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Abstract

Currently quantum computing has proven to make fast and accurate logical calcu-
lations and promises to drastically change the field of computing. One of the main
limitations are the short coherence times of qubits, which precludes information
storage, and the possibility of making distant communications between quantum
registers that is challenging using microwave photons (these are resonant with
qubit transitions). The MOCA project proposes the use of an integrated chip
combining superconducting resonators with optical waveguides and cavities that
converts the microwave photons to optical photons. The chip is then coupled to
an ensemble of cold atoms for the long term storage of the information. In this
way, the fabrication of a Radio Frequency (RF) resonator and a photonic resonator
play an important role in the creation of the device. The project is part of the
QuantERA programme, created to develop quantum technologies in Europe. How-
ever, the tasks to accomplish the goal are divided into 5 research groups in which
experimental and theoretical physics are applied. INRIM is in charge of fabricating
the RF and photonic resonators, and in my thesis I focused on developing the
photonic components. The resonator consists of 3 parts: a waveguide in which the
optical photons are confined, a cavity with bragg reflectors to create a resonator for
efficient photon conversion and a grating to couple the signal from the waveguide
to the optical fibers. The operating wavelength chosen is 760 nm. For the good
confinement of the wave in the waveguide, a high refractive index material with
low losses is needed. We chose Silicon Nitride (SiN), and we modified the recipe for
deposition in order to increase the refractive index up to 2.4. The SiN thin films
are deposited by Chemical Vapor Deposition (CVD) on a dielectric substrate (in
this case, thick corning glass). We calibrated the deposition process and measured
the deposition rate in order to obtain a final thickness of 200 nm, which is the
thickness required for the waveguides. We optimized the final geometry for the
waveguides and the gratings by means of a Finite Element Method commercial
software and the obtained structures were replicated in a CAD software for Electron
Beam Lithography (EBL). The lithographic process was followed by an Aluminum
deposition to obtain an hard mask that could be used in a Reactive Ion Etching
step to remove the exceeding Silicon Nitride. For the Reactive lon Etching (RIE)
step we optimized a recipe that approximates to a Silicon Etching recipe more
than a SiN recipe, and taking into account the need of a conformal structure, a
pseudo-bosch etching was used. Secondly is the grating coupler, whose parameters
can be calculated considering the angle of incidence of the light into the grating and
the Bragg’s condition for the proper diffraction of the light. Finite Element Method
(FEM) modeling was performed to optimize the structure. Thirdly, we want to



confine light in a microcavity by fabricating Distributed Bragg Reflectors (DBR)
along the waveguide. In such a way, we want to increase the photon density within
the cavity and enable the conversion of microwave photons radiated by the cold
atom ensemble into optical ones. As an alternative route for the light confinement
and manipulation, we also considered using a metasurface made of SiN nanopillars.
FEM models show that such structures can sustain resonant modes with a quality
factor as high as 10°.
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Chapter 1

Introduction

1.1 MOCA project

The MOCA project (Integrated Microwave-to-Optical Conversion by Atoms on a
superconducting chip) is a project made to solve the problem of short coherence
times on superconducting qubits which preclude long-term storage of quantum
information and hinders the transport of microwave photons which prevents long
distance coupling of quantum registers. Cold gases of alkali atoms have a smaller
processing speed than superconducting qubits, thus they can well perform these
two tasks. [1]

In this project alkali atoms are incorporated into a superconducting hybrid
device. The project aims at the coherent conversion of microwave to optical
signals on an integrated chip compatible with superconducting quantum processors
and optical communication networks. These hardware components will form the
basis for long-distance quantum communication between superconducting quantum
(sub)processors mediated by optical photons.

Figure 1.1: Conceptual device. Microwave resonator in gray, optical resonator in
blue and cloud of alkali atoms in red.
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1.2 Working principle

Cold atomic systems, have unique advantages over other approaches for microwave
to optical conversion. Atomic spin ensembles can couple to superconducting
microwave resonators to realize quantum memory in the long-lived hyperfine
manifold of levels. The microwave photon is confined in a coplanar waveguide
resonator, while a cold atomic ensemble is trapped near the antinode of the
microwave cavity mode at a distance of several tens of microns from the surface
of the atom chip (fig 1.2). Rydberg transitions are employed between the atomic
states that strongly couple to the microwave cavity field. [2]

Figure 1.2: Schematics of the system: an ensemble of atoms trapped on a
superconducting chip near a coplanar waveguide cavity converts the microwave
photon of the cavity to an optical photon fed into a fiber waveguide. [2]

A stimulated Raman process triggered by a coupling laser pulse converts the
collective spin excitation of the atoms to an optical photon emitted predominantly
in the phase-matched direction, that is then collected into a single-transverse-
mode optical waveguide. The waveguide can then transmit the photon encoding
the quantum information to a distant atomic ensemble, where a reverse process,
equivalent to dynamical light storage in a electromagnetically induced transparency
medium, will coherently convert the optical excitation to a collective microwave
spin excitation. [3]

A well-known approach for efficient photon collection is to place the atoms or
other emitters into a resonant cavity with sufficiently strong coupling so that the
Purcell enhancement [4] of the photoemission rate into the cavity mode largely
exceeds the free-space spontaneous decay rate with the photon emitted in a random
direction.
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1.3 MW and optical waveguides at INRIM

INRIM will develop in a few iterations a room temperature atom chip. The design
for this chip will include both a gold coplanar microwave transmission line and a
Sti3 N4 nanowaveguide cavity integrated in the 10um gap of the microwave line. In
addition, the design will also include a gold surface required for the atom transport.
The couplers design will be optimized to achieve injection coupling efficiency above
70%.

In parallel, INRIM will fabricate a superconducting microwave coplanar waveg-
uide cavity (parameters: 6.8GHz, Q 104-105 at T=4K)and wire components for
magnetic trapping of Rubidium atoms. The superconducting chip and microwave
cavity will be fabricated with Niobium thin film technology on polished sapphire
chip surfaces.

Finally, INRIM will integrate on the superconducting chip an optical waveguide
cavity in the gap of the coplanar microwave cavity.

In this thesis, we will focus on the development of the optical waveguide and
optical resonator.

1.4 Project Workflow

The device fabrication requires a combination of different micro and nanofabrication
techniques, and each process needs to be optimized for obtaining the required
structure. The general flow chart of the fabrication process is present in figure 1.3.
A feedback from one process to another is required as each step can influence the
following steps, and therefore the full process has to be adjusted consequently.
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Chapter 2

Device design

2.1 Macro design

First of all, the components for the optical waveguide in the project are (they will
be explained in depth after):

1. Waveguide
2. Grating coupler
3. Resonant Cavity

All the components will be located in one layer only, which will be made of
SigN, as it has a high refractive index. Since we want a waveguide capable of
confine the light, this must have a higher refractive index than the surroundings,
thus the chosen substrate is made of glass (n ~ 1.5). Additionally to this, the
nominal wavelength of the optical photons will be A = 760nm.

The general design is presented in the figure 2.1. It is important to known
that the dimensions are exaggerated for better understanding since real dimension
could be larger. For this design we need a cavity in the middle of the waveguide,
a waveguide and 2 grating couplers to couple the signal to the exterior, but the
in-depth explanation of each part is done in the following sections.

2.2 Waveguide

2.2.1 Definition and working principle

An optical waveguide is a structure that directs light by limiting the area in which
it can travel. It is typically made up of a region with a higher refractive index
than its surroundings, known as the cladding. However, light can also be guided

5
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Figure 2.1: General macro design

through other means, such as reflection at metallic interfaces or by using photonic
crystal structures. Certain waveguides also utilize plasmonic effects in metals. [5]

Most waveguides (included the one in MOCA’s project) exhibit two-dimensional
guidance, thus restricting the extension of guided light in two dimensions and
restricting the propagation essentially to one dimension only 2.2.

planar waveguide channel waveguide

Figure 2.2: Planar waveguides guide light only in the vertical directions, allowing
2 degrees of freedom. Channel waveguides guide in two dimensions, thus allowing
only 1 degree of freedom

Channel waveguides can be fabricated on semiconductor, crystal, and glass
materials using lithographic techniques combined with epitaxy, ion exchange, or
thermal diffusion. Another approach is to create a buried waveguide by growing
an extra layer on top of the waveguide. Typically, waveguides consist of three
main components: the cladding, the core (where the wave is transmitted), and the
substrate.

2.2.2 Waveguide Modes

In the context of optics, it is typical to analyze the field distribution of light at
a specific optical frequency and polarization in a plane that is perpendicular to
the direction of propagation. The field distributions that remain unchanged during
propagation, except for a common phase shift, are referred to as waveguide modes.
Each mode is characterized by a propagation constant, which has an imaginary part
that represents the phase delay per unit distance of propagation. In addition to
guided modes, optical fibers also support a significant number of unguided modes,
known as cladding modes, which are not confined to the vicinity of the fiber core.

6
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Cladding

Core

Substrate

Figure 2.3: Parts of a waveguide

Any initial field distribution of light injected into a waveguide can be expressed
as a linear combination of the field distributions of the guided waveguide modes.
The remaining part of the field distribution, which cannot be represented as such a
combination, corresponds to light that cannot be guided. However, depending on
the type of waveguide, this unguided light may propagate in the cladding or may
be reflected.

a single-mode waveguide is one that can only guide a single transverse mode and
no higher-order modes. This type of waveguide is characterized by a small trans-
verse spatial extension or a small refractive index difference (i.e., small numerical
aperture). The numerical aperture can be calculated as:

— 2 2
NA = \/ncore — Neladding

This means that if the refractive index of the core is the same as the cladding,
there will be no confinement of the light.

The field distribution after a specific propagation distance consistently resembles
the constant mode field distribution, regardless of the initial field distribution. This
indicates that the unguided modes have been eliminated. However, multimode
waveguides are capable of accommodating multiple guided modes, sometimes even
numerous ones.

In certain waveguides, there are modes that possess highly asymmetric intensity
profiles. It is possible for guided modes to exist exclusively for one polarization
direction, or for the modes to exhibit significantly different properties for differ-
ent polarization directions. In our specific scenario, we will be constructing an
asymmetric waveguide with a cladding refractive index that differs from that of
the substrate.

The requirements for our waveguide are:

1. The waveguide should be single-mode in the z axis.

2. The waveguide should fulfill the other requirements given by different factors
for the MOCA project. For example, one of them is that the waveguide
shouldn’t be so thin since part of the field must be outside the waveguide with
the aim of interacting with the cold atoms.

7
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2.2.3 Theoretical calculations

To design the thickness of the waveguide, what we can do is using the next
theoretical formulas to calculate the number of modes of the waveguide [6]:

Vo1
Mrg = ( — —arctan \/aTE>
T m int

Vv 1
My = ( — —arctan \/aTM)
T

™

wnt

Where Mrg is the number of transverse electric modes and M), is the number
of transverse magnetic modes. int means to round the result number to the nearest
integer larger than the value. V is the normalized frequency given by:

2T
V= 7D\/ cm"e2 — Ty 2
b\ n Nsub

Where D is the thickness of the core. And the transversal electric and magnetic
symmetry factor:

2 2
o Nsub™ — Nelad >0

2 2
Necore”™ — Nsub

ncore

ary = arp 1 = 0arm > arg

Nelad

Nsub, Neore aNd Nyqq are the substrate, core and cladding refractive indexes
respectively.

Considering all of this, we can do the calculation of the required thickness to
obtain a single mode waveguide in the transverse electric mode (Mzg). Since at
the beginning the refractive index of the real material is unknown, we assume a
generic refractive index for Silicon Nitride (n & 2.4), which is the chosen material
for the project. Finally, the maximum thickness for a single-mode waveguide is
t = 239nm

2.2.4 Analytic calculation in 1D and 2D

For the procedure of the design with analytic calculation we followed the procedure
given by the book Silicon Photonics Design [7] which is the following;:

1. In order to determine the slab waveguide modes, one-dimensional calculations
are performed. The analytical method solver in 1D implemented on MATLAB
[7] is used to solve the Maxwell equations by zero finding. The thickness of
the waveguide is chosen based on the requirement of having a single-mode
waveguide for TE and TM.
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2. To meet the requirements, a suitable waveguide width must be found for the
given thickness. It is not mandatory for the width to have a single mode,
as it can be challenging to achieve such small waveguide width dimensions
with a large length using lithographic processes. The effective index method
implemented on MATLAB [7] is used to determine the appropriate waveguide
width.

3. Some other considerations like waveguide bend loss or substrate leakage could
be considered (these are not considered in this thesis).

Taking into account the requirement for a single-mode waveguide on z axis, the
maximum thickness is ¢ = 230nm. The results of the simulation are present in the
figure 2.4 and figure

800

1 1.2 1.4 1.6 1.8 2 22 . . T 22
: T T T T T T
[

600 ‘

|

400

-

200 |

,,,,,,,,,,,,
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-600

E-field (TM, TE-like mode)

800 5000 ] 5688
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ES

>
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Figure 2.4: Calculation of different modes of the waveguide with MATLAB: (a)
Calculation of the Electric field for the z axis (height). The dotted line represents
the material index, which is not symmetrical as the substrate and cladding refractive
index differ. (b) Calculation of the Electric field for the x axis (width). The dotted
line represents the material index, which is symmetrical.

From the previous simulation, the effective index of the first mode is n.s¢ = 2.10.

2.2.5 Simulation with COMSOL

Comsol Multiphysics is a software package that is used for finite element analysis,
solver, and simulation of various physics and engineering applications, particularly
those involving coupled phenomena and multiphysics. This software provides
conventional physics-based user interfaces and coupled systems of partial differential
equations (PDEs). It also offers a unified workflow for electrical, mechanical, fluid,
acoustics, and chemical applications. [§]
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Effective Index Method

600

400

200

Y (hm)
o

-200

-400

-600

-6000 -4000 -2000 0O 2000 4000 6000
X (nm)

Figure 2.5: Product of the fields calculated with the MATLAB code.

The RF module is a tool that helps optimize design by analyzing the effects of
electromagnetic wave propagation and resonance effects in high-frequency applica-
tions. It is used to understand and predict the performance of devices in the RF,
microwave, and millimeter-wave industries. [9]

In this program with the help of the RF Module, we simulated the waveguide
with the next parameters:

1. Free space wavelength: A\ = 760nm
2. Waveguide width: W = 2um

3. Waveguide thickness: t = 200nm
4. SiN refractive index: Ny = 2.4

5. Substrate refractive index: ngu, = 1.5

The results for the first mode can be seen in the figure 2.6. The results of the
simulation gives us the effective refractive index of n.sy = 2.09, whose value can be
used to do the respective calculations. It is important to see that the value is not
so different from the one calculated with MATLAB in the analytical calculation.

2.2.6 Chosen design parameters

At the end, considering the requirements for the waveguide and doing the comparison
for the different calculations, the final chosen thickness of the waveguide is t =
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Figure 2.6: COMSOL simulation of the waveguide

200nm. While the width is not a fixed value but can be chosen between w = 0.5um
to w = bum. The length on the other hand varies in the fabrication process of the
waveguide to measure the losses of the waveguide at different lengths.

2.3 Grating coupler

2.3.1 Definition and working principle

A grating coupler is a structure that can diffract light from a waveguide to free-space
and vice-versa. It is used as an Input/Output device to couple light between fiber
(or free-space) and sub-micrometer waveguides. The structure is periodic in nature
and is capable of diffracting light in-plane and out-of-plane. The figure 2.7 is a cross-
section diagram of a shallow-etched grating coupler design in a silicon-on-insulator
wafer [7].

The following are the parameters of the grating coupler:

1. The coupler consists of a silicon waveguide core, a top cladding (air) and a
substrate (glass). The effective index of the slab waveguide is n.ss

2. A is the spatial period of the grating.
3. W is the width of the grating teeth
4. ff is the fill factor (also called duty cycle), defined as: ff = W/A

5. ed is the etch depth of the grating
11
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6. 0. is the angle between surface normal and the propagation direction of the
diffracted light, in the cladding (air).

>

Cladding

@P down

)
=
W =

Figure 2.7: Grating coupler cross section. Waveguide is a the left of the axis,
while the grating coupler is at the right

When the light is traveling through the waveguide, it will arrive to the output
grating coupler, where P,  is the optical power of the input light; P, and Piun
indicate the power that goes up and the power that penetrates down into the wafer.
The power that is coupled into the optical fiber’s fundamental mode is Pfipe,.

The performance of the grating coupler can be described by the following
parameters:

1. Directionality: the ratio between the power diffracted upwards (P,,) and the
input power from the waveguide (P,,), which is usually expressed in decibels:

10l0g1o(Pup/ Pug)-

2. Insertion loss (coupling efficiency): is the ratio between the power coupled
into the fundamental mode of the fiber (Pf;.,) and the input power from the
waveguide (P,,). Expressed in dB is: 10l0g,o(Pfiver/Pug)-

3. Penetration loss: the ratio between the power lost in the substrate and the
input power from the waveguide: 10l0g;y(Puown/Pug)-

4. Reflection to the waveguide: due to the refractive index contrast between the
SiN wire waveguide and the grating, part of the input light from the waveguide
will be reflected back into the waveguide. The ratio between the reflected
power and the input power from the waveguide is called back reflection to the
waveguide, also called return loss. Expressed in dB is: 10{0g,y(Prack—wg/ Puwg)-
This reflection is unwanted since it will cause Fabry-Perot oscillations [10] by
reflecting back and forth between the input and the output grating couplers.

12
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5. Reflection to the fiber: for the input grating couplers, part of the input light
will be reflected back to the fiber. Also referred to as optical return loss and
given in dB as: 10l0g,o(Prack— fiver/ Pin— fiver)-

6. Bandwidth

2.3.2 Theoretical calculations

The grating operation can be explained by the Huygens-Fresnel principle, which
describes the constructive and destructive interference that occurs when the wave-
front is scattered by the diffraction of light from the grating teeth [7]. Two cases
can appear with the grating coupler:

1. When the optical wavelength inside the grating matches its period, the first-
order diffraction will propagate vertically and the second-order diffraction
will propagate back to the waveguide. However, in practice, back-reflection
is undesired since it can lead to Fabry-Perot oscillation between the input
coupler and output coupler. To avoid the second-order diffraction back to
the waveguide, the grating is detuned and the fiber has a small angle to the
normal of the grating surface.

2. When the optical wavelength inside the grating is smaller than the grating
period, the output wave will propagate at an angle. In this case, there is no
second-order reflection.

The wave incident on the grating is a guided wave propagating in a slab
waveguide, with a direction of propagation in the same plane as the grating, and is
normal to the grating teeth. The waveguide propagation constant is:

271'7’Leff

:ek:
B NeffRo Mo

Where )\ is the optical wavelength, and n.s¢ is the effective index of the slab
waveguide. The periodicity of the grating is described by:

27
K=—
A

Where A is the grating period. Higher-order diffraction gratings can be considered
by using m - K The general form of the Bragg condition can be expressed as:

B—ky=m-K

Where k., is the component of the wave vector of the diffracted wave in the direction
of the incident wave. The diffracted wave is travelling in the cladding with an
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index of refraction, n. (air in this case). The diffracted light has a wave vector:
B 21N,

k=
A

Given the difference between the wave vector of the diffracted light, k, and the
horizontal component, k,, this leads to a diffracted angle of:

ky _ A
kTN

sinf,. =

Thus the Bragg condition can be simplified to be:

Neff — Ne - Sinb. =

z

A

Neftko =

waveguide
propagation
constant

Grating, m=1
Figure 2.8: Bragg condition for the grating coupler [7].

The Bragg condition can be used to design the desired grating coupler. The
effective index of the two silicon thicknesses, that is, the higher and the lower
part of the grating, can be calculated using the same code used in the waveguide
analytical calculation with MATLAB. Then we calculate the effective index of the
grating region as:

Nepr = [ neppr + (1= ff)  negra

Where n.ss is the effective index of the grating teeth and n.sse is the effective
index of the grating slots (in this case 1 since we etch completely the material) so
the final effective index of the grating is n.ss = 1.551. Then the Bragg condition is
employed to calculate the grating period:

A

Neff — Ne - sin b,
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Choosing a fill factor of 50% for an incident angle of 8, = 20°, the final period of
the grating is calculated to be approximately A = 628nm, then the linewidth of
each slab is A - ff = 314nm (fig 2.9). These results are only the parameters for
the radial dimension, while some others are missing.

Figure 2.9: Side view of grating coupler in 3D to display the coupling angle.

Considering the paper by Lirong Cheng [11], as the grating coupler interfaces
the fiber mode directly, the grating width at y-direction is usually comparable to
the Mode Field Diameter (MFD) [12] of the field inside the fiber. This means that
taking into account we are using a optic fiber from thorlabs [13] for wavelengths in
the range 600nm < A < 860nm, the MFD is approximately M F'D ~ 5um. When
transitioning light to a single-mode waveguide, a tapered waveguide is typically
used. If the propagating mode only changes its size and shape in this transition,
without radiating it outside the waveguide or converting to other higher-order
waveguide modes, then the energy is conserved. For an adiabatic transition to
occur in a linear tapered waveguide, its geometric parameters must satisfy certain
conditions:

A

0 < oo
taper QWTL@ff

Where 0,4y, is the taper angle, W is the varying waveguide width and n.s is the
corresponding mode effective index. However, with this method we would require
a long distance for the tapered waveguide. To reduce the footprint of the grating
coupler, a focused grating coupler is used, as shown in the figure 2.10. Where d,
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has a value comparable to the MFD (dy ~ 5) and «y is chosen in a way the distance
from the waveguide to the grating coupler is reduced enough o, = 40°.

Fy
l/i‘,"li /l
II'NI'I'I’
do \\\\
asI:>
////
I
|
|
|
L >
X

Figure 2.10: Grating coupler seen from above.

The author shows that the grating lines should follow a curvature with elliptical

shapes:
mA = Neppy/ 2% + y? — nngsin 6

Nevertheless, our design uses only concentric circles whose center is located inside
the waveguide, because the real performance of the focusing grating coupler should
be verified with 3D-FDTD or 3D-FEM simulations.

Finally, the number of grating lines should be high enough to cover an area the
size of the incident field (this also depends on the distance from the fiber to the
grating coupler). The final value is calculated in a way the sum of the all grating
lines is 100pum, in this way the number of grating lines is 163.

2.4 Resonant cavity

2.4.1 Definition and working principle

An optical resonator, also known as a resonant optical cavity, is a configuration
of optical elements that enables light to circulate along a closed path. It can be
constructed using bulk optical components or as a waveguide resonator, where light
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is guided instead of being transmitted through free space. Linear resonators are
designed to reflect light back and forth between two end mirrors. [14].

Resonator modes are electric field distributions that are self-reproducing in each
resonator round trip. In waveguide resonators, the transverse mode structure is
determined by the waveguide properties only, and is constant everywhere in the res-
onator if the waveguide properties remain constant. Only a single transverse mode
shape can exist. For each of the transverse mode patterns, there are only certain
optical frequencies for which the optical phase is self-consistently reproduced after
each round trip. This means that the round-trip phase shift is an integer multiple
of 2. These frequencies are called mode frequencies or resonance frequencies and
are approximately equidistant. The frequency spacing of the resonator modes,
also known as Free Spectral Range (FSR), is the inverse round-trip time or more
precisely, the inverse round-trip group delay. As the resonator length increases,
FSR becomes smaller. The ratio of frequency spacing to resonator bandwidth
(width of the resonances) is called finesse and is determined by power losses per
resonator round trip. The  factor, which is the ratio of resonance frequency and
bandwidth, is a related measure.

The cavity for this project is made to have a high Quality factor in order to
maximize the conversion of photons, in this way there is a higher probability of
converting the RF photons to optical photons inside the waveguide.

2.4.2 Theoretical calculations

{ \,

Figure 2.11: DBR resonator (simplified).

The resonator used in the design uses two Distributed Bragg Reflectors as
mirrors side by side (fig 2.11), thus this is a Fabry-Perot resonator. This resonator
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should satisfy the Barkhausen stability criterion, which says that the round trip
magnitude should be 1 (Modulus condition) and the phase of he round trip should
be an integer multiple of 27 (Phase condition) [15]:

\RT| =1
ZRT = 2ml7r,ml eN

As seen in the figure 2.12, inside the cavity (the middle), there are two reflections
when a wave is propagated inside: 74, for the left Bragg mirror and 7y for the
right one. Assuming a cavity length L, = A (phase-shifted design), the round trip
condition is accomplished for the Bragg wavelength Ap:

rg1(Ap) exp (=2jA)re(Ap) = 1

47"91 (/\B) — 25A + 47“92()\3) = —2i—ﬂneff2)\—B

B Neff
To have a Bragg wavelength equal to the desired wavelength of ours (A = Ap),
it is important to satisfy the Bragg condition in order to obtain the behavior
presented in the figure 2.13 in the DBR mirrors: Ap = 2n.¢sA, where n.ss is the
effective index of the grating region, calculated with the same formula used in
the section of the grating coupler. Thus, the calculated period considering the
previous calculations with the MATLAB code for the effective index [7] is equal to
A =~ 180nm. Assuming a fill factor of 50%, ff - A ~ 90nm

=21 = 2mmw

- U

(<N

A\ ;
> >

H

gl
Figure 2.12: DBR resonator diagram with both reflectivities.

Finally, it is important to remark the quality factor given by the equation:

Q=

Wwr T
Aw 1—-R
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Figure 2.13: Reflectivity of the DBR mirror with respect to the differential
wavelength [15]

Where w, is the resonant frequency, Aw is the bandwidth of the resonance, m
is the resonant mode and R is the reflectance of the DBR mirrors. Ideally the
Q factor would be infinite for a value of R = 1, however in order to obtain a
reflectance of 1 we would require a infinite grating. To calculate this parameter in
a theoretical way, some simulations are required, something we skip in this thesis.
The number of grating lines is calculated with the analytic calculation shown in
the next subsection.

2.4.3 Analytic calculation

One of the methods to calculate the behavior of the Fabry-Perot resonator is using
the Transfer Matrix Method (TMM), a numerical technique that is very useful for
simulating the response of an arbitrary grating profile. [7]

The TMM method works as follows:

1. Calculation of reflection and transmission coeflicients due to index discontinu-
ities, and propagation coefficients for waveguide sections.

2. Representation of these building blocks as matrices, with a size of 2x2 in the
case of a single-mode system.

3. Multiplication of the matrices as a cascaded network, which represents the
grating.

4. Extraction of the transmission and reflection values for the overall grating.
This calculation is then repeated for each wavelength.

The transfer matrix for a homogeneous section of a waveguide is:

o _[ewGan) 0
o 0 exp(—jpL)
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[ is the complex propagation constant expressed as:

B 27meff e
D) 2

g

Where n.ss is the effective index of refraction and « is the propagation loss given
by:

_ Ark

DY

k is the imaginary coefficient in the complex index of refraction (n + jk).

The transfer matrix for an index of refraction step (different materials) from
material 1 (air) to material 2 (SiN) is defined as:

«

ni—ng ni+no

2./ninsg 2./ninsg

r ni+no ni—ng
T _ Tl | 2¢/ning 2./ninsg
i812 - i -
t

k=

Where r and t are the reflection coefficients. They are based on the Fresnel
coefficients (based on plane waves): this is called the "plane-wave approximation'".
The behavior of the Bragg grating with N periods is represented by the next cascade
network:

Tbragg = (Thw—27—’125—21Thw—11—1is—12)N

Finally, the whole resonator can be thought of a cavity (homogeneous waveguide
with length L = A) and 2 Bragg reflectors:

T = TbraggThw—STbragg Thw—3

Where 3 is the same material as 2 (SiN) but with different waveguide length as
shown in figure 2.14.

Figure 2.14: Material numbers for the optical resonator

When implementing a code in MATLAB with the previous matrices [7], the
results of transmission and reflection for different number of grating lines is shown
on figure 2.15. From these results it can be seen that when increasing the number
of grating lines, the Q factor of the resonance frequency is noticeably increased,
thus the bandwidth is also decreased. For the purposes of this project, the initial
Q value should be at least = 20, thus the selected number of grating periods
should be at least 2.
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Figure 2.15: Results for TMM simulation with MATLAB for different number of
grating periods going from 2 to 10. This simulation is done without considering

the propagation losses (a = 0)
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Chapter 3

Material Deposition and
Characterization

3.1 Chemical Vapor Deposition

3.1.1 Description of CVD

Chemical Vapor Deposition (CVD) is a process that creates thin films from gaseous
precursors. The films can be made of metals, semiconductors, or insulators and are
used in the manufacturing of microelectronic devices. The most common process
conditions are high temperatures and low pressures. It’s important to note that an
energy source is required to break the gaseous precursors into reactive species for
deposition. [16] The steps involved in the CVD process are :

1.
2.
3.

4.
D.

Vaporization and transport of precursor molecules into a reactor
Diffusion of precursor molecules to the surface of the substrate

Adsorption of precursor molecules to the surface and further diffusion across
the surface. This is temperature dependent and affects step coverage

Decomposition of precursor molecules and incorporation into solid films

Desorption of volatile byproducts into the gas phase

The reaction rate strongly dependent on the temperature, according to the
following formula:

E,
R = R,exp <_k:T)

Where R, is the frequency factor, F, is the activation energy, k is the Boltzmann
constant and T is the Temperature. Thus, the surface reaction rate increases with
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increasing temperature and saturates to a maximum (R,) at very high temperatures.
Therefore, at high temperatures the process is mass-transport limited while at low
temperatures is reaction rate limited.

The acceptance angle and conformality are important factors to consider. The
growth rate depends on the flux density of gas molecules that hit the surface, which
is determined by the acceptance angle. However, in the case of our sample, which
only requires a thin film deposition of Silicon Nitride, these factors are not relevant
to the fabrication process.

In Plasma Enhanced CVD (PECVD), a plasma is created using an RF voltage.
The plasma contains electrons, ionized molecules, neutral molecules, neutral and
ionized fragments of broken-up molecules, excited molecules, and free radicals. Free
radicals are neutral species that have incomplete bonding and are highly reactive.

(a) (b)

Figure 3.1: Dissociation process for the generation of strongly reactive free
radicals: (a) Electron colliding to a molecule. (b) Free radicals generation.

The combination of fragmentation, free radicals, and ion bombardment enables
surface processes and deposition to take place at significantly lower temperatures
compared to a typical CVD system. Plasmas are employed to drive reactions that
would otherwise be impossible at low temperatures, as plasma serves as the energy
source that generates reactive gases.

The following are the control parameters for PECVD:

—_

. Temperature
. Deposition time
. Gas composition (precursors) and flow rate

. System pressure and reactant partial pressure

[ N V]

. RF power, frequency, and bias
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In our situation, we employ an Inductively Coupled Plasma CVD (ICP-CVD)
system from Oxford [17]. The plasma is generated by a plasma source, and the
energy is supplied by electric currents produced through electromagnetic induction,
specifically, by time-varying magnetic fields. [18]

3.1.2 Parameters to increase the refractive index

ICP-CVD offers a great advantage for low-temperature processing over PECVD.
Considering the paper by J.W.Lee et al [19] they achieve Silicon Nitride deposition at
low temperature with two different gas chemistries: SiH,/N,/Ar and SiH,/NH;/He.
Because Ny has a relatively low dissociation efficiency, Silicon Nitride deposition
recipes in PECVD typically employ NHj as the nitrogen source. Therefore, hydrogen
incorporation from NH3 into deposited SiNx is unavoidable. However, high-density
plasma CVD allows us to deposit SiNx without the need for NH3 because high-
density plasma sources generally exhibit higher ion dissociation efficiency. The
author shows that a high refractive index (n ~ 2.4) can be achieved at a chamber
pressure of around 20 mTorr.

In our work we use the first gas mixture (SiH,/Ny/Ar) as it is suitable for the
available gases. First, the surface is functionalized using Nitrogen plasma only to
improve the adhesion: this process has a duration of 1 min and the flow rate of N,
is set at 20sccm. Then the plasma is deposited with a plasma mixture of the gases
shown in the table 3.1, to reach a final pressure of 20 mTorr. Since the deposition
machine has an internal offset, the flux of Ny is set to 14.7 sccm instead of 13. The
RF power is set at 120W, and the ICP power at 800W. Finally, the carrier used
for the deposition is a Silicon wafer pre-covered with SiN (3 minutes) before the
first deposition, this one is kept the same for all the samples. An example of a
deposited sample is shown in the figure 3.2, where the Silicon Nitride gives the
sample a yellowish color.

Gas | Flow rate (sccm)
No 9
Ar 20

Sif, 13

Table 3.1: Gas flow rates for Silicon Nitride deposition
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Figure 3.2: A sample of corning glass with a layer of Silicon Nitride above

3.2 Ellipsometry

3.2.1 Description

Ellipsometry is an optical technique that measures the change in polarization of light
as it reflects or transmits from a material structure. This change is represented
as an amplitude ratio ¥ and the phase difference A. The measured response
depends on the optical properties and thickness of individual materials. Therefore,
ellipsometry is primarily used to determine film thickness and optical constants such
as the refractive index. However, it can also be used to characterize other material
properties such as composition, crystallinity, roughness, doping concentration, and
other properties associated with a change in optical response [20]. A diagram of
how the light is reflected in the sample is shown in the figure 3.3.

Linearly Polarized Light

E p-plane

s-plane
Elliptically Polarized Light

p-plane , E

s-plane

plane of incidence

7

Reflect off Sample

Figure 3.3: Diagram of the working principle of Ellipsometry [20]

For the analysis of the SiN layer we used an ellipsometer capable of measuring
at different angles (65.13°, 70.14° and 75.14°). We employed Cauchy’s analysis
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to determine the optical constants of a transparent or partially transparent film
(Dielectrics and Semiconductors below the fundamental bandgap). Over a portion
of the spectral range, the optical constants of these materials can be represented
by an index that varies slowly as a function of wavelength A\ and an exponential
absorption tail. The index of refraction of the Cauchy layer is represented by an
inverse power series containing only even terms [21]:

Where A, B and C are variable fit parameters that determine the index dispersion.
The extinction coefficient is represented by a simple exponential tail describing an
Urbach absorption tail:

k= kamp * €Xp (easp(E - Eband—edge))

Where kgm,p and e, are fit parameters for determining the shape of the extinction
coefficient dispersion. E' is the photon energy in eV and FEpgng—cqge Parameter can
be set manually.

3.2.2 Results

All the samples were measured with the ellipsometer with the purpose of acquiring
the refractive index and the thickness of the SiN layer (in order to calculate the
deposition rate). An example of a plot of the acquired data is present in the figure
3.4, while the optical constants calculated with the Cauchy’s model is shown in the
figure 3.5

The thicknesses vs deposition time of the samples is shown in the figure 3.6.
The linear fit for the thickness with respect to deposition time is:

t = 37.0774ep + 8.49

Where ¢ is the thickness and 74.pisthedepositiontime

3.3 Optical Profilometry

3.3.1 Description

Optical profilometry is a non-contact technique employed to examine the topography
of a surface. Unlike physical probes like Stylus Profilers, this method relies on
light to gather data. It involves directing a light source towards the surface to
capture its three-dimensional data. Various light-based techniques, such as optical
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Figure 3.4: Plot of amplitude ratio ¥, and the phase difference A with respect to
the wavelength in nm of one of the SiN samples. The Cauchy model has been used
for the model fitting
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Figure 3.5: Plot of real refractive index (n) and the extinction coefficient (k) with
respect to the photon wavelength in nm

interference, focus and phase detection, and confocal aperture detection, are used
to measure the surface profile. [22]

Optical profilometry works in such way to not destroy neither touch the surface.
The light from the profiler lamp is split into two paths by a beam splitter. One
path is directed towards the surface, while the other path is directed towards the
reference mirror (fig 3.7). The two paths of light reflected from the surface and the
reference mirror are combined and projected onto an array detector. The difference
in the path of the recombined beams is on the order of a few wavelengths, which
results in minimal interference.
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Figure 3.6: Plot of thickness vs deposition time with data from the ellipsometer

CCD Camera

White light

Beam splitter

Reflector C E <——— Object under study
Figure 3.7: Working principle of optical profilometer. [23]

The following are the key performance factors to consider when using optical
profilometry:

1. Spatial resolution: This parameter varies across different profilometers, mainly
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in the longitudinal and lateral directions. The range of this parameter depends
on the users’ objectives, which in turn depend on the desired accuracy levels.

2. The field of view (FOV): This parameter refers to the total area of the
material surface that can be measured by the profilometer. It is important for
understanding the properties of a larger area and depends on the type and
size of the profiler.

3. Image acquisition time: This parameter depends on the measuring method,
the type of image required, image frame rates, and accuracy.

The key advantage of this profilometer is its non-contact mode of operation,
which utilizes a light source to analyze the surface of the material. This enables
true imaging, allowing for area measurements to be obtained. Compared to contact
mode, data acquisition with this profilometer is high-speed, and large areas can
be sampled. The technique enables critical dimensional measurements, including
the x, y, and z coordinates, facilitating the acquisition of three-dimensional surface
data.

In our work, the profilometer is used to characterize the surface profile of our
samples, and in this section is used to measure the thickness of the material. Before
the deposition of SiN into the corning glass, we put a tape at one corner, then after
the deposition we remove the tape in order to strip the material at the corner. In
this way we can measure height of the step with the profilometer.

3.3.2 Results

When measuring the sample with the profilometer, the program allow us to take a
1D profile of the sample. An example of the data acquired is shown in the figure
3.8. The thicknesses vs deposition time of the samples is shown in the figure 3.9.
The linear fit for the thickness with respect to deposition time is:

t = 39.1674ep + 8.72

3.4 Stylus Profilometry

3.4.1 Description

Stylus profilometry is a method of measuring the surface topography of a sample.
It involves physically moving a probe along the surface to detect its height. The
probe is in direct contact with the surface and traces the desired path to determine
the topography of the surface. The changes in the Z position of the arm holder
can then be used to reconstruct the surface. This technique is highly sensitive
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Figure 3.8: Measurement of the step height at the corner of one sample with
optical profilometer

and provides high Z resolution, but it is sensitive to soft surfaces and can damage
them. Additionally, the probe can become contaminated by the surface, which
could affect the accuracy of the measurement. [24]

3.4.2 Results

The measurement is done in the same position as the optical profilometer one (at
the corner). Then the results are given by a thickness profile vs distance on x as
seen in the figure 3.10. The thicknesses vs deposition time of the samples is shown
in the figure 3.11. The linear fit for the thickness with respect to deposition time is:

t = 40.4374,, — 35.78

3.5 Deposition rate comparison

Analysing the 3 linear regression of the material thickness in the deposition, the
slope of each one doesn’t differs too much, meaning that the analysis with all the
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would be to average the three terms:

ittt

3 = 38.897g¢p — 6.1929

zS(J/l}

Meaning that the deposition rate is 38.89 nm/min with an offset of -6.1929 nm.
This is only a model for our deposition model assuming that is a linear one and
not taking into account the error put on the measures, since a negative value of
thickness does not make sense.

3.6 X-ray Photoelectron Spectroscopy

3.6.1 Description

X-ray Photoelectron Spectroscopy (XPS) is a non-destructive technique that enables
the analysis of the outermost layers (approximately 10nm or 30 atomic layers)
of both natural and engineered materials. It provides valuable insights into the
composition of material surfaces, including the presence of specific elements, the
relative abundances of these components, and the chemical state of polyvalent ions.
This is achieved by measuring the binding energies of elements, which are indicative
of the nature and strength of their chemical bonds. XPS is widely employed to
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characterize a diverse range of materials, including inorganic compounds, organic
compounds, semiconductors, thin films, and coatings. [25]

XPS utilizes the photoelectric effect, as described by Einstein. It involves
the emission of electrons from atoms when they are exposed to electromagnetic
radiation. According to Einstein’s prediction, photoelectrons are generated when
the energy of the impinging photons surpasses the binding energy of electrons in
the material. The kinetic energy of an emitted electron is directly associated with
the binding energy of each electron:

Ekinetic = Lphoton — Ebinding - (b = hv — Ebmding - (b

Where ¢ is the work function of the solid, A is the Planck’s constant and v is the
photon’s frequency.

The technique is a non-destructive technique, however, if the analysis requires
information about the volume of the material, an Ar ion gun can be used to sputter
the surface. This process removes environmental contaminants from the surface
and allows for depth profiles to be obtained across surface layers.

3.6.2 Material Composition

We analyzed the deposited sample with SiN using this technique and the results
are shown in the figure 3.12. From this results, we can see that the SiN is non
stoichiometric since it has a higher concentration of Silicon (around 64%) than
Nitrogen (around 36%), this, for etching this material we would need a different
recipe that is more adapted to etch Silicon. It is possible to see that we arrive at
the interface when the Oxygen is increased and the Nitrogen is decreasing. At this
point the sputtering has arrived to the corning glass, that is why Oxygen, Silicon
and Barium are present.
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Chapter 4
Lithography

4.1 Optical Lithography

4.1.1 Description

Optical Lithography, also known as Photolithography, is a method employed to
transfer a desired pattern from a master copy (or mask) onto a polymer layer
(referred to as photoresist) on the wafer surface. For instance, when fabricating a
circuit, photolithography is utilized to transfer the circuit element patterns required
for the construction of semiconductor devices.

A mask can be used to cover some zones from the light to transfer the pattern,
and depending on the nature of the photoresist (positive or negative), the exposed
zones are removed or remain when the resist is developed [16].

For this work, the lithographic process was performed with a maskless system,
the Heidelberg pnPG 101 which is a micro pattern generator for direct writing
applications and low volume mask making. Its laser wavelength is 405nm. The
photosensitive coating of the substrates has to be chosen according to the wavelength
used and the intended application [26]. For this process to work, a CAD must
be designed before starting the photolithography with the machine. This kind of
system allows great flexibility, as there are no physical masks; the drawback is the
time required to perform the lithography since for big structures a larger area is
covered.

The standard lithographic process (fig 4.1) begins with the cleaning of the
substrate. In this case, since the substrate has a previous deposition of Silicon
Nitride, there is no problem with the cleaning process. Acetone is typically used as
a solvent to clean the substrate. The sample is then placed inside a warm ultrasonic
bath and immersed in ethanol. Acetone is used to remove organic contaminants
from the surface, while ethanol is used to prevent any remaining residuals after
cleaning with acetone. This is done because acetone evaporates at a high rate.
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Substrate
(a)
D r1otoresist

(b)

Il 1l UViight
I B N

(c)
Positive PR Negative PR

(d) (e)

Figure 4.1: General photolithographic process: (a) Cleaning of the substrate. (b)
Substrate after the spin of the resist on it. (c) Exposure of the zones for the pattern
transfer onto the resist. (d) Result after developing if the resist is a positive PR.
(e) Result after developing if the resist is a negative PR.

Finally, the substrate is dried with Ns. This cleaning step is crucial to prevent
contaminants from remaining on the substrate, which could lead to poor adhesion
of the photoresist or unwanted masking of certain areas. Once the substrate is
cleaned, the photoresist solution is applied using a spin-coating technique. This
process ensures that a precise thickness of the resin is uniformly deposited onto
the substrate’s surface. The desired thickness can be achieved by adjusting the
angular velocity and time parameters. Typically, resist manufacturers provide
datasheets with curves, such as Thickness vs RPM, to help customers select the
optimal parameters for achieving the desired thickness.

After the photoresist has been deposited onto the surface, a soft bake step is
performed to ensure the complete evaporation of all solvents and the stabilization
of the resist. It is crucial to maintain a constant temperature throughout the entire
baking process.

Now that the wafer is ready for the exposure, it is placed in the laser writer to
transfer the pattern of our CAD. Next, when the writing has finished, the substrate
is immersed in a developing solution (in our case the AZ DEV which is a positive
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resist developer)
PR are photosensitive organic mixtures which contain mainly:

1.

2.
3.

Inactive polymer resins, which is a binder that proved mechanical and chemical
properties. Useful for adhesion, chemical resistance, rigidity, thermal stability,
etc.

PhotoActive Compounds (PAC)

A solvent, which controls the viscosity of the base, keeping it in liquid state
for the spinning phase. This affects the thickness

In the developing phase, there are two outcomes depending on the nature of the
resist. The PR can be:

1.

Photons break the polymer chains, making them more soluble in the developing
solution. Consequently, when a zone is exposed to light, the photoresist (PR)
in that zone is removed after development.

Photons induce cross-linking of the polymer chains, making them less soluble
in the developing solution. This results in the inverse pattern of the design
being replicated onto the wafer. In other words, after development, the zones
where light has not impinged are removed.

The recipe used for the photolithography process is:

1.

2.

Cleaning of the sample with acetone (with ultrasound) and ethanol.

Spin-coating of the resist (AZ5214E: positive PR) into the sample surface at
3500 RPM for 30 seconds.

Pre-baking of the sample at 110° for 3 minutes.

After the exposure, developing of the sample with AZ DEV and deionized
water (proportions of 1:1) for 25 seconds.

4.1.2 Test designs

To test the quality of the lithography we made a design with of circles and squares
of different dimensions. Going from 50um to 10um. The result of the lithography
can be seen in the figure 4.2. Another lithography was made with structures having
dimensions from 50um to 0.5um and it was possible to observe that the structures
with lower dimensions got rounded at the corners, giving us a look of which is the
limit for the laser writer. This lithography will be used after for the etching tests
of the material.
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Figure 4.2: Photolithography test after developing. Measured with Optical
profilometer. It can be seen that the height of the resist is around 1.5um

4.2 Sputter Deposition

4.2.1 Description

Sputtering is a method of Physical Vapor Deposition (PVD) that involves the
condensation of a vapor onto a cooler substrate to achieve film growth. PVD can
also be achieved through evaporation. Compared to evaporation, sputtering has
better step coverage, which results in better conformality [16].

This technique involves the use of plasma to dislodge atoms from a target
material, which then deposit on wafers to form a film. The process is based on
ion bombardment, and Ar™ is typically used as the sputtering gas. Compared
to evaporation, sputtering requires higher pressures, which can lead to greater
contamination. However, sputtering has excellent adhesion properties, and it is
possible to perform an in-situ cleaning prior to film deposition.

The most straightforward method of sputtering involves placing a target material
in the cathode (negative potential) within a vacuum chamber. The target undergoes
erosion, and the material is subsequently deposited on the substrate positioned at

38



Lithography

the anode (positive potential). A high voltage of 100 Volts is applied between the
plates to initiate plasma discharge and facilitate the acceleration of positive ions
towards the target (fig 4.3). The plasma consists of approximately equal quantities
of positive argon ions, electrons, and neutral argon atoms.

The steps for the process are:

1. Argon ions are accelerated across the cathode sheath to the negatively charge
cathode, striking the target

2. Atoms are sputtered due to the collision.

3. The sputtered atoms travel through the plasma and are deposited on the
wafers sitting on the anode.

-V(DC)

Cathode/Target

Plasma

e < | pnafers
41— Anode

Sputtering gas inlet To vacuum pump

Figure 4.3: Sputtering deposition chamber with all the component

To prepare for a sputter deposition process, the same equipment is used to
perform sputter etching. Sputter etching is carried out when it is necessary to
cleanse the surface (e.g., after a previous photolithography process to remove the
bottom resist before metal deposition) or to enhance the sample’s roughness. In
this scenario, the substrate assumes the role of the target, resulting in a highly
anisotropic dry etching.

4.2.2 Used recipe

For sputter etching the used parameters are:
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1. Pressure: 4 - 10~ 2mbar

2. Power: 25W

3. Bias Voltage: 670V

4. Time: 2 minutes

Then, for the deposition of Aluminum:
1. Pressure: 5- 10 3mbar

2. Power: 0.13kW

3. Bias Voltage: 427V

4. Current: 0.31A

5. Pre-sputtering time: 5 minutes
6. Sputtering time: 60 seconds

The previous parameters give us a deposition rate of 0.5nm/s.

4.2.3 Lift off

After the lithography step, the lift-off process is carried out. Once the resist has
been developed, a film is deposited. Some parts of the film will be over the resist
and some others over the substrate. This is done to pattern the inverse design of
the patterned PR with another material. For instance, it can be used to pattern a
design with Aluminum, which can be used as a hard mask for an etching process.
The lift-off process is illustrated in figure 4.4. In our case, we used the lift-off
process to pattern a hard mask made of Aluminum and Gold.

When performing lift-off, it is crucial to ensure that the thickness of the film is
less than that of the resist. Typically, the maximum thickness of the film is one-
third of the resist thickness. This is done to ensure that there are no connections
between the top and bottom of the film and to guarantee good striping of the
structures. The lift-off process yields better results when Image Reversal resists
with negative slope are used (fig 4.5) [16].

For our work, sputtering is used to deposit the hard mask in the photolithography
done before, in a way we are able to do a lift off of the structure to obtain a hard
mask which is used for the etching tests of SiN.
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Figure 4.4: General lift-off process: (a) Initial substrate. (b) Deposition of film
into the substrate. (c) Insertion of substrate into solvent for lift-off. (d) Final
substrate without the PR.

4.3 Scanning Electron Microscopy

4.3.1 Description

The scanning electron microscope (SEM) employs a focused beam of high-energy
electrons to produce a range of signals at the surface of solid specimens. These
signals, which arise from interactions between electrons and the sample, provide
insights into various aspects of the sample, such as its external morphology, chemical
composition, and crystalline structure. They also reveal details about the orientation
of materials constituting the sample. [27]

Accelerated electrons in a SEM carry significant amounts of kinetic energy.
When these electrons are decelerated in the solid sample, they release this energy as
a variety of signals produced by electron-sample interactions. The signals include
secondary electrons (SE), backscattered electrons (BSE), diffracted backscattered
electrons (EBSD) (used for crystal structures and mineral orientations), photons,
visible light, and heat. Secondary electrons are commonly used to visualize mor-
phology and topography on samples, while backscattered electrons are valuable for
illustrating contrasts in composition in multiphase samples.
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Figure 4.5: General lift-off process with image reversal: (a) Initial substrate
with resist. (b) Exposure of the zones for the pattern transfer onto the resist.
(c) Reversal bake to crosslink the previously exposed area. After the bake, flood
exposure of the hole surface. (d) Development of the sample. (e) Deposition of
film. (f) Lift-off with solvent.

The SEM has certain limitations. Firstly, it can only analyze solid samples that
fit within the microscope chamber. Samples that are prone to outgassing at low
pressures or are made of dielectric materials are not suitable for examination using
conventional SEMs. However, there are also “low vacuum” and “environmental”
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SEMs available. Our microscope is capable of seamlessly switching between high
and low vacuum modes.

4.4 Electron Beam Lithography

4.4.1 Description

Instead of using photons to radiate the resist, this technique employs electrons.
Electrons exhibit wave-like properties with wavelengths ranging from 0.2 to 0.5
A, where diffraction is negligible. Unlike photolithography, this method allows
for the creation of nanometric-scale features without requiring a mask. The
machines responsible for electron beam lithography (EBL) are highly automated
and offer precise control. Simultaneous feature detection enables extremely accurate
alignment. Economic systems, such as the one employed by INRIM, are derived
from scanning electron microscopes. [16]

PMMA is the most commonly used positive resist, enabling high resolution
and suitable for wavelengths below 240 nm (deep UV, extreme UV, electron-beam
lithography, X-ray lithography). However, for this project, a negative resist is
employed: ma-n 2405 (500 nm thickness) and ma-n 2401 (100 nm thickness). These
two resists serve as masks for etching the Silicon Nitride of the substrate, with
the exposed zones remaining as masks. Additionally, Omnicoat is applied before
spin-coating the substrate to enhance adhesion of the resist to the Silicon Nitride
surface and facilitate easy stripping of the resist after subsequent processes [28].

The electron beam exposure methods can be classified into two types:

1. Raster scan: The E-beam passes over every position of the mask and is
deactivated where exposure is not required.

2. Vector scan: The E-beam only passes over positions of the mask where exposure
is required and jumps from one feature to the next. This method is faster
than raster scan.

For which the usual doses used in the process are in the range of 1 to 100uC'/cm?.
The dose is calculated as:

Current - time

Dose =
area

In our case, as we are doing a lithography above SiN (dielectric material), it is
better for us to work in low vacuum conditions for the EBL lithography, since we
don’t want to charge up the sample and ruin the lithography.

The used recipe for the EBL lithography is:

1. Cleaning of the substrate with acetone (with ultrasound) and ethanol.
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2. Spin-coating of OmniCoat at 500 RPM for 5 seconds in the first cycle and
3000 RPM for 30 seconds in the second cycle.

3. Baking of the sample at 200° for 1 minute
4. Spin-coating of ma-n2405 at 3000 RPM for 30 seconds
5. Baking of the sample at 90° for 1 minute and 30 seconds

6. After the exposure, developing of the sample with the developer ma-D525 for
55 seconds

4.4.2 NPGS software

The Nanometer Pattern Generation System (NPGS) is the most popular scanning
electron microscope (SEM) lithography system among research institutions in
North America, and its adoption has spread worldwide. The primary goal of NPGS
is to offer a robust and user-friendly system for performing advanced electron
beam lithography (EBL) or ion beam lithography using a commercial SEM, STEM
(Scanning Transmission Electron Microscope), FIB (Focused Ion Beam), and other
related technologies. [29]

NPGS enables users to document their designs in a highly organized manner.
The NPGS software facilitates the creation of personalized batches tailored to
specific requirements. This approach allows for lithography with varying exposure
doses, enabling the identification of optimal conditions for achieving relatively
high-quality structures.

4.4.3 CAD design

As our structure is a very specific structure which combines grating couplers,
waveguide and a resonator, we could draw manually the design taking into account
the previously calculated parameters. However, for our different test in lithography,
etching and characterization of the device, it is better for us to make a code for
the CAD design. It is well known that there are softwares that allow the user to
design Photonic devices adjusting the required the parameters, but considering
that our design doesn’t has a lot of photonic components, it is not required to use
one of them. This is why we preferred to create a python code which allow us to
change the dimensions of the general design shown in the figure 2.1. The inputs of
the program are shown in the figure 4.6.
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| & gne
Waveguide width (um):
2
Waveguide lenght (um):
200
Linewidth (um}:
0.308
Coupler period (um):
0.616
MNumber of circle segments:
163
Aperture angle (*):
40
Distance from waveguide edge to bragg coupler (um):
5
Add contour to the design (1 foryes, 0 for noj:
0
Distance of separation of the contour (um):
0.308
Width of the contour (um):
0.2
Add DBER to the design (1 for yes, 0 for no):
0
DER Cavity lenght (um):
5
DBR period (um):
0.616
DBR linewidth (um):
0.308
DBR number of lines:
10
Draw waveguide with grating coupler |

Figure 4.6: Python program for the design of the optical resonator (the values on
the picture are example values). Code on appendix A

4.4.4 First test lithography

In the first test, we used the python code to design a short waveguide without
resonator and connected to the two grating couplers. The design is shown at figure
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Figure 4.8: SEM images showing the result of the lithographic process of the
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Figure 4.7: CAD design of a short waveguide test.

After doing the lithography, we realized that there were some impurities at the
time of developing the sample. But the dimensions were quite the same as planned
with the CAD. The results with a tilt of 70° are shown in the figure 4.8. What it
is important to be sure is the high contrast ratio of the resist when exposed, as we
do not want resist to be between structures, since the resist will be used as a mask
for etching.

3| det |mag @| WD HV 5pm 2 / | —
M|LVSED| 10 00 16.9 mm| 30.0 kV | INRiM - Nanofacility Piemonte 3 V kV | INRiM - Nanofacility Piemonte

grating coupler and waveguide together

4.4.5 Second test lithography

The second test lithography was made to characterize the waveguide at different
lengths, but in this case the parameters of the number of lines (163), the distance
from the waveguide edge to the grating coupler (5um) and the waveguide width
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(2um) are different from the previous one since we are approaching the final design.
The purpose of these lithographies is to vary the waveguide length in order to
calculate the losses inside the waveguide (figure 4.9). However, as we increase the
size of the waveguide, it is necessary to reduce the magnification of the SEM in
order to obtain a bigger field of view available to do the lithography; and one
problem arises: if we decrease the magnification of the SEM, we’re decreasing the
resolution of the EBL, thus the writing of small features would not be the wanted
one.

> -

Figure 4.9: CAD design of a long waveguide. The coupling grating seem to be
completely fill but is due to the sampling of the image as the grating lines are thin

To solve the previous problem, one solution was to separate the CADs to write
the grating coupler and the waveguide separately, in this way we can change the
magnifications when writing each design part. What we do is to move the sample
the required distance to adjust the design to the original one. In this way, the first
design is the left grating, the second design is the waveguide and the third design is
the right grating. After writing the first design, the samples moves and the second
design is written and the same happens with the third one.

However, there are some problems with this solution because the displacements
of the SEM do not have the precision we require. When the sample moves, the
displacement is controlled by some motors which have a micrometric precision,
not a nanometric one. Thus the final lithography is a shifted and rotated one,
something that can be seen in the figure 4.10.

One solution for the problem would be to combine optical and EBL lithographies.
Since the waveguide has a thickness which is in the order of the microns, it is possible
to do it with photolithography. So the process is separated in two implementations.
It is important to consider the writing of markers when doing the photolithography
process in order to use them in the alignment option available at EBL. This option
allow us to align the waveguide with the grating couplers as they are separated.
In addition, this process would be useful for the resonant cavity too as the the
required resolution for the grating is high.

4.4.6 Combination with Photolithography

When combining both lithographies, the order of the procedures are important for
the good fabrication of the device:
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Figure 4.10: Result of the lithographic process with separated CAD designs.
A displacement and a rotation can be seen between the grating coupler and the
waveguide.

1. First, the photolithography process is done in a way to obtain the waveguide
only (without the couplers) and alignment marks for the posterior alignment.

2. Second, a deposition of a metal (Aluminum in this case) is performed in order
to do a lift off of the mask, thus it is crucial to do a positive photolithography
process in the previous step. Metal is deposited in the sample for the purpose
of increasing the contrast when doing EBL. This metal layer is also used as
mask for the waveguide etching.

3. Finally, when doing the EBL process, we perform an alignment of the marks
and the CAD with the help of NPGS, the alignment is done in order to rotate
and shift the CAD in the field of view of the EBL, thus the sample is not
moved. The procedure is done in a way the place where the lithography will
be performed is not written when aligning.

The final lithography with the alignment is shown at figure 4.11.

4.4.7 Isolated Resonator lithography

Before proceeding with the whole device lithography, it is important to check the
lithography of the resonator only to verify that a lithography with such dimensions
is feasible. For this purpose we use the previously calculated parameters and design
a CAD of the resonant cavity (fig 4.12) with the two Bragg mirrors and two short
waveguides to see how will behave the structure after doing the exposure. The
results of the EBL lithography are shown in the figure 4.13
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Figure 4.11: Result of the lithographic process with the alignment process
combining optical lithography and EBL. At left, the waveguide and alignment
marks mask can be seen with high contrast as these are made of aluminum, while
at the center the grating coupler is made of resist. At right, it can be seen that
the alignment was successful and good coupling of the grating with the waveguide
could be achieved thanks to this process.

Figure 4.12: CAD of the resonator with two additional short waveguides
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Figure 4.13: Result of EBL lithography of the resonator
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Chapter 5

Etching

5.1 Reactive Ion Etching

5.1.1 Description

Reactive Ton Etching (RIE) is a form of dry etching. In dry etching, the etch
reactants originate from a gas or vapor-phase source and are usually ionized. The
reactive species that etch the exposed film are atoms or ions from the gas. There
are two types of dry etching: plasma-based and non-plasma-based. [16]

For a RF plasma-based dry etching, the next steps are followed:

1. Chamber is evacuated

2. Chamber is filled with the etchant gases

3. RF energy is applied to a pair of electrodes

4. Applied energy accelerates electrons, thus increasing the kinetic energy.

5. Electrons collide with neutral gas molecules, forming ions and more electrons.
6. Steady state is reached (plasma), where ionization is equal to recombination.

This process is akin to PECVD, except that etch gas is employed instead of
precursor gas. In this process, both chemical and physical etching take place.
Moreover, etching is relatively isotropic and selective due to the potent chemical
component.

RIE is similar to a sputter etcher, but instead of noble gases, we employ reactive
gases similar to those used in plasma etching. The objective is to have high-energy
ions at the surface, so we apply high accelerating voltages and low pressures. For
both plasma etching and RIE, the feed-gas composition generates the reactive

51



Etching

species necessary for etching. The chemistry tends to be isotropic, and the ion
bombardment of surfaces creates anisotropy in plasma-assisted pattern transfer.

By examining the relationship between pressure and ion energy, we can observe
that lower pressure leads to an increase in the mean free path and voltage drop near
the wafer electrode. This enables a more energetic and directional ion bombardment,
thereby enhancing anisotropy. However, the etching rate decreases as the density
of ions or free radicals diminishes.

1. Plasma mode: Pressure > 100mTorr
2. RIE mode: Pressure between 10mTorr and 100mTorr
The generator used for RIE is a ICP-RIE reactor, which has dual plasma source:

1. Top one (ICP) used to generate high-density plasma. This generator determines
the ion density.

2. Bottom one (CCP RF) used to generate bias voltage. This generator deter-
mines the ion energy.

Lastly, the control parameters for etchant species generation are the following:
1. Gas selection
2. Flow rate and pumping speed, thus the pressure.
3. Applied power and frequency
4. Bias voltage on powered electrode
While the parameters regarding etchant interaction with the surface are:
1. Geometrical factors of the structure being etched
2. Temperature of the substrate (usually substrate is cooled)

3. Nature of the substrate (composition of the substrate)

5.1.2 Endpoint detector

The Endpoint detector is employed during wafer etching to ensure that the etch
process stops at the ideal depth. By providing real-time feedback and control, the
endpoint detector enables precise detection of when to stop. While there are two
primary techniques for endpoint measurement, we utilize the Laser Interferometry
technique. [30]

The laser interferometry technique monitors the wafer by directing a small laser
spot onto its surface and gauging the intensity of the reflected light. A special
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camera is positioned at the apex of the etch chamber, capturing an image of the
wafer surface and focusing a laser spot onto it. This camera also captures the light
reflected from the laser, which is used to determine the wafer’s reflectance. The
key advantage of this technique is its ability to measure small samples and etch
depths within a transparent layer.

When the laser is focused on a single small spot, the endpoint trace will exhibit
layer interfaces with great clarity, particularly under high contrast conditions. In
the case of etching a transparent layer, the etch depth can be determined by
counting ripples in the reflected intensity. These ripples arise from interference
effects within the layer as its thickness varies. If we are etching until depth via
ripple counting, the accuracy is generally +1% or less; this assuming a sufficient
number of ripples in the reflectance and that the refractive index of the etched
layer is well characterised.

5.1.3 Etching of SiN

A recipe for SiN was used, but the results were not good as the etching was too slow
or even not present. The recipe for SiN nitride etching was doing more physical
etching than a chemical one. Because of this, the recipe was changed considering
that the material was not an stoichiometrical one, since the concentration of Si was
higher than the concentration of N given by the XPS data. Thus the recipe was
changed to a Silicon-etching recipe, in which the Pseudo Bosch process is used to
obtain a high aspect ratio of the structures.

The Bosch Process is a high-aspect ratio plasma etching process. The process
consist of the cyclic isotropic etching and fluorocarbon-based protection film de-
position by quick has switching. The SFg plasma cycle etches silicon, and the
C,Fg plasma cycle creates a protection layer. To achieve deep silicon etching with
high aspect ratio, both of the SF¢ plasma cycle and C,Fg plasma cycle need to
be optimized. The protection film needs to be thick enough to withstand the SFg
plasma cycle for highly anisotropic silicon etching. [31]

In this case we used a non-cyclic process: the Pseudo-Bosch process in which
the gases enter the chamber simultaneously, therefore the protection film and the
etching is done also simultaneously and the gases ratio should be well configured.
By etching a clean sample with SiN, it could be possible the fading of the yellowish
layer above the substrate, thus the etching has was well chosen. The parameter for
this recipe are:

1. RF power: 30W
2. ICP power: 1200W

3. SisFg gas flow rate: 50 sccm
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4. C,Fg gas flow rate: 50 scem

Then a sample with a previous lithography above in which we made the lift-off
process to have a Aluminum mask is used for the etching test: the results show
that the recipe could work for long etching times (figure 5.1). After the etching,
the hard mask of aluminum was removed to see the real profile of the structures:
the results show that the recipe could be a good option.

2m

b by s

xim [~

Figure 5.1: RIE test for the circles and squares lithography. Data taken with
optical profilometer

We tried to etch an EBL lithography with the same etching parameters and
only using resist as a mask (ma-n2401). The results shown that maybe the resist
was not thick enough to be used as a mask for the etching process (figure 5.2).
We tried to increase the selectivity by using an Aluminum mask with a previous
lithography using a positive resist (PMMA), however, we had another problem here
since the grating lines linewidth was reduced and the mask was no longer above
the material (figure 5.3).

At the end we end up using the EBL resist ma-n2405 to increase the resolution
and the thickness of the etching mask. With this solution we increased the thickness
of the final structures, nevertheless the mask was not still present when the etching
arrived till the end of the material layer as shown in the figure 5.4. This is an
unwanted feature as we want the waveguide to be as flat as possible to avoid
scattering of light.
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Figure 5.3: RIE test for EBL lithography using resist Aluminum as a mask

With all of these results in mind, we stop trying changing the mask but the
etching parameters to increase the selectivity of SiN over the resist. Considering
the paper written by M. D. Henry et al [32] the authors use a Pseudo-Bosch process
with the same gases used by us. However, the gas flow rates ratio are different and
the acceleration RF power also differs. Thus the new etching parameters are:

1. RF power: 20W
2. ICP power: 1200W
3. SiyFg gas flow rate: 33 scem

4. C4Fg gas flow rate: 57 sccm
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Figure 5.4: RIE test for EBL lithography using resist ma-n2405 as a mask

With this recipe, the density of ion or free radicals is kept the same, but as we
are reducing the RF power, the energy of the ions is reduced, thus the physical
etching is reduced with respect to the chemical one. Another important parameter
is the gases flow rate ratio: the C,Fg concentration is increased to stay higher than
the SiyFg concentration. In this way the C,Fg gas has enough time to create the
passivation film for the sides, therefore the linewidth of the grating lines is kept
almost constant. The result can be seen in the figure 5.5, where the resist still
remains as a mask, something we want to keep the flatness of the SiN layer. This
etching was done in a sample with SiN with thickness of around 550nm, thus the
final device thickness should not be the one shown in the figure but less (200nm),
but as this is a test for the etching recipe it is even better because a high aspect
ratio is in evidence.

5.1.4 Etching rate

By using the endpoint detector, it is possible to measure the etching rate of SiN
with the last used etching recipe. From all the samples we have deposited we only
achieved a good etching for the last ones. In the figure 5.6, it is shown that there are
ripples due to the laser interferometry since a layer if SiN is being etched. However,
a period change between the first interval (0s to 190s) and the second (190s to 348)
is present, this could mean that what we are etching is not a single material layer
but two. One hypothesis for this is that what we are etching at the beginning is a
thin layer of resist that still remained above the substrate after the development,
then the second interval is what we really care about. Once the ripples disappeared
or change in an abrupt way, it means that we’re meeting another layer (in this case
Glass). As the recipe is thought to have a high selectivity to SiN, the glass acts
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Figure 5.5: RIE test for EBL lithography using resist ma-n2405 as a mask. At
the left image the structure still have the resist mask above. At the right the resist
mask is removed

as a etching stop layer. In this way the way to know that we reach the bottom is
checking for a zero derivative reflectance signal.

Assuming that the etching of SiN is linear and it starts when the second interval
begins, the etch depth for a single period is:

)\laser

dperiod - 2nSiN
Where Ajgser is the wavelength of the laser used for interferometry (670nm in this
case [33]) and ng;y is the refractive index of the SiN layer. This means that for 4
periods seen in the figure, we are etching around 582nm of SiN, something that
makes sense as the sample had a nominal layer thickness of 570nm. To estimate
the etching rate from the acquired data, we simply divided the thickness of the
layer by the time of the second interval:

570nm
348.55s — 188.99s

nm
Tetch = ~ 3.57T

5.1.5 Final structures and problems

In the end, after the lithography processes, a final structure was obtained for each
lithography. At figure 5.7 an optical resonator was created to test the effectiveness
of the etching process at such small dimensions.

However, the final structure for the grating coupler and the waveguide is still in
progress since the etching is not as good as we expected when doing the alignment.
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Figure 5.6: Reflectance intensity data when etching a sample with a layer of SiN
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Figure 5.7: RIE test for EBL lithography of optical resonator

It can be seen in the figure 5.8 that the etching was better outside the structure,
but between the grating lines it can still be improved, for the contrast of the EBL
lithography wasn’t the best. In addition, there was an accumulation of resist next
to the coupling of the waveguide and the grating coupler that did not allow the
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correct structure etching. The process for the alignment still needs optimization
but is not done in this thesis due to the lack of time. One hypotheses for the cause
of low contrast in the lithographic process is that the resist is accumulated between
the alignment marks, thus increasing the thickness of the resist and therefore
increasing the required exposure dose.

det | tilt f—

WD ——5um
0.0kV 11.9 mm LVSED/| 25 ° |INRiM - Nanofacility Piemonte 29 PM (1% 5 25 ° INRIM - Nanofacility Piemonte

Figure 5.8: RIE of grating coupler aligned with waveguide

To test the coupling efficiency of the gratings, a structure was made without the
alignment, thus with only one lithographic step. In the figure 5.9 the mismatch
discussed previously is present, however it seems that the grating is at the right
angle with the waveguide and could be enough for the light coupling. This sample
was made with a grating period designed to couple light at normal incidence, as
explained in the next chapter.
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Figure 5.9: RIE of grating coupler aligned with waveguide
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Chapter 6
Device characterization

Once we have the final structure, the waveguide and the resonator can be charac-
terized. The waveguide can be characterized by implementing a lithography with
different lengths: this is done in order to calculate the extinction coefficient when
the wave travels inside the material. Considering that when light passes through
a medium, part of the light will always be absorbed, thus the complex refractive
index is defined as [34]:

n=n+jJK

A wave travelling in x direction has an electric field in the form:
E(z,t) = Eyexp (j(kx — wt)) = exp (—2mkx /o) Eo exp (j(kx — wt))

This means that the inclusion of the extinction coefficient (k) in the complex
refractive index results in an exponential decay depending on the traveled distance.
By increasing the distance, the field intensity is reduced, and by varying the
waveguide length, there will be enough information for the extinction coefficient
calculation (or absorption coefficient).

The measurement is done by applying an excitation light at one grating coupler
and the output is measured at the grating coupler on the other side of the waveguide
as shown in the figure 6.1 (The probes should have an inclination angle for the
coupling of the light with the waveguide). Of course this measurements will include
some losses given by the grating couplers. In order to apply this excitation, a
probe station is needed, where the injection of light from an optical fiber can be
optimized.

On the other hand, for the characterization of the resonator, the lithography
should include the two Bragg mirrors and the cavity. The difference is that in here
we only measure the light spectrum (frequency response) at the output for a given
input. What we expect should be something shown at the figure 2.15.

In this work, no characterization was performed since the device will be charac-
terized in the laboratories of another research institute and there was no source of

61



Device characterization

M

Figure 6.1: 3D model side view of the device and the 2 optic fibers for the input
and output signal

light for the spectrum response of the device. Therefore, only simple tests of the
waveguide without the resonator were made at our institute for now.

6.1 Waveguide and grating response

In order to test the coupling efficiency of the gratings on our setups we fabricated
a grating coupler with a different period (a period that will allow us to couple at
0°) for perpendicular coupling. A laser with the required wavelength was focused
by an optical condensator onto the grating, then an image is obtained with light
collected from the bottom as shown in the figure 6.2

The result for this setup is shown in the figure 6.3. Where it can be seen that
when focusing the laser beam into the grating coupler, there is no emitted light
at the other side. This could mean that most of the high intensity modes are not
being transport into the waveguide or that the coupling is not successful. This is
verified when seeing 2 spots at the two sides of the sample (fig 6.4), meaning that
the grating works but the light is not being coupled into the waveguide, instead is
transferred into the glass substrate. When the laser beam is being put just above
the grating, the sample starts to glow as if the substrate were acting as a waveguide
(fig 6.5).
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Laser source

Condensator

Sample

Lens

Lens

Camera

Figure 6.2: Simplified setup for the waveguide test

Figure 6.3: Waveguide test for perpendicular coupling. At the left image the spot
of the input laser beam is big enough to illuminate a great part of the grating. At
the right image, the spot is reduced and the image exposure time is increased in
order to see the entire waveguide, but no emitted light is seen at the output
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Figure 6.4: Sample being illuminated with the laser spot above the grating. The
waveguide is horizontal, thus there are two laser spots at left and right side of the
sample

Figure 6.5: Illuminated sample with condensator. At the left image, the sample
is being illuminated with a focusing beam outside the grating coupler. At the
right image, the laser spot is inside the grating, the sample glows due to the light
confinement inside the substrate since the glass substrate is acting as a waveguide.
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Chapter 7

Alternative strategies to
confine light

One option for the confinement of light is to use a metasurface as a mirror instead
of a Bragg mirror. Metasurfaces are composed of numerous nanoresonators called
meta-atoms. The arrangement of these meta-atoms affects light scattering, leading
to local modulation of the amplitude and phase of the electric and magnetic
fields. By selecting the geometrical dimensions, orientation, and material of each
nanoresonator, it is possible to achieve a high degree of freedom for engineered
light scattering. [35]

The article describes how transmission and reflection are modulated using an
infinite array of high refractive index nanopillars arranged in a square lattice
configuration. The unit cell consists of a glass substrate with a pillar standing
on it, and periodic boundary conditions are applied to the unit cell. The results
indicate that varying the height of the nanopillars shifts the resonance frequency
and increases the Q-factor up to 10° at specific frequencies (fig 7.1). This is
noteworthy because the high Q factor could be used for laser applications where a
narrow linewidth is important. Additionally, varying the pitch (P) of the unit cell
also shifts the transmittance.

One idea for the implementation of a resonator with this metasurface is pattern-
ing the cylinder array in the substrate of the sample, then an optical fiber is used
as the second mirror: in this way the cavity is located between the metasurface
and the optic fiber. In this configuration the optic fiber is already coupled to the
system so there is no need for a coupler like the grating coupler. A diagram of the
resonator can be seen in the figure 7.2
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Figure 7.1: At the left, the unit cell consisting of a diamond nanopillar on a glass
substrate with the indicated dimensions: D is the diameter of the cylinder, h is the
height of the cylinder and P is the pitch. At the right the Transmittance response
is shown at different cylinder heights

Figure 7.2: Idea for a resonator composed by a metasurface (at the bottom) and
a optical fiber (at the top), where the fiber acts as a mirror at the interface

7.1 Working principle of the metasurface

Rayleigh scattering is the process of light or other electromagnetic radiation being
scattered by particles that are much smaller than the wavelength of the radiation.
This type of scattering is mostly elastic. When the frequency of the light is lower
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than the resonance frequency of the scattering particle, the amount of scattering is
inversely proportional to the fourth power of the wavelength. [36]

The scattering occurs due to the electric polarizability of the particles. When a
light wave’s oscillating electric field interacts with the charges of the particle, it
causes them to move at the same frequency. Consequently, the particle behaves
like a small radiating dipole, leading to the scattering of light (fig 7.3).

Plane Wave (w,k) Electric Dipole (ED)
Scattered Field

Rayleigh Scattering

I

E,, H;

Figure 7.3: Rayleigh scattering description

When the size of the particles is comparable to or larger than the wavelength of
light, Mie theory is used to describe the scattering. Mie scattering is the solution
to Maxwell’s equations that describes the scattering of an electromagnetic plane
wave by a homogeneous sphere. The solution takes the form of an infinite series of
spherical multipole partial waves (fig 7.4) [37]. In this way, the final scattered field
is the sum of an electric dipole, a magnetic dipole, an electric quadrupole, and so
on.

Mie Scattering
- /

Figure 7.4: Mie scattering generated poles: Electric dipole, Magnetic dipole,
Electric quadrupole, Magnetic quadrupole, etc

The coefficients of the series for the final forward and backward scattered wave
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In the article written by Kerker et. al [38], the authors explain that when the
magnetic permeability and the dielectric permittivity are equal (1 = €), so are the
coefficients a and b (a,, = b). This means that the the final backward scattering is
zero and the only type of scattering is the forward one. This is the main behavior
behind the suggested metasurface.

7.2 Electric and magnetic poles in the metasur-
face

When varying the height of the cylinder, there is a point where the Q factor is
maximized. At this point, two magnetic dipoles and one electric quadrupole are
created inside the cylinder (fig 7.5), allowing the scattering for the previously shown
transmittance response.

7.3 Metasurface implementation

To test if the structure implementation is feasible, a whole process of lithography
and etching was made. First a CAD consisting of an array of filled circles was
created, then we followed the same EBL lithography process as the one previously
done for the grating coupler. Finally an etching step was done to obtain the pillars
as shown in the figure 7.6. The CAD occupies an area of 64um x 64um, consisting
of circles of diameter D = 220nm, height the same as the SiN layer (H ~ 550nm)
and pitch of P = 330nm, in this way 200 circles by each side can fit the area.

By illuminating the metasurface with collimated white light, the transmitted
light can be collected and the spectrum analyzed with a spectrometer. In this way,
the frequency response can be measured since the white light contains a broad
spectrum. After collecting the data, by doing a comparison between the simulated
and experimental data (figure 7.7), it can be seen that the simulated spectra
both show three resonances, although there is a shift probably due to geometrical
differences. In this case the simulation was performed taking into account the real
parameters of the metasurface, this is the real dimensions of height, diameter and
period taken from the SEM microscope; this is why there are three resonances
instead of one as shown before.
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X

Figure 7.5: Lateral view of the cylinder electric (E) and magnetic (H) fields. The
flux lines show the creation of two magnetic dipoles and one magnetic quadrupole

WD mag B | det tilt —— 500 nm ——
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Figure 7.6: SEM image of the sample after doing RIE process on it. An EBL
pattering of a circle matrix was done before to use the resist as a mask for etching
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Figure 7.7: Comparison of simulated and experimental results. At the left
image, the simulated optical transmittance with COMSOL. At the right image,
the experimental optical transmittance of the metasurface. There are 3 resonance
frequencies where the reflection is increased
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Appendix A

Code implementation for
CAD design

cUo W

ot

-~

NN ONNN NN NN

[0

import ezdxf

| import math

import numpy as np
import tkinter as tk

i|# Convert from cartesian to polar
/| def cart2pol(x, y):

rho = np.sqrt (x**2 + y**2)
phi = np.arctan2(y, x)

return (rho, phi)

2|# Convert from polar to cartesian
sl def pol2cart (rho, phi):

x = rho * np.cos(phi)

y = rho % np.sin(phi)
return(x, y)

s|# Sum of cartesian coordinates:

def sum_of cart_coord(a, b):
coord = [(a[i] + b[i]) for i in range(len(a))]
return tuple (coord)

def neg_of cart_coord(a):

coord = [(—a[i]) for i in range(len(a))]
return tuple (coord)
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20| def draw_waveguide_ coupler () :

30 # create a new DXF R2010 document

31 doc = ezdxf.new("R2010", setup=True)

32 doc.set__modelspace_vport (height=10, center=(0, 0))

33

34 # add new entities to the modelspace

35 msp = doc.modelspace ()

36

37 # Define the units of the file

38 doc.header [ "SINSUNITS"| = 13 # 13 for microns

39

40 # Variables:

a1 waveguide_width = float (fields [’ waveguide_width’]. get ())

42 waveguide lenght = float (fields [ waveguide lenght’]. get())

13 linewidth = float (fields[’linewidth’]. get())

44 distance__between_circles = float (fields [’ distance between_ circles
] get ()

15 aperture_angle = float (fields [ aperture_angle’].get())

46 number_of_circles = int (fields [’ number_of_ circles’].get())

a7 d_waveguide_coupler = float (fields|[’d waveguide coupler’].get())

48 add__contour = int (fields [’ add_ contour’].get())

19 separation__contour = float (fields [’ ’separation_contour’].get())

50 width__contour = float (fields [ width_contour’]. get())

52 add_dbr = int (fields[’add_dbr’].get())

53 dbr_cavity_lenght = float (fields[’dbr cavity lenght’].get())
54 dbr_period = float (fields [ ’dbr_period’].get())

dbr_linewidth = float (fields [ ’dbr_linewidth’].get())

56 dbr_number_lines = int (fields [ dbr_number_lines’]. get ())

58

59 ## Calc of angles to rad (index 0 for right, 1 for left)

60 start_angle rad = (—(aperture_ angle/2)/180*math.pi, (—(
aperture_angle /2)+180)/180%math. pi)

61 final_angle_rad = ((aperture_angle/2)/180%math.pi, ((
aperture_angle /2)+180)/180*math. pi)
62 aperture_angle rad = aperture_angle/180«math. pi

64 start_angle. DBR_rad = (—(aperture_angle/2)/180*math.pi, ((
aperture_angle /2)+180)/180*math. pi)
65 final _angle. DBR_rad = ((aperture_angle/2)/180«math.pi, (—(
aperture_angle /2)+180)/180*math. pi)
66
67 # Calcs before the design

68 coupler first radius = waveguide width/(2+np.sin (
aperture_angle_rad/2))

69 coupler_shift = math.sqrt(coupler_first_radius*x2—waveguide_width
xx2/4)
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Code implementation for CAD design

coupler_center_absolute = ((waveguide_lenght/2—coupler_shift, 0),
(—(waveguide_lenght/2—coupler_shift), 0))

# Design of the waveguide
if add_dbr = 1:
# Design of the cavity
points__cavity = []

pos_0 = (—dbr_cavity_lenght /2, —waveguide width/2)
points__cavity .append ((pos_0[0], pos_0[1], 0, 0, 0))

pos_1 = (dbr_cavity_lenght /2, —waveguide_width/2)
points_ cavity .append ((pos_1[0], pos_1[1], 0, 0, 0))

pos_2 = (dbr_cavity_ lenght /2, waveguide width/2)
points__cavity .append ((pos_2[0], pos_2[1], 0, 0, 0))

pos_3 = (—dbr_cavity_lenght /2, waveguide width/2)
points_ cavity .append ((pos_3[0], pos_3[1], 0, 0, 0))

pos_4 = pos_0
points__cavity .append ((pos_4[0], pos_4[1], 0, 0, 0))

msp.add_ lwpolyline (points__cavity)

first__distance = dbr_cavity_lenght/2 — dbr_linewidth/2 +
dbr_ period
line_vector = [(first__distance + dbr_period*i) for i in range
(dbr_number_lines) ]
bragg constants = (1,—1)
for bragg mirror in range(2):
for line in line vector:
dbr_drawing = []
line_pos = (line+dbr_linewidth /2)xbragg_ constants]
bragg mirror]
line_neg = (line—dbr_linewidth/2)xbragg constants]
bragg mirror ]

pos_0 = (line_neg, —waveguide_width/2)
dbr_drawing.append ((pos_0[0], pos_0[1], 0, 0, 0))

pos_1 = (line_pos, —waveguide_ width/2)
dbr_drawing.append ((pos_1[0], pos_1[1], 0, 0, 0))

pos_2 = (line_pos, waveguide width/2)
dbr_drawing.append ((pos_2[0], pos_2[1], 0, 0, 0))

pos_3 = (line_neg, waveguide_width/2)
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Code implementation for CAD design

dbr_drawing.append ((pos_3[0], pos_3[1], 0, 0, 0))

pos_4 = pos_0
dbr_drawing.append ((pos_4[0], pos_4[1], 0, 0, 0))

msp.add_ lwpolyline (dbr_ drawing)
# Design of the waveguide after the cavity

initial _pos_dbr = line_vector[—1] + dbr_period —
dbr_linewidth /2

waveguide_constants = (1,—1)
for waveguide side in range(2):
points__waveguide = []

if d_waveguide_ coupler < (coupler_first_ radius—

coupler_shift):

R = coupler_first_radius

# Point at the left down corner:

pos_0 = (initial_pos_dbrxwaveguide_constants |
waveguide_side], —waveguide_width/2)

points_ waveguide .append ((pos_0[0], pos_0[1], 0, 0, 0)
)

# Point at the right down corner:

pos_1 = (waveguide_lenght /2xwaveguide__constants |
waveguide_side], —waveguide_width/2)

arc_left_right = ezdxf.math.arc_to_bulge((0,0),
start_angle rad|[waveguide_side], final angle rad]|[waveguide_ side],
R)

points__waveguide.append ((pos_1[0], pos_1[1], 0, O,
arc_left_right [2]* waveguide_constants [waveguide_side]))

# Point at the right up corner:

pos_2 = (waveguide_lenght/2xwaveguide_constants|
waveguide_side], waveguide_ width/2)

points__waveguide.append ((pos_2[0], pos_2[1], 0, 0, 0)
)

# Point at the left up corner

pos_3 = (initial pos_dbrxwaveguide_ constants |
waveguide_side], waveguide_ width/2)

points__waveguide.append ((pos_3[0], pos_3[1], 0, 0, 0)
)

# Point at the left down corner:
pos_4 = pos_0
points__waveguide .append ((pos_4[0], pos_4[1], 0, 0, 0)

else:
R = d_waveguide_coupler + coupler_ shift
# Point at the left down corner:
pos_0 = (initial pos_dbrxwaveguide_constants |
waveguide_side]|, —waveguide width/2)
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148 points__waveguide.append ((pos_0[0], pos_0[1], 0, 0, 0)
)

149 # Point at the right down corner:

150 pos_1 = (waveguide_lenght/2xwaveguide_constants |
waveguide_side]|, —waveguide_width /2)

151 points__waveguide.append ((pos_1[0], pos_1[1], 0, 0, 0)

)

152 # Point at the right down extra corner:

153 pos_2 = sum_ of cart_coord(coupler_center_absolute |
waveguide_side], pol2cart (R, start_angle DBR_rad[waveguide_ side]))

154 arc_right = ezdxf.math.arc_to_bulge((0,0),
start__angle_rad [waveguide_side], final_angle_rad[waveguide_side],
R)

155 points__waveguide .append ((pos_2[0], pos_2[1], 0, 0,
arc_right [2]* waveguide_ constants [waveguide_side]))

156 # Point at the right up extra corner:

157 pos_3 = sum_ of_cart_coord(coupler_center__absolute |
waveguide_side], pol2cart (R, final_angle. DBR_rad|[waveguide_side]))

158 points__waveguide.append ((pos_3[0], pos_3[1], 0, 0, 0)

)

159 # Point at the right up corner:

160 pos_4 = (waveguide_lenght/2xwaveguide__constants |
waveguide_side], waveguide_width/2)

161 points__waveguide.append ((pos_4[0], pos_4[1], 0, 0, 0)
)

162 # Point at the left up corner

163 pos_5 = (initial_pos_dbrxwaveguide_constants |
waveguide side], waveguide width/2)

164 points__waveguide.append ((pos_5[0], pos_5[1], 0, 0, 0)
)

165 # Point at the left down corner:

166 pos_6 = pos_0
167 points__waveguide.append ((pos_6[0], pos_6[1], 0, 0, 0)

168

169 msp.add_lwpolyline (points__waveguide)

170

171 else:

172 points__waveguide = []

173 if d_waveguide_ coupler < (coupler_first radius—coupler_shift)
174 R = coupler_first_radius

175 # Point at the left down corner:

176 pos_0 = (—waveguide_lenght /2, —waveguide_width/2)

177 points__waveguide.append ((pos_0[0], pos_0[1], 0, 0, 0))
178 # Point at the right down corner:

179 pos_1 = (waveguide_lenght /2, —waveguide_width/2)

180 arc_right = ezdxf.math.arc_to_bulge((0,0),

start__angle_rad[0], final_angle_rad[0], R)
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Code implementation for CAD design

points_waveguide.append ((pos_1[0], pos_1[1], 0, O,
arc_right [2]))

# Point at the right up corner:

pos_2 = (waveguide_lenght /2, waveguide width/2)

points__waveguide.append ((pos_2[0], pos_2[1], 0, 0, 0))

# Point at the left up corner

pos_3 = (—waveguide lenght /2, waveguide width/2)

arc_left = ezdxf.math.arc_to_bulge((0,0), start_angle rad
[1], final_angle_rad[1l], R)

points_ waveguide .append ((pos_3[0], pos_3[1], 0, 0,
arc_left [2]))

# Point at the left down corner:

pos_4 = pos_0

points__ waveguide .append ((pos_4[0], pos_4[1], 0, 0, 0))

else:

R = d_waveguide_coupler + coupler_shift

# Point at the left down corner:

pos_ 0 = (—waveguide lenght /2, —waveguide width/2)

points__waveguide.append ((pos_0[0], pos_0[1], 0, 0, 0))

# Point at the right down corner:

pos_1 = (waveguide_lenght /2, —waveguide_width/2)

points waveguide.append ((pos_1[0], pos_1[1], 0, 0, 0))

# Point at the right down extra corner:

pos_2 = sum_ of_cart_coord(coupler_center_absolute [0],
pol2cart (R, start_angle_rad[0]))

arc_right = ezdxf.math.arc_to_bulge((0,0),
start_angle rad[0], final angle rad[0], R)

points_waveguide.append ((pos_2[0], pos_2[1], 0, O,
arc_right [2]))

# Point at the right up extra corner:

pos_3 = sum_of cart_coord(coupler_center_absolute[0],
pol2cart (R, final angle rad([0]))

points__waveguide .append ((pos_3[0], pos_3[1], 0, 0, 0))

# Point at the right up corner:

pos_4 = (waveguide_lenght /2, waveguide_ width/2)

points__waveguide.append ((pos_4[0], pos_4[1], 0, 0, 0))

# Point at the left up corner

pos_ 5 = (—waveguide lenght /2, waveguide width/2)

points_waveguide.append ((pos_5[0], pos_5[1], 0, 0, 0))

# Point at the left up extra corner:

pos_6 = sum_ of cart_coord(coupler_center_absolute[1],
pol2cart (R, start_angle rad[1]))

arc_left = ezdxf.math.arc_to_bulge((0,0), start_angle rad
[1], final_angle_rad[1], R)

points__waveguide.append ((pos_6[0], pos_6[1], 0, O,
arc_left [2]))

# Point at the left down extra corner:

pos_7 = sum_of cart_coord(coupler_ center_absolute[1],
pol2cart (R, final_angle_rad[1]))
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Code implementation for CAD design

points_ waveguide .append ((pos_7[0], pos_T7[1], 0, 0, 0))
# Point at the left down corner:

pos_8 = pos_0

points_waveguide .append ((pos_8[0], pos_8[1], 0, 0, 0))

msp.add_ lwpolyline (points_ waveguide)

# Design of the bragg couplers:
inner_radius = R-linewidth/24+distance_between_ circles
radius__vector = [(inner_radiust+distance_between_circlesxi) for i
in range(number_of_circles)]
for coupler in range(2):

for radius in radius_vector:

points_drawing = []
radius__pos = radius+linewidth /2
radius_neg = radius—linewidth /2

# Point for start_ angle in small circle

pos_0 = sum_ of cart_coord(coupler_center_absolute[coupler
|, pol2cart(radius_neg, start_angle_ rad|[coupler]))

point_arc_0 = ezdxf.math.arc_to_bulge((0,0),
start__angle_rad[coupler], final angle_ rad[coupler], radius_neg)

points_ drawing.append ((pos_0[0], pos_0[1], 0, 0,
point_arc_0[2]))

# Point for final angle in small circle

pos_1 = sum_ of_cart_coord(coupler_center__absolute[coupler
], pol2cart(radius_neg, final angle rad[coupler]))

points_ drawing.append ((pos_1[0], pos_1[1], 0, 0, 0))

# Point for final angle in big circle

pos_2 = sum_ of_cart_coord(coupler_center__absolute[coupler
|, pol2cart(radius_pos, final angle_rad|[coupler]))

point_arc_2 = ezdxf.math.arc_to_bulge((0,0),
start__angle_rad[coupler], final_ angle_rad[coupler], radius_pos)

points_ drawing.append ((pos_2[0], pos_2[1], 0, 0, —
point_arc_2[2]))

# Point for start_ angle in big circle

pos_3 = sum_ of__cart_coord(coupler__center__absolute[coupler
], pol2cart(radius pos, start angle rad[coupler]))

points_ drawing.append ((pos_3[0], pos_3[1], 0, 0, 0))

# Point for start_ angle in small circle

pos_4 = pos_0

points_drawing.append ((pos_4[0], pos_4[1], 0, 0, 0))

msp.add_lwpolyline (points_ drawing)

# Design of the contour:

7




Code implementation for CAD design

separation_ contour_inner = separation_contour
separation_contour_outter = separation_ contour + width_contour
if add_contour = 1:

half angle_coupler = (180—aperture_angle/2)/2
half angle_ coupler_rad = half angle coupler/180«math. pi
points__contour = []

# Inner contour variables:
x_shift_contour_inner = separation_contour_inner/np.tan(
half angle_ coupler_rad)

contour__inner_ first_ radius = (waveguide width +
separation_ contour_inner=*2)/(2xnp.sin (aperture_angle rad/2))

contour__inner_shift = math.sqrt(contour_inner_first_ radius
*x*2—(waveguide_width + separation_ contour_ inner=2)*%2/4)

contour__inner_center_relative = (((waveguide_lenght—

x_shift_contour_inner*2)/2—contour_inner_shift, 0), (—((
waveguide_lenght—x_ shift_contour_inner=*2)/2—contour_inner_shift),

0))

contour_inner_center_absolute = (
contour inner center relative [0] , contour_inner_ center_ relative
[1])

final inner_radius = ((radius_vector[—1] + linewidth/2) —
x_shift_contour_inner — coupler_ first radius) +
contour__inner_ first_ radius + separation_contour_inner

final inner_radius_correction = (radius_vector[—1] +
linewidth /2) + separation__contour_inner

inner_aperture_angle rad = (aperture_angle radsx

final inner_ radius_correction + separation_contour_innerx2)/
final inner radius correction

inner__aperture_angle = inner_aperture_angle_rad/math. pi*180

start__inner_angle_rad = (—(inner_aperture_angle/2)/180«math.
pi, (—(inner_aperture_angle/2)+180)/180*math. pi)

final inner_ angle rad = ((inner_aperture_angle/2)/180«math. pi

, ((inner_aperture_angle/2)+180)/180+math. pi)

# Drawing of inner contour:

# Point at the left down corner:

pos_0 = (—waveguide_lenght/2 + x_shift_contour_inner, —
waveguide width /2 — separation_contour_ inner)

points_contour.append ((pos_0[0], pos_0[1], 0, 0, 0))

# Point at the right down corner:

pos_1 = (waveguide_lenght/2 — x_shift_contour_inner, —
waveguide width /2 — separation_contour_inner)

points__contour.append ((pos_1[0], pos_1[1], 0, 0, 0))

# Point at the right down extra corner:
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Code implementation for CAD design

pos_2 = sum_ of_cart_coord(contour_inner_center_absolute [0],
pol2cart (final_inner_radius, start_angle_rad[0]))

arc_right = ezdxf.math.arc_to_bulge((0,0),
start__inner_angle rad[0], final inner_angle rad[0],
final inner_ radius_ correction)

points__contour.append ((pos_2[0], pos_2[1], 0, 0, arc_right
2]))

# Point at the right up extra corner:

pos_3 = sum_ of_ cart_coord(contour_inner_center_absolute[0],
pol2cart (final inner_ radius, final angle rad[0]))

points_contour.append ((pos_3[0], pos_3[1], 0, 0, 0))

# Point at the right up corner:

pos_4 = (waveguide_lenght/2 — x_shift_ contour_inner ,
waveguide_width /2 + separation_ contour_inner)

points__contour.append ((pos_4[0], pos_4[1], 0, 0, 0))

# Point at the left up corner

pos_5 = (—waveguide_lenght/2 + x_shift_contour_inner ,
waveguide_width /2 + separation_ contour_inner)

points__contour.append ((pos_5[0], pos_5[1], 0, 0, 0))

# Point at the left up extra corner:

pos_6 = sum_ of cart_coord(contour_inner_center_absolute[1],
pol2cart (final inner_radius, start_angle_ rad[1]))

arc_left = ezdxf.math.arc_to_bulge((0,0),
start__inner__angle_rad[1], final_inner_angle rad[1],
final inner_ radius_ correction)

points__contour.append ((pos_6[0], pos_6[1], 0, 0, arc_left[2])
)

# Point at the left down extra corner:

pos_7 = sum_of__cart_coord(contour_inner_center_absolute[1],
pol2cart (final inner_radius, final angle_rad[1]))

points__contour.append ((pos_7[0], pos_7[1], 0, 0, 0))

# Point at the left down corner:

pos_8 = pos_0

points__contour.append ((pos_8[0], pos_8[1], 0, 0, 0))

# Outter contour variables:
x_shift contour outter = separationicontourioutter/np.tan(
half angle_coupler_rad)

contour_outter_first_ radius = (waveguide width +
separation_contour_outter*2)/(2«np.sin (aperture_angle rad/2))

contour__outter_shift = math.sqrt(contour_outter_ first_radius
x%2—(waveguide__width + separation_contour_outter=2)*%2/4)

contour__outter_center_relative = (((waveguide_lenght—

x_ shift__contour_outter*2)/2—contour_outter_shift, 0), (—((
waveguide_lenght—x_ shift_contour_outter=*2)/2—contour_outter_shift)

» 0))
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contour_outter__center__absolute = (
contour_ outter center relative [0] , contour__outter_center_relative
[1])
final outter_radius = ((radius_vector[—1] + linewidth/2) —
x_shift__contour_outter — coupler_first_ radius) +
contour_outter_first radius + separation_contour_outter
final_outter_radius_correction = (radius_vector[—1] +
linewidth /2) + separation_contour_outter
outter_aperture_angle rad = (aperture_angle_ radsx

final outter radius_correction + separationicontourioutter*2)/
final outter radius_correction

outter__aperture_angle = outteriapertureiangleirad/math.pi*180

start_outter_angle_rad = (—(outter__aperture_angle/2)/180xmath
.pi, (—(outter__aperture_angle/2)+180)/180+math.pi)

final outter_angle rad = ((outter_ aperture_ angle/2)/180xmath.
pi, ((outter_aperture_angle/2)+180)/180*math. pi)

# Drawing of outter contour:

# Point at the left down corner:

pos_9 = (—waveguide_lenght/2 + x_shift_ contour_outter, —
waveguide_width/2 — separation_ contour_outter)

points__contour.append ((pos_9[0], pos_9[1], 0, 0, 0))

# Point at the left down extra corner:

pos_10 = sum_ of cart_coord(contour_outter_center_absolute[1],
pol2cart (final outter radius, final angle rad[1]))

arc_left = ezdxf.math.arc_to_bulge((0,0),
start_outter__angle_rad[1], final_ outter_angle_rad[1],
final _outter_radius_ correction)

points_contour.append ((pos_10[0], pos_10[1], 0, 0, —arc_left
[2]))

# Point at the left up extra corner:

pos_11 = sum_ of_cart_coord(contour_outter_center__absolute[1],
pol2cart (final_outter_radius, start_angle_rad[1]))

points__contour.append ((pos_11[0], pos_11[1], 0, 0, 0))

# Point at the left up corner

pos_12 = (—waveguide_lenght/2 + x_shift_contour_outter,
waveguide_width/2 + separation_ contour_outter)

points__contour.append ((pos_12[0], pos_12[1], 0, 0, 0))

# Point at the right up corner:

pos_13 = (waveguide_lenght/2 — x_ shift_contour_outter,
waveguide width/2 4+ separation_ contour_outter)

points_contour.append ((pos_13[0], pos_13[1], 0, 0, 0))

# Point at the right up extra corner:

pos_14 = sum_ of_cart_coord(contour_outter__center__absolute [0],
pol2cart (final_outter_radius, final angle_rad[0]))

arc_right = ezdxf{.math.arc_to_bulge((0,0),
start__outter angle rad[0], final outter_ angle rad][0],
final _outter_radius_ correction)
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points__contour.append ((pos_14[0], pos_14[1], 0, 0, —arc_right
(2]))

# Point at the right down extra corner:

pos_15 = sum_ of cart_coord(contour_outter_center_absolute[0],
pol2cart (final outter_radius, start_angle rad[0]))

points__contour.append ((pos_15[0], pos_15[1], 0, 0, 0))
# Point at the right down corner:
pos_16 = (waveguide_lenght/2 — x_shift_contour_outter, —
waveguide_width/2 — separation_contour_outter)
points__contour.append ((pos_16[0], pos_16[1], 0, 0, 0))
# Point at the left down corner:
pos_17 = pos_9
points__contour.append ((pos_17[0], pos_17[1], 0, 0, 0))
# Point at the left down corner:
pos_18 = pos_0
points_contour.append ((pos_18[0], pos 18[1], 0, 0, 0))
msp. add__lwpolyline (points__contour)
# save the DXF document
doc.saveas("line.dxf")
# Calculate the center in x of both gratings:
angles_ 0_pi = [0, math. pi]
for coupler in range(2):
radius_ for__center__min = radius_vector[0]—linewidth /2
position_a = sum_ of_ cart_coord(coupler_center__absolute |
coupler |, pol2cart(radius_for_center_min, start_angle_rad[coupler
1))
position_a_x = position_a[0]
radius_ for_ center_max = radius_vector[—1]+linewidth /2
position_b = sum_ of_ cart_coord(coupler_center__absolute |
coupler], pol2cart(radius_for_center_max, angles_0_pi[coupler]))
position_b_x = position_b[0]
center grating = (position_a_x + position_b_x)/2
file_ txt.write(str(center_grating))
file_txt.write(’\n’) # End of the line
print ("Done")
window = tk.Tk() # Instantiate and instance of a window

window . geometry ("350x1000")
window. title ("Optical Resonator Designer")
window . config ()
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392
303|# Initialize the fields:
301 fields = {}

395
306|# Waveguide width:

s07| fields [ "waveguide__width_label’] = tk.Label(text="Waveguide width (um)

s0s| fields [ ’waveguide__width’] = tk.Entry ()

30| fields [ waveguide width’].insert (0, str(2))
400
1w01|# Waveguide lenght :

a02| fields [ "waveguide_lenght_label’] = tk.Label(text="Waveguide lenght (
um) : )

a3| fields [ ’waveguide_lenght’] = tk.Entry ()

w1| fields [ "waveguide lenght’].insert (0, str(200))

405
106|# Linewidth :

w7| fields [ ’linewidth_label’] = tk.Label(text="Linewidth (um): ")
ws| fields [’linewidth '] = tk.Entry ()

a9| fields [ ’linewidth ' ].insert (0, str(0.314))

410
1s1|# Distance between circles:

12| fields [ "distance__between_circles_label’] = tk.Label(text="Coupler
period (um): )

a3 fields [ 7distance__between_circles’] = tk.Entry()

s4| fields [ "distance between circles’].insert (0, str(0.628))

415
116|# Number of circles:

a7 fields [ 'number_of_circles_label’] = tk.Label(text="Number of circle
segments: )

a15| fields [ 'number_of circles’] = tk.Entry ()

20| fields [ "'number of circles’].insert (0, str(163))

420
121|# Aperture angle:

12| fields [ aperture__angle_label’] = tk.Label(text="Aperture angle (
degrees): )

123 fields [ "aperture_angle’] = tk.Entry ()

14| fields [ "aperture angle’].insert (0, str(40))

425
126|# Distance from waveguide edge to bragg coupler:

w27 fields [ ’d_waveguide_coupler_label’] = tk.Label(text="Distance from
waveguide edge to bragg coupler (um):’)

15| fields [ ’d_waveguide_coupler’] = tk.Entry ()

19| fields [ 7d_waveguide_coupler’].insert (0, str(5))

430
a31|# Add contour to the design:

12| fields [ ’add__contour_label’] = tk.Label(text="Add contour to the
design (1 for yes, 0 for mno):’)

133 fields [ add__contour’] = tk.Entry ()
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131 fields [ add__contour’].insert (0, str(0))

435
136|# Distance of separation of the contour:
as7| fields [ ’separation contour_ label’] = tk.Label(text="Distance of

separation of the contour (um):’)

15| fields [ ’separation__contour’] = tk.Entry ()

19| fields [ ’separation__contour’].insert (0, str(0.308))

440

aa1|# Width of the contour:

a2| fields [ "width_contour label’] = tk.Label(text="Width of the contour (

um): )

ws| fields [ width__contour’] = tk.Entry ()

14| fields [ ’width__contour’].insert (0, str(0.200))

445

16|# Add Distributed Bragg Reflector to the design:

17| fields [ ’add dbr label’] = tk.Label(text="Add DBR to the design (1 for

yes, 0 for mno):”)

ws| fields [ ’add_dbr’] = tk.Entry ()

a9| fields [’add_dbr’].insert (0, str(0))

450

a51|# Cavity lenght :

12| fields [ dbr__cavity lenght label’] = tk.Label(text="DBR Cavity lenght

(um) : *)

153 fields [ dbr__cavity_lenght’] = tk.Entry ()

w51 fields [ dbr__cavity_lenght’].insert (0, str(0.245))

455

156|# Bragg period:

157| fields [ ’dbr__period_label’] = tk.Label(text="DBR period (um):’)

155 fields [ 7dbr_period’] = tk.Entry ()

1s9| fields [ 7dbr__period’].insert (0, str(0.245))

460

161|# Bragg linewidth:

162 fields [ 7dbr_linewidth_label’] = tk.Label(text="DBR linewidth (um): ")

163 fields [ 7dbr_linewidth’] = tk.Entry ()

161 fields [ 7dbr_linewidth’].insert (0, str(0.1225))

465

166|# Bragg # of lines:

s67| fields [ ’dbr_number_lines_ label’] = tk.Label(text="DBR number of lines
)

a5 fields [ dbr_number_lines’] = tk.Entry ()

a9| fields [ 7dbr_number_lines’].insert (0, str(2))

470

471

472

473

ara| for field in fields.values():

475 field .pack(anchor=tk .W, padx=10, pady=5, fill=tk.X)

476
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tk.Button(text="Draw waveguide with grating coupler’, command=
draw__waveguide__coupler) . pack (anchor=tk .W, padx=10, pady=5, fill=tk
.X)

file_txt = open(’Eq_grating distances.txt’, 'w’)

window . mainloop ()
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