reported.

The material study starts with just the deposition and consecutive characterization of the two
pure materials: alumina (aluminum oxide, Al;O3) and hafnia (hafnium dioxide, HfO3). After this,
3 hafnia depositions of different thicknesses ~ [10, 30, 70] nm have been realized in order to better
understand the root mean square (RMS) surface roughness vs thickness relation. A slab mate-
rial with higher RMS surface roughness is more affected by surface scattering loss, as explained
in Section 1.2.3. The results, exposed in Section 4.2, led us in the direction of a multi-layered
structure.

Then a series of multi-layer depositions with different P and DC has been performed, varying the
number of cycles of the two precursors and number of loops in order to always arrive at a prefixed
thickness of d ~ 80 nm. The depositions have been conducted fixing one of the two parameters
P or DC and varying the other, in order to distinguish how changing the two would optimize the
final product in terms of refractive index and optical losses. In this way, after a deposition the film

was characterized to determine what and how to change for the next deposition and so on. The
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characterization and the consecutive analysis is presented in Section 4.2.

4.2 Characterization

We introduced in Sections 1.3.2 and 1.3.3 the two tools that helped us in the material character-
ization, spectroscopic ellipsometer and a prism coupler. Also an atomic force microscope (AFM)
has been employed for surface analysis of the samples. Then we are going to present the results,

along with the optimization process that led us to the final and best performing material.

4.2.1 Measurement expedients

As previously mentioned, the deposition of each film has been realized on two different substrates:
on bare Si for the ellipsometry and on a 2.7 pm layer of silicon dioxide for the slab mode mea-
surements with the prism coupler. The analysis with the spectroscopic ellipsometer works better
with an iterative approach: firstly measuring the substrate optical properties on its own and then
(with the substrate fixed parameters) proceeding with the characterization of the wafer substrate
plus deposition. This increases the reliability and accuracy on the measurements of the deposited
film on top. For the prism coupler measurements, so in particular the optical loss measurements,
an oxide layer between the silicon substrate and the deposited film is strictly needed. Elsewhere
all the coupled light from the prism would be absorbed by the silicon wafer without the possibility
to observe a propagating mode in the alumina-hafnia slab.

As explained in the respective tool Sections, the refractive index and the thickness have been

measured with the ellipsometer and the slab mode optical loss with the prism coupler.

4.2.2 Characterization of the optical properties

The most significant RMS surface roughness measurements regards the rrass vs d relation.

In Fig. 4.1, 4.2 and 4.3 are shown AFM scans over a 0.5 um x0.5 pm area of three different
hafnium depositions respectively of N. = [100,300,700] and a measured d = [11.78,34.84, 77.10]
nm, having RMS surface roughness rgars = [0.161,0.633,2.636] nm.
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Figure 4.1: N, = 100, rgpys = 0.161 nm, Figure 4.2: N, = 300, rgys = 0.633 nm,
d=11.78 nm - AFM scan d = 34.84 nm - AFM scan

Figure 4.3: N, = 700, rgasrs = 2.636 nm, d = 77.10 nm - AFM scan

In Fig. 4.4, a picture of the three 4 inches wafers with the depositions, plus, on the very right the

bare Si wafer used as substrate.
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Figure 4.4: From left to right: 700, 300, 100, 0 cycles of PEALD hafnia on bare silicon wafers.

From these samples, interesting results can be highlighted: Firstly, the deposition rate (or growth
per cycle) is stable and independent on the final thickness for a fixed temperature (7' = 290°C),
here GPC = 1.15(4) A/cy. Secondly, as expected from [38], the rrass increases more than linearly
with d. This can be caused by a crystallization, that at high temperature, starts even at smaller
thicknesses and increases rapidly. This phenomenon leads our study towards a multi-layering
approach in order to stop the hafnia crystallization. We can vary DC and P, fixing the goal
thickness to ~ 80 nm, in order to maintain a relatively high refractive index and decreasing the
optical losses. In Fig. 4.5 are shown the results from the spectroscopic ellipsometry measurements
over a large array of depositions, from pure hafnia to pure alumina. DC' is properly defined as
Nof Alumina cycles in 1 period/Nof total cycles in 1 period (i.e. DC = 0.33 means 1 cycle of alu-

mina and 2 of hafnia in one period of P = 3 cycles).
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refractive index (Cauchy) vs wavelength
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Figure 4.5: Cauchy fits to refractive index data from ellipsometry measurements of all the deposited
samples.

As noticeable, decreasing the duty cycle, so increasing the percentage of hafnia in the film, gives a
higher refractive index. Indeed, selecting one wavelength A = 406 nm, and plotting n(406 nm) vs
DC, visualized in Fig. 4.6, the relation is linear. This indicates that the refractive index is strictly
proportional to the ratio of the two oxides in the structure. The effective refractive index can be

seen as a weighted average of the hafnia and alumina refractive indices.

refractive index at 406nm vs duty cycle

v ¥ DC=1.0 P =1000cy
V¥ DC=0.33P=3cy
2.1 1 V¥ DC=0.3P=100cy
DC=0.3P=30cy
DC=03P=10cy
204 DC=0.2 P=100cy
DC=0.2 P=50cy
£ V¥ DC=0.1P=50cy
[=
§ Lo V¥ DC=0.0 P =700cy
=
1.8
1.7
\J
‘ . . . . .
0.0 0.2 0.4 0.6 0.8 1.0

DC

Figure 4.6: Refractive index at 406 nm in function of the duty cycle.
The optical loss for slab modes has been measured with the appropriate module of the prism
coupler instrument at three different wavelengths A = [405.6, 526.5,636.5] nm. The I(z) function

is directly fitted by the Metricon tool software and a loss value [dB/cm] can be found. However
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even if the slab mode is present for all the three tested wavelengths, it doesn’t mean that is possible
to measure a loss value. Indeed at the initial stage of the study, for some of the first deposited
samples, like pure hafnia, it was not possible to measure the loss for the blue wavelength A = 405.6
nm. At the very beginning of the optimization process, the losses of pure hafnia (N. = 1000,
d ~ 120.0 nm) were substantially high, with [(636.5 nm) = 13.78 dB/cm and {(526.5 nm) = 33.26
dB/cm and a not even measurable value at 405.6 nm. The optical loss at blue wavelength for the
slab mode in an alumina film (N, = 1000, d = 119.2 nm) was instead 1(405.6 nm) = 1.71 dB/cm.
This value is higher than the one in [12] but, given our different fabrication technique, it ideally
would be the goal value. However, as already explained, we aim at obtaining a material both with
optical loss values comparable to alumina ones and with refractive index comparable with hafnia.
It’s reasonable to expect that, increasing the duty cycle of our multi-layer structure would decrease
the losses as well as the refractive index. The results for the measured optical loss at 406nm are
presented in Fig. 4.7 (the values for pure hafnia DC' = 0 are not shown because impossible to

measure with the used instrument).
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Figure 4.7: Optical loss for slab mode at 406nm in function of the duty cycle.

As expected, increasing DC brings down the losses, because we are depositing a compound that

is more and more similar to the pure alumina (red marker).

Interestingly, we can notice another important feature that can be exploited for material opti-
mization: fixing the duty cycle to i.e. DC = 0.3, as highlighted in Fig. 4.7 in the light blue region,
the periodicity plays an important role. Following the arrow line in the DC ~ 0.3 region we are
roughly not changing the ratio between the two materials but just the structure period. However
it’s clear that the optical loss is decreasing significantly with the periodicity. This phenomenon
might be connected with the above mentioned crystallization of the hafnia. The consequence of
the periodicity on the optical loss is compelling at all the tested wavelengths, as visible in Fig. 4.8.
The data from four samples with DC' ~ 0.3 and different periods have been fitted with a simple
I(A\) o< 1/A* as expected for Rayleigh scattering losses. At A = [405.6,526.5,636.5] nm, changing
the period P from 100 to 3 cycles, we obtain a change in the optical loss from ! = [9.85,2.04,1.11]
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dB/cm to I =[2.2,0.32,0.18] dB/cm.

optical loss vs wavelength (DC ~ 0.3)
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Figure 4.8: Optical loss for slab mode at different wavelengths for DC' ~ 0.3. The data have been
fitted with a simple I(\) oc 1/\* as expected for Rayleigh scattering losses.

We consider the final best optimized material to be a multi-layer deposition of alumina-hafnia with
period P = 3 cycles, duty cycle DC = 0.33. With this recipe, the compound maintains an effective
refractive index n(405.6 nm) = 1.956 and optical loss for a slab mode 1(405.6 nm) = 2.2(1) dB/cm.
The multi-layer approach manifests its efficacy: just by interposing layers of alumina (for one third
of the total thickness) we sacrificed 9% of refractive index (from the ngro,(405.6 nm) = 2.155) to

gain likely a 30 factor in loss (not even measurable for pure hafnia).

Using a simple 1 dimension computational model (analytically solvable) we can calculate the
confinement factor of the slab mode in the optimized film, so the ratio between the power confined
inside the core and the total propagating power, as in Eq. 1.20. For the calculation we use a SiOs
substrate with ng;0,(405.6 nm) = 1.4825, room temperature air as layer above with ng;,. = 1.0003
and a fixed core thickness of d = 73.81 nm. If n.pre(405.6 nm) = 1.956 the confinement factor
for the TEy mode is T' = 0.527, hence a material loss of (2.2 dB/cm)/0.527~ 4.2 dB/cm (and
I' = 0.100 for TMy). For comparison, a core of alumina with the same thickness would not even

support a TEqg mode.

Fig. 4.9 shows a picture of the scattered light from the slab mode at A = 406 nm coupled in
the (P = 3 cycles ,DC = 0.33) wafer using the prism coupler.
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Figure 4.9: Photo of guided mode in the optimized sample during the prism coupler measurement.
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To conclude, thanks to the study conducted in the present Chapter, we gave a promising alternative
to the established alumina for blue-NUV waveguides. The alumina-hafnia multi-layer structure is
characterized by high refractive index n(405.6 nm) = 1.956 and material losses l,,,(405.6 nm) ~ 4.2
dB/cm in the blue range. With a further study on the best deposition process, the material can

be further optimized to achieve even better optical properties, especially in terms of losses.
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Chapter 5

Conclusions and Outlook

5.1 Conclusions

In this thesis we pursued the promising path of integrated photonics for Trapped-ion Quantum

Systems.

The first goal was to provide a suitable outcoupler design able to radiate in free-space a highly
pure circularly-polarized beam from a guided EM mode at the desired wavelength. In this regard,
we presented a micro-metric ring resonator waveguide endowed of a square-profiled diffraction
grating. In Chapter 2, using an analytical model based on diffraction theory, we were able to
describe the far field radiated intensity from the resonator as a superposition of multiple dipoles
emitting in phase. This simple model based on point dipoles allows valuable insight on the theory
of the device as compared to full numerical simulations of the structure. The model shows how
the resonator, taking advantage of the phase relation between the electric field components of the
guided whispering gallery modes (WGMs) and also the structure of the LG modes, can radiate a
Laguerre-Gaussian-alike beam that, depending on its azimuthal mode [ reaches high circular po-
larization purity on axis. In particular, the device experimentally tested in Chapter 3, emits beams
with average o polarization purity P0+ = 99.9% across the I = 1 mode resonance (\g = 722.77
nm, ygwam = 0.12 nm), reaching values above 99.99% inside the FWHM interval. The measured
intensity shows a spatial distribution of the two polarization component in agreement with the

expected profile, calculated from the analytical model.

The second purpose of the thesis was to research on high refractive index low-optical loss materials
suitable for high-contrast waveguides in the blue and NUV frequency range. After investigating
how the deposition process of hafnium dioxide and aluminum oxide influences their optical proper-
ties, we pursued a multi-layer approach to reach the best material. The optimization process led us
to a periodic nano-laminate constituted by consecutive layers of alumina and hafnia, respectively
33% and 67% of the 1-period thickness P = 3.3 A. The compound presents an effective refractive
index n = 1.96 and a material loss [ ~ 4.2 dB/cm at A\ = 406 nm. It represents an interesting
alternative to the established pure alumina as it provides a much higher confinement factor (more
than twice in a 0.1 pm thin slab with SiOs as cladding) and higher refractive index, allowing more

compact gratings to emit at a given efficiency.
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5.2 Outlook

Both projects constitute auspicious starting points towards a further optimization and a possible

employment in future ion traps for quantum systems or in photonics devices in general.

The ring resonator presents multiple strengths: it can be easily integrated given its micromet-
ric size; the design can be adapted, by changing the numbers of grating elements, the radius and
the core material to work at the desired wavelength; the same ring can be used, changing the
propagation direction of the fed light, to address both highly pure circular polarizations. Another
peculiarity that distinguishes this design from the other options [24, 25], is the fact that the high
polarization purity region is circumscribed and well localized in a central area, feature that can
be useful for ion or atom addressing but that can be also limiting in other implementations. On
top of these, the analytical model represents for us a fundamental optimization instrument: the
design can be improved by changing the cross section size of the core - and hence the ratio of the
electric field components of the guided WGMs - to improve the purity level. On the other hand,
future devices should be designed having the observed Fabry-Perot effect in mind, to minimize
any unwanted reflections that can be source of impurity, at this very level of polarization purity.
Potentially this effect could also be positively exploit to enhance it. Another possible study could
aim at tilting the emission angle of the beam, for instance changing the phase relation between the
field scattered at each grating element. This could allow to place the ring resonator not directly
below the ions location but instead on a side, such as the linear-polarization outcouplers [8]. Fur-
thermore, being a resonator is a double-edged blade: the high purity level is indeed reached without
any active tuning, however the inaccuracies of the fabrication process could lead to a resonance fre-
quency shifted in respect of the desired one. A possible solution could be engineering the structure
in order to have a low @ factor so a broader resonance (we showed the benefits in Section 3.3.4)
and additionally implementing an active tuning mechanism, by exploiting the core material optical
non-linearities to alter its refractive index and therefore the resonance wavelength. In this regard,
using the thermo-optic effect is also possible but not ideal, being the device located in a cryostat
and being a much slower and inefficient tuning method. Another promising path to consider is to
exploit the 'purity vs phase of WGM field components’ dependency - highlighted by the model -
in a non-resonant device. A potential prototype could be constituted by an array of emitters ar-

ranged upon a line in order to radiate a much wider beam with high purity in the whole beam spot.

The study on alumina-hafnia multi-layer material also represents encouraging foundations for fu-
ture researches. The measurements on loss on the PEALD alumina let us conclude that PEALD
might be less adequate that thermal ALD, by a benchmarking with the results obtained in [12].
This might be due to a possible damage caused by the oxygen plasma directed on the sample dur-
ing the reactant pulse [40]. The higher loss measured in PEALD and thermal ALD hafnia could
also be a symptom of a crystallization that alumina seems to not present. Once established which
deposition technique results in a better multi-layer structure, the material could be patterned and
tested as fully-confined waveguide. From this study is indeed not trivial to distinguish whether the
slab optical loss is majorly given by surface scattering loss or by material loss mechanisms, such as
absorption or volume scatterings given by nano-crystals still present in spite of the multi-layering

approach.
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Chapter 6

Appendix 1

6.1 Diffraction theory model appendix

Thanks to the module of the distance between the the dipole s placed in the point G4(1, ¢5,0) and
the arbitrary point Q(p, ¢, z) that can be easily calculated as

re = /22 + (12 + p? — 2pcos Agy),

is possible to define the versor 7, directed from P to Q as 75 = rs/rs.

Using the following relations, expressed in the Cartesian basis B = {&, 9, £}:

Ty = Ti {(pcos ¢ — cos ¢ps)& + (psin ¢ — sin ¢5)y + 22}

s = —sin ¢ + cos @Y

- 1
Ts N s = — {—z COS P& — z8in Py + (psin ¢, sin @ + p cos ¢ cos ¢ — cos? ¢ — sin® d)s)ﬁ}
Ts

1

— {—zcos ¢s& — zsin @Y + (pcos Aps — 1)2}

Ts

Now it’s possible to express the first vectorial term of Eq. 2.14 as:

752 (Fs A ps) ATy = & {—(z>+1)sin ¢, + psing — pcos A, [psin ¢ — sin @]} +
Y {+(22 + 1) cos s — pcos ¢ + pcos Ady [pcos ¢ — cos ds] } +
{
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Then, projecting into the cylindrical basis B’ = {p, (;AS, 2}, it’s easy to find the terms whom E;f’,E;b
and E? are proportional to:

<|r5|2(f"s A J)é) A f*s> = —(2% 4+ 1) sin ¢4 cos ¢ — pcos A, cos ¢ [psin ¢ — sin ¢y] +
P

+ (22 + 1) cos ¢s sin ¢ + pcos A, sin ¢ [p cos ¢ — cos ¢,]
= —sin A¢, (22 +1—pcos A(;Ss)
QmﬁwsAégAfQ¢=(ﬁ+<Uﬂnmsm¢+pamA@sm¢man¢—sm¢4—pﬂ¥¢+
+ (2% + 1) cos ¢s cos ¢ + p cos A cos ¢ [pcos ¢ — cos ¢s] — pcos® ¢
= cos Ag (2° + p> +1— pcos Ag) — p

(ITSIQ(fs A ds) A fs) — pzsin Ad,
According to the far field approximation (z/p > 1) the terms can be simplified as:

((f's A (ﬁs) A f's) ~ —sin Ag,

p

((f's A (;Aﬁs) A ﬁs)¢ ~ cos A,

((f's A ) A r) ~ gsinAqﬁs

z

Similarly, it’s possible to express in the B basis the third vectorial term of Eq. 2.14 as:

|7’s|2(1‘s ANPs)NTs =& {22 cos ¢ — psin Agg(psin ¢ — singﬁs)} +
+9 {z2 sin ¢ — psin Agy(pcos ¢ — cos ds) } +
+ 2{z — cos A¢s}

Then, projecting into the cylindrical basis B’ = {p, & 2}, it’s easy to find the terms whom Eg,Eg

and E? are proportional to and then, using the far field approximation, we arrive to:

((725 A ps) A 'ﬁs)p = COoS A¢s
((Fs A o) A ), = sin A,
1
((Ps A ps) NTs), = —(1 — pcos Agy)
z
N.B.: There’s no need to calculate the second and fourth vectorial terms of Eq. 2.14 because they

can be neglected, however it would be trivial.
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