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Sommario

La tesi tratta della deposizione e caratterizzazione di strati di SiOC, per
applicazioni di ottica integrata, mediante RF magnetron sputtering reatti-
vo o deposizione chimica da vapore assistita da plasma. Viene analizzata,
attraverso la misura di proprietà fisiche e ottiche di campioni ottenuti con
differenti ricette, la dipendenza tra le caratteristiche dei campioni e i diversi
parametri di deposizione associati. Attraverso la rielaborazione dei risultati
ottenuti, è stato possibile individuare l’influenza dei singoli parametri sulle
proprietà finali dei film ottenuti. Vengono quindi esposti i processi di otti-
mizzazione di fotolitografia ed etching, portando anche molteplici esempi di
risultati ottenuti attraverso immagini ottenute sia al microscopio ottico che
a quello elettronico, presentando infine una ricetta ottimizzata per film preso
in considerazione.
La caratterizzazione funzionale dei dispositivi ottenuti si compone della sti-
ma delle perdite di propagazione attraverso la tecnica di cutback e lo studio
della risposta di alcuni componenti integrati.
La stima del coefficiente termo ottico del campione, ottenuta attraverso l’u-
tilizzo di un termistore, ed alcune misure di non linearità con le successive
considerazioni finali sul materiale concludono la tesi.

Questo lavoro è stato interamente sviluppato presso la camera bianca di
Polifab, il centro di micro e nano tecnologie del Politecnico di Milano, ed il
laboratorio del gruppo di dispositivi fotonici del Politecnico di Milano.
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Abstract

This thesis work is about the deposition and characterization of SiOC lay-
ers, for integrated photonics applicatons, obtained by reactive RF magnetron
sputtering and plasma-enhanced chemical vapor deposition.
Through the measurement of both physical and optical properties, the re-
lation between those properties and the recipe parameters was investigated
and a roadmap for future deposition is traced.
The optimization of lithography and etching for the realization of photonic
integrated circuits is presented, bringing also some examples of results ob-
tained with di�erent recipes in the form of SEM image or optical microscope
images. A �nal recipe is �xed.
The waveguide characterization is composed by the estimation of the losses
due to propagation and to the coupling between the �bers and the waveg-
uides, through the cut-back tecnique.
The thermo-optic coe�cient estimation, obtained by the implementation in
the measurement setup of a thermoelectric cooler, based on the Peltier e�ect,
and some non-linear measurements concludes the thesis.

This work has been developed at Polifab clean room facilities, the micro
and nano technology center of the Politecnico di Milano, and at the photonic
devices lab of the Politecnico di Milano.
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Chapter 1

Introduction

Integrated photonics has emerged as one of the most interesting technology
in the 21st century. The need for higher bandwidth has stimulated the rapid
growth of integrated photonics technology. However, integrated photonics
is no more limited to telecommunications. Its bene�ts are realized in other
important �elds including biophotonics [1], sensing [5], medicine [2], etc.
Integrated photonics imply the fabrication of di�erent miniaturized compo-
nents with di�erent functionalities on a chip forming a photonic integrated
circuits (PICs) that can manipulate or control signals in the form of light
beams. Integrated photonics is capable of providing very high bandwidth
for transmission and routing of vast amounts of high-speed data, that is
not possible with electronics. Since photonic integration obviates the need
for individual components, the number of packages is reduced substantially.
And since the packaging cost of an optical component typically amounts for
at least 50 - 80% of the total cost, integrated solutions are far more cost
e�ective. [3]

1.1 The need of high index contrast

In the past years, the key word in the technology environment was scalabil-
ity: every device we use is the result of a long process of scalability. The
smaller the individual components and their interconnection, the higher the
integration density that can be achieved and the more pro�t is gained from
the integration e�ort. A good measure of the achievable density can be the
minimum waveguide bending radius that can be used without excess loss [6].
We de�ne index contrast [4]

� n =
n2

core � n2
cladding

2n2
core

(1.1)
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wherencore is the refractive index of the core material, andncladding the one
of the cladding material.
In the past, the index contrast has always been considered predetermined
by technological constraints such as material availability, layer compatibility,
deposition techniques, etching processes and so on and limited to the low
index contrast concept, glass based materials, large modes and adiabatic de-
vices.
In the last decade, however, both circuit design techniques and technologies
have been making e�orts to overcome both the technological and the con-
ceptual constraints on the index contrast trying to exploit this parameter to
optimise the waveguide behaviour with respect to new requirements, �rst of
all the scale of integration and the �exibility added to the design of both
waveguides and circuits.

1.2 State of the art of integrated photonics

For waveguide-based passive devices, the most widely used platforms are
dielectrics that include germanium doped silica (Ge:SiO2), silicon oxyni-
tride (SiON) and silicon nitride (SiN). These classical technologies are well-
consolidated and have long been used in fabricating complex photonic inte-
grated circuits (PICs).

1.2.1 Silicon Oxynitride

SiON is an amorphous material and was considered interesting for integrated
photonics by several scientist [7], as its refractive index that can be tuned
in the range between silica (1.45) and silicon nitride (2.0). SiON is mainly
developed by chemical vapor deposition (CVD) process using gas precursors,
usually silaneSiH 4, ammonia NH 3, nitrous oxide N2O and nitrogen N2.
Several works demonstrated photonic waveguides and complex devices in
SiON for telecommunication applications. However the drawbacks of SiON
were soon discovered.
First, it exhibited a pronounced absorption peak at 1510 nm caused by vibra-
tional overtones of the N�H and Si�H bonds, this brings to the necessity of a
very high temperature annealing, making it CMOS non compatible. Second,
cracks were observed when refractive indexn goes over 1.5 that con�nes its
use to lower index �lms. [8]

2



1.2.2 Silicon Nitride

Silicon Nitride has gained signi�cant attention in scienti�c community. It
is mainly deposited by low pressure chemical vapor deposition (LPCVD) at
temperatures around 800� C [9].The refractive index of stoichiometric silicon
nitride ( Si3N4) is � 1.99.
Recently low stress SiN waveguides have been demonstrated with low losses
down to < 0.1 dB/cm [10]. Due to its low losses across a broad wavelength
range from UV to near-infrared range, it has been adopted by several scien-
ti�c groups to fabricate PICs. However, SiN su�ers from a lower thermo-optic
coe�cient (dn/dT = 2:5� 10� 5 � C� 1), this implies that devices based on SiN
would require a high power consumption for thermal shifting.

1.2.3 Silicon Oxycarbide

Silicon Oxycarbide (SiOC) shown excellent transparency over the wide range
from 600 nm up to 6.7� m [11]. The state-of-the-art of integrated photonics
shows that the dielectric materials are well-consolidated in making PICs,
however limited in either refractive index tunability, CMOS compatibility,
lower thermo-optic coe�cient or exhibit higher losses. Therefore, a platform
that can o�er a large refractive index tunability, CMOS compatibilty, low
absorption and high thermo-optic coe�cient will be ideal. SiOC already
demonstrated also high thermo-optic coe�cient [40]. Since there is no N-H
bond, it doesn't need annealing, making it CMOS compatible. Since silicon
su�ers from two-photon absorption problem, therefore a continuum of silicon-
based CMOS materials fromSiO2 (1.45) to amorphous silicon� -Si (n � 4.0)
are actively being studied as nonlinear optical platforms, each possessing
di�erent merits and demerits.

1.3 Thesis Objectives and original contribution

This work aims to obtain a low losses, high thermo-optic coe�cient, and also
investigate the non-linear behaviour, of Silicon Oxycarbide core waveguides.
It aims also to evaluate which is the best deposition method for the Silicon
Oxycarbide considering the deposition rates, the uniformity, the tunability
of the refractive index and the reproducibility of the deposition.
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This work contains some original contributions that are listed below:

� Realization of high index contrast waveguides and integrated
photonic circuits
A complete recipe for the realization of vertical walls SiOC ridge waveg-
uides is developed in this thesis, obtained after the optimization of all
the parameters involved in the process �ow. After the optimization
process, we successfully realized 1.5� m wide waveguides, with high
index contrast. By the introduction in the design of suitable tapers, we
successfully obtained 200� m radius microring resonators, with a good
Qfactor =23.000 and a �nesse F=12.7.

� Thermo-optic coe�cient estimation of PECVD high refractive
index SiOC
A suitable design and the optical setup for the thermo-optic coe�cient
estimation is provided, allowing to estimate up to very high thermo-
optic coe�cients. The PECVD SiOC we measured shown a very good
thermo-optic coe�cient K=4.58 �10� 5 � C� 1, that is almost 3 times
higher than Si3N4 and 5 times higher thanSiO2.

� Non-linear measurements on PECVD high refractive index
SiOC
A suitable design and the optical setup for di�erent non-linear mea-
surements, thanks to the implementation of an optical ampli�er, able
to support the insertion of two di�erent laser sources, is explained in the
thesis. The preliminary measures we have made shown very interesting
results for SiOC, with a TPA threshold around 5.57�10� 3GW=cm2 and
a Four-Wave mixing phenomenon that con�rms a bandgap that is very
higher with respect to Silicon.

4



Chapter 2

RF Magnetron Sputtering for
Silicon Oxycarbide deposition

In this chapter, an introduction on the sputtering techniques: DC Sputtering,
RF Sputtering, Reactive Sputtering, Magnetron Sputtering is presented in
section 2.1. We have studied the reactive sputtering of Silicon Carbide in
O2 atmosphere in a LH Z400 MS system RF Magnetron Sputtering, that
is capable of tune gas �ows and power. Many sections of the chapter are
dedicated to the optimization of the recipe:

� Section 2.2 Deposition rate dependence on RF Power

� Section 2.3 Optical properties of sputtered SiOC �lms

� Section 2.4 In�uence of the RF Power on the refractive index

� Section 2.5 In�uence of the oxygen �ow on the refractive index

extracting the dependence of the process parameters on the deposition rate
and, more speci�cally, on the optical properties of the deposited SiOC layer.
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2.1 Introduction on sputtering process

Sputter deposition is a widely used technique to deposit thin �lms on sub-
strates. The technique is based on ion bombardment of a solid state source
material: the target. Ion bombardment results in a vapor due to a purely
physical process, i.e. the sputtering of the target material. Hence, this
technique is part of the class of physical vapor deposition techniques, which
includes also thermal evaporation and pulsed laser deposition. The most
common approach for growing thin �lms by sputter deposition is the use of
a magnetron source in which positive ions present in the plasma of a mag-
netically enhanced glow discharge bombard the target.
The target can be powered in di�erent ways, ranging from direct current
(DC) for conductive targets to radio frequency (RF) for non-conductive tar-
gets, to a variety of di�erent ways of applying current and/or voltage pulses
to the target. Since sputtering is a purely physical process, adding chemistry
to, for example, deposit a compound layer must be done ad-hoc through
the addition of a reactive gas to the plasma, i.e. reactive sputtering. The
undesirable reaction of the reactive gas with the target material results in a
non-linear behavior of the deposition parameters as a function of the reactive
gas �ow.
The microstructure of magnetron sputter-deposited �lms is de�ned by iden-
tifying the particles arriving at the substrate, their �uxes, and the energy
per particle. [12]
Sputtering is initiated by the bombardment, with energetic particles, of the
target. These energetic particles are generally ions. Two approaches can be
followed to produce ions and sputter the target materials. The �rst is quite
straightforward by using an ion source which is aimed toward the target.
Collecting the sputtered particles on a substrate enables the deposition of
a thin �lm. However, ion beam sputtering is not widely used for industrial
large-scale applications.

Another source of ions is a plasma. By applying a high negative voltage
to the cathode, i.e. the target, positively charged ions are attracted from
the plasma toward the target. The ions gain energy in the electric �eld and
bombard the target with su�cient energy to initiate sputtering. The main
characteristics of the discharge, such as breakdown voltage, I�V characteris-
tics, and structure of the discharge, depend on the geometry of the electrodes
(cathode and anode) and vacuum vessel, the gas(es) used, and the electrode
material.

Looking at �gure 2.1, in which a simple sputtering process is shown, we
can see Argon molecules that become ions, after a ionizing collision with an
electron inside the plasma, and collide on the target surface causing the ex-
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pulsion of the material and its �ight to the substrate surface. In the �gure
it is also possible to appreciate the water cooling system, necessary in order
to avoid abrupt temperature increments.

Figure 2.1: Typical sputtering chamber [13].

2.1.1 DC Sputtering

The target (cathode) is the power electrode whereas the substrate (anode) is
grounded. The operative condition pressure is typically around 100 mTorr. It
has quite low deposition rate because of the small ionization cross section at
the electron working energies: it cannot be increased by raising the pressure
because contaminant levels ofO2 and H2O would increase too, oxidizing the
target. Historically, DC Sputtering has been employed for the deposition of
metal thin �lms, in particular gold [14].

2.1.2 RF Sputtering

DC sputtering is not suitable for dielectric deposition: when a negative DC
voltage is applied to an insulator, positive argon ions from the plasma strike it
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and positive charge would accumulate. The solution is to use high-frequency
alternating voltage instead of DC. RF voltages can be coupled capacitively
through the insulating target to the plasma, so that conducting electrodes
are not necessary. In order not to sputter also the substrate, the anode is
usually grounded and connected to the vacuum chamber. In literature, RF
sputtering is often used for the deposition technique of many oxides, like
SiO2.

2.1.3 Magnetron Sputtering Deposition

In both conventional DC and RF sputtering, the e�ciency of ionization from
energetic collisions between the electrons and gas atoms is rather low. Most
electrons lose their energy in non-ionizing collisions or are collected by the
anode, and only a small percentage of them take part into ionization pro-
cess with the Ar atoms. In the technique known as Magnetron Sputtering,
magnets are used to increase the percentage of electrons that take part into
ionization events, and the ionization e�ciency is increased signi�cantly. A
magnetic �eld is applied at right angles to the electric �eld, usually placing
large rectangular magnets behind the target. This traps the electrons near
the target surface, and causes them to move in a spiral motion until they col-
lide with an Ar atom. The ionization and sputtering e�ciencies are increased
signi�cantly and deposition rates can increase by 10 to 100 times with re-
spect to a non-magnetron con�guration. Unintentional wafer heating is also
signi�cantly reduced and also a lower Argon pressure can be utilized since
the ionization e�ciency is so much larger. The �gure 2.2 shows very well
an example of magnetic system that can be implemented below the cathode
and the magnetic �eld induction that concentrates the electrons all over the
target surface.

2.1.4 Reactive Sputtering

Compound can be deposited in many ways: a �rst one is directly sputter a
target of the compound, another one is to introduce in the chamber a reactant
gas (O2, N2, C2), and another one consists in the simultaneous sputtering of
many targets (co-sputtering). Both the last two methods we have described
permits to tune the respective percentages of the di�erent materials present in
the compound, this property was really important in the optimization of the
recipes for SiOC sputtering. We also have to take care that the introduction
of a reactant gas in the chamber can imply reactions on the substrates or on
the target. In case of reaction on the target, an important attention must be

8



Figure 2.2: Magnetron sputtering. [15]

kept in order to avoid the so called "target poisoning", that can dramatically
decrease the sputtering yield and modify the ratio of the elements in the
compound deposited on the substrate.

2.2 Machine and process overview

In this work, silicon oxycarbide (SiOC) �lms with a wide compositional range
were deposited using RF magnetron sputtering system developed by Leybold-
Heraeus known as LH Z400 MS system. The system is equipped with a vac-
uum chamber and an RF network and allows 3 targets to be installed on its
cathodes.

A 99.9% pure 4 inches in diameter silicon carbide (SiC) target, manufac-
tured by Ajaint Inc., was mounted on the cathodes. The sputter chamber
is pumped with rotary and turbo pumps and base pressures on the order of
10� 6 mbar could be attained. Flow of oxygen and argon gases were regulated
by an (MKS 147B four-channel controller running two 1159B) mass-�ow con-
trollers. The distance between the target and the substrate was 60 mm for
all depositions. Reactive RF Magnetron Sputtering has a multi-dimensional
space of process parameters. The process parameters include:

� RF power

� Flow rate of plasma and reactive gases
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