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Abstract

Photonic quantum technology is an emerging field that combines integrated pho-
tonics with the principles of quantum mechanics to manipulate and control photonic
quantum states for applications such as computing, communication, and sensing. These
technologies exploit quantum phenomena, such as superposition, entanglement, and
quantum interference, to perform tasks that are impossible or inefficient using classical
systems. Moreover, photonic quantum devices require three main stages for their full
implementation: generation, manipulation, and detection of quantum states of light.

In this work, we focus on the generation of quantum states of light by engineering
integrated photon sources that exploit the Spontaneous Four Wave Mixing (SFWM)
process. We describe the theoretical background and the detailed process for designing
two different integrated photon sources based on microring resonators in a SigN4 plat-
form for various applications:

e The first integrated photon source consists of an integrated microring resonator
that is capable of producing photons that are wide-spectrally separated where
one of these photons is centered at As = 606 nm, corresponding to the atomic
transition of a quantum memory based on Pr3t :Y,SiO5 crystal, while the idler
photon is centered at I'TU channel 43 for its distribution in a fiber network. In
addition, we determine the minimal Q-factor of the cavity required to achieve the
4 MHz bandwidth to match the spectral properties of the Pr ions.

e The second integrated photon source consist of a simple microring resonator with
a single bus waveguide coupled to it, designed to produce a broadband spectrum.
This is achieved by engineering the dispersion profile with different widths for
a fixed height. We compare our proposed geometry in terms of photon flux
and bandwidth generation with recently reported geometries used in the SizNy4
platform.

Overall, in the process of designing these two integrated photon sources, we explore and
engineer the dispersion parameters to tailor the photon source to a specific application,
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considering the width in the fabrication process as the only degree of freedom.

Additionally, we characterize the integrated microring resonator tailored for broadband
frequency comb generation, which was fabricated at UTT in France. The transmission
spectrum is measured for both TE and TM polarizations supported by the microring
resonators, which allows us to corroborate theoretical key parameters of the resonators,
such as the Free Spectral Range (FSR) and integrated dispersion. Furthermore, we
characterize the Q-factor of these resonators for several gap sizes using a Lorentzian
fit and estimate the bandwidth of the resonances. This characterization is the first
step in deploying our proposed integrated photon sources, which, once the fabrication
process is improved, will allow us to proceed with the generation of frequency-correlated
photons.
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Chapter 1
Introduction

1.1 Overview, motivation, and challenges

Quantum technologies have been emerging in the last decades as a field of research
that could provide advantages over classical systems, such technologies take advantage
of the properties and phenomena encountered in quantum mechanics particularly, in
quantum optics [1, 2].

Within this framework, integrated quantum photonics is a research field based on
photonic circuit technology to generate, manipulate and control quantum states of light
for a variety of applications, including quantum computing, communication, and sens-
ing [3, 4, 5, 6, 7]. By integrating photonic components such as waveguides, detectors,
and modulators on a single chip, it is possible to create compact, scalable, and highly ef-
ficient quantum systems [8, 9]. This integration enables the generation, processing, and
detection of quantum information encoded in photons, offering significant advantages in
terms of miniaturization, performance, and cost-effectiveness compared to traditional
quantum bulky optical setups. As the field advances, integrated quantum photonics
is a promising candidate for enabling practical quantum technologies with real-world
applications [10, 11, 12, 13].

In this case, photons are regarded as the ideal carriers of information due to their
high transmission speed, low decoherence, and minimal information loss. Quantum
bits, or qubits, which can be represented by any physical two-level quantum system,
can be encoded in the polarization state of photons and thus manipulated. Addition-
ally, other degrees of freedom, such as path, can be used to encode quantum information
[8, 9].

Hence, the generation of photonic quantum states constitutes a challenge in the
efficient development of quantum technologies where photon sources are required. Cor-
related photon pair sources can be implemented through two well-known processes:
Spontaneous Parametric Down Conversion (SPDC) and Spontaneous Four Wave Mix-
ing (SFWM) [14, 15, 16]. SPDC is a second-order nonlinear process where, a nonlinear
material is pumped in which one photon is annihilated to create a photon pair. Typi-




1. INTRODUCTION

cally, this process is exploited using crystals in bulk setups. On the other hand, SFWM
is a third-order nonlinear process where two photons are annihilated and create a photon
pair; unlike SPDC, SFWM is implemented in fibers or waveguides. For both processes,
the phase-matching and energy conservation are essential for an efficient generation of
photons [14, 15, 16].

Following this idea, obtaining efficient integrated photon sources that exploit SFWM
presents a challenge today. To achieve this, materials with strong nonlinear third-
order susceptibility are being investigated, typically those with a high refractive index
[5, 9, 12, 15, 17]. In consequence, the role of the fabrication process is fundamental.

It has been demonstrated that femtosecond (fs) laser writing allows for the fabrica-
tion of optical waveguides with sizes on the order of a few microns [3, 18, 19]. However,
direct fs laser written waveguides are limited in size by the optical diffraction limit of
the lenses. This limit can be overtaken with the use of the electron beam lithography
writing technique [20, 21, 22]. Current advances in nanofabrication allow us to fore-
see the implementation of photonic quantum devices. In general, integrated photonics
serve as an excellent platform for the generation, manipulation, and detection of pho-
tons [21, 22, 23, 24].

Moreover, SigN4 is a novel material used in nanophotonic circuits due to its at-
tractive optical properties, low propagation loss, and high compatibility with current
CMOS technology. SigNy possesses a high refractive index in comparison with other
materials, enabling efficient light confinement and guiding in optical waveguides. For
instance, Si3sN, does not exhibit Two Photon Absorption (TPA) or Free Carrier Ab-
sorption (FCA), two processes present in Silicon On-Insulator (SOI) circuits that affects
the performance of photonic chips. Furthermore, SigN, is of interest for its broad trans-
parency window that covers from the visible to the near-infrared spectrum, making it
suitable for a wide range of applications, including optical communication, sensing, and
quantum photonics [5, 11, 17, 25].

In this PhD thesis, we focus on the design of integrated photon sources using inte-
grated cavities in silicon nitride platform. We engineer the dispersion of the waveguides
to tailor the spectral properties of the photon source considering the width and the ra-
dius of the cavity as the two degrees of freedom. Furthermore, we study the spectral
properties of the photon source by analyzing the Joint Spectral Intensity (JSI).

In particular, we show the detailed process in the design of two photon sources with
different potential applications. The first photon source is tailored to produce photons
with a wide spectral separation where the signal photon must match the spectral prop-
erties of a quantum memory based on a Pr3t :Y,SiO5 crystal, while the idler photon
is compatible to match the center of an ITU channel of a Course Wavelength Division
Multiplexing (CWDM) commercial system.




1.2 Scientific objectives

The second photon source is engineered to produce a broadband quantum frequency
comb by using an air-cladding configuration which in combination with the microring
resonator, enhances the photon flux in comparison with recent photon sources that use
a SiOs cladding. Additionally, the proposed photon source can generate frequency-
correlated photon pairs with a 50 GHz spacing and low dispersion, making it highly
compatible with a 50 GHz grid Dense Wavelength Division Multiplexing (DWDM) sys-
tem.

Although the objective of the thesis is the design and simulation of photon sources
by the nonlinear process of SFWM, we additionally show a brief review on the fabrica-
tion process of one of these integrated photon sources and the classical characterization.

This work is developed within the framework of a collaboration between the Uni-
versité de Technologie de Troyes, France, Centro de Investigaciones en Optica A.C.,
Mexico and the Leibniz Universitat Hannover, Germany. One of the specific goals of
the collaboration is the fabrication, characterization and implementation of integrated
photonic circuits for potential photonic quantum technologies.

1.2 Scientific objectives

Our primary objective is to design and fabricate integrated photon sources utilizing
microring resonators for photonic quantum applications where the spectral properties
of the photon sources are tailored by dispersion engineering, mainly, by changing the
width of the optical waveguides.

To accomplish this goal, we established the following specific objectives:

1.2.1 Specific objectives

e To simulate optical waveguides and microring resonators in SizNy platform.

e To theoretically simulate the JSI for optimal conditions and determine their spec-
tral properties through the use of integrated cavities such as wavelength and
bandwidth of the generated photons.

e To fabricate the integrated photon sources with electron beam lithography and
reactive ion etching processes.

e To characterize the photonic devices and corroborate the measurements with the
theoretical model.
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1.3 Scope and outline of the thesis

This thesis aims to provide the steps followed in the design of two particular integrated
photon sources. First, an integrated photon source capable of producing photons for
interacting with a solid state quantum memory. Second, an integrated photon source
engineered to produce a broadband quantum frequency comb.

This thesis manuscript is divided into four chapters.

Chapter 2: We describe the theoretical formulation for optical waveguides, a brief
review on quantum optics and nonlinear optics. Afterwards, we discuss the theoretical
background of microring resonators and SFWM process.

Chapter 3: We describe the detailed procedure to design an integrated cavity that
matches the spectral properties of praseodymium ions in a crystal (Pr3+:Y,SiO5). The
analysis begins by determining the geometrical parameters of the waveguide, such as
width, height, and radius, to match the wavelength of the atomic transition of the Pr
ions. Subsequently, we obtain the minimal quality factor to achieve the bandwidth of
the photons which is the only limitation due to the high narrow bandwidth required.

Chapter 4: In this chapter, the design of an integrated photon source is detailed,
that is capable of producing a broadband quantum frequency comb at telecom wave-
lengths. To achieve this, we compare air and SiO2 as materials considered as claddings.
Furthermore, we show the advantages of using an air-cladding, and we compare the
photon flux expected from two photon sources: our proposed photon source with a
thickness of 500 nm and air cladding and, recent experimental photon sources with
thickness of 800 nm with SiOs cladding.

Chapter 5: Finally, we summarize the conclusions of the present work and discuss
some interesting points regarding the development of these devices and future work.




Chapter 2

Theoretical background

2.1 Introduction

This chapter introduces the theoretical fundamental concepts in optical waveguides and
quantum optics that are relevant to this research work. It begins with the description of
Maxwell’s equation in dielectric media. The determination of the guided modes as well
as the fundamental properties of the optical modes such as dispersion is also presented
in this chapter.

We introduce the mathematical description for integrated optical cavities and the
most important parameters. Furthermore, we describe the theoretical formulation of
the Spontaneous Four Wave Mixing (SFWM) process, and the Joint Spectral Intensity
(JSI) and their relation with the spectral properties of photon sources. In summary,
this chapter presents the theoretical framework to be considered in subsequent chapters.

2.2 Maxwell’s equations in dielectric media

Macroscopic Maxwell’s equations are used to describe the propagation of electromag-
netic fields in dielectric and metallic media. The macroscopic Maxwell’s equations are
given by [26, 27]:

V. -D(r,t) = p, (2.1)

V. B(r,t) =0, (2.2)

V x E(r,t) = ;E(r,t), (2.3)
V x H(r,t) =J + %f)(r,t), (2.4)

where p is the electric charge density, D(r,t) is the displacement field, E(r,t) the
macroscopic electric field, H(r, t) the macroscopic magnetic field, B(r,t) the magnetic
induction field and J the current density. For a dielectric material, the absence of free
charges or currents impose p = 0 and J =0. The displacement field is related to the
electric field, while the induction magnetic field to the magnetic field with the following
constitutive equations:
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D(r,t) = eoe(r)E(r, t), (2.5)
F(r,t) = MO; B, (2.6)

where gg is the permittivity, and u, the permeability of vacuum, € is the dielectric
function of the material, generally this function depends on the position and frequency.

Rewriting the Maxwell’s equations and using vectorial identities, we obtain the wave
equation for the electric and magnetic fields in dielectric media:

Ve(r)
e(r)

where £ = n? [26, 27]. The equation (2.7) is the general wave equation for the electric
field. For the magnetic field, we obtain:

~ 2 ~ ~
V2E(r,t) — u050n2§t2E(r, t)+V ( E(r, t)) =0, (2.7)

82

H(r,t) + ivE(r)x(v x H(r,t)) = 0. (2.8)

e(r)

Because Maxwell’s equations are linear, time and space dependency can be sepa-
rated by expanding the fields into a set of harmonic modes. We can therefore write
the fields as a spatial pattern times a complex exponential as:

255
H(r,t) — —

E(r,t) = E(r)e !, (2.9)

H(r,t) = H(r) e ¥, (2.10)

Equations 2.9 and 2.10 mean that, even if we do not know the spatial distribution
of the fields in the media, it is possible to solve the temporal part using separation of
variables.

Taking into consideration harmonic modes and using equations (2.4) and (2.3), we
obtain the following equation for the magnetic field:

v x (1V><H(r)) = (%) ). (2.11)
e(r) c
Equation (2.11) is known as the master equation, where c is the speed of light,
defined as ¢ = (,u,oeo)*l/ 2 and w is the angular frequency. A series of operations acts
on the magnetic field, and if H(r) is an allowed mode, the result is a scalar multiplied
by the original function H(r). This treatment can be also applied to the electric field,
in this case we have used the magnetic field due to mathematical convenience.




2.2 Maxwell’s equations in dielectric media

2.2.1 Electromagnetism as an eigenvalue problem

The left-hand side term in the equation (2.11) can be seen as an operator acting on the
mode profile H(r), so we can rewrite it as [28]:

~ w\ 2
OH(r) = <E> H(r), (2.12)
where the operator © is defined by:
- 1

We observe that the action of the operator is: first to take the curl of the vector,
then divide by &(r) and finally take the curl to the result. The eigenvectors H(r) are the
spatial patterns of the modes and the eigenvalues (w/c)? are proportional to the square
of the frequency of those modes. The operator O is a linear operator and Hermitian,
which implies specific properties that we will present in the following sections.

2.2.1.1 Fundamental properties of eigenmodes

The operator © and the vectors fulfill important properties, which are of great utility
in the description of the modes. We can observe that the operator O is a linear opera-
tor, that is, if we find the solutions Hj(r) and Ho(r) for the master equation, then, a
linear combination of both solutions is also a solution for the master equation, that is,
aH;(r) 4+ fHa(r), where, a and f3, are constants related to the amplitude probabilities
of each mode.

The operator O is also a Hermitian operator, this is an important characteristic,
where © satisfies the following properties:

e The cigenvalues of © are positive real values, in such a way that, w > 0.

e © = Of, that is, the operator is equal to the transposed conjugate.

In addition to hermicity, © forces any two harmonic modes with difference frequen-
cies wy and wo to have inner product of zero, that is:
(wi —w3) (Hy(r), Ha(r)) =0, (2.14)

If wy # we, then (H;(r), Hy(r)) = 0 and the modes are orthogonal. However if w; = wo,
then the modes are degenerate and not necessarily orthogonal.

2.2.2 Numerical methods: WMM mode solver and eigenmode expan-
sion

In figure 2.1, the schematic representation of the cross section of a ridge waveguide is
shown. The effective refractive index of the waveguide is determined by the width (w),
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height (h) and the materials. We considered a silicon dioxide substrate on top of a
silicon wafer, where the silicon nitride is on top of the SiOs

Figure 2.1: Cross section of the optical waveguide used for our simulations.

Solving the structure presented in figure 2.1 and obtaining and analytical expression
can be difficult but easily solvable by using numerical methods.

There are many different software used for modeling physical systems based on
optical and optoelectronic devices, they can be commercial or free use and each one
proves advantages or disadvantages. Every software uses a different method in order
to solve the system.

In the development of this thesis we used two freely-available software for simulating
optical waveguides: VEIMS Mode Solver and Wave Matching Method (WMM) in order
to obtain the propagation constant (8), the effective refractive index (neg) and the
width of optical waveguides with a height constant for single mode optical waveguides.

2.2.2.1 WMM Mode Solver

VEIMS mode solver and WMM are two different tools used in the design of the optical
waveguides, it can used to find all the eigenmodes allowed in a multilayer system, for a
selected mode it shows the effective refractive index and in consequence, the propaga-
tion constant. This software also allows one to plot the desired mode.The accuracy of
this method relies on the number of spectral terms considered in the calculation which
relapse in computing time.

The vectorial effective index method (VEIM) can be viewed as some bridge between
two popular approaches, namely the Film Mode Matching (FMM) on the one hand and
the effective index method (EIM) on the other [29].

This mode solver is a free software that can be used in any operating system where
the main programming language is C++, but it can be implemented only with an
interface for easy use. The objective of the use of this mode solver is to find the
effective refractive index for different propagating modes in the optical waveguides.
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2.2.3 Group refractive index

The group refractive index is a important parameter in the design of resonators. It is
defined as the ratio of the vacuum velocity of light to the group velocity in the medium
C

(ng = @)' For optical waveguides it is useful to write it in terms of the effective

refractive index as [26, 30, 31]:

1y = ey () = A e () (2.15)

where A is the wavelength. As mentioned earlier, the effective refractive index
already accounts for both the refractive indices of the materials and the geometry.
Therefore, it is convenient to use the effective refractive index for the determination of
the group index. In the following sections, we show the importance of these parameters.

2.2.4 Dispersion

It is well known that the refractive index of materials depends on the wavelength,
meaning that it is not constant for all wavelengths, a phenomenon known as chromatic
dispersion. On the other hand, the combination of different materials and the dimen-
sions play a crucial role when designing optical waveguides [26]. The dispersion can be
calculated in terms of the effective refractive index as:

A d?
Alternatively, the dispersion can be written in terms of the Group Velocity Disper-
2
sion (GVD) which is usually referred as: f2 = %(Qw). Then, we have the following
relation for the dispersion and the GVD:
27c

In this case, nerr(A) is the effective refractive index of the optical mode, where all
the geometrical and optical parameters are already considered.

Furthermore, when D) > 0 corresponds to the anomalous dispersion region while
D) < 0 corresponds to the normal dispersion region. For nonlinear applications such
as supercontinuum or SFWM, it is required that the pump wavelength must be in
the anomalous dispersion region, especially in the case of SFWM when the signal and
idler photons are expected to be spectrally separated [25]. Hence, it is possible to
determine whether the designed optical waveguide is suitable for the specific purpose
by calculating and analyzing its dispersion.

2.2.5 Integrated microring resonators

A cavity can be implemented in integrated photonics by using a ring which acts as a
resonator. In Fig. 2.2 the schematic representation of a basic ring resonator is shown
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also called all-pass ring resonator [31] which consist of a bus waveguide and a microring.
Considering that the light is coupled to the ring resonator, we can consider that there
is a small portion of light that goes out every round-trip which can be considered as
a mirror with high reflectivity. In this basic scheme, the resonator can be described
using the reflectivity r and transmisivity ¢ in such a way that the input field from the
bus waveguide is coupled by an evanescent field (transmitted field) and the remaining
input field just passes the ring (reflected field).

Figure 2.2: Schematic representation of a microring resonator coupled to a bus waveguide.

Considering the input field as F7, we can describe the relations between the input
and output fields in the matrix form as:

Furthermore, considering a lossless cavity, we have that the energy must be con-
served, that can be seen through |r|? + |t|*> = 1. The field in the resonator acquires
a phase shift in terms of the length of the cavity and the propagation constant as
F3 = Ae'PLEy = Ae'®Ey, and L corresponding to the cavity length. Then, the trans-
mission of the ring resonator assuming a normalized amplitude (A = 1) can be found
as:

Es it
E, 1—refl’
where equation 2.19 has the form of an Airy function that will be used in the following

sections. An important aspect is that not all the wavelengths will be resonant in the
cavity. This can be obtained by the resonant condition which is written as:

T = (2.19)

BL = 2nl, (2.20)

where [ is an integer known as the azimuthal mode number of the whispering gallery
modes of the resonator. Hence, the cavity can only propagate wavelengths that satisfy

10
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the resonant condition previously mentioned. Note that to find the resonant angular
frequencies, we can rewrite the resonant condition in the following form:

le
wi

=— (2.21)
Rneg ()
By solving equation 2.21, all the resonances can be found. Furthermore, the de-
pendence of the effective refractive index already accounts for chromatic and geometric
dispersion.

Since all the resonances become discrete values in the frequency space, it is possible
to estimate the difference between two adjacent resonances. However, these differences
are not equal due to dispersion. The Free Spectral Range (FSR) is the parameter that
quantifies the difference between two resonances and is defined as:

- ¢ . 2.22
D)~ Llnegs () = Nfymegs V) 22

It is important to point out that the FSR can be written as a function of wave-
lengths or frequencies, and the relationship is different in both cases. In our case, we
describe the FSR as a function of frequencies in 2.22 as all the parameters in this work
are presented in the frequency domain. Furthermore, note that the FSR depends on
the group index. We use the FSR as a parameter for comparison between theoreti-
cal and experimental data. This is because the FSR includes the first derivative in
its definition, which is sensitive to variations in the refractive index depending on the
wavelength. Another important point is that the FSR depends on two parameters:
the length of the cavity and the group index, which in turn depends on the geometry
and refractive index of the sample. When comparing the theoretical and experimental
FSRs, we attribute the small differences to the geometry, which is main source of errors
in the fabrication process.

FSR(v)

Another important parameter for the design of integrated resonators is the inte-
grated dispersion, which is a function that allows to quantify the deviation of the
resonances produced by the dispersion in a resonator [32, 33]. It can be written in
terms of the mode index as:

Dint(p) = wy —wo — pDy, (2.23)

where p is known as the mode index, and p = 0 represents the pump mode index.
Thus, wp corresponds to the pump frequency, and D; = 27 F'SR(wp). Note that for
Dint(n = 0) = 0, meaning that the integrated dispersion is properly centered at the
pump frequency. Therefore, the integrated dispersion is not the same for all the fre-
quencies; it strongly depends on the pump frequency. Moreover, we can rewrite the
integrated dispersion in terms of the azimuthal mode index. This allow us to work in an
easier way since we can determine the discrete frequencies from the resonant condition.

11
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Dint(w) = w; —wo — (H(w) — lp(wp))D1. (2.24)

where, w;, w, and [, are the resonant frequencies, the pump frequency and the
pump azimuthal mode. In this scenario, we can clearly manipulate the pump frequency
confirming that is not the same tendency for all the frequencies. Note that the equation
2.24 is written as a function of w but it can be easily replaced by [ since these parameters
are related [33, 34].

2.3 Nonlinear processes

Considering an electromagnetic field that interacts with a dielectric medium, it can
induce a nonlinear response due to the presence of an intense electromagnetic field
[30, 35]. This can be described in terms of the polarization P which is related with the
strength of the electromagnetic field as:

P = coxVE + x?|E + xO|E] + ..., (2.25)

where ¢ is the vacuum permittivity, x(" is the nonlinear susceptibility of n-th order.
The linear regime of the susceptibilities corresponds to x(!), since the polarization is
proportional and linear to the electric field. The nonlinear regime includes ¥ and
), where the former represents the second order and the latter the third order.
Nonlinear processes such as Second Harmonic Generation (SHG), Sum Frequency Gen-
eration (SFG) or Spontaneous Parametric Down Conversion (SPDC) are related with
x® that occurs in centrosymmetric media, while Third Harmonic Generation (THG)
or Spontaneous Four Wave Mixing (SFWM) are nonlinear processes that occur in non-
centrosymmetric media related with x3) [35].

2.3.1 Spontaneous Four Wave Mixing

SFWM is a third-order nonlinear process (x(*)) that involves four frequencies [13]. This
process is typically exploited in fibers or integrated waveguides, where two photons
from the pump are annihilated to create a pair of correlated photons. Many variants of
this process such as co-propagating [7], counter-propagating [36], degenerate pumps or
non-degenerate pumps, cross-polarized pumps [37], etc., can be exploited to implement
SFWM. The energy conservation when considering degenerate pumps is described by:

2wy = ws + wj, (2.26)

where w correspond to the angular frequency and the subscripts p,s and ¢ corresponds
to the pump, signal and idler, respectively. In Fig. 2.3 the schematic representation
of this process is shown, where the signal photon is denoted with a higher energy that
can be written as a function of the pump with a detunning as w, = w), + €2, while the
idler photon is written as ws = w, — ) with a lower energy.

12
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Figure 2.3: Schematic representation of the SFWM, two photons from a pump are anni-
hilated to create a signal and idler photon pair.

In addition to energy conservation, SFWM must satisfy a phase matching condition,
according to:

A = 2By(wp) — Bs(ws) + Biwi) — 27 P, (2.27)

where (3 is the propagation constant of the optical guided mode, = is the nonlinear
coefficient and Py is the pump power [38, 39]. The nonlinear coefficient is one of
the most important parameters as it relates to the nonlinear refractive index and the
effective area as [39]:

Nowy,

= 2.2
fy Aeffc’ ( 8)

with ng the nonlinear refractive index of the material. Moreover, A.sy is the effective
area for the four fields involved which is described as:

1
Acpp = :
0T fow9)2 (e, 9) 7 (2, ) daedy

where the field distributions are normalized as [ [ |f;(z,y)|?dzdy = 1, for j = p, s, .
Note that the propagation constant is related directly with the effective refractive index.
Hence, multiple combinations can be explored such as co-polarized for the TE or TM
modes, or cross-polarized. We limited our simulations to the co-polarized case since we
want to produce frequency correlated photons with the same polarization as the pump,
while the cross-polarized cases will be considered in future work.

(2.29)

2.3.2 Joint Spectral Intensity of SFWM

In this subsection we will describe the theoretical JSI for optical waveguides and inte-
grated resonators, pointing out the differences and advantages of both systems.

One way to characterize the two-photon quantum state generated by a photon
source is by analyzing the Joint Spectral Intensity (JSI) function where all the spectral

13
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information is contained. The quantum state generated by a SFWM process in an
integrated cavity is typically written as [39, 40]:

[Wean) = €D Geavlws, wi)al (ws)b! (wy)]0),]0),, (2.30)
ws Wi
where ( is a normalization constant, the creation operators are acting over the vacuum
state in the signal and idler modes and the function G4 (ws, w;) is known as the Joint
Spectral Amplitude (JSA) which contains all the spectral properties of the quantum
state and which can be recovered through a measurement of the JSI (|G eay(ws, w;)[?).
Hence the JSI in a cavity is typically written as:

’Gccw (ws> wi) |2 = |G(w87 wz’) |2%cav(“}37 Wi) (231)

where |G(ws,w;)|? is the JSI when the cavity is absent and .#,q,(ws,w;) is the matrix
of resonances which account for the effect of the cavity over the two-photons state,
as defined below. The absent-cavity JSI function is described by the product of the
pump envelope function a(ws,w;) and the phase matching function ¢(ws,w;). The
pump envelope function describes all the spectral properties of the pump such as the
central frequency and bandwidth, while the phase matching function contains all the
information of the optical waveguide such as dispersion and propagation length. Hence
the JSI is written as:

2

Glanwi)? = | [ aw/alwator + i - )o(enwn)] 2.32)
with the pump envelope described by a Gaussian function as:
o (ws+wi—2wp)2
a(ws,wi) =€ 202 , (2.33)

2oy
2log(2)
matching function is written as:

where 0 = and 6v), corresponds to the linewidth of the pump, while the phase

d(ws,w;) = sinc (gAﬂ(a)s,wi)> el3 AB(ws i) (2.34)

All the spectral properties of the material and geometry of the waveguide are contained
in the phase matching function. In this way, the JSI relates the pump parameters with
the geometrical and optical parameters of the material through these two functions.

The matrix that describes the cavity effect is written as the product of two Airy
functions, one is acting over w; and the other acting over w;. In this way, we can
represent the matrix of resonances as:

%cav(wm Wi) = %(Ws)'%(wi)a (235)
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where the Airy function A,(w,) describes the effect of the resonator over the photon
pair state, with the internal resonance enhancement factor given by [39, 41]:

tu(wp)

) = T 0, exp Bl LT (230
where ¢, and |r,(w,)| = 1 — l(w,)7Q " are the transmissivity and reflectivity ampli-
tudes of the ring and the argument of the exponential represents the phase acquired
by the photon p = s,i in one round-trip. Then, the resonances appear at the peaks of
the Airy function which we previously defined as the resonance condition. Note that
we have included the dependence with ¢ and r coefficients which in an experimental
implementation is important. In the following chapter we will show the overall behavior
of these functions.

2.4 Conclusion

In the present chapter, we provided the theoretical background for optical waveguides
and quantum optics. Additionally, we described the microring resonators and the most
important parameters that must be taken into account for our design of a photon
source such as: dispersion, integrated dispersion and FSR. In addition, we detailed the
SFWM non-linear process that can be generated in optical waveguides. Furthermore,
the theoretical description for the JSI is detailed, which is useful to describe a two-
photon quantum state and its spectral properties. In conclusion, this chapter provides
the equations and a short description of them, which are used in the following two
chapters.
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Chapter 3
Integrated photon pairs source
compatible with a quantum memory

3.1 Introduction

Optical quantum communications is a promising emergent technology which requires
the development of several new quantum devices to carry and store quantum informa-
tion over long distances [42, 43, 44, 45]. One of such devices is the quantum repeater
which, as their classical counterparts, is needed to maintain the properties of entangled
photonic states over propagation through the future quantum networks. Nowadays,
quantum repeaters are based on quantum memories that store and release on demand
single photons in media such as atoms, molecules, or ions [42, 44, 45]. One of the main
challenges for quantum memories is an efficient interaction between photons and the
media used to store information such as a match between the spectral properties of the
input photons and the resonances of the atomic species in the media [43, 44, 46].

In particular, Y5SiOs crystal doped with Pr3* ions has been demonstrated as a
suitable candidate for quantum memories due to its interesting properties such as long
decoherence time and easy compatibility with fiber networks. [44, 47]. Typically, these
atomic species are excited using photons generated by the spontaneous parametric
down conversion process (SPDC) using bulk crystals, for example, BBO, PPLN, PP-
KTP among some others. In this case, the spectral bandwidth of the photons has been
achieved by using free space cavities [45, 48], which present and intrinsic limitation
in the sense that bulky setups turns free-space cavities impractical when thinking in
scalable applications.

The platform of silicon nitride (SigNy) is considered as an optimal platform for the
design of the photon source since this material has a larger refractive index, but not to
high in comparison with SOI, AlGaAs or 4H-SiC. This allows the phase matching at
short wavelengths, and moreover, this material has been recently shown as a suitable
platform for enabling devices in visible wavelengths [49, 50, 51, 52].

In this chapter, we describe the procedure for designing an integrated photon
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pair source based on a microring resonator that matches the spectral properties of
praseodymium ions in a crystal (Pr37:Y2SiO5). In this setup, the signal and idler pho-
tons are on-chip and separated by the add-drop configuration. Moreover, the signal
photon can be sent directly to the solid-state quantum memory, while the idler photon
can be directed to a CWDM for simultaneous detection after the interaction of the
signal photon with the quantum memory.

First, the wavelengths of the photons are determined by the phase-matching con-
dition, which is engineered by adjusting the width of the waveguides. This change
alters the effective refractive index and the dispersion profile. Additionally, the spec-
tral properties of the two-photon quantum state are analyzed through the Joint Spectral
Intensity (JSI), which provides the wavelength and bandwidth of the photons.

3.2 Design of the integrated photon source

Silicon nitride is a material that in addition to its interesting nonlinear refractive index
ng, possesses a high refractive index providing a high refractive index contrast for air
and SiOs claddings. Along with that, it can provide high compatibility to generate
photons in visible-telecom wavelengths due to its transparency window. Consequently,
our proposed photon source takes advantage of these interesting properties.

On the other hand, the spectral properties of the photon source are tailored to
match the spectral properties of the Pr3t :Y,SiO5 crystal. This can be accomplished
by properly choosing the cross section of the waveguide such that the SFWM can be
achieved providing the proper wavelength and by using an integrated cavity that can
reduce the bandwidth of the photons and simultaneously enhance the photon pair gen-
eration.

In Figure 3.1 a) the schematic representation of the proposed device is shown. It
consists of a ring resonator using an add-drop configuration while in figure 3.1 b) the
energy levels of the Pr®* ion are shown, where the specific wavelength between the
levels *Hy<>' Dy at 606 nm and the bandwidth between the transitions is around 4
MHz.
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Figure 3.1: a) Schematic representation of an integrated photon source based on SFWM
using a microring resonator that produces photon pairs capable of interacting with a
Pr3+ :Y,Si0j solid state quantum memory, and b) scheme of energy levels of Pr3* :Y,SiO5
crystal.

A few considerations must be taken into account for the design of the photon source
involving the wavelength of the praseodymium ions, the pump wavelength source and
detection which are described as follows:

e The wavelength of the signal photon is fixed at A; = 606 nm that matches the
atomic transition 3 Hy<>! Dy of the praseodymium ions.

e The pump wavelength must be a commercially available continuous wave laser
with a narrow linewidth.

e The idler wavelength must match a CWDM channel [53], and be within the win-
dow of detection of current InGaAs or Superconducting Nanowire single-Photon
Detector (SNSPDs) detectors.

With the previous restrictions, the pump wavelength is determined by using the
energy conservation equation written in terms of signal and idler wavelengths as:

C2X\
P As + )\@"
where the idler frequency is chosen at A; = 1430.5 nm to match the ITU channel 43

of a CWDM system. In table 3.1 the wavelengths for the pump, signal and idler are
shown.

(3.1)

Pump A, (nm) | Signal A\; (nm) | Idler A; (nm)
851.347 606 1430.5

Table 3.1: Wavelengths of the pump, signal and idler, where the pump wavelength is
determined by using equation 3.1.
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Thus, the pump wavelength matches the specifications of a commercially available
laser system (Newport TLB6817) with bandwidth 61, = 200 kHz [54].

Then, it is necessary to obtain the geometrical parameters of the device that can
achieve efficiently the phase matching at the desired wavelengths. To do that, the first
step is simulate the waveguide.

The effective refractive index is obtained using WMM solver software by simulating
the SizNy4 on insulator ridge waveguide shown in figure 3.2. It consist of a silicon wafer
with a 2 pum thick SiOs layer and, on top of it the SigNy4 layer.

L
=430 rm { T

Figure 3.2: Cross section of a SizN, on insulator ridge waveguide with air cladding.

In order to increase the confinement of the optical mode in the waveguide and simul-
taneously reduce the complexity in the fabrication process, accessible at our facilities,
air has been considered as a surrounding medium. In this case, the only degree of free-
dom is the width (w) of the waveguide since the height (h) can not be modified with our
current electron-beam fabrication process, leaving the width as the only geometrical
control parameter [24].

3.3 Effective refractive index and dispersion

For the simulations, the refractive index of the bulk SigN4 and SiOs, described by the
following two Sellmeier equations [55, 56|, is considered:

\/1 3.0249)\2 N 40314)\2 (3.2)
ng; = .
SiaNa 22— 0.13534062 ' A2 — 1239.8422°
\/ 0.6961663\2 . 0.4079426 )2 . 0.8974794)2 (33)
5402 22— 0.06840432 © A2 —0.11624142 ' X2 — 9.8961612

Figure 3.3 shows the effective refractive index as a function of the wavelength for
the TEgp (solid line) and TMyy (dashed line) modes, for different waveguide widths
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and considering a fixed height h = 430 nm, as well as the bulk SigN4 and SiOs. In this
case, the guided mode must satisfy that the effective refractive index is higher than
the substrate, this means that, ng;,n, > nerr > ngio, for the three wavelengths of
interest. We started our analysis by simulating waveguides with width of 400 nm to
1000 nm with steps of 100 nm and analyzing the phase-matching condition. Once we
obtained that the optimal geometry was in the range between 700 nm and 900 nm,
we simulated geometries with steps of 50 nm. We delimited the region by decreasing
the region of interest until finding the optimal geometry. To make a comparison, the
effective refractive index of widths 750, 800, 818 and 850 nm is shown.

L 21— : : : —
T SiaN

° 2.0} =
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o 1.8} w=800 nm

> — we

A |~ wessom

o 1.6} B

= 1.5}
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06 08 10 12 14 16
Wavelength (um)

Figure 3.3: Effective refractive index as a function of the wavelength for different widths
and a fixed height of h = 430 nm for the T Eyg (solid line) and T Myo (dashed line) modes.
SigNy and SiO; bulk refractive indices are used to delimit the guided modes (nefs > nsi0,)-

It can be seen that the effective refractive index of the TEgy is higher than the
effective refractive index of the TMyg, thus, the dominant mode for these waveguides
is the TEgy mode.

As previously mentioned, our photon source is engineered to target specific wave-
lengths of interest, which is, the case where the photons are wide spectrally separated
from the pump. To find the optimal width, we calculate the dispersion parameter where
for the pump wavelength which must be within the anomalous dispersion region.

In figure 3.4 the dispersion parameter D) is shown for the four different widths
as a function of the wavelength. Here, the dispersion already contains the chromatic
dispersion and the effect of the dispersion due to the geometrical configuration. The
gray zone shows the anomalous dispersion region (D) > 0) for the waveguide with width
of 818 nm. It can be clearly seen that when the width is increased, the dispersion
is slightly shifted to larger wavelengths as well as reducing the maximum value of
dispersion. Furthermore, two Zero Dispersion Wavelength’s (ZDW) are found at ZDW;
= 815 nm and ZDW;, = 1200 nm for the same geometry. Note that the ZDWs are not
the same for all the geometries.
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Figure 3.4: Dispersion parameter for TEgy and TMgg modes. The gray zone delimits
the anomalous dispersion Dy > 0 for a waveguide with w = 818 nm and h = 430 nm
considering the TEgy mode.

Another important fact is that the dispersion for the TMgy modes provides anoma-
lous dispersion at the pump wavelength. Although, it does not provide direct infor-
mation about the phase matching and in consequence, the wavelength of the photons.
Therefore, the first step in the design process is to find the widths with anomalous
dispersion in the pump wavelength and then, analyze it by plotting the phase matching
condition.

3.4 SFWM phase-matching condition

The phase matching condition that provides the satisfying SEFWM frequencies is plotted
in terms of the frequency detuning, €; s = £(wp — w;s), in the following figures for
the TEgy and TMgpg. Only the upper half contour is plotted since the lower half is
symmetric at 2 = 0. In order to find the optimal geometry that allows emission
at the desired wavelengths, two lines are plotted: Qg = —w, + 27¢/0.606 and Q; =
wp — 2mc/1.4305 in the (€2, wp)-space, where the negative and positive slopes are for
signal and idler photons, respectively. The intersection of the two lines corresponds to
the pump frequency satisfying energy conservation and giving the value of the pump
frequency.

3.4.1 Phase-matching for the TM mode

First we will analyze the phase matching condition through the contour plots for the
TMgo mode.
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Figure 3.5: Contour plots of the phase-matching condition in terms of the detuning
frequency Q, ; for the TMgo mode i.e., Af(w) = 0.

In figure 3.5, the contour plots of the phase matching for the TMgy mode are shown.
Here the vertical line shows the pump wavelength )\, = 851.347 nm. It can be observed
that none of these contour plots of the TMyg mode intersects with the two gray lines
making unfeasible the use of these modes for our purpose. However, the line g corre-
sponding to the photons at 606 nm, crosses with the contour plots at different pump
frequencies, where the idler photons will have wavelengths that are not available at our

detection system.
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Figure 3.6: Wavelength of the signal and idler photons as a function of the pump wave-

length for the TMgy mode.

In figure 3.6, the signal and idler wavelengths as a function of the pump wavelengths
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3. PHOTON SOURCE FOR A QUANTUM MEMORY

are plotted. There are some possibilities that generate photons at 606 nm, by properly
choosing the pump wavelength, but the idler photon will be expected at wavelengths
between 1 pm and 1.2 pm where our detector has low quantum efficiency of detec-
tion [57]. As an example, the geometry with w = 818 nm is expected to generate a
photon pair Ay = 606nm and A\; = 1127.88 nm, with a pump wavelength A\, = 788.4 nm.

3.4.2 Phase-matching for the TE mode

On the other hand, this difficulty is overcome when the TE mode is chosen. In figure
3.7 the contour plot of the phase matching condition is shown. Note that in this case,
we focus on finding the contour that intersects with the two gray lines used to delimit
the signal and idler frequencies.

Firstly, we determined the effective refractive index in the range between 750 and
850 nm with steps of 50 nm increase in the width. We observed that the optimal width
is between 800 and 850 nm, we estimated the effective refractive index by sweeping the
width with steps of 2 nm.

Pump wavelength (um)
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Figure 3.7: Contour plots of the phase-matching condition in terms of the detuning
frequency Q,; for the TEgp mode i.e., AB(w,) = 0.

We find that the optimal width is 818 nm making then the cross section of the
waveguide to w = 818 nm and h = 430 nm. In figure 3.8 the signal and idler wave-
lengths as a function of the pump wavelength for the TEyy mode are shown. In a
similar way, it can be observed that there are other cases for the generation of photons
at 606 nm, while the idler photon will be now expected at larger wavelengths.
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Figure 3.8: Wavelength of the signal and idler photons as a function of the pump wave-
length for the TEyg mode.

3.5 Integrated dispersion and frequency mismatch

After finding the optimal cross section that allows the phase matching at A; = 606
nm, the second step is to obtain the radius of the resonator in order to obtain all the
geometrical parameters of the resonator. Due to the dispersion of the waveguide, the
resonances are not perfectly equidistant in the frequency, this effect can not be avoided
but it is possible to compensate by properly selecting the radius.

In the context of microring resonators, the integrated dispersion (Djy) can be used
to quantify and optimize the deviation of the resonance frequency from the equidistant
grid given by the free spectral range (FSR) of the resonator [32].

For the proposed integrated cavity we performed simulations to find the optimal
radius. There are multiple radii that can be resonant at the desired wavelengths, but
just a few could be considered for our calculations since the resonances can be slightly
shifted from the desired wavelengths, this means that, these radii could not be optimal
even if they could support the pump, signal, and idler photons simultaneously. As a
result, when finding the optimal radius, the resonances will be located at the desired
wavelengths and in consequence, the JSI (in the cavity absence) maximizes the over-
lapping with the cavity functions to obtain the final quantum state of the photons
produced in the cavity.

To find the optimal radius, first we obtain those radii that satisfy the resonance con-
dition (SL = 27l) for the three desired wavelengths. Then we estimated the integrated
dispersion for the signal and idler photons where the signal and idler wavelengths must
have the same value of the integrated dispersion but opposite sign as the sum over them
is approximately equal to zero. This can be written as:
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3. PHOTON SOURCE FOR A QUANTUM MEMORY

Dint(vs)/2m + Dint(v4) /27 = 0 (3.4)

400~
= 200}
I
S
E 0
a
& -200}

-400= . . . . . "

200 250 300 350 400 450 500

Frequency (THz)

Figure 3.9: Integrated dispersion as a function of the frequency when the pump frequency
is centered at v, = 352.139 THz.

Figure 3.9 shows the integrated dispersion as a function of the frequency for the
radius R = 155.255 pum giving the value of the signal photon (v4) with a negative
value (Djni(vs)/2m = —374.0681 GHz) and the idler photon (v;) with a positive value
(Dint(v3)/2m = 374.0682 GHz, which satisfies the previous equation as Dn.(vs)/2m +
Dint(Vi)/QW ~ 0.

To show the tendency of the radius, we select two different radii that are close to
the optimal frequency but that do not satisfy completely the conservation energy and
has a slight deviation. This optimization is very important since it is required that the
final quantum state is not shifted more than the bandwidth of the Pr ions, that is 4
MHz. In table 3.2 the radii with their respective resonances for the pump, signal and
idler photons are shown. It can be seen that the differences are in the order of pm, but
this affects directly in the JSI.

Radius (gm) | Pump A, (nm) | Signal Ay (nm) | Idler \; (nm)
152.814 851.344 605.9997 1430.482
155.255 851.347 606 1430.5
159.989 851.343 605.9999 1430.483

Table 3.2: Radius and wavelength of the resonances for the pump, signal and idler, where
the resonances are determined by the resonance condition (8L = 27l).

When calculating the resonance condition in the cavity functions, the dispersion of
the waveguide is already considered. Hence, the linewidth of the resonances is clearly
visible in the cavity functions since they appear in the reflectivity and transmissivity
functions as:
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The expected linewidths of the resonances are dvs=14.33 MHz and 6v;=6.07 MHz.
Despite this, the bandwidth of the photons is analyzed through the JSI. We want to
point out that the bandwidth of the photons is reduced as well because of the linewidth
of the laser that we chose.
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Figure 3.10: Normalized resonances for the three different radii and for the pump, signal
and idler photons, respectively, centered at the optimal frequencies.

In figure 3.10 the expected resonances for the three different radii are shown, for
the signal, pump and idler respectively. The plots are centered at the frequencies where
the perfect phase matching occurs. The play role of the dispersion can be seen because
the resonances are slightly shifted. The resonances are normalized and it is clear that
for the optimal radius, the shift is minimum. On the other hand, for the nonoptimal
radii, it can be observed that in some cases the shifting is higher than 1 GHz, but this
does not provide information about the two photon quantum state.

To quantify the overall effect of the shifting we calculated the frequency mismatch
which is calculated in terms of the frequencies of the resonances shown in table 3.2 as
follows:

Av =2u, — vg — v (3.6)

In figure 3.11 the frequency mismatch for the three radii considered is shown. The
frequency mismatch affects directly the cavity JSI and in consequence the number of
photon pairs generated for the device. Therefore, we focus on minimizing the frequency
mismatch in such a way that the number of photons is maximized. For the radius R =
155.255 um we obtain a frequency mismatch Av =~ 0 which has been optimize through
the integrated dispersion.
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Figure 3.11: Frequency mismatch for three different ring radii where the minimal fre-
quency mismatch is obtained at the optimal ring radius.

3.6 Two-photon quantum state of the cavity

The last step in our design process is the determination of the Q-factor that provides
the Avy, = 4 MHz required bandwidth of the photons which is limited to match the
linewidth of the atomic transition of the Pr ions. The determination of the Q-factor is
carried out through the analysis of the cavity JSI.

There are two critical parameters in the design which affects the required band-
width for the signal photon. The first parameter is the Q-factor, mainly determined
by the quality of the fabrication process and the second parameter is the bandwidth of
the pump laser.

The spectral properties of the SFMW two-photon state are plotted in the figures
3.12, 3.13 and 3.14 in the v,, 1v; space, for the obtained SigN4 microring resonator
(w = 818 nm, h = 430 nm) and for the three different radii. The optimal configuration
is framed and corresponds to Rz = 155.255 pm.

For the three figures, a) shows the JSI (|G(vs,1;)|?) in the cavity absence scenario
obtained from equation 2.32, which corresponds to the product between the pump en-
velope function and the phase matching function when considering a CW laser with
a linewidth 0, = 200 kHz. In b) the cavity effect due to the microring resonator
represented by the matrix 2.35 is shown. As an important observation, the function
is not symmetric due to the consideration of the frequency dependence of the reflec-
tivity and transmissivity functions. Finally, ¢) shows the final two-photon quantum
state (Frqy(vs,v;)) obtained with the equation 2.31, which corresponds to the prod-
uct between the function |G(vs,1;)|? in the cavity absence scenarion and the matrix

%cav(VSa Vi)-
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Figure 3.12: Simulation of the JSI for the two-photon quantum state generated by the
proposed microring resonator in the (v, v;) space for one nonoptimal radius (R; = 152.814

pm). a) JSI calculated in the cavity absence, b) cavity effect obtained by the resonator
and ¢) resulting cavity-enhanced JSI.
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Figure 3.13: Simulation of the JSI for the two-photon quantum state generated by the
proposed microring resonator in the (v, v;) space for the optimal radius (Ry = 155.255

pm). a) JSI calculated in the cavity absence, b) cavity effect obtained by the resonator
and ¢) resulting cavity-enhanced JSI.
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Figure 3.14: Simulation of the JSI for the two-photon quantum state generated by the
proposed microring resonator in the (g, v;) space for one nonoptimal radius (R3 = 159.989

pm). a) JSI calculated in the cavity absence, b) cavity effect obtained by the resonator
and c) resulting cavity-enhanced JSI.

Note that all the plots (figure 3.12, 3.13 and 3.14) are centered at the resonant
frequencies vs and v; for their corresponding radius. For R; and Rj3 the deviation
discussed in the integrated dispersion section is clear, where the |G(vs,1;)|? function
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3. PHOTON SOURCE FOR A QUANTUM MEMORY

does not overlap with the cavity function .# ., (vs, ;) in the center, this results in the
final quantum state having a lower amplitude compared to the optimal radius. From
these deviations, we observe that the signal and idler photons will not be optimally
produced at the desired wavelengths, with deviations of a few MHz. Furthermore,
these deviations in the non-optimal JSIs directly affect the photon flux, producing
fewer photons compared to the optimal configuration.

3.7 Bandwidth determination of the photon source

Finally to obtain the minimal Q-factor needed to attain the bandwidth of the signal
photon, the function Fiq,(vs, ;) is integrated over the idler frequency and normalized
(usually referred as the marginal JSI function). The bandwidth of the photons is
estimated at FWHM of the marginal JSI function.
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Figure 3.15: Normalized marginal functions obtained by integrating the JSI a) over the
idler frequency v; and b) over the signal frequency v,. The spectral bandwidth is obtained
at the FWHM giving a value of Av,; = 3.98 MHz for both photons.

In figure 3.15 a) the normalized marginal function is shown, which is integrated over
the idler frequency, and that allows to determine the bandwidth of the signal photon,
while in b) is shown the normalized marginal function which is integrated over the
signal frequency and that allows to determine the bandwidth of the idler photon.

For our device, we determined a minimal Q-factor of Qs = 34.5 x 10° required to
achieve a signal photon bandwidth of Avy = 3.98 MHz. The bandwidth of the idler
photon is estimated with the same procedure obtaining Ay; = 3.98 MHz.

On the other hand, in the schematic of our proposed integrated photon source (see
figure 3.1 a)), we utilize a standard add-drop configuration to separate the signal and
idler photons. The add waveguide is specifically designed to couple only the pump and
signal photons, set at a width of w = 550 nm, with cut-off wavelength at 1390 nm,
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while the drop port has the same width of the resonator w = 818 nm. As a result,
the idler photon is outcoupled through the drop port, making it compatible with a
standard telecommunications CWDM system at I'TU Channel 43, which is centered at
a wavelength of 1430 nm.

After establishing the widths for the add and drop ports, we determined the gap
required for each of them with the ring resonator. The add port is designed to have
a gap of 190 nm, while the drop port is estimated to have a gap of 460 nm. Both di-
mensions can be easily achieved using the lithography process available in our facilities,
ensuring the necessary Q-factor for our proposed photon source.

3.8 Photon pair generation estimation

After determining all the geometrical parameters for our proposed photon source, we
determined the photon flux of our cavity. This can be estimated using the equation
when considering a CW laser as:

25¢2n? 21 (wp) )L*y*P§ 2wp — w)B’(w)B’(pr —w)
New = 5 dw 5 X
Tws eff wing ; (2wp — w) (3.7)
LA
Mean(w, 2wy — w)sine? (fcw> ,
where v = %. To calculate the effective area is needed to obtain the norm of the

electric field distribution for the signal, pump and idler photons.

In figure 3.16 the norm of the electric field distributions for the signal, pump and
idler photons at their respective wavelengths are shown.

851.347 nm

Figure 3.16: Norm of the electric field distribution of the TEgy mode for the a) signal
(As =606 nm), b) pump (A, = 851.347 nm) and c) idler (A; = 1430.5 nm) photons.

Using equation 2.29, the effective area is estimated, which gives A,y = 0.328 um?.
Then the flux of photon pairs expected for our photon source is N, = 3.11 x 10°
pairs/s with Py = 1 mW and a cavity enhancement E = 1.24 x 10* which describes
the flux enhancement mainly due to the use of the cavity configuration.
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3.9 Conclusion

In the present chapter, we outlined the detailed process for the design of an integrated
photon source specifically tailored to match the spectral properties of a solid state
quantum memory based on a Pr3T:Y,SiOs5 crystal. Our photon source achieves pho-
tons spectrally wide separated from the pump by using an enhanced cavity design,
while also taking into account the use of a continuous-wave laser and the detection
system available at our facilities.

The design process begins with the calculation of the effective refractive index for
several widths. Following this, we analyze the dispersion parameter, and then the phase
matching condition is analyzed for the TEyy and TMgy modes.

After this, we carried out simulations to optimize the radius of our photon source
through the integrated dispersion and then, we calculated the frequency mismatch for
different radii.

Finally, we determined the two-photon quantum state as well as the minimal Q-
factor required for our photon source to achieve the bandwidth of the atomic transition
of the Pr ions. Additionally, we estimated the flux of photons expected for our inte-
grated cavity.

In summary, these are the all the parameters obtained for our photon source. The
optimal geometric parameters for the SigsN4 resonator are: w = 818 nm, A = 430 nm
with a radius of R = 155.255 um. The phase matching is achieved to produce signal
photons at As = 606 nm with a spectral bandwidth of Av, = 3.98 MHz and idler
photons at \; = 1430.5 nm with a spectral bandwidth Av; = 3.99 MHz when a CW
laser is considered at A, = 851.347 nm with év, = 200 kHz linewidth. Furthermore,
the minimal Q-factor required to match the signal photon and the Pr ions bandwidth
is Qs = 34.5 x 105. It needs to be pointed out that this Q-factor has not been already
reached out due to limitations in the fabrication process which affect the quality of the
device, but once it can be overcome, is suitable for its implementation.

Note: The steps followed in the simulations constitute a recursive process, meaning
that slight variations in the geometry directly impact the phase-matching condition
and the resulting two-photon quantum state. The graphs presented in this chapter are
considered the optimal parameters found in the design process.
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Chapter 4
Broadband Frequency Comb Generation
by Dispersion Engineering

4.1 Introduction

Integrated photonic quantum technologies is a field of research that has been growing
in the last decades with potential applications in sensing [58], quantum metrology [59]
and quantum communications [60] among others [61, 62, 63, 64]. In particular, inte-
grated photon sources based on SPDC or SFWM process [15], have been engineered
by modifying the dispersion profile for tailoring the spectral properties of the photon
sources [25, 65].

Frequency correlated photon sources with a broadband spectrum are important for
the deployment of these applications. Recent advances include the generation of these
broadband frequency correlated photons using integrated cavities for enhancing the
flux of photons in several platforms such as high index doped glass [66], SOI [67, 68],
AlGaAs-OlI [17, 69], GaN[70], LN [71] and SigNy4 [72, 73, 74] .

r
r&;\‘,&qq

cOmb
d

Figure 4.1: Schematic representation of a frequency comb generated by a single bus
microring resonator photon source.
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As we mentioned before, SigN4 is considered as an optimal platform for the de-
sign of the photonic circuits since it has a larger refractive index, but not to high in
comparison with the previous materials mentioned. This allows to engineer the phase
matching by properly choosing the appropriate combination of the width and height.

In this chapter, we provide the steps followed to design an integrated photon source
by engineering a microring resonator based on a single bus waveguide configuration (see
figure 4.1). The photon source generates a quantum frequency comb with a broadband
spectrum that covers at least 22.6 THz for 450 frequency correlated modes with 50
GHz mode spacing highly compatible with the DWDM system based on 50 GHz grid
in the C-band.

First we analyze and compare the dispersion profile for a waveguide with SiO»
and air cladding. Afterwards we compare our proposed source with a height of 500
nm with the most recent height of 800 nm which has been recently reported in terms
of dispersion and phase-matching. Following this, we compare the flux of photons
expected from our proposed photon source and one similar resonator with height of
800 nm, showing enhancement. In addition, we briefly review the fabrication process
of our devices and the mask design.

Finally, we describe the measurements performed over the ring resonators as well as the
characterization in terms of temperature shifting, Q-factor and integrated dispersion.

4.2 Simulation of a broadband integrated photon source

We start by designing the integrated photon source. To do this, we simulated the
effective refractive index using the WMM solver, similarly as it was done in the previous
chapter. For this case, we selected as a pump A\, = 1550 nm since we target our photon
source to produce the broadband frequency correlated modes in the telecom band. To
achieve the broadband spectrum, the pump must be in the anomalous dispersion region
close to the zero dispersion wavelength. Therefore, we focus on finding a geometry
where the dispersion for the pump wavelength is small and close to the ZDW.

4.2.1 Dispersion comparison for silicon dioxide and air cladding

First, we compare and briefly discuss the use of SiOs cladding in a waveguide. In figure
4.2 the cross section of a ridge waveguide with different claddings is shown, as well as
the width and height of the waveguides. Figure 4.2 a) shows the SisN, waveguide with
air cladding while b) shows the Si3sN, waveguide with SiO2 cladding.
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a) W, b) PN
h$ SRR k1Sis N,

Figure 4.2: Cross section of a Si3sNy on insulator ridge waveguide with: a) air cladding
and b) SiO;3 cladding.

One advantage in considering air cladding is that the steps involved in the fabri-
cation process are easier in comparison with the SiOs cladding in which it is required
to deposit an extra layer. Although, this makes the device more unstable and suscep-
tible to environment fluctuations and can be contaminated with dust which will affect
the ring performance. Moreover, the effective refractive index will be directly affected.
Thus, we simulated both configurations to compare them in terms of the spectral band-
width generation and photon flux.

First, we analyze the case when the height is fixed at A = 500 nm, considering air
cladding and SiOs cladding. Figure 4.3 a) and b) shows the dispersion for the TEg
(solid line) and TMyg (dashed line) modes, respectively. In this case the SiOz-cladding
is denoted by circles in the plots. We include a vertical line at 1550 nm wavelength
which helps to find a geometry that crosses with low dispersion.
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Figure 4.3: Dispersion as a function of the wavelength for a fixed height h = 500 nm,
considering SiOs and air cladding for several widths for: a) the TEgyg mode and b) TMyg
mode.

For the TEyy mode, we obtain that the dispersion for the waveguide surrounded
by SiOs is in the normal dispersion for all the wavelengths, while the waveguide sur-
rounded by air is in the anomalous dispersion. Additionally, we observe that for widths
bigger than 1200 nm, there is low anomalous dispersion at 1550 nm wavelength.

Similarly for the TMog mode, we obtain that the waveguide surrounded by SiO; is
in the normal dispersion for all the wavelengths and, for the waveguide surrounded by
air can be in the anomalous dispersion. Nonetheless, for this mode it is not possible to
reach anomalous dispersion at 1550 nm wavelength.

We conclude that the use of SiOz-cladded waveguides are not suitable for our pur-
pose. On the other hand, in recent years the use of SigN4 devices have been reported,
with thickness of h = 800 nm for nonlinear applications such as integrated photon
sources and soliton generation with SiOy cladding, since the dispersion profile can be
engineered at telecom wavelengths [63, 72, 73].

Then, we compare our proposed waveguides that consists of a thickness of A = 500
nm and air cladding with waveguides that consists of a thickness of A = 800 nm and
SiO4 cladding. The width has been selected as the only degree of freedom to engineer
the dispersion profile.

36



4.2 Simulation of a broadband integrated photon source

Figure 4.4 shows in a) the TEyy mode (solid line) and in b) the TMyp (dashed line)
mode for six geometries, in which three of them have a thickness of 500 nm and the

three remaining have a thickness of 800 nm.
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Figure 4.4: Dispersion as a function of the wavelength for two cases: thickness of 500 nm
(air cladding) and 800 nm (SiO2 cladding) for three different widths each one and for: a)
the TEgg mode and b) TMyo mode.

For the TEyy mode (figure 4.4 a)), all the waveguides show anomalous dispersion in
a broadband spectrum and it can be seen that the dispersion is lower than 300 ps/(nm
km) for all the waveguides. However, the zero dispersion wavelength is expected at
larger wavelengths for the thickness of 800 nm (SiOs cladding), surpassing 1550 nm.
On the other hand, for the TMgy mode (figure 4.4 b)), just the waveguides with thick-
ness of h = 800 nm show anomalous dispersion at 1550 nm, while the waveguides with
thickness of h = 500 nm do not reach anomalous dispersion at 1550 nm wavelength
since the second ZDW is around 1200 nm.

From these plots we can obtain information about if some geometry is interesting
or not. For our case, both configurations seem promising since the dispersion profile
for both polarizations is low and in the anomalous region. Nevertheless, some extra
properties information is needed to choose the optimal configuration.
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4.2.2 SFWM phase-matching condition

In figure 4.5, the contour plots of the phase matching are shown for the six different
geometries for the TEgy and TMgy modes, in terms of the detuning frequency. The
vertical line is used to show the frequency/wavelength in which we want to pump our
photon source corresponding to A, = 1550 nm.
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Figure 4.5: Contour plots of the phase-matching condition in terms of the detuning
frequency €, ; i.e., AB(w) = 0, for two cases: thickness of 500 nm (air cladding) and 800
nm (SiO; cladding) for three different widths each one and for: a) the TEgy mode and b)
TM()(] mode.

It can be seen, that for the waveguides with thickness h = 500 nm (air cladding,
TEgo mode) the pump can be reached by the geometry with a small value of detuning
(Qs4 = 0). For the waveguides with thickness & = 800 nm (SiO2 cladding, TMgo mode)
have a phase-matching with a value of detuning (Qs; ~ 4 x 10'* rad/s), which means
that the photons will be separated from the pump.

In figure 4.6, the signal and idler wavelengths are shown as a function of the pump
wavelength for both modes. For the TEy mode (4.6 a)), the waveguides with SiOs
have larger wavelengths, which physically are not possible since those wavelengths are
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not supported for the waveguides. Besides, for the waveguides with air cladding we
identify as candidates the widths 1200 and 1300 nm since we are close to the ZDW. As
it was previously mentioned, for the copolarized SFWM, the ZDW corresponds to the
wavelength where the photons start to be separated from the pump.
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Figure 4.6: Wavelength of the signal and idler photons as a function of the pump wave-
length for two cases: thickness of 500 nm (air cladding) and 800 nm (SiO2 cladding) for
three different widths each one and for: a) the TEgg mode and b) TMgg mode.

On the other hand, for the TMgy modes we obtain that for the waveguides with
SiO2 cladding, the signal and idler photons are wide spectrally separated from the
pump (\; = 2.2 um, A\ =~ 1.2 um), while for the waveguides with the air cladding, the
photons will be expected at the same wavelength as the pump. Since we are tailoring
our photon source to produce photons close to the pump to increase the bandwidth of
generation, this behavior is not suitable for our purpose for the SiOs and air cladded
waveguides.

To see the tendency of the bandwidth, we calculate the phase matching function
as:

2

[p(N)[? = : (4.1)

sinc <§AB(A)> el3AB0)
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where AB(N) = 28(\,) —B(N) —5(%), and the pump wavelength is centered at A\, =
1.55 um. Just for comparison purposes, we choose the length of the waveguide as L =
1 em. We want to point out, that until this step, no cavity effect was included, which
means, we are just considering that the light is propagating in a straight waveguide.
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Figure 4.7: Phase-matching a function of the wavelength in a waveguide with 1 cm length
and for two cases: thickness of 500 nm (air cladding) and 800 nm (SiO cladding) for three
different widths each one and for: a) the TEgy mode and b) TMgg mode.

Figure 4.7 shows the phase matching function obtained from equation 4.1 for the
TEg and TMyg modes. First, we analyze the graph for the TMgy modes. It can be
observed that the three waveguides with air cladding have a similar narrow band spec-
trum in comparison with the three waveguides with SiOy cladding.

On the other hand, for the TEyy modes we obtain a similar bandwidth for the
three waveguides with SiO4 cladding but that does not happen for the three remaining
waveguides. For the air cladded waveguides at A, = 1550 nm, the width w = 1100
nm is in the normal dispersion region, giving a bandwidth smaller in comparison with
w = 1200 nm and w = 1300 nm. Therefore, by looking at the bandwidth obtained
by these two geometries we can obtain a large number of frequency correlated photon
pairs after including the cavity effect, therefore we choose the optimal geometry for our
purpose w = 1300 nm and A = 500 nm.
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The next step after we identify a suitable geometry is to include the cavity effect
and determine the final bandwidth and flux of photons that our photon source can
produce. For comparison purposes, we estimate these properties for a resonator with a
thick cross section with w = 1700 nm and A = 800 nm and our resonator with w = 1300
nm and A = 500 nm, both configurations are just simulated with the TEqq polarization.

4.2.3 Cavity effect in the SFWM process

We proposed a photon source highly compatible with current telecom technologies. We
target the photon source to provide a frequency comb with FSR, = 50 GHz spac-
ing. Then, we determine through equation 2.22, that the radius of the ring must be
R = 440 pm to provide this specific FSR.

As it was mentioned before, the resonances are determined by the resonance con-
dition SL = 2xl. This means that the resonances are discrete specific frequencies that
satisfies equation 2.20. As a brief reminder, higher frequencies from the pump are used
to describe the signal photons, while lower frequencies from the pump are used to de-
scribe the idler photons.

Therefore, we determine the frequencies of the resonances of the cavity through
the equation w; = lc(Rneg) !, Then, the pump frequency is determined by w, =
lpc(Rnes) ™! In accordance with the previous description of the signal and idler fre-
quencies, it is customary to employ the mode index notation in which g = 0 denotes
the mode of the pump. Accordingly, the signal and idler modes are described by:

ps =1 =1, w>wp (4.2)
i =1l—=1, w<wp

On the other hand, the Q-factor and the radius appear in the matrix .#.q,(vs, v;i)
which is written in terms of the Airy functions mentioned in the theoretical chapter 2.
To show the effect of the matrix .# 4 (vs, v;), in figure 4.8 the plots of the matrix for
three different Q-factors are shown.
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Figure 4.8: Cavity function .#.,(vs,v;) where it is clearly visible how the resonances
become narrower when increasing the Q-factor for a) @ = 10*, b) Q = 10° and c) Q = 106.
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We want to point out that figure 4.8 shows the matrix .#,q,(vs, v;) for our proposed
photon source with w = 1300 nm, A~ = 500 nm and R = 440 pym. Note that the spacing
between resonances is 50 GHz corresponding to the FSR of the resonator. Moreover,
note that for the Q-factor Q = 10*, the resonances are wide and are connecting with
neighbor resonances, while for Q@ = 10° and @ = 10, it is clearly visible how the
resonances become sharper and narrower, leading to not interacting with neighbor res-
onances when the Q-factor is increased. A similar behavior is expected for a resonator
with the SiO2 cladding (w = 1700 nm, h = 800 nm).

The final step in our design process is to include the cavity effect to the SFWM
process and estimate the final bandwidth of the photons generated in both photon
sources. First we obtained the effective area of both waveguides. In figure 4.9 the
norm of the electric field distribution for the TEgy mode is shown, for: a) our proposed
photon source w = 1300 nm, h = 500 nm with air cladding and b) thick waveguide for
comparison with w = 1700 nm, h = 800 nm with SiOs cladding. It can be seen that
the effective area is lower for the waveguide air cladded, this will affects directly the
photon flux which is inversely proportional to A .

w=1300 nm WL o

Aesrre = 0.73684 pm?

Aeff,TE = 11572 l.lmz

a) o)

Figure 4.9: Norm of the electric field distribution of the TEg; mode with the respective
effective area for a) 1300 nm width and 500 nm height and b) 1700 nm width and 800 nm
height.

In table 4.1 the full parameters are shown for both geometries as a summary.

Top cladding | Cross section (nmxnm) | Radius(um) | FSR, (GHz) | Acssre(um?)
Air w = 1300, h = 500 440 50.2 0.7368
SiOq w = 1700, h = 800 440 51.2 1.1572

Table 4.1: Summary of the parameters for the resonator considering the TEyy mode.

For the calculation of the SiOg resonator, we selected the same radius, where we
obtained just 1 GHz difference in the F'SR, mainly due to the geometry of the waveg-
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uide and, consequently, the effective refractive index. Despite this, we obtained a big
difference in the effective area which will affect the flux of photons as it is inversely
proportional to the effective area. Hence a smaller effective area will increase the flux

of photons.

4.2.4 Frequency comb and flux of photons

On the other hand, we calculated the full JSI with a theoretical Q-factor Q = 10° that
can be easily achievable at telecom wavelengths, and considering a CW laser centered
at A\p = 1550 nm with a narrow linewidth 61}, = 200 kHz. This allows us to compare
the performance of both configurations for the two ring resonators presented in the
previous section.

-50
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Idler mode 1;

-150
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Figure 4.10: Simulation of the normalized Joint Spectral Intensity for the two different
configurations of ring resonators. a) Frequency comb generated by the ring with width
1300 nm and 500 nm height, and b) frequency comb generated by the ring with width 1700
nm and 800 nm height.

In figure 4.10 the full normalized JSI for the frequency correlated modes are shown.
Figure 4.10 a) corresponds to our proposed ring resonator (w = 1300 nm, h = 500
nm with air cladding), which shows the frequency comb extends near to 450 frequency
correlated modes. Figure 4.10 b) shows the frequency comb for the thick geometry
with the SiO2 cladding, in which, the frequency correlated modes are close to 74 modes
(estimated at FWHM). Note that only the terms over the main diagonal are different
from zero, while the off-diagonal terms are zero. This can be explained by the narrow
linewidth of the CW laser used as a pump, which only excites the modes along the
main diagonal and not those spaced by multiples of the FSR (dv, < F'SR).
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Finally, we estimated the flux of photons of both ring resonators through the use
of equation 3.7:

N — 2502”sz(wp)L272P02 /dww(2wp —w)f (w)p' (2w, — w) "
cw w2 ngff(w)ngff@wp —w) (4.3)
LABew
Meap(w, 2wy — cu)sinc2 (f) )

In this case, every mode is integrated into a window of 20 GHz. Figure 4.11 shows
the flux of photons for both configurations, where the cavity effect is already included.
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Figure 4.11: Simulated flux of photons for the correlated modes for the two different
configurations of ring resonators.

We obtain that for the resonator with SiOs cladding, w = 1700 nm and h = 800 nm
is capable to produce a maximum of 362 pairs/s, where the bandwidth is determined at
FWHM giving 74 frequency correlated modes that covers 3.8 THz of correlated photon
pairs.

In contrast, our proposed photon source with air cladding, w = 1300 nm and
h = 500 nm can produce 22.6 THz of broadband photon pairs, which corresponds to
450 frequency correlated modes with a maximum of 1185 pairs/s.

Note that the flux of photons for the resonator with air cladding is 3.2 times higher
than for the ring with SiO cladding. This is attributed to the difference of the effective
refractive index which is higher for the resonator with SiOs. Moreover, the effective
area is bigger for the SiOs resonator.
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4.3 Fabrication and characterization of integrated micror-
ing resonators.

Since the previous design seems suitable for its implementation, we proceeded with
the fabrication and characterization the devices. The fabrication was performed at the
Université de Technologie de Troyes in Troyes, France, by Mauricio Gomez and Rafael
Salas. Furthermore, all the measurements presented in this chapter were performed in

the Leibniz Universitat Hannover in Hannover, Germany, in the group of research of
Michael Kues.

Figure 4.12 shows the schematic representation of the full process of manufacture
by Electron Beam Lithography (EBL).

a) b)

Figure 4.12: Schematic representation of the full process of electron beam lithography
for the nanofabrication of nanostructures: a) The sample with a thin film of SizNy, b)
deposition of the e-beam resist with spin coating technique, c¢) pattern exposure to the
electron beam, d) development of the sample to remove the exposed resist and e) reactive
ion etching process for the transfer of the pattern to the SigNy thin film.

The full process is described in [24]. A brief description of the fabrication is de-
scribed as follows:

The samples consist of a layer of stoichiometric SigN4 (LPCVD deposition) of thick-
ness 500 nm placed on top of a SiOs layer of 2 um on top of a Si substrate from Uni-
versity Wafer. Then the e-beam resist is deposited with the use of the spin-coating
technique. The resist reacts to the electron beam, then, the pattern is generated and
placed, such that the electron beam is focused on the top surface of the resist for the
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writing process. After exposure, the sample is developed to remove the unexposed
resist and finally, the pattern is transferred to the SisNy with the use of reactive ion
etching technique.

4.3.1 GDSII file

To create the integrated microring resonators, we must first generate a pattern that
will be transferred to the sample throughout the entire fabrication process outlined
below. We used GDS Helpers to design the integrated microring resonators [75]. This
is an open source tool and offers many basic structures for the creation of integrated
photonic circuits with different level of complexity, depending on the requirements of
every user. The structures are created using python libraries and then generated a
GDHSII file, which is used by the EBL system to transfer the pattern into the resist.

J1 0, 9s

Figure 4.13: GDSII designs of the integrated photon source. The three different rings
with the three different gaps are shown.

We designed two samples with the following devices: the first sample has three mi-
croring resonators where the bus waveguide and the ring resonator have a cross section
of w = 1300 nm, A = 500 nm with a fixed radius R = 440 pum, for three different gaps:
g1 = 400 nm, go = 600 nm and g3 = 800 nm. Additionally, a second sample was fab-
ricated after analyzing the results obtained from the first sample. The second sample
has four rings with the same radius but gaps g1 = 350 nm, go = 400 nm, g3 = 450 nm
and g4 = 500 nm. Figure 4.13 shows the final image of the devices for the first sample
generated with GDS helpers library.

It is important to note that, our samples are too thin, which can be challenging
for coupling light to the chip with common fibers or fiber lenses. To overcome this
concern, SU8 mode converters are used. The SU8 (n & 1.45) waveguides have a cross
section of 3x3 pum? that can match to efficiently couple to a fiber lens or SMF-28
fibers. Then the SU8 waveguides are placed on top of the SigN4 waveguides, where the
SisN4 waveguides are tappered down to 200 nm to expand the mode field diameter and
increase the coupling from the SU8 waveguide to the SisN, waveguide.
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Figure 4.14: Microscope images of the first sample of ring resonators.

In figure 4.14, microscope images of the ring resonators (first sample) as a final
result of the full fabrication process are shown. Some small particles and dust can be
clearly seen, which can affect the performance of the photonic chip.

4.3.2 Transmission spectra measurements

After the samples were fabricated, we performed a classical characterization of the
performance of the devices. Figure 4.15 shows the schematic representation of the
setup implemented.

Figure 4.15: Schematic representation of the setup used to characterize and measure the
ring resonators.

Before coupling to the photonic chip, a calibration step was performed which con-
sisted in finding the vertical and horizontal polarization in the input and output fiber
lens (FL). Then, an Erbium Doped Fiber Amplifier (EDFA) is used as an Amplified
Spontaneous Emission (ASE) source which provides a broadband spectrum that is
used to pump the resonators. An In-Line Polarizer (ILP) is used to filter the slow-axis
polarization. Hence, the polarization from the source is optimized with the Manual
Polarization Controllers (MPC) to achieve the maximum power. A second fiber lens is
used to out coupling the light from the chip and then is sent to an optical spectrum
analyzer to measure the spectrum.

Furthermore, the microring resonators are placed on top of a temperature controller to
keep them stable.
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Figure 4.16: Microscope images for the coupling and outcoupling of light in the micro
ring resonator. a) Fiber lens used to couple light to the photonic chip and b) output of the
chip in the SizNy taper and the SU8 waveguide.

Figure 4.16 a) shows a microscope image where we can see the light coupling from
the fiber lens to the photonic chip through the SU8 waveguide, while in b) shows the
light coming at the output of the chip, where it can be clearly seen that the light
coupled from the tapered SigN4 waveguide to the SU8 waveguide.

4.3.3 Sample 1

The sample 1 consists of three microring resonators, each with a constant radius of
R = 440 pm. The only varying parameter is the gap, which takes values of g; = 400 nm,
g2 = 600 nm and g3 = 800 nm. To characterize them, we measured both polarization
states which is selected before the photonic chip.

4.3.3.1 TE polarization

First we prepared |H) polarization with the first fiber lens to excite the TEgy mode. Fig-
ure 4.17 a) shows the normalized transmission spectrum measured for the three different
microring resonators. The resonance peaks does not appear in the same frequencies for
the gaps g1 = 400 nm and g2 = 600 nm and are slightly shifted, this is attributed to
errors in the fabrication process. Moreover, we measured the F'SR, rrp = 51.3 GHz
giving a good agreement with the design.

48



4.3 Fabrication and characterization of integrated microring resonators.

)
Z

=

)
7]
2

E

[72]

c

o
'_ i i i i i

193.2 193.3 193.4 193.5 193.6

c Frequency (THz)

9

2 1.0 M
& 08

c

© 06

5 04

§ 0 10.29 GHz 6.04 GHz

= 0.2 b) d)

go.o | | |

2 -20-10 0 10 20 -20-10 0 10 20 -20-10 0 10 20

Av (GHz) Av (GHz) Av (GHz)

Figure 4.17: a) Normalized transmission spectra measured for different gaps of a ring
resonator for the TEqgy mode. Resonance dips for different gaps and fitted to a Lorentzian
function extracting the bandwidth at FWHM, b) g= 400 nm with a bandwidth Av = 10.29
GHz, ¢) g = 600 nm with a bandwidth Av = 6.04 GHz and d) no resonance dip identified
which shows the bus waveguide is not interacting with the resonator.

We observe for the gap g3 = 800 nm, that there are no peaks, which means that
the light is not coupled to the resonator. From the spectra, we choose the peaks closest
to 193.4 THz (1550.12 nm) to obtain the bandwidth of the resonances. We normalized
and fitted the peaks to a Lorentzian function of the form:

r
(vo —v)2+T%
where vy represents the center of the peak, A and I' are related to the amplitude and

the width of the peaks, respectively. Furthermore, through the bandwidth of the reso-
nance we calculate the Q-factor as Q = vy/Av.

fv) = A (4.4)

From the fit, we obtain that the gap g1 = 400 nm (figure 4.17 b)) has a bandwidth of
Avy = 10.29 GHz which gives a Q-factor Q1 = 1.8 x10*. While for the gap ¢g» = 600 nm
(figure 4.17 c)), we estimate a bandwidth Avy = 6.04 GHz which gives Q2 = 3.19 x 10%.

In addition, we extracted the peaks locations of the spectrum corresponding for
the two different ring resonators and calculated the integrated dispersion for the TEqg
mode.

49



4. BROADBAND FREQUENCY COMB GENERATION BY DISPERSION
ENGINEERING

1.5F '
' — Theoretical
;:I“T 1.0 i — g=400 nm ]
S o5} :
K '
8 00
=
Q _o.5f
-1.0L, \ \ , , , . ]
190 191 192 193 194 195 196 197

Frequency (THz)

Figure 4.18: Integrated dispersion as a function of the frequency for the TEgy mode.
The theoretical value of the integrated dispersion is shown as the black line, while the dots
correspond to the peaks measured from the transmission spectra for all the rings of the
sample 1.

Figure 4.18 shows the integrated dispersion as a function of frequency. The black
line corresponds to the theoretical integrated dispersion obtained from the simulations
while the different color dots correspond to the measured peaks. Note that for the
last gap it is not possible to obtain the resonant frequencies and in consequence, the
integrated dispersion can not be determined.

4.3.3.2 Temperature shifting for the TE mode

On the other hand, we measured the spectrum when the temperature is changed with
the TEC system. We swept the temperature from 22.36 °C to 24.06 °C with step of 0.1
°C.

In figure 4.19 the normalized transmission spectra is shown, where the resonances
shifting can be seen in terms of the temperature, we observe that the resonances shift
to higher frequencies.
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Figure 4.19: Normalized transmission spectra measured for a ring resonator for the TEgg
mode with different temperatures showing the shifting.
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We obtained from the previous transmission spectra the peaks locations in terms of
the temperature and fitted the peaks. We find that the peak shifting follows a straight
line, with the slope of the line indicating the resolution of the resonator in terms of the
temperature.

Figure 4.20 a) shows the peaks frequency difference as a function of the temperature

difference where the slope of the fit corresponds to % = 14.15 GHz/°C.
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Figure 4.20: Shifting of the peaks taken from the previous spectra and their correspond-
ing fittings as a function of the temperature written in: a) frequency detuning and b)
wavelength detuning.

Typically, the shifting of the peaks is written in terms of the wavelength, figure 4.20
b) shows the wavelength difference shifting as a function of the temperature difference
where the slope of the fit corresponds to % = —113.49 pm/°C. The sign of the shift
indicated that the peaks are moving to shorter wavelengths.

4.3.3.3 TM polarization

Although we targeted our photon source to work with the TE polarization, we measured
the spectra of the TM polarization for sample 1 to fully characterize the chip and
compare the results theoretically.
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Figure 4.21: a) Normalized transmission spectra measured for different gaps of a ring
resonator for the TMyy mode. Resonance dips for different gaps and fitted to a Lorentzian
function extracting the bandwidth at FWHM, b) g= 400 nm with a bandwidth Av =
14.38 GHz, ¢) g = 600 nm with a bandwidth Av = 7.24 GHz and d) g = 600 nm with a
bandwidth Av = 5.92 GHz.

We achieved this by preparing the |V') polarization with the first fiber lens to excite
the TMgp mode. Figure 4.21 a) shows the normalized transmission spectrum measured
for the three different microring resonators. As well as for the T'Eyg mode, we obtained
a small difference in the peaks location for the gaps g1 = 400 nm, go = 600 nm and
gs = 800 nm, which is attributed to errors in the fabrication process. Moreover, we
measured the F'SR, 7y = 52 GHz.

In a similar way, we select the resonances closest to 193.4 THz. We normalized
the resonance and fitted anew to a Lorentzian function. In figure 4.21 a) the spectra
for the three different gaps are shown. The resonance for the gap g1 (4.21 b)) gives a
resonance bandwidth Av; = 14.38 GHz which corresponds to Q1 = 1.35 x 10%. For the
second gap (4.21 ¢)), we obtained a bandwidth Avs = 7.24 GHz that provides a Q-
factor Q2 = 2.66 x 10* and finally, for the largest gap (4.21 d)) we obtain a bandwidth
Avg = 5.92 GHz giving a Q-factor Q3 = 3.26 x 10%. In contrast to the TEg mode, we
observe that for the gap g3 = 800 nm, still existing coupling from the bus waveguide
to the microring resonator.

Moreover, we obtained the peaks locations of the spectrum corresponding for the
three different ring resonators and calculated the integrated dispersion for the TMgg
mode.

52



4.3 Fabrication and characterization of integrated microring resonators.

(0] — Theoretical ]
N — g=400 nm
r _of 4
0] — g=600 nm
§ _af ‘.—g=800nm_
% ,
SN .
190 191 192 193 194 195 196 197

Frequency (THz)

Figure 4.22: Integrated dispersion as a function of the frequency for the TMyy mode.
The theoretical value of the integrated dispersion is shown as the black dashed line, while
the dots correspond to the peaks measured from the transmission spectra for all the rings
of the sample 1.

Figure 4.22 shows the integrated dispersion as a function of frequency. The black
dashed line corresponds to the theoretical integrated dispersion obtained from the sim-
ulations while the different color dots correspond to the measured peaks. It can be
clearly seen that the tendency of the integrated dispersion is different in comparison
with the TE mode, this allows us to discriminate as well for the different polarizations
of the microring resonators.

4.3.4 Sample 2

In addition, a second sample was fabricated and characterized only for the TEgy mode.
This sample consists of four microring resonators with the same dimensions as the bus
waveguide and the microring resonator, with the difference that we choose four different
gaps g1 = 350 nm, g2 = 400 nm, g3 = 450 nm, and g4 = 500 nm.
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Figure 4.23: a) Normalized transmission spectra measured for different gaps of a ring
resonator for the TEyg mode. Resonance dips for different gaps and fitted to a Lorentzian
function extracting the bandwidth at FWHM, b) g= 350 nm with a bandwidth Av = 8.02
GHz, ¢) g = 400 nm with a bandwidth Av = 6.92 GHz, d) g = 450 nm with a bandwidth
Av = 5.68 GHz and ¢) g = 500 nm with a bandwidth Av = 6.95 GHz.

Figure 4.23 shows the normalized transmission spectrum measured for the four dif-
ferent gaps where the FSR corresponds to 50 GHz as expected. We repeated the process
and we selected the resonances closest to 193.4 THz.We normalized the resonance and
fitted it again to a Lorentzian function. Figure 4.23 a) shows the resonance for the
gap g1 giving a bandwidth of the resonance Ary; = 8.02 GHz which corresponds to
Q1 = 2.41 x 10%, for the second gap (4.23 b)), we obtained a bandwidth Avy = 6.92
GHz that provides a Q-factor Q2 = 2.79 x 10*. For the third gap (4.23 ¢)), we obtained
a bandwidth Avg = 5.68 GHz that provides a Q-factor Q3 = 3.4 x 10* and finally, for
the largest gap (4.23 d)) we obtain a bandwidth Avy = 6.95 GHz giving a Q-factor
Q4 = 2.78 x 10*. Note that when the bandwidth of the resonances becomes narrower,
the Q-factor increases. From these results we can infer that the higher Q-factor is
expected for gaps between 400 and 500 nm.

Finally, we extracted the peaks locations of the spectrum corresponding for the four
different ring resonators and calculated the integrated dispersion.
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Figure 4.24: Integrated dispersion as a function of the frequency. The theoretical value
of the integrated dispersion is shown as the black line, while the dots correspond to the
peaks measured from the transmission spectra for all the rings of the sample 2.

Figure 4.24 shows the integrated dispersion as a function of frequency. The black
line corresponds to the theoretical integrated dispersion obtained from the simulations,
while the different color dots correspond to the measurement for the four different
gaps for the sample 2. We observe that the theoretical model is in good agreement
with the results, as there is a clear tendency for the measured peaks to align with the
theoretical model, with less than a 0.5 GHz difference between the peaks and the model.

Table 4.2 shows the FSR and Q factors of the TEgy and TMgy modes. The theo-
retical FSR for the TEgy and TMgy modes are 50.2 GHz and 50.6 GHz, respectively.
We obtain that we have a difference from the theoretical expected values of 1 GHz, we
consider this difference is linked to an error in the fabrication process in the width of
the microring resonator, which must be corrected in future fabrications.

gap (nm) FSR,rr (GHz) | QTR (1 x 10%) | FSR, 1y (GHz) | Qrary, (1 x 10%)
350 (sample 2) 50.7 2.41 - -
400 (sample 1) 51.3 1.8 51.6 1.35
400 (sample 2) 51.24 2.79 - -
450 (sample 2) 51.06 3.4 - -
500 (sample 2) 50.94 2.78 - -
600 (sample 1) 01.1 3.19 51.9 2.66
800 (sample 1) NC NC 52 3.26

Table 4.2: Summary of the measured parameters for both samples and different gaps in
the microring resonators.

From the previous table we can only compare the FSR and Q-factor for the resonator
with a gap of 400 nm. For the FSR we obtained only a small difference of 0.06 GHz, that
is attributed to small variations in the geometry of the integrated cavity. On the other
hand, we obtained an improvement in the Q-factor of Q = 0.61 x 10%, this represents an
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improvement in the quality of the fabrication process between both samples. However,
further modifications needs to be addressed such that the Q-factor improves.

4.4 Conclusion

This chapter presents an overview of the detailed process for designing an integrated
photon source custom-designed to produce a broadband frequency comb, optimized for
compatibility with a 50 GHz grid DWDM telecom system. This is achieved by carefully
engineering the dispersion profile of the waveguide and the ring resonator.

We presented a detailed comparison of the use of a top cladding considering air or
SiOq for several widths where the dispersion can be tuned. In addition, we showed the
frequency correlated bandwidth generation expected in the cavity absence and when
considering the cavity effect provided by the resonator and the photon flux expected.

Furthermore, a brief review of the fabrication process of the samples is outlined. We
show the setup used to characterize the fabricated resonators and the measurements
obtained for seven rings in total. The measurements consisted in the estimation of the
FSR, Q-factors, for both, TEgy and TMyy modes, and the integrated dispersion and
temperature shifting for the TEyy mode.

Finally, these results shows that our proposed photon source is capable of generat-
ing up to 450 with 22.6 THz of frequency correlated photon pairs, with a higher flux of
photons by using air cladding devices in comparison with SiOs cladded devices. This
can enable for next generation integrated photon sources with a broadband bandwidth
and high brilliance.
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Chapter 5
Conclusions

In the present thesis, microring resonators in SigNy4 were investigated for their potential
applications in photonic quantum technologies. Our interest focus in the interesting
properties of this material such as high refractive index, transparency window and high
nonlinearity that on recent years has been of attraction for photonic quantum circuits.

In particular, our main goal is to explore SisN4 material that allows the design of
integrated photon sources by dispersion engineering for two important applications.

e An integrated photon source compatible with a quantum memory.

We performed our analysis to find the geometrical parameters of an integrated
photon source capable of producing photons compatible with a quantum memory
based on a Pr3T :Y,SiO5 crystal.

First, we simulated optical waveguides through the WMM solver which is an open
source software that allows to obtain the guides modes in the optical waveguides
for the two polarizations. Then, we outlined the process followed to find the opti-
mal geometry through engineering the dispersion and, in consequence, the phase
matching condition for the two main modes in the optical waveguide to attain
SFWM with wide spectrally separated photons. This was achieved by analyzing
the contour plots of the phase-matching condition by using straight lines that
allow to delimit and find the geometry through a graphical solution.

Furthermore, we analyzed the JSI for the two-photon quantum state and found
the optimal radius (R = 155.255 pum) that maximizes the overlap between the
JSI in the cavity absence and the cavity functions. Finally, we found the Q-factor
required to achieve the bandwidth of the photons to match the atomic transition
of the Pr?* ions.

We want to emphasize that this is possible because SigNy is a material with a
relatively high refractive index, though not as high as other materials (such as
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SOI, AlGaAs, etc.), which enables the design of photonic circuits compatible with
both visible and infrared wavelengths.

e An integrated photon source engineered to produce a broadband spectrum.

Similarly to the previous description, we performed our analysis to find the ge-
ometrical parameters of an integrated photon source based on a microring res-
onator. In this case, the main goal was to achieve a bright broadband quantum
frequency comb at telecom wavelengths.

We started our analysis by examining the dispersion profile for two structures
with different top air cladding: SiO9 and air, for fixed height of 500 nm and sev-
eral widths. The waveguides with the SiOs cladding do not achieve anomalous
dispersion at 1550 nm, while the waveguides with the air cladding can achieve
low anomalous dispersion at 1550 nm by properly changing the width of the ridge
waveguide. After finding that the use of air cladded waveguides is suitable for
achieving anomalous dispersion, we compared with recently reported waveguides
with a thickness of 800 nm and SiOs cladding. We found that our photon source
can achieve a broadband spectrum in comparison with the thick waveguides.
Then, we estimated the theoretical photon flux for both sources, in which our
proposed photon source predicts as well a higher number of photons.

Finally, we characterized our microring resonators classically and compared the
results with the theoretical values. The theoretical estimated parameters, such
as FSR and integrated dispersion, are in good agreement with the measurements.
The theoretical FSR for the TEgy and TMyy modes are 50.2 GHz and 50.6 GHz,
respectively, while the average measured values are 51 GHz and 51.8 GHz for the
TEqo and TMgy modes. We consider this an excellent indicator of the performance
of our source with less than 1 GHz difference which is attributed to fabrication
errors. Moreover, we measured the bandwidth of the resonances and in conse-
quence, the quality factors. These Q-factors are in the order of @ ~ 10* which
indicates high losses in the microring. This is mainly attributed to the fabrication
process which should be improved. In addition, the temperature shifting of the
resonances was characterized for a short range of scanned temperatures, showing
these devices as candidates for alternative applications such as integrated sensors.

As a final conclusion, integrated photonic circuits, designed, fabricated and char-
acterized during this PhD thesis, constitute the first integrated photon sources
fabricated and characterized within the framework of an international collabo-
ration between CIO in Mexico, UTT in France and LUH in Germany. This
collaborations can allow a great impact in technology development in Mexico.
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5.1 Perspectives

5.1

Perspectives

The following points are of interest for the development of future devices.

Improvement in the fabrication process to achieve higher Q-factor and low prop-
agation losses.

Alternative designs such as cascaded microring resonators or coupled Fabry-Perot
cavities that allow to achieve higher Q-factors without sacrificing the photon flux.

Design, engineering and implementation of integrated photon sources at visible
wavelengths due to the high compatibility of SigNy at visible-telecom wavelengths.

Implementation of the design process used in this thesis to novel materials with
interesting properties such as high nonlinear refractive index for brighter photon
sources.

Research of hybrid SiOs-air cladding devices for optimal coupling as well as ap-
plications in photonic quantum technologies.
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