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Abstract

Mirrors onboard spacecrafts are too often contaminated before and during their journey into space by
molecular species that can jeopardize the optical payload and, in some cases, the whole mission. The
power-efficient outgassing of these molecular species stands as the motivation behind the integration
of sub-surface microheaters into the mirror. This work is an investigation of preliminary steps in the
microfabrication of titanium nitride microheaters to be integrated under the surface of flight mirrors.

The preparation of TiN thin films has been done by Ion Beam Sputtering over silicon (100) and mag-
nesium fluoride substrates. Electrical resistivity, optical properties and roughness with respect to the
thin film thickness have been studied for deposition over silicon (100). Finally, the thin film transfer
from a magnesium fluoride substrate to a quartz surface has been tried with the Laser-Induced Forward
Transfer (LIFT) technique with the prospect of characterizing it.

During this work, 15 coatings have been prepared with thicknesses ranging from 6 to 138 nm. A peak of
resistivity has been observed for thin film thicknesses around 44 nm. This behavior has been explained
by the intrinsic stresses variations inside the thin film. For studied coatings, optical properties are not
constant with respect to the thickness. Surface roughness has been studied for thin films between 18
and 138 nm. Results have shown no significant variation as a function of thickness and the average
roughness is 0.4 £0.1 nm. A titanium nitride line of 8 mm length and 129 ym width has been LIFT
deposited.

Keywords : Microheaters, Titanium nitride, Sputtering, Laser-Induced Forward Transfer, Thin films.
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Introduction

For the past 20 years, the space industry has been in constant progress every year, making satellites more
and more complex. Each innovation having in common its faculty to deal with the space environment.
Satellite components are submitted to several hazards from their launch to their end of life. One of them
is the contamination component which is due to external as well as internal sources of the satellite itself.
On one hand, for the internal source, the contamination is directly related to the material outgassing of
each spacecraft component. On the other hand, for the external source, the contamination is related to
particles in the atmosphere or other spacecraft. This contamination can affect normal operations of the
spacecraft at various severity levels and the main motivation is to limit its impact.

Mirrors are a recurrent component in satellites, with a lot of different applications. Those mounted
inside optical systems result from very high precision manufacturing. As such, a small perturbation
of its surface by foreign bodies has a direct impact on reflection conditions, leading to inaccuracies
depending on the application. To remove these impurities, one way to proceed is by heating the mirror
itself, to desorb contaminants deposited onto the surface.

A potential solution is integrating a heating system in the very vicinity of the mirror surface under
the reflective coating. This system can be seen as a microheater, defined as an integrated heating
device for micro-scaled systems. A microheater aims at providing efficient thermal management in
Micro-Electromechanical Systems (MEMS) and its microfabrication is worth being investigated. The
microheater itself is generally composed of a substrate on which a heating track is deposited. A way to
make microheaters would be by preparing a thin film over a substrate and to transfer it onto the device
by LIFT.

The main objective of this Master’s thesis is to study the properties of TiN thin films to provide a
strong basis for the fabrication of micro-heating systems integrated in satellite mirrors. All of this is
motivated by the need to degas particles present on the mirror surface to minimize their impact on
the overall optical system. It will also increase our knowledge on nano-scale TiN coatings properties
and preparation. This work focuses on the analysis and discussion of experimental results obtained in
laboratories during a four-month internship at the Centre Spatial de Liege (CSL).



Introduction

TiN thin films were deposited using Ion Beam Sputtering (IBS) on silicon and magnesium fluoride
substrates. Electrical resistivity, roughness and optical analysis were carried out for several thin film
thicknesses. Some preliminary tests of TiN tracks deposition were performed by LIFT, with a basic
topological characterization.

First, in chapter 1, this work introduces some generalities concerning microheaters and their applica-
tions. This part reviews the main microheating systems, with a focus on the most important properties
heating tracks should have. Several materials are compared and the main motivations behind the choice
of the TiN are detailed.

Then, chapter 2 briefly describes different ways to prepare TiN thin films, the actual lab instrumentation
used to prepare them, and finally the prepared samples. The choice of IBS is motivated by being com-
pared to other sputtering techniques. A detailed explanation of the experimental setup is also provided
because the methodology to prepare the samples is an integral part the results discussion.

After that, chapter 3 introduces the instruments used for the characterization of the samples. This part
is directly followed by chapter 4 and chapter 5, presenting and discussing the main results. First, the
thickness of the samples is determined experimentally using a combination of characterization instru-
ments. Then, the evolution of the roughness, resistivity and optical properties as a function of thickness
is discussed.

Finally, the microheater track preparation and characterization is presented in chapter 6 after a presen-
tation of the LIFT technique.

Introduction 2
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Microheaters
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One way to achieve decontamination of the mirror component is outgassing the impurities by inte-
grating a heating system near its surface. This system can be seen as a microheater, and this section is
therefore a state-of-the-art of what has already been done in MEMS concerning microheaters. A deeper
focus is made on its constituting materials and their relevant properties.

Microheaters can be seen as a miniaturization of heaters (or hotplates), with the benefits of being less
power consuming and having a lower thermal mass. Thus, more reactivity and higher temperature can
be achieved. Their main function is to produce heat via methods such as Joule heating, ultrasonic, or
radiative heating. The temperature that can be attained depends on several factors such as electrical,
mechanical, and thermal properties, alongside material and geometrical characteristics [59]. Usually,
the thickness of the heating filament/track is between ~ 100 nm and ~ 100 pm [21].

They are useful for a wide range of applications. For example, they can be integrated in microdevices,
having applications in gas sensors, electron microscopes and pressure cells [21]. They can also be used
as fuel cell heat sources, high power micro furnace and ignition systems. The electronics and substrate
thermal regulation is also a motivation for the development of microheaters. Among all these appli-
cations, the requirements for microheaters mostly overlap and the differences are more about how the
heater is supported and attached to the substrate [53].



1.1. HEATING MECHANISM

According to Velmathi at al. [59], microheaters design ensures:

* a low power consumption,
¢ low thermal mass,
* a better uniformity of the temperature,

* enhanced thermal insulation from the surroundings.

Following these general requirements, it is possible to optimize the heating mechanism, the used ma-
terials and the geometry depending on the application. These aspects are described separately through
the next three sections.

1.1 Heating mechanism

There are two main kinds of heating systems: internal and external. Such systems are illustrated in
Concerning internal heating mechanisms, they are directly integrated inside the system through differ-
ent micromachining methods. They are often used in microfluidics to control the temperature of the
fluid [28]. Such a system is illustrated in Figure 1.1a. On the other hand, external microheaters are sep-
arated from the element to heat, or even not touching it. Thus, they are further divided in contact and
non-contact heating techniques, where contact means that the microheater has been clamped or glued
to allow for conduction. Another application for microfluidics is shown in Figure 1.1b. This system
aims to heat a microfluidics device by sticking the microheater on its base. In contrast, non-contact
heaters work with ultrasonic heating or radiation.

(a) Internal.
NaHCO; () Cells/Medium QOutlet
A o P

Cell culture chamber

CO, chamber

Microheater
Micro-thermal sensor

(b) External (contact).

Figure 1.1: Examples of heating microsystems [34],[23].
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1.2. MATERIALS DESCRIPTION

1.2 Materials description

Before going into the geometrical characteristics, it is important to have an overview of which materials
are used for microheaters. The main goal is to know which parameters are important for both the thin
film acting as the heating material and the substrate on which it will be deposited.

1.2.1 Heating material (thin film)

As a reminder, the purpose of the deposition is to have thermally functionalized surfaces outgassing
impurities. It should therefore have strong thermal properties. In addition, it should also be compatible
with the receiving surface in terms of adhesion and general properties. A non-exhaustive list of the
important characteristics a microheater should have is proposed in Figure 1.2.

Physical Electrical Thermal
e Withstand high temperature ¢ Low contact pad resistance ¢ Low-temperature coefficient
¢ Least reactive ¢ Low power consumption of resistance
e Corrosion resistance ¢ Low electrical conductivity ¢ [Least thermal mass
¢ Long lifetime and reusable ¢ High heater resistance e Low CTE
e Work on harsh environments ¢ Good specific heat capacity
¢ Good adhesion on substrate ¢ High thermal conductivity
e Inexpensive ¢ High response time

¢ High thermal isolation

Figure 1.2: Ideal characteristics of a good microheater [21].

These mentioned characteristics can be interpreted as materials properties which are relevant for mi-
croheater applications [6]:

* high electrical resistivity,

high thermal conductivity,

low Coefficient of Thermal Expansion (CTE),

high melting point,

low Poisson’s ratio,

large Young’s modulus.

Some additional constraints from the fabrication must be taken into account. Typically, the compatibiliy
with the substrate in terms of properties.

Chapter 1 — Microheaters 5



1.2. MATERIALS DESCRIPTION

According to the literature, commonly used materials are Pt, Au, Ag, Ti, W, Ni and NiCr. Some
nitrides like titanium nitride (TiN) and gallium nitride (GaN) can also be used [21]. Moreover, some
semiconducting materials such as doped silicon and polysilicon, silicon carbide and some doped metal
oxides have been investigated [6]. Finally, some studies have been performed on hafnium diboride
[51] and molybdenum [32]. In this section, the idea is not to make a materials selection, however,
some aforementioned materials considered more relevant are going to be compared to the TiN in terms
of properties. To complete the comparison, Table 1.1 summarizes all the selected properties for the
analysis. It is worth mentioning that these data for bulk materials are likely to differ for thin films. In
fact, they vary depending on their fabrication method, dimensions and composition [53]. However, it
remains a good first indicator for the design of a microheater.

Table 1.1: Bulk properties for different heater materials [6], [53]

Property Al Ni Pt Ti TiN Mo
Electrical resistivity [p£2-cm] 265 693 105 543 20 5.34
Yield strength [MPa] 205 138 180 - 8600 1150
CTE [x107°K 1] 142 134 8.8 8.6 9.35 4.8
Thermal conductivity at 300K [W m~'K~'] 318 909 716 219 192 138
Melting point [°C'] 1064 1455 1768 1668 2930 2623
Density [Kg/m3] 19320 8908 21090 4507 5220 1022
Youngs modulus [GPa] 79 200 168 116  79-250 329
Poisson’s ratio 044 031 038 0.32 - 0.307
Specific heat [J/Kg-K] 900 440 130 129 - 250

First, the drawbacks of Al and Au are their low resistivity and poor adhesion [6]. Concerning Pt, it is
used at temperatures of ~ 500°C, its main drawback is its price and the fact that its resistivity begins
to drift above 650° [6]. At a lower cost, Ni can be used instead. To reach a higher melting point,
molybdenum seems to be a suitable option, having also the advantage to have an easy deposition [32].
At last, Ti films are also possible, but the melting point of the TiN is higher.

Concerning the TiN, it is known for its hardness, good thermal conductivity and high electrical resis-
tivity, as shown in Table 1.1. It is recognized for its high chemical stability at room temperature [43].
This stability is a critical parameter for thin films, ensuring also that their other properties remain sta-
ble. Its oxidation occurs at 800°C in air [43]. It is also an important characteristic when it comes to
additive manufacturing techniques like ablation or material transfer. TiN coatings also offer the advan-
tage of allowing the adjustment of residual stress over a wide range, therefore bolstering the heater’s
durability. Additionally, its heat conductivity is moderate, promising minimal conductive heat losses
through connecting wires. In contrast, yield problems can appear due to high stress. Another advantage

Chapter 1 — Microheaters 6



1.2. MATERIALS DESCRIPTION

is its faculty to operate at high temperatures: around 700°C [8]. Finally, its growth is compatible with
Complementary Metal Oxide Semiconductor (CMOS) technology.

In terms of applications, TiN is usually used for protective coatings. Alternatively, it can be found in
diffusion barriers [41] and solar energy converters [48]. Also, because of its gold color, it can be used
for decorative coatings.

This Master’s thesis application objective is to investigate the fabrication process of TiN microheaters,
thus, some initial choices have been made among preparation methods. The preferred one is to prepare
it in two main steps: first, the deposition of a TiN coating by sputtering, and second, the LIFT deposi-
tion of a TiN track on a selected substrate from the sputtered coating. Some sections dedicated to their
description and state-of-the-art are involved in this report (chapter 2 and chapter 6).

As mentioned previously, the discussed properties are the ones of the bulk material. Although they can
be a great initial indicator, a more detailed study depending on the geometry and the preparation pro-
cess should be performed to obtain a more accurate characterization of the p-heater material properties.
In the literature, two parameters are critical for TiN: the thickness of the film and the concentration of
nitrogen when creating the thin film.

First, a relevant property variation with respect to thickness is electrical resistivity. A study, done for
layers made by Atomic Layer Deposition (ALD) for diffusion barriers application, reports a quite sig-
nificant variation [66]. This variation is attributed to the surface effect for TiN thicknesses below 20
nm. The same kind of observation has been done for the corresponding roughness; both are shown in
Figure 1.3. Even if the preparation conditions and the context are different for our study, they are a
great indicator of how much a property can change with respect to the thickness.

1800{ 8- .
—————n
~ 1600 7]
E ~
S 14004 =
g o
g 1200 8 .
1000 g 7
2 < 4
> 800 27
% 600 S 3]
D )
8 400 = 24
® 200 e
0 N I
T T T T T T T T T T T T T T 1 0 — 7T r T r T T 1T v T ' T T+ T T 1
50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Thickness (A) thickness of TiN film (A)
(a) Electrical resistivity. (b) Roughness (RMS).

Figure 1.3: Electrical resistivity and roughness variation with respect to the thickness of TiN layers
deposited by ALD [66].
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1.2. MATERIALS DESCRIPTION

Secondly, depending on the nitrogen flow provided during the deposition, different phases can appear
in the material, thus changing its properties. The phase diagram of the TiNx is shown hereafter in

Figure 1.4.

Weight Percent Nitrogen

35004————————— e b b ,

—1992Len
———2011Khi

3290°C

30004

2500

] 2020°C
2000 3 12.5

1670°C3
15004

Temperature, °C

1000
882°C 1

500—

o S, R e T e e e

Ti Atomic Percent Nitrogen
Figure 1.4: Phase diagram of the TiNx [33].

Depending on the partial pressure of N, injected during the process, the thin film can have a different
nitrogen atomic percentage. When enough N, is injected, the material should be saturated. This hap-
pens generally for nitrogen atomic percentages greater than 40% [33]. In this area only, the material is
composed of a single-phase TiN. When the atomic percentage becomes lower, it becomes a multi-phase
film with the apparition of Ti,N in its composition.

In the same way as for the previous example, another study focused on the effect of a changing nitrogen
partial pressure on its properties for TiN is illustrated in Figure 1.5. Hardness and electrical resistivity
variations of TiN and TiC films with respect to their composition ratio are shown. These films have a
thickness of 0.3 to 7 um and are prepared by Radio frequency (RF) sputtering [55].

Chapter 1 — Microheaters



1.2. MATERIALS DESCRIPTION

| 3000, TiC 2
300 I bulk
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(a) Electrical resistivity. (b) Hardness.

Figure 1.5: Electrical resistivity and hardness variations with respect to the nitrogen composition ratio
of @ TiN and o TiC coatings [55].

To summarize this section about the heating material description, TiN seems to be a suitable material
fulfilling most of the conditions. Microheaters with TiN are less common but sufficient information is
available to confirm their relevance for microheaters application.

However, when it comes to very small scales, less than ~10um [55], some properties can vary a lot.
This variation is also specific depending on the way the thin film is prepared and/or its dimensions.
Thus, a detailed properties analysis is worth doing.

1.2.2 Substrate material

In a general way, microheater substrates are adapted to the application. For substrates in contact with
the ground, low thermal conductivity is required. When the substrate is the intermediate layer between
the heat transfer medium and the heater, its thermal conductivity must be as high as possible [53]. A
non-exhaustive list of already investigated materials by researchers is available in Figure 1.6.

Chapter 1 — Microheaters 9



1.3. GEOMETRY

Glass Polymers Ceramics
* Borosilicate glass Flexible e Alumina
e Soda lime glass  Kapton e AIN/SIC
e Pyrex-7740 e Pyralux * SizNy
* SiOyp * Polyimide film e ITO

e Polyethylene naphtalate
Crystal

Non-flexible

¢ Lithium niobate Paper
e Sapphire * Silicon chip
* Quartz « FR-4 PCB * Photopaper

Figure 1.6: Already investigated substrate materials for microheaters classification [53].

1.3 Geometry

Geometry is the design parameter varying the most with respect to the desired application. Figures 1.7,
1.8 and 1.9 summarize what has already been studied in the field.

LWF
(a) (b) (c) (d)

g &8E

(e) (f) (h)

Figure 1.7: Box patterns investigated for the microheater track [53].

(i) 1) (k) U]

Figure 1.8: Annular patterns investigated for the microheater track [53].

Chapter 1 — Microheaters 10



1.3. GEOMETRY

(m) (n) (o) p) (a) (n (s)

Figure 1.9: Serpentine patterns investigated for the microheater track [53].

The most important parameter for a track is its uniformity, i.e. the constancy of the generated tem-
perature field [53]. Another important parameter is the efficiency of the microheater, directly related
to its power consumption. For example, the double squared spiral model (e) is more efficient at high
temperatures. Generally, tracks have a width of approximately 10 um [53]. More specifically applied
to TiN heaters for contamination outgassing, the optimum pattern still needs to be identified.

Chapter 1 — Microheaters 11
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Samples preparation
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The investigation is made on TiN thin films deposited on Si(100) and MgF2 substrates. This section
begins with some generalities concerning the Ion Beam Sputtering (IBS) and alternative sputtering
methods. The description is followed by an explanation of the process before, during and after the thin
film IBS deposition. Finally, the resulting samples and their initial characteristics are shown. In total,
15 samples have been prepared, covering thicknesses from 6 nm to 138 nm.

2.1 Ion Beam Sputtering (IBS)

Sputtering is a deposition technique aiming to deposit a thin layer onto a substrate by bombarding a
target material with ions. The exposed target surface then sputters, and the goal is to place the substrate
in the sputtering pathway to collect these ejected particles. Ideally, the substrate should be rotating, so
that they are deposited uniformly on the substrate surface.

The main advantage of sputtering is its ability to deal with high melting point materials, like titanium.
In addition, the method is very well known and is already used for a lot of applications, including
thin film preparation [45]. However, it has the drawback of having a low utilization of the target
material for some configurations resulting in a low deposition rate. As an alternative, Molecular Beam
Epitaxy (MBE) can be used but it is heavier in terms of facilities. The main sputtering techniques are
magnetron sputtering and the IBS [17].

12



2.1. ION BEAM SPUTTERING (IBS)

First, magnetron sputtering is the most commonly used technique. It is seen as an upgrade of the glow
discharge sputtering. The latter consists of having a Direct current (DC) or a Radio-Frequency (RF)
power source which will apply a difference of potential between the target (having the role of cathode)
and the anode. If the power source is DC, then the target needs to be a conductor. The process is
performed at low plasma pressure, most of the time an Argon plasma. Typical values of 1072 or 1073
millibars can be obtained [35]. The potential difference therefore leads the Ar* ions to be accelerated
towards the target surface, and thus, ejecting atoms from the target collected as a layer on the substrate.

For magnetron sputtering, a circular magnetic field is introduced to trap the electrons near the surface
of the target, having a "donut" shape. The ions hit the target and a thin film is formed on the substrate.
Having a high density of electrons at a specific area on the surface can however be problematic, as the
deposition will be higher on this zone than outside of it [17], this phenomenon is also known as "race
track". The glow discharge sputtering and its implementation as magnetron sputtering are illustrated in
Figure 2.1b.

Ground

Substrate (anode) (+)

Substrate Thin film growth

® PS Sputtering Ar +

v oey | M N7

Gas inlet \ f/ \ .0 ¢
Target

Sputter

Target | | l
High voltage - =
(a) Glow discharge sputtering. (b) Magnetron sputtering.

Figure 2.1: Glow discharge and magnetron sputtering typical setups [17] [47].

Nevertheless, in this work, IBS is preferred to magnetron sputtering for thin films preparation. The
main motivation behind this choice is that IBS allows better thickness monitoring and control of the
thin film. In fact, the magnetron sputtering can be used for the preparation of TiN as well, and with
a higher deposition rate. Concerning the working environment, IBS can be performed at lower pres-
sures, typically around 10~% or 1075 millibars [42]. It also has the advantage of not being in contact
with plasma, contrarily to magnetron sputtering. Before diving into all the important components, an
illustration of a typical IBS setup is shown in Figure 2.2. This sketch is also an introduction to the
description of the IBS installation in the lab at CSL.
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2.1. ION BEAM SPUTTERING (IBS)

Ar* ions
-_ >
-—_ >
-—_ >
N \ 1
TiN \ \ TiN

Substrate QCM

-

Figure 2.2: Used IBS setup.

IBS is performed by exposing a Ti target with positively charged ions (here, Ar* ions). A part of these
ejected atoms can then "land" on a receiving substrate and form the desired layer. As a TiN thin film
needs to be created, N, atoms are provided to the environment. Ti atoms in the environment can then
react with the N, injected gas to form TiN. The IBS configuration allows the beam to be totally inde-
pendent of the target and substrate potentials and provides the ability to easily create multilayers. The
practice is also well known and studied, and several nitride depositions have already been performed
by introducing a reaction gas [27].

The deposited thickness is monitored via a Quartz-Crystal Microbalance (QCM), placed just next to
the substrate. A QCM is composed of a piezoelectric crystal and couples the mass load versus the
frequency of the used crystal to determine the thickness of this mass load [4]. However, the layer de-
posited on the QCM can be different from what is truly deposited on the substrate, as it is not at the
same position as the substrate. Additionally, the QCM takes as input the acoustic impedance of the
material, which can be different in reality compared to what can be found in the literature. Calibration
is therefore needed by iterating the thickness calculations involving other instruments. This procedure
is explained in more detail in chapter 4.
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2.1. ION BEAM SPUTTERING (IBS)

The Ar" ions can be generated either by a Penning ion source or a Kaufman ion source, which are
represented in Figure 2.3.

TAxial extract.
Anticathode ﬁ‘:“ Prinlmxy electron
S Gas = | houndary
feed
B
Radial extr. U Sereen
) + d - grid ™ Accelerator
Cathode g
Anode grid
4___—_—-_—_—_-—-_‘__
Cathode m
(a) Penning ion source. (b) Kaufman ion source.

Figure 2.3: Schematics of the possible ion source configurations [2][15].

On one hand, the Penning ion source is composed of two cathodes linked by a cylindrical anode in
which an axial magnetic field is applied. By applying a potential between the cathode and the anode
and coupled with the axial magnetic field, the electrons of the Ar gaz will have a helical path towards
the anode (like for the magnetron sputtering). Then, the formed Ar" ions, which move towards the
cathode, are extracted by letting an aperture in the cathode. Typically, for an Ar gaz, a potential of
several hundred volts is needed [17].

On the other hand, the Kaufman ion source involves a cathode with thermal electron emission filaments.
Another difference is the presence of grids with aligned multiple apertures, composing the anode with
the cylindrical chamber. These grids have the same effect a lens can have for optical designs. Finally,
for a typical Kaufman ion source, lower discharge potential and pressure are needed. For IBS, the used
ion source is generally the Kaufman one. It has the advantage of generating a high current compared
to the applied voltage. It is not common to do IBS with a DC current. Usually, the gas mix is directly
introduced in a RF source [3].

The last part of the process is the combination of the Ti and N, atoms to create the final layer. Usually,
a second ion beam pointing towards the receiving substrate is used. The objective is to have a more
homogenous repartition of the molecules on the substrate surface. This application is crucial for the
deposition of dielectrics but not for TiN deposition [17].
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2.2. IBS FACILITY

A summary of the main advantages and disadvantages of IBS is available in Figure 2.4.

Advantages Drawbacks
* High melting point materials e Low efficiency
compatibility e Low deposition rate
* Good thickness monitoring

¢ No direct contact with
plasma
* Low pressure environment

Figure 2.4: Advantages and drawbacks of the deposition by Ion Beam Sputtering (IBS).

2.2 IBS facility

To perform the deposition, an initial pressure around 1 - 105 mbar is needed, for a working pressure
of 1-10~* mbar. So, the setup must be mounted inside a vacuum chamber. Some useful information is
therefore given regarding the vacuum chamber and the ion source.

2.2.1 Vacuum chamber

The IBS is done in a vacuum chamber located in a Class 10000 clean room (ISO 7). A picture of its
configuration is shown in Figure 2.5.

Target (Ti)

Ton source

Shutter (closed)

QCM
Substrate

Figure 2.5: Disposition of the sputtering setup.
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2.2. IBS FACILITY

As a reminder, the installation aims to prepare the thin films: a Ti target is hit by the Ar™ ion beam and
is sputtered. Then, the Ti atoms react with the inserted nitrogen to form a thin film over the substrate.
There is also the presence of a shutter, allowing the process to start and stop at specific moments, typi-
cally when the thickness detected on the QCM is reached.

As the sputtering is done at very low pressures, it is equipped with a vacuum generation system, illus-

trated in Figure 2.6.

Ion source

—

Ar N

VMN2

IBS Chamber

\/
VVTX

Turbo pump

VMPT

Bypass

VMP

Primary pump

Figure 2.6: Vacuum generation system of the tank.
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2.2. IBS FACILITY

It comprises two pumps: the primary pump and the turbomolecular pump. The latter is rotating at 40000
RPM, this high velocity requires several steps to safely pump. The pumping procedure is described in
the next paragraph.

When the chamber is initially at atmospheric pressure, a first pumping with the primary pump is done
until reaching a pressure around 1-10~! mbar. This pumping is performed through the bypass circuit
and lasts several minutes. Translating to Figure 2.6, the VVT and VMPT valves are closed, and the
VMP is open. Then, a second pumping is performed with the turbo pump until reaching 1.6-10~% mbar.
This process usually takes one night to reach the desired pressure. Before connecting the turbo pump
to the tank, it is mandatory to open the VMPT to equilibrate pressures, then close the VMP and finally
the VVT can be opened. After that, the sputtering process can be done. It is also worth mentioning
that the chamber, initially at 1.6-10~5 mbar, reaches a pressure of approximately 1-10~% mbar due to
the injection of Ar and N gases. Finally, the venting of the chamber is necessary to get the atmospheric
pressure back. All valves must be closed in order to isolate the chamber, then, the VMN?2 valve can be
opened.

2.2.2 lon source

The last interesting part of the IBS facility is the ion source. It can be highlighted that the ion beam
needs an incidence angle (ranging typically around 20-30°). The goal of this incidence is to minimize
the exposure of the substrate scatter particles from the target.

Concerning the generated beam itself, its constituting positive ions Ar" are interacting with each other,
repulsing themselves. Consequently, there is a natural divergence in the beam. To limit this effect,
electrons can be injected in the beam through tungsten thermal electron emitters, with the objective to
get the charge neutrality. The neutralizer is however not used in this work. It is illustrated in Figure 2.7.

+ + + + Te t € .e AT+
Kaufman Ar A+r Ar N ArTAT o fr _Ar . A +Ar_ AT
N r . Ar Le +Ar E Ar+ . +Ar e +e_ 4
source Ar Ar A AT Ar Ar o Ar Ar ¢ ArT AT
M/
Tungsten

Figure 2.7: Source setup with neutralizer.
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2.3. PREPARATION

2.3 Preparation

The first step is to reach approximately 1.6-10~% mbar in the IBS vacuum chamber. After that, the
injections of Ar (directly in the source) and N, (in the chamber) gases increase the working pressure
to approximately 1-10~* mbar. In total, 15 samples are prepared by IBS in the previously presented
chamber. To set up the deposition, the density and the acoustic impedance of the TiN must be added as
inputs to the QCM. Concerning the process temperature, it is assumed to be at room temperature.

Next, the ion beam is powered on, the shutter is opened after a source stabilization time of ~20 min
and the sputtering can be initiated. Hereafter in Table 2.1 are presented the values of the deposition

parameters during the process. The process is performed without neutralizer emission.

Table 2.1: Ton Beam Sputtering (IBS) important deposition parameters value.

Nitrogen 2 scc/m
Inlet gas flows

Argon 4 scc/m

Ionic current 35 mA

Ionic voltage 940 V

Source setup
Acceleration voltage  350-260 V

Discharge current 200-300 mA

It is worth noting that the deposition is monitored with the software Maxtek [19], in which the desired
thickness can be indicated. When this thickness is detected on the QCM, the program automatically
closes the shutter and provides information about the deposition time.

Concerning the indicated gas flow values, they are indicated in standard cubic centimeters per minute
(sccm) which are equivalent to a flow of 1 cm?®/min at standard temperature and pressure. The amount of
Ti atoms sputtered from the surface are linked to the Ar flow rate. So, varying both Ar and N flow rates
leads to varying the saturation rate of nitrogen in the TiNx mix. Flow rate values indicated in Table 2.1
are based on previous depositions also performed in 2012 at the CSL. At that time, measurements by
Rutherford Backscattering led to a nitrogen concentration of 40% in the TiNx mix. This concentration
can be compared to the phase diagram of the TiNx in Figure 1.4: at standard temperature, the mix
seems to have some Ti,N molecules and is not totally composed of TiN.

Among all the prepared TiN samples,
e 14 are on a Si(100) substrate,

* 11is on a MgF, substrate, for the LIFT.
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Additionally, there is a sample only constituted of the Si(100) substrate to get artificially a O nm thick-
ness. For each sample, Table A.1 gives the estimated thickness by the QCM toem, the deposition date
and the deposition duration. For a better understanding of which sample is discussed, a numeration
based on the measured thickness is proposed. This numeration is strictly followed in this work. It is
worth knowing that only sample 9 is the one deposited over a MgF, substrate and is intended for the
LIFT in chapter 6. The remaining ones are all over Si(100) substrates and are intended for the charac-
terization.

Finally, a picture of the target setup before and after the sputtering for samples 9 and 14 is shown in
Figure 2.8.

(a) Sample 9 (over MgF,), before. (b) Sample 14 (over Si), after.

Figure 2.8: Pictures of different samples before and after the deposition by IBS.
To conclude this chapter, after reviewing the important characteristics of the IBS, a detailed description
of preparation facilities and process has been provided. The deposition by IBS occurs at pressures

around 1-10~* mbar in a vacuum chamber. Concerning the thickness, it is monitored by the QCM,
which was not calibrated at this stage. The measured thickness will be presented in a dedicated chapter.
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Characterization instruments
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During this work, several instruments were used. Initially, the samples are coated in an IBS deposition
chamber. Then, all the samples are characterized with the help of microscopes and ellipsometers. In
parallel, the resistivity is also studied with a technique called the Four-Point Probe (4PP). Finally, the
transfer to get a the final microheater track is performed by using a laser micromachining workstation.
All the instruments are located in class 10000 clean rooms (ISO 7), at CSL. This means that the room
is limited in terms of maximum particles per m?>: 352,000 particles larger than 0.5 pm, 83,200 > 1um
and 29,300 > 5um. This section 1s dedicated to the description and theoretical backgrounds related to
each characterization instrument.

3.1 Microscopes

The inspection of the thin films is performed with microscopes. Both a digital microscope and an inter-
ferometric microscope (also referred to profiler). The digital microscope (Figure 3.1a) is used for the
observation of the final track. The used model is the Keyence VHX-5000, handling magnifications up to
1000x. Its use is restricted to general observations because of its limited vertical resolution. The pro-
filer (Figure 3.1b) generates an interference image on the camera to obtain a 3D profile. Higher vertical
resolutions can therefore be attained. Depending on the magnification used, different interferometer
models are used: the Michelson model is used for low magnifications (< x5) and the Mirau model for
high ones (> x20). An example of a setup using a Michelson interferometer is illustrated in Figure 3.2.
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3.1. MICROSCOPES

(a) Digital microscope. (b) Interferometric microscope.

Figure 3.1: Pictures of the used digital and interferometric microscopes.
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Figure 3.2: Typical setup of a profiler (Michelson interferometer) [38].
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3.2. ELLIPSOMETER

The precision of the profiler varies with the chosen measurement mode: Vertical Scanning Interferom-
etry (VSI) or Phase Shifting Interferometry (PSI). The VSI, on one hand, uses a broadband (usually
white) light source. It aims to move the objective to bring each point of the surface into focus to record
their height. It reaches precision in the nanometer range and is typically used for rough surfaces. PSI,
on the other hand, uses a narrowband light source (522 nm). During PSI measurements, the internal
translator modifies the optical path length of the test beam. Each adjustment in the optical path results
in a shift of the fringe pattern. Shifted fringes are periodically captured by the camera, creating a series
of interferograms. Computer algorithms combine these interferograms to determine the surface height
profile. The vertical resolution is thus more accurate than VSI, reaching the sub-nanometer scale.

The profiler is used to study two characteristics: the thin film thickness and surface roughness. When
studying a sample composed of two or more materials in PSI, special attention is needed to ensure re-
sults relevance. The materials have different complex refraction indices and thus a change in the phase
shift is induced, independently of the height difference. This can be avoided by adding a correction
factor to the measured thickness, based on another measurement method. In the case of this work,
correction factors have been used for the thickness calculation, from the thicknesses obtained by the
ellipsometer. A more detailed analysis is done in chapter 4. The used profiler model is the Bruker
ContourGT, working with the software Vision64 [7].

3.2 Ellipsometer

Another useful instrument available in the lab is the ellipsometer. This instrument aims to analyze
optical surfaces based on the change of the polarization state of light after reflection on them. An
illustration of the polarization change of a reflected beam is displayed in Figure 3.3.

Normal to the surface

Incident wave Reflected wave
= —>
. B,
-
ESY’
@,
77N
Surface
l \
D,
Refracted wave

Figure 3.3: Reflection of polarization axes at the sample surface [5].
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3.2. ELLIPSOMETER

A polarized plane wave of known polarization is reflected by a (given) surface, and then measured in
order to analyze the change of polarization due to the surface properties. In more details, the 1n01dent

plane wave has an electric field composed of two components: one parallel to the incidence plane Ep1

and another one perpendicular to it Ebl, as shown in Flgure 3.3. The same terminology is used for the
reflected electric field but replacing the "i" index by "r

From these components, the reflection coefficients for both parallel and perpendicular polarization are
given by [5]:

By |

rp = E‘; = |rp|e’ and 3.1)
E@I‘ ;

Ts = E_m = |7‘s|ej65 > 3.2)

where 6, and J, are the phase shift due to the reflection. Both coefficients are complex, so their ratio
can be expressed as
T .
— =tanl - /2 (3.3)
Ts

where W and A are the main parameters. W is given by the modulus ratio and follows

‘Tp|

tan W =
|T5|

(3.4)

A is the phase difference due to the reflection. Assuming a massive and isotropic sample, the Descartes
law can be applied and is given by

N() SID(I)(] N1 SiIl(I)l, (35)

where [V, is the exterior medium index, N; = ny + jk; is the substrate index, with n; the real refraction
index and k; the extinction coefficient. The angles ¢, and ®; are the incident and refracted angles.
Finally, ¥, A, n and k can be linked with the continuity at the interface of the tangential components

of the electric field E and the magnetic field ﬁ [5]:

B Njcos @y — Ny cos O _ (3.6)
"r = N cos g + Ny cos Py '

Ny cos Py — Ny cos &y
ry = . 3.7)
Ny cos @y + Nj cos Dy

Where (r,, ) are the reflection coefficients. Thus, for a single known wavelength measurement at a
certain angle, the ellipsometer can determine the indices n and k of a layer with a known thickness. It
is also possible to get n and the thickness e from known wavelength, angle and extinction coefficient k.
This is only true for one single layer.
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3.2. ELLIPSOMETER

For N layers of materials which are not optically opaque, the number of unknowns increases to 3NV + 2
unknowns, so it is not possible to find all unknowns, knowing that the measure is only on two quantities.
The way to proceed is therefore to assume that the index of the layers is known or is the result of a
known blend. As a result, only the thicknesses of each layer will be an unknown and the measurement
should be done for a sufficiently large number of wavelengths [5].

Concerning the configuration and the way the ellipsometer works, an illustration is shown in Figure 3.4.

Source
l Detector

Polarizer Analyzer l

|

L
Random fmeat
I Sample I
Linear Elliptical
\V
Polarization

Figure 3.4: Ellipsometer configuration [5].

Several types of configurations are possible for an ellipsometer. The one used in the lab is the configu-
ration with a rotating analyzer. The incident wave is first polarized linearly with a known polarization
angle (45°). Then, after reflection, this polarization becomes elliptic due to the change in phase and
amplitude. Finally, the analyzer is rotating to measure the modulus ratio tan ¥ and the change in phase
A. The drawback of using a rotating analyzer is the need of having a detector insensitive to the polar-
ization state. Moreover, the spectrometer must be placed between the source and the polarizer, leading
to more sensitivity to parasite light.

In this work, the ellipsometer results are useful for several aspects. First, the ¥ — A coefficients are used
to estimate the thickness of the deposited thin film layer. Their evolution with respect to the wavenum-
ber of the incident beam is also used, to get an idea of the possible molecular content. In parallel, the
evolution of the refraction coefficient n and the extinction coefficient £ with respect to the wavelength
are also interesting to analyze.
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To obtain a thickness, the ¥ — A coefficients are compared to a model. This model is usually composed
of the layers constituting the system and each of them corresponds to one specific material. This means
that they contain the evolution of n and k with respect to the wavelength. From a model, the analysis
part of the software can simulate the change of desired parameters to fit as well as possible the mea-
sured data and thus, estimate these parameters. Typically, the fit can be done by varying the thickness
of a preselected layer entered in the model.

Two spectral ranges are analyzed: Ultra-Violet (UV)-Visible (VIS)-Near InfraRed (NIR) and Infra-
red (IR). They correspond to the ranges that can be handled by the two available ellipsometers in the
lab: the SENresearch 4.0 and the SENDIRA (FTIR), both by SENTECH. Table 3.1 clarifies the corre-
sponding spectral ranges of each ellipsometer and the studied parameter. Also, the dedicated software
is SpectraRay4 which is able to simulate, fit and measure data from the mentioned ellipsometers [18].
Finally, pictures of both ellipsometers are pesented in Figure 3.5.

Table 3.1: Overview of the spectral ranges and useful information provided by both ellispometers.

Model Spectral range Useful information

Thickness
SENresearch 4.0 190 nm (deep UV) to 3,500 nm (NIR)

n & k coefficients

Molecular content
SENDIRA (FTIR) 400 cm~! to 6000 cm™! (1.7um - 25m) (IR)

n & k coefficients

(a) UV-VIS-NIR. (b) IR.

Figure 3.5: Pictures of the used ellipsometers.
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3.3. FOUR-POINT PROBE

3.3 Four-point probe

The 4PP technique is used to get the resistivity of a material. The resistivity p can be obtained from
the resistance R and the geometry of the sample. Knowing the voltage difference V' and the current
intensity /, R can easily be found from the basic formula

R=—. 3.8

’ (3.8)
A way to determine R experimentally is to simply pass a current through the material and get the ratio
between the current / and the applied voltage V.

However, if only two probes are used, the obtained resistance value is most of the time incorrect. This
is because the contact resistances R, at the position of the probes are intrinsically included and in series
with the one of the samples. Thus, a system of four probes is usually used, determining the voltage
difference at another place [58]. Figure 3.6 illustrates the general principle.

Galvanometer
@ Potentiometer
Milliammeter Voltmeter
i 7
Direct current (/)
source T <V > i I
— 3 Probes
<>
D EEE >
a

Figure 3.6: 4PP basic setup [58].

In the case of the 4PP, the potential is measured with the central probes, the external probes acting like
a dipole on the sample. The resistivity is then determined by considering some correction factors based
on the geometry of the sample and the proximity of the probes with respect to the borders.

Chapter 3 — Characterization instruments 27



3.4. SUMMARY

Following notations of Figure 3.6, the sheet resistivity of a rectangular slice with a thickness t < s is

given by [50]
b a T V b a\ V
Rsheet = Rl <g, g) . E . 7 = 4.5324 - R1 (;, E) . 7 . (39)

This correction factor is used to correct sheet resistivity results given by the instrument, which is con-

sidering an infinity large thin plate for its internal calculations, i.e. R; = 1. For each sample, R; is
obtained by interpolating empirical data given in the literature [56].

A photograph of all samples is shown in Figure A.1. Additionally, the correction factor applied for
each sample from its dimensions and empirical data interpolations is detailed in Table A.2. The final
result given by the device is the sheet resistance, given in €2/sq. Then, to obtain the bulk resistivity, this
value should be multiplied by the thickness in cm, to generally have a result in ;£2-cm. The 4PP offers
a way to get the resistivity of the thin films. The instrument used for the measurements is the Jandel
RM3-AR Test Unit. A picture of the device is shown in Figure 3.7.

(b) Points in use.

Figure 3.7: Photograph of the 4PP.

3.4 Summary

To conclude, Table 3.2 indicates the useful information and the lab facility used for each characteriza-
tion category.
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Table 3.2: Characterization instruments and useful information.

Action Useful information Used instrument
_ o ‘ Interferometric microscope
Thickness determination Thickness
UV-VIS-NIR Ellipsometer
Roughness analysis Roughness Interferometric microscope
Sheet resistivity
L : 4PP
Resistivity analysis Free charges
UV-VIS-NIR Ellipsometer
Thickness
) ) ) IR Ellipsometer
Optical analysis n & k coefficients
UV-VIS-NIR Ellipsometer
Molecular content analysis ¥ & A IR Ellipsometer
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As mentioned, the thickness given by the QCM needs to be updated with more precise measurements.
Used instruments in this section are the UV-VIS-IR ellipsometer and the interferometric microscope
(profiler). First, an overview of the methodology is described. Then, the results are introduced and
discussed.

4.1 Methodology

The methodology for the thickness determination and consequently the QCM calibration is illustrated
in Figure 4.1. Once a sample is prepared, it is submitted to both ellipsometer and profiler measure-
ments.

On one side, to be able to estimate the thickness with the ellipsometer, the experimental ¥ and A are
compared to the Drude-Lorentz (DL) model available in the instrument database. From this model and
after fitting the experimental data, the thickness is estimated. Correction factors for profiler measure-
ments are also calculated. On the other side, measurements are done with the profiler and the correction
factor is applied to finally have a second estimation of the thickness. After that, both methods are dis-
cussed, and a thickness estimation can be obtained.

30



4.1. METHODOLOGY

Coated sample
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Ellipsometer
measurements
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Drude Lor§ntz Correction factor Profiler
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Post-measurement
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Thickness
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Figure 4.1: Thickness determination flowchart.

4.1.1 Ellipsometer measurements methodology

Measurements are done with the UV-VIS-IR ellipsometer in the maximum spectral range. The vari-
ation of (W,A) with respect to the wavelength has been measured for all the samples. Measurement
settings used for the spectroscopic ellipsometry are

* Max. spectral range, i.e. wavelengths from 190 nm to 3500 nm.
* Angle of incidence between 50° and 70°, step of 5°.
* 5 repetitions per measurement.

Once ¥ and A are known, the thickness is deduced. To do so, two methods can be used, each one
involving a different model and different assumptions: the fitting directly from optically opaque data
and the fitting from the theoretical DL model. These two methods are illustrated in Figure 4.2.
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Air / Air /
TiN, DL model TiN, sample 16
Si(100) Si(100)
(a) Method 1. (b) Method 2.

Figure 4.2: Used models for the fitting of ¥ and A obtained with the UV-VIS-IR ellipsometer.

Method 1: fitting from the Drude-Lorentz (DL) model

In the SpectraRay4 software, several materials are already available, including TiN. So the TiN layer
(n, k) dataset can directly be used. This dataset is present in the form of a theoretical DL layer type.

The DL model assumes that the vibration of molecules in a material can cause resonances in its optical
properties [18]. It can be described by the association of the dielectric function and the free charges
contribution. The dielectric function is assumed to be the sum of Lorentz-oscillators, which are de-
veloped by representing an electron orbiting a massive, stationary nucleus as a spring-mass-damper
system [30]. Mathematically, it gives

W) =el) +inv) = f1 = w2 -I— iw, v Z Q5 — 1/2 - iQT,iV ’ “.D

where ¢ is the permittivity, v is the wavenumber, w, and w; are the strength and the damping of the free
charge carriers contribution, €2,, {29 and 2, the strength, center frequency and damping of Lorentz-
oscillators for each resonance and ¢, ., the value of the dielectric function at infinite frequency. All
these parameters are expressed in cm ™.

Once the layer is integrated into the model, the fitting for each sample can be performed. When the
theoretical curve is close enough to the experimental one, the resulting thickness is extracted.

Method 2: fitting from optically opaque data

This method assumes that the sample with the highest thickness, here sample 16, is thick enough to be
optically opaque. First, the measured ¥ and A of the sample are converted to a material in SpectraRay4.
The material contains the refraction index n(\) and the extinction coefficient k(\) for the whole spectral
range (A being the wavelength of the incident light). This (n,k) dataset is then integrated in the basic
model like illustrated in Figure 4.2b. Instead of fitting experimental measurements from a theoretical
model (method 1), the used reference is the optically opaque thin film model generated previously.
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The only free parameter of this model is its thickness, so the fitting is done directly by varying the
thickness of the optically opaque thin film to fit as accurately as possible experimental measurements
of other samples. However, simulating the thickness variation implies a strong assumption that the
structure of all thin films is the same as the one of the optically opaque one, which is not necessarily
the case.

Finally, the measurement uncertainty determination is detailed in Appendix C.

4.1.2 Profiler measurements methodology

Concerning the profiler, measurements are only done by PSI to be as precise as possible. As a reminder,
the goal is to get the 3D topography of the sample at a location where both the thin film and the substrate
are visible separately. Having the height of the substrate surface and the height of the thin film surface
leads to evaluate the thickness of the sample.

Measurement settings for the interferometric microscopy are listed below.

* Optical magnification: 20x.
* Numerical magnification: 1x.

* Post-process correction: Modal tilt only.

The observed sample may be tilted so the tilt correction is activated. Also, as mentioned in chapter 3,
the refractive index of the substrate and the thin film are not the same and an additional correction factor
should be applied to the thickness estimation.

4.2 Results and discussion

First, methods 1 and 2 are compared. It appeared during measurements that, with method 2, the opti-
cally opaque model was not fitting for intermediate and small thicknesses. A way to explain it is the
existence of a molecular structure change depending on the prepared thickness. Also, one of the causes
can be that sample 16 is still not optically opaque. Data should therefore be extracted from a thicker
sample considered as optically opaque.

On the other hand, method 1 results in a much more accurate fitting even if some small differences are
observed again for wavelengths over 1000 nm. This method is therefore used for the final thickness
estimation from ellipsometer measurements. Thus, assumptions induced by the DL oscillator model
are assumed. Ellipsometer measurements are shown in Table 4.1.

Samples 15 and 16 are not in the table because, as they begin to be optically opaque, the fitting attains
its limits to estimate accurately their thickness, and their uncertainties are much larger than the ones
obtained for thinner samples. In a general way, for measured samples, the estimated measurements
uncertainty is quite stable.
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Table 4.1: Experimental UV-VIS-IR ellipsometer thickness measurements summary.

Sample t, (nm)

2 6.0 =+0.1

3 105 =£0.1
4 180 =£0.1
5 305 £0.2
6 385 +£03
7 425 =£05
8 45.0 +0.6

10 520 £0.8
11 68.0 =£1
12 81 +1
13 81 +1
14 94 +£3

Concerning thicknesses obtained from the profiler, the calculated correction factor and the induced cor-
rection on the results are shown in Figure 4.3. This correction factor is obtained from an extrapolation
of ellipsometer results, more detailed explanations are given in Appendix B. Then, the correction is
applied to the initial estimation from the profiler.

140 ¢ . 357
Before correction
) L e Q- @
— 120 | ..e- After correction 30 @ ¢
: _ ’
=100 f . g25¢
2 =) »
O i
S 60} - 15 #
5 & g | g
= 40| o° 10} ¢
e o é
[a 20 L .““ 5 7 ............. Correction
® Samples
0 ‘ ‘ ‘ ‘ 0¢ | ‘ ‘
0 50 100 150 200 0 50 100 150
QCM thickness [nm] Ellipsometer thickness [nm]
(a) Before/after correction. (b) Applied correction.

Figure 4.3: Effect of correction on the measured profiler thicknesses.
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Final corrected measurements of the profiler are listed in Table 4.2 below. Here, samples 1, 2 and 3
thicknesses couldn’t be obtained because of the interferometric microscope vertical resolution limita-
tions.

Table 4.2: Experimental profiler thickness measurements summary.

Sample tpr (Nm)

4 18 =+1
5 280 £2
6 38 +£125
7 43 +£3.5
8 43 £3

10 52 £33
11 64 £2
12 77T £3
13 79  +£3
14 101 £25
15 125 £5
16 138 £3

4.2.1 Estimated thicknesses

Finally, thickness estimations can be compared together with the thickness estimated initially by the
QCM, from Table A.1. The comparison is shown in Figure 4.4.

As a general observation, ellipsometer and profiler results are very close and seem to follow a linear ten-
dency with respect to ¢4.m. The assumption of a linear relation between them enables the possibility to
do a linear extrapolation, which is useful for the QCM calibration. Additionally, uncertainties induced
by profiler measurements are higher than the ones from ellipsometer measurements. Ellipsometer re-
sults seem to be more accurate for small thicknesses and the contrary can be observed from results with
the profiler. For the final thickness estimation, the choice is made to consider the ellipsometer results
for small thicknesses until a fixed threshold, from which the consideration switches to profiler results.
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Figure 4.4: Comparison between thicknesses measured with the ellipsometer and the profiler with
respect to the QCM thickness.

The selection of an optimal threshold value is thus necessary, it follows:

* Minimization of the distance between the Y-intercept of the linear extrapolation and the origin.
This parameter can be an indicator of how close results are to reality. However, this is based on
the linear relation assumption, which is already a simplification of what happen in reality.

* Minimization of the overall measurements uncertainty.

It is worth keeping in mind that this is one way to proceed and other methodologies are also possible.
The selection converged to a threshold placed between samples 10 and 11.

In concrete terms, this means that the final estimated thicknesses are the ones measured by
* the UV-VIS-IR ellipsometer for samples thinner than sample 10 (included);
* the interferometric microscope for samples thicker than sample 11 (included).

A general graph is shown in Figure 4.5. As a complement, Figure 4.6 shows the final extrapolation and
the variation of the Y-intercept with respect to the threshold position.
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Figure 4.5: Final considered data after the threshold selection.
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Figure 4.6: QCM thickness study with respect to the threshold.
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4.2.2 Deposition rate

Finally, from these final thicknesses, the deposition rate can be determined. This parameter is useful to
characterize the deposition technique itself. Figure 4.7 shows the evolution of this deposition rate with
respect to the thickness.
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Figure 4.7: Deposition rate evolution with respect to the thickness.

First, this graph confirms that the deposition by IBS has a very low deposition rate compared to other
techniques [1]. Also, there is a slight decrease of this rate with respect to the thickness of the sample to
be prepared.

To conclude this section, sample thicknesses have been determined. First, the assumption has been
made that the deposited thin films are acting like DL oscillators. From there, the thickness obtained by
ellipsometry has been compared to the one obtained with the profiler. After a discussion about the legit-
imacy of each instrument depending on the sample thickness, it has been concluded that both results are
used: ellipsometry for thinner films and profiler results for thicker ones. Finally, the deposition rates
have been determined and it appeared that they were low compared to other techniques as foreseen.
Table 4.3 contains all the final numerical data calculated through this section. These final thickness
estimations are used as the basis of the sample characterization chapter in chapter 5.
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Table 4.3: Final estimated thickness of each prepared sample, obtained from UV-VIS-IR ellipsometer
(samples 1-10) and interferometric microscope (samples 11-16) measurements.

Sample

tocm(nm)

Thickness (nm)

Dep. rate (nm/min)

1

00 N N Bt AW

11
12
13
14
15
16

0

5
10
20
35
45
50
50
60
75
100

130
150
175

6.0
10.5
18.0
30.5
38.5
42.5
45.0
52.0

64
77
79

101

125

138

+0.1
£0.1
£0.1
+0.2
+0.2
£0.5
+0.6
+0.8
+2
+3
+3
+25
+5
+3

0.78
0.68
0.61
0.66
0.60
0.66
0.56
0.57
0.55

0.58

0.54

£ 0.01
£ 0.01
=+ 0.005
=+ 0.005
+ 0.005
+ 0.01
£ 0.01
£ 0.02
£ 0.02

£ 0.01

+ 0.01
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Samples characterization
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This section aims to investigate how electrical properties of TiN thin films change as a function of their
thickness. This is the continuation of chapter 4, and thus, all the methodology related to the thickness
determination is complemented by several characterizations: resistivity analysis, roughness analysis
and optical properties analysis. An illustration of the general methodology for characterization, based

on Figure 4.1 flowchart, is proposed in Figure 5.1.

First, the resistivity of each sample is analyzed with two complementary methods: from the 4PP and
from ellipsometer measurements. The optical properties characterization is performed by ellipsometry.
Moreover, the samples roughness is investigated using optical interferometry. Finally, a summary of
all obtained results concludes this section. During the experiments, interesting changes have been

observed for resistivities around 44 nm, not following the general tendency observed in literature.
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Figure 5.1: Sample characterization flowchart.
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5.1. RESISTIVITY ANALYSIS

5.1 Resistivity analysis

The resistivity determination is based on 4-point probe (4PP) and ellipsometric measurements.

5.1.1 Methodology

The first way to obtain the resistivity of a sample is by getting the sheet resistivity from 4PP measure-
ments Rgeer, 4pp and to multiply it by the thickness ¢:

Rypp =t Rineer, 4pp - (5.1
Measurements with the 4PP all followed the same methodology, listed hereafter.
* 4 ]ocations have been probed per sample.

* 3 different currents per location have been tested: from 0.1 to 30 mA depending on the sample
thickness.

e 2 current directions (forward and backward).

In total, 24 measurements per sample have been made to get the sheet resistivity. The methodology
regarding the uncertainty calculation is available in Appendix C. Additionally, the thickness having
been determined with the DL oscillator model, assumptions mentioned in section 4.1.1 are applied.
From Equation 3.9, the correction factor R; (g, %) must be determined. The 4PP instrument assumes
an infinite plate, and thus, R; = 1 [56]. However, measured samples are not infinite plates, and the
assumption is made to have a thin rectangular slice. For each sample, the appropriate correction factor
Ry corresponding to their dimensions is considered. Computed correction factors are presented in
Table A.2. Although they are not totally rectangular (see Figure A.1), the assumption is nevertheless
more adapted to the situation.

Concerning ellipsometer measurements, the DL oscillator model is once again considered and thus
assumptions related to it remain in application. The methodology is the same as the one indicated in
section 4.1.1, but instead of extracting the thickness, the useful parameters are w, and w,. From there,
the resistivity is given by

ws 1

Rel -

w2 2mepc”

(5.2)

where ¢ is the permittivity of free space and c the speed of light. The methodology concerning the
uncertainty is also detailed in Appendix C.
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5.1.2 Results and discussion

First, resistivities obtained respectively by the 4PP measurements and their corresponding uncertainty
can be determined. These measurements are the ones assuming a thin rectangular slice. Second, they
are compared to the ones obtained from the fitting of the UV-VIS-IR ellipsometer with the DL oscillator

model. Table 5.1 summarizes these results.

Table 5.1: Experimental resistivity measurements.

Sample | Thickness (nm) | Rypp (1€2-cm) | Ry (u€2-cm)
2 6 350 £3% | 320 +£5%
3 10.5 210 +4% | 200 +4%
4 18 145 +£2% | 140 +4%
5 30.5 148 +3% | 150 +3%
6 38.5 146 +1% | 140 +2%
7 42.5 225 +£2% | 210 +2%
8 45 220 £3% | 215 +2%
10 52 120 £4% | 105 +1%
11 64 105 +5% | 100 +2%
12 77 103 £5% | 95 =£2%
14 101 97 +4% | 90 £ 1%
15 125 91 £5% | 90 =£1%
16 138 95 £3% | 90 £2%

The first observation is that 4PP and ellipsometer both give very similar estimations of the resistivity.
Regarding uncertainties, those of 4PP measurements are around 2-3%. In comparison, ellipsometer
uncertainties are higher for thinner films and lower for thicker ones. The 4PP measurement may damage
the samples by indenting the coating with the points. So, for completely non-destructive measurements,
it might be indicated to use the ellipsometer. Results given by both techniques are also compared

graphically in Figure 5.2.
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Figure 5.2: Evolution of the resistivity with respect to the thickness of the sample.

On one hand, the resistivity is decreasing with respect to the thickness of the sample. Resistivity
changes in thin films may arise from electron mean free path changes [65]. This change has already
been introduced in Figure 1.3a to highlight resistivity changes with the thickness of the sample. The
explanation given in the context of this previous study was that, at some point, the resistivity decreases
due to a lower roughness [66]: when the roughness increases, more electrons are scattered at the sam-
ple surface, leading to an increase of resistivity. The second component is the thickness increase itself:
when more volume is involved, the mean free path of electron becomes larger, and this leads to lower
resistivities. This effect is significant for very thin films up to a certain point where the electron mean
free path converges to its bulk value. In our results, the resistivity converges to a value around 90
1§2-cm. This bulk resistivity enters in the same order of magnitude as the ones that can be found in the
literature [6] [53] [66].

On the other hand, our results differ from the monotonous decrease of resistivity as function of thick-
ness previously observed by the observation of a peak around 44 nm, where the resistivity is nearly
doubled compared to the general trend. This peak is quite localized and is revealed by both 4PP and
ellipsometry. An explanation behind this behavior can be the contribution of stress changes in the thin
films depending on their thickness [60]. The formation of stress generally occurs during the deposition
or growth of thin films. First, residual stresses originate from the mismatch between crystal lattice
alignment of the thin film and its substrate. Additionally, there is a contribution from thermal stresses
when a temperature gradient is applied due to a different CTE with the substrate. In this case, the
effect of temperature is not studied. Finally, another stress evolution not related to lattice and thermal
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5.1. RESISTIVITY ANALYSIS

mismatches can also be observed [60]. These stresses originate from the fact that depositions are made
under non-equilibrium conditions. Generally, any redistribution of matter to find equilibrium will cause
stresses in the film, since the thin film is retained by the substrate. These stresses are called intrinsic (or
growth) stresses. Intrinsic stresses variation with respect to the thickness of the thin film is particularly
interesting to introduce, as it is not linear. Its effect is shown in Figure 5.3.

Relaxation, incorporation of
extra atoms at ledges and GB
¥ =1f(T)

Tension due to crystallite coalescence

\_/ Film thickness t'

\ Compression due to surface stress effects

Figure 5.3: Evolution of the stress with respect to the thickness in thin films [60].

The curve shows that, for small thicknesses, there is a compression due to surface stress effects. Then,
the stress switches from compression to tension until reaching a maximum tension at some point. This
increase is due to the crystallite coalescence [39]. Finally, there is a relaxation and stresses decrease
again.

One hypothesis explaining the apparition of a resistivity peak around 44 nm could be the intrinsic
stresses transition. First, sputtered films have very large compressive stresses [60], so their influence
can be significative. The strain induced by compression stresses have a tendency to bring TiN molecules
closer : the electron mean free path decreases, and consequently the resistivity increases. After the
resistivity maximum, the crystallite coalescence will have the effect of decreasing the resistivity. As
shown in Figure 5.4, the gap between crystallites is closed and electrons are able to move more easily.

Isolated crystallites
Before coalescence Substrate After coalescence

Figure 5.4: Crystallite coalescence illustration [60].

Chapter 5 — Samples characterization 45



5.1. RESISTIVITY ANALYSIS

The free charge carrier strength w,, of the DL model gives complementary information concerning the
charge carrier density in the thin film. It is given by

neQ

=] —, 5.3
Wp - (5.3)

where n is the charge carrier density, e the charge, €, the permittivity of free space and m is the mass of
the electron. It can serve as a direct indicator of the square root of the charge carrier density in a solid
[24]. Additionally, the free charge carrier damping w, of the DL model gives information concerning
the mean free path. It can be expressed with respect to the collision frequency f.; :

27
Wr = 7 : fCol P (54)

where c is the speed of light. This means that when the value of w, increases, the frequency of colli-
sions will increase. Consequently, the electron mean free path will be smaller, leading to an increase
in resistivity. The evolution of the free charge carrier parameters with respect to the thickness are dis-
played in Figure 5.5. As expected, there is a peak around 44 nm for both w, and w,. Thus, from the
examination of free charge parameters, the observed change in resistivity is attributed to both variations
in the electron mean free path and the number of charge carriers.
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Figure 5.5: Variation of the DL free charge carrier parameters with respect to the thickness.

Final curves of Figure 5.2 are a combination of two tendencies:
* The general decreasing resistivity with respect to small thicknesses.

* The intrinsic stress changes in the thin film itself.
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Here, all compared data refer to samples with a Si (100) substrate. Sample 9 (44 nm) being on MgF,,
it is interesting to determine if there is also a peak. Samples 7, 8 and 9 (all with thicknesses around 44
nm) resistivities measured with the 4PP are compared in Table 5.2.

Table 5.2: Sheet resistivity comparison between samples 7, 8 and 9 (~ 44 nm).

Sample 7 8 9
Substrate Si (100) Si(100) MgF,
Rsheet, 4PP (Q/ Sq) 53 49 32

The substrate thus plays a role in the position of this peak. This consolidates the previously mentioned
hypothesis. A resistivity depending on both general resistivity decrease and intrinsic stresses is the

hypothesis to explain the observation. Further analysis with more samples and/or substrates would
nevertheless be indicated.

Coming back to correction factors calculated to consider the thin rectangular slice assumption, Fig-
ure 5.6 shows its influence compared to the infinite plate assumption results.
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Figure 5.6: Effect of the thin rectangular slice hypothesis on the final results.
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The final calculated resistivity by assuming a thin rectangular slice is clearly closer to ellipsometer
measurements. As samples are not totally rectangular and measurements have not been made at the
exact center, this assumption is however not perfect.

Conclusion

To conclude the resistivity analysis, among all measured resistivities, there was the observation of
a peak around 44 nm. Except for this peak, the resistivity is decreasing with thickness down to a
convergence value of approximately 90 u€2-cm. This behavior has been discussed and a probable
physical explanation is the change in the electrons mean free path coupled to a change of charge carrier
density due to intrinsic stresses variation.

5.2 Optical properties analysis

It is also interesting to analyze the evolution of optical properties with respect to thickness. In this part,
the behavior of the refractive index n and the extinction coefficient £ are presented.

5.2.1 Methodology

As for the thickness analysis and the resistivity analysis, the n and & are determined from ellipsometric
measurements by assuming a Drude-Lorentz (DL) oscillator model. Also, the real and imaginary parts
of the dielectric function in Equation 4.1 are respectively given by

g1 = (n® — k*) and (5.5)

g9 = 2nk . (5.6)

In addition to the UV-VIS-NIR ellipsometer, measurements have been performed with an IR ellip-
someter. The variations of (V,A) with respect to the wavenumber have been measured for sample
16 (138 nm) considered to be optically opaque. Measurements settings used for the IR spectroscopic
ellipsometry are:

¢ Max. spectral range, i.e. wavenumbers from 400 to 6000 cm™?.
* Angle of incidence between 60° and 80°, step of 10°.

¢ 500 scans.

The methodology remains the same as the one used for all ellipsometer measurements and the DL
oscillator model assumptions are still applied.
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5.2.2 Results and discussion

It is first important to compare the measured (n, k) from the assumed optically opaque sample (sample
16, 138 nm) with the fitted DL oscillator model. The comparison is shown in Figure 5.7 for the UV-
VIS-NIR ellipsometer. Measurements seem to fit relatively well with the DL model for wavelengths
smaller than 1000 nm.

5 —
— — — DL model
4.5 F n measured
—— k measured

200 300 400 500 600 700 800 900 1000
Wavelength [nm]

Figure 5.7: Comparison between experimental (n, k) coefficients and the corresponding DL fitting for
UV-VIS-NIR ellipsometer measurements of the optically opaque sample (sample 16, 138 nm).

Concerning IR ellipsometer measurements, shown in Figure 5.8, results are fitting with the DL model
until wavelengths of 10 pm, corresponding to a wavenumber of 1000 cm~!. Then, measurements start
to diverge. These results are certainly no longer valid for v > 10um. Two hypothesis are possible :

* The wavenumber at which the divergence starts is near the one for which Ti-N molecular bonds
are oscillating. In literature, this characteristic wavenumber is around 1035 cm™! [67] [22]. In
contrast, the DL oscillator model does not consider molecular dipoles. Therefore, additional
Lorentz oscillators would have been needed to get accurate theoretical results.

* Measurement inaccuracies due to an ineffective angle configuration and/or a low number of
scans. An optimization of the angles and more scans would have been needed to get accurate
experimental results.
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Figure 5.8: Comparison between experimental (n, k) coefficients and the corresponding DL fitting for
IR ellipsometer measurements of the optically opaque sample (sample 16, 138 nm).

First, variations of (n, k) and (1, €5) with respect to the wavelength are extracted from the DL model
fittings of chapter 4. Figure 5.9 and Figure 5.10 show these variations for 6 different samples. In
addition, the variation of some characteristic points is presented.

For instance, the wavelength at which the intersection between n and k is occurring is interesting
because it corresponds to the point cancelling the real part of the dielectric function, i.e. the point
where €; = 0. This relation is presented in Figure 5.11a for several thicknesses. The variation of £ with
respect to this wavelength is also presented in this figure. There is the apparition of a small peak for the
same samples as for the resistivity peak, around 44 nm. Otherwise, the general tendency is a decrease
of the wavelength. Variations become more significative for small thicknesses, here for thicknesses
lower than 20 nm. This region could therefore be interesting to analyze in more details by preparing
more samples within this range. After the aforementioned peak, variations become less significative.

The wavelength at which the minimum of the extinction coefficient k., is occurring is presented in
Figure 5.12 for several thicknesses. The variation of k, itself is also shown in this figure. There is no
general tendency with respect to the thickness. However, an interesting decrease visible for thicknesses
around the now well-known 44 nm region, for both v (wavelength) and £ ;,.

The wavelength at which the minimum of the dielectric function imaginary part €, y,;, 1S occurring is

presented in Figure 5.13 for several thicknesses. The variation of e, n, itself is also shown in this
figure. The same behavior as the one described for k., is visible for &5, pin.

Chapter 5 — Samples characterization 50



5.2. OPTICAL PROPERTIES ANALYSIS

7 Tr
n
6 —k 6
5 5
v wd
3 =3
2 2f
1r 1
0 : : : : : 0 : : : : :
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Wavelength [nm] Wavelength [nm]
(a) Sample 2, 6 nm. (b) Sample 3, 10.5 nm..
7 Tr
6 6
5 L
w4
=) 3l
2 £
1 L
0 ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Wavelength [nm] Wavelength [nm]
(c) Sample 4, 18 nm. (d) Sample 8, 45 nm.
7 Tr

0 ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Wavelength [nm)] Wavelength [nm]
(e) Sample 11, 64 nm. (f) Sample 14, 101 nm.

Figure 5.9: Evolution of n and k£ with respect to the wavelength for samples 2, 3, 4, 8, 11 and 14 using
the DL model and obtained with the UV-VIS-IR ellipsometer.
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Figure 5.10: Evolution of ; and 5 with respect to the wavelength for samples 2, 3, 4, 8, 11 and 14
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using the DL model and obtained with the UV-VIS-IR ellipsometer.
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Conclusion

To conclude, n and k are varying significantly with respect to the thickness. This means that, to de-
termine their value, a study involving the thickness of the thin film must be performed. Bulk data is
therefore not valid anymore for thin films.

5.3 Roughness analysis

The surface of a thin film may influence its electrical properties. As mentioned in section 5.1, roughness
increase can lead to more scattering for the electrons [66]. Additionally, it helps to characterize the
uniformity of the deposition. In the next paragraphs, the roughness results are presented and discussed.

5.3.1 Methodology

The analysis is made on 6 samples covering the entire thickness range. Measurements have been
performed with the interferometric microscope. From the height variation |Z(z,y)| in the analyzed
surface, three relevant parameters are studied: .S, S, and S,. S, is the mean roughness and S, the Root
Mean Square (RMS) roughness, given by

S, — / / Z(z, )| dedy 57)
Surface

S, represents the average difference between the five highest peaks and the five lowest valleys.
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Measurement settings for the interferometric microscopy are listed below.

* Optical magnification: 115x.

Numerical magnification: 1x.

* Measurement area: 57pm x 42.7 um.

Lateral sampling: 0.089 pm.
* Post-process correction: Cylinder and tilt.

The observed sample can be tilted and slightly curved, so cylinder and tilt corrections are activated.
Measurements have been made for samples of 18, 45, 52, 77 and 138 nm. The roughness has also been
determined for a Si (100) substrate. Three measurements are made for each sample at 3 locations.

5.3.2 Results and discussion

Roughness results are provided in Table 5.3.

Table 5.3: Roughness parameters for samples 4, 8, 10, 12 and 16 (from 18 to 138 nm).

Sample | Thickness (nm) S, (nm) S, (nm) S, (nm)
1 0 04 £02]05 +£02|6 =£3
4 18 04 £01]05 +£01 |7 =1
8 45 04 +£01]05 £01|5 +£2
10 52 04 £01]05 +£01|6 =1
12 77 05 £01]06 +£01|7 =£1
16 138 04 +£02]05 +£02|6 =£2

Concerning the variation with thickness, no significative changes are observed. This can also be be-
cause very thin films have not been investigated, the first one having a thickness of 18nm. These orders
of magnitude are also reaching the instrument limitations, which can be the cause of inaccuracies. An
example of measurement is shown in Figure 5.14.
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Figure 5.14: Example of a profiler roughness measurement (sample 8, 45 nm).

Assuming the roughness is not influenced by the thickness, an average S,, S, and .S, can be obtained
independently of the studied sample. Computed parameters in this case are shown in Table 5.4. These
values enter in typical TiN roughness that can be found in literature for similar preparation conditions
and thicknesses [36].

Table 5.4: Overall roughness parameters.

Parameter | Value (nm)
S 04 =+£0.1
Sy 0.5 +£0.1
S, 6 +2

5.4 Results summary

One important result highlighted in this section is the observation of a resistivity peak for thicknesses of
44 41 nm. Another relevant piece of information is that, except for the peak, the resistivity is decreasing
with respect to the thickness. These results are explained by the combination of two phenomena:
the electron mean free path increase with respect to small thicknesses and intrinsic stress changes in
the thin film itself. Another interesting result is the correspondence between ellipsometer and 4PP
measurements. Lastly, the resistivity is affected by the choice of the substrate, which will generate
different stresses.
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The analysis of optical properties also revealed some changes for samples having a thickness of around
44 nm. In the graph of the laser wavelength variation with respect to the point at which refraction and
absorption are equal, a small peak appeared. Some high variations of the minimum absorptivity and
the dielectric function imaginary part are also showing a transition at the vicinity of this thickness.

For thicknesses between 18 and 138 nm, no changes in roughness are observed. Therefore, at these
thicknesses, the resistivity change is not due to a change of roughness. S,, S, and .S, have been com-
puted and are respectively equal to 0.4, 0.5 and 6 nm in average.

Results obtained in this section are only available for thin films deposited over a Si (100) substrate by
IBS but do provide information concerning the property changes with respect to the thickness in a gen-
eral way. To go further in the analysis, more thicknesses should be investigated, more configurations
with another substrate as well. Additionally, a study with respect to deposition conditions, for example
by varying the nitrogen partial pressure in the thin film can be another way to continue the analysis.

To conclude this section, the analysis of the thin film/substrate model has been studied. The provided
information is useful for the general knowledge of TiN thin films but also for the next step of micro-
heater fabrication.

The remaining part to complete this work is the properties analysis of the prepared TiN track, which,
in addition to thickness dependencies, can also vary with the transfer technique and its process param-
eters. As an alternative, all electrical properties measured in this work provide information concerning
microfabrication by ablation of the thin film instead of transfer deposition.
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Track deposition and characterization
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The goal of this section is the deposition and characterization of TiN tracks. One possible way to
achieve this is by using LIFT. First, generalities concerning the technique are proposed. They are
followed by a brief description of the lab facility used for LIFT in the CSL: the laser micromachin-
ing workstation. Then, the deposition method is briefly described. Finally, results are presented and
discussed.

6.1 Laser-Induced Forward Transfer (LIFT)

These generalities include a description of the LIFT and other Additive Manufacturing (AM) techniques
before diving in what are key parameters for the track deposition.

6.1.1 Other techniques overview

The terms "Additive Manufacturing", which basically encompasses all 3D printing methods, are quite
wide and can be classified in several ways. Here is one possible classification: processes based on
conventional photolithography (several steps) and digital printing (single step) [63]. On one hand, the
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6.1. LASER-INDUCED FORWARD TRANSFER (LIFT)

conventional photolithography (or optical lithography) aims to transfer a pattern to a substrate through a
mask. Initially, the substrate is coated with a layer of photoresist. After that, it is exposed to light while
a pattern mask is applied. Then, an etching is performed. The treated substrate is finally immersed in a
developer solution, which removes the areas of the photoresist exposed to light.

On the other hand, digital manufacturing has a fabrication approach but also some functional structures
and devices for which all the process can be done digitally [14]. The main advantage of this technique
is that it is possible to work without masks, photoresist or etching, allowing to have a parallel design
correction with fabrication. Also known as "direct-write process", digital manufacturing englobes dis-
pensing, transfer, or printing of individual units of material called "voxels" (volumetric pixel) [44].
Finally, advantages of photolithography compared to direct-writing are better quality and better resolu-
tion [63].

Going further in direct-writing techniques, there are four main direct-write processes: dispensing, flow,
particle beam and laser [44]. Table 6.1 provides a classification of its main mechanisms and working
material. First, dispensing aims to deliver droplets of the material without any contact between the
nozzle and the substrate surface while flow mechanisms are flowing continuously. Concerning particle
beam mechanisms, they are defined as deposition techniques resulting on the interaction between a par-
ticle beam and the element to be deposited [16]. The last presented category regroups all mechanisms
used with the help of a laser.

Table 6.1: Direct-write techniques mechanisms and working materials [44].

Process Mechanism Materials
) ) Inkjet and electrohydrodynamic inkjet Low-viscosity fluids
Dispensing
Aerosol All types
- Tip (nScrypt) and Quill (MicroPen) Pastes
oW
Dip-Pen Nanolithography (DPN) Low-viscosity fluids
) Focused ion beam (FIB) Metals and oxides
Particle beam
e-Beam Metals
Micromachining All types

L Laser Chemical Vapor Deposition (LCVD) Metals and oxides
aser

Laser-Induced Forward Transfer LIFT All types
Laser-Induced Backward Transfer (LIBT)  All types
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A laser beam can be used to modify, remove or transfer a part of the material of interest, initially de-
posited over a carrier substrate. Laser techniques all have in common to apply a very localized heating
to the substrate. This has the advantage of achieving a greater resolution compared to other mecha-
nisms. Also, using a laser allows dealing with solids, pastes and liquids. Concerning laser modifying,
the material can be modified through different mechanisms such as sintering, micro stereolithography
and multiphoton [62]. These methods are out of the scope of this master thesis; thus, the focus is
made on remove and transfer mechanisms. An illustration of all different laser mechanisms is shown
in Figure 6.1.

(A) (B) e C) Material coating
' Local heatis Material \
[ ocalhealind  gyaporation Final result |
local ablation
— -
Direct laser sintering
~ /
¥
AAA AA AA A
Rinse of the un-sintar
material
| w AAARA AA AR A
-

Figure 6.1: Laser printing methods: (A) Transfer, (B) Removal and (C) Modifying [63].

The removal can be performed with laser micromachining, which can be an athermal ablation, melting
or evaporation (thermal). What is important for micromachining is the behavior of the material with the
laser, which strongly depends on the wavelength or the pulse duration of the laser itself. Applications
of laser micromachining can be found in the fabrication of precision fuel injectors or in the cutting and
texturing of biomedical implantable parts [54].

Moreover, the transfer can be performed with laser additive microfabrication. The three most successful
mechanisms are LCVD, LIFT and LIBT. The specificity of laser transfer mechanisms is the fact that the
transferred material and the source of energy can be chosen without a lot of dependency between each
other [44]. As aresult, neither of these methods encounter problems like source material contamination,
material delivery system blockages, or limited capability to print different material types, unlike other
direct-write processes. LCVD is performed in a chamber with inlets for reagent gases. The focused
laser beam then generates heat and consequently, there is material deposition on the substrate [57].
LIFT is the chosen mechanism to perform the deposition of TiN and is described in the next section.

6.1.2 Description

The Laser-Induced Forward Transfer (LIFT) printing aims to focus a laser beam on a constituted of
a thin film and an optically transparent (to the laser) donor substrate. As the focus is at the interface
between the thin film and the substrate, a micro-explosion happens and propels the material forward.
The propelled material will then "land" on a receiver substrate, placed at a specific distance from the
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donor substrate. The deposited material is called a "voxel" (volumetric pixel) and it can reach a volume
of a few femtoliters [62] (for liquid applications).

In other words, the LIFT can be described with three main steps:
1. ablation of the donor film material from the donor substrate;
2. transfer of the donor film material at a certain velocity;
3. deposition of the material as a voxel on the receiver substrate.

Transfer velocities strongly depend on parameters such as the ejection mechanism, the material’s prop-
erties or process parameters [10]. But, for solid LIFT, typical ranges of 200-1200 m/s can be at-
tained [9]. The LIFT can be performed with or without a sacrificial layer, called the Dynamic Release
Layer (DRL). It is mostly used when the thin film material needs to keep the same crystalline structure,
when not having phase change is preferable. It is also necessary when the material is highly sensitive
to thermal changes [12]. A representation of LIFT with and without DRL is shown in Figure 6.2.

Laser beam Laser beam
Donor substrate Donor substrate
g TooeSl— |
Lot i Wit il
Receiver substrate Receiver substrate

(@) (b)

Figure 6.2: LIFT (a) without and (b) with a sacrificial layer [9].

There are several ways of classifying LIFT techniques. They can be sorted based on the interaction
(direct, indirect, chemically induced), or the phase of the donor material (solid, paste, liquid). The
second classification is used for the next paragraphs.

For solid layers, the initial material in the donor film absorbs the incoming radiation and is subsequently
propelled towards the receiving substrate. This propulsion is due to a sudden increase of pressure and
temperature locally. During the transfer, it is interesting to note that a shockwave is generated, which
could be a problem for the deposition. For TiN layers, solid LIFT is usually performed [40].

Concerning liquid LIFT, even if the general principle is the same, there are some differences in the

behavior of the donor layer. Also, some other relevant parameters must be considered like the liquid
absorption energy or rheological conditions. Most liquid depositions are based on the formation of a
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bubble where the laser is focusing, this bubble will then form a jet and the liquid layer is transferred to
the receiver substrate [14]. The use of intermediate layer is also possible.

Finally, pastes are typically highly viscous, but not as viscous as liquids, and the paste LIFT is also
known as Laser Decal Transfer (LDT). As pastes are not really affected by the deformation caused
by the surface tensions, they follow the same shape as the one defined by the laser intensity. This
allows "play" with the laser intensity to have the desired shape more easily than for solid and liquid
LIFT [31]. To illustrate that, some measurements have already been performed with transferred silver
nano-suspensions onto Si receiving substrates in Figure 6.3, for solid, liquid of paste depositions.

100 pm

Figure 6.3: Comparison of three distinct viscosities for the deposition of silver onto a Si substrate. (a-
b) Low viscosity "liquid-like", (c-d) Very High viscosity "solid-like", (e-f) High viscosity "paste-like"
[31].

Chapter 6 — Track deposition and characterization 62



6.1. LASER-INDUCED FORWARD TRANSFER (LIFT)

As a summary, the taxonomy of LIFT is shown in Figure 6.4. It is worth noting that this classification
is not exhaustive, and is only one way to visualize AM techniques.

—» Particle beam

—> Modifying —> Liquid
Direct-write >  Laser  — LIFT —
techniques
Additive L > Additive > Solid
Manufacturing
Photolithography F>» Dispensing LCVD
L>» Substractive > Paste

_— o Flow

Figure 6.4: Taxonomy of the LIFT [44], [14], [63].

Normally, LIFT is performed with a pulsed laser, each pulse corresponding to one voxel deposition.
However, recent studies showed that it is also possible to perform LIFT with several laser pulses
[37]1[29] and even with a continuous laser source [52]. The latter works like a single pulse laser depo-
sition but instead of having droplets, the deposited layer is continuous. A comparison between pulsed
and continuous laser deposition is shown in Figure 6.5.

Pulsed Beam scan
laser -
beam

Donor substrate

Cw Beam scan

laser
beam <~

Donor substrate

Donor film Bubble
Printed line ' Droplet
'
Jet
Receiver substrate | Receiver substrate 7
(a) Continuous wavelength. (b) Pulsed.

Figure 6.5: Pulsed and continuous laser sources LIFT [52].
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6.1.3 Important parameters and limitations

During the process, some parameters can be critical to get an effective deposition. According to Das
A. at al. [9], important parameters are fluence (J/cm?), the distance between the donor and the receiver
(pm), the scan rate (mm/s) and the focal point of the laser beam, which is generally a great indicator of
the beam diameter. The surrounding environment can also change results.

Fluence

The first parameter is fluence, which is defined by the expression:

pulse

.. B
F (J/cm?) = - (6.1)

foc

where s is the laser pulse energy (J) and A, is the effective focal spot area (cm?). In fact, a balance
is needed to get acceptable deposition results. Some tests have already been performed for a LIFT with
a Ni donor (180 nm) and a gap between the donor and the receiver of 10um. These tests are shown in
Figure 6.6.

At low fluences, the first picture clearly shows that the deposited material is not sufficient and fluence
needs therefore to be increased. But although increasing fluence means that the ablation is increasing,
at some point, this ablation will be too high. This phenomenon is shown in the third picture. There
can also be some debris or thermal damage at high fluence. These problems are mostly due to an
higher shock during the deposition, as the flyer velocity is linked with fluence [10]. In addition, higher
velocities generated lead to having stronger impacts on the receiver substrate and thus a drop in quality.
On the other hand, having lower velocities leads to some adherence problems between the voxel and
the receiver. It is therefore important to find an optimum fluence to limit these effects and maximize
the efficiency of the deposition.

R 2

:0.2J/cn®  (b).F=0.8Jcne () F=2.5J/cn?

Figure 6.6: LIFT performed with Ni films results. (a) Low fluence, (b) Optimized fluence, and (c) High
fluence [49].
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Distance

Next, the distance between the donor and the receiver, denoted L, is also an important parameter. When
this distance is larger, the efficiency of the projection tends to be lower. This efficiency is interpreted
through the spread length and Figure 6.7 shows its dependency (d) with respect to L. In this example,
Ni voxels are deposited with several fluences from 2 to 4 J/cm? and a thin film thickness of 180nm. An
increase of d with respect to L is noticeable, this is because the voxel has more time to be spread for
larger distances. Generally, when fluence is optimum, a higher accuracy is reached for small donor-

substrate distances [61].

80—+
Ni 500 nm
~ *
£ s
= & g
~S 40+ * °
= a
0 . A
=
2 o
T *
3 20t
a v ® Fluence 2.0 J/em®
wn ' ,
J Fluence 3.0 J/em™ A
 Fluence 4.0 J/em®
I L L L L L 1 1 1 1 1
% 50 100
100 gm Film — substrate distance L (um)
(a) Deposited structure. (b) Relationship.

Figure 6.7: Evolution of the spread length with respect to the substrate distance for a given fluence
[49].

Laser pulse duration

The choice of the laser influences the deposition. A first important laser parameter is the pulse, with
ranges going from milliseconds (ms, long pulsed) to nanoseconds (ns, short pulsed) or even femtosec-

onds (fs) [64].

Both long and short pulsation lasers have advantages and drawbacks. Short pulsed lasers show a better
ablation in the cost of a loss of adherence [64]. Examples of uses of ns lasers can be found in biological
applications such as cells printing. The use of fs pulses lasers permits to be more precise and reduce the
heating effects [26] [25]. Following the same logic, long pulsed lasers have more heat effects because
the heated material is more exposed. Moreover, the energy distribution of the pulse itself can influence

the deposition.
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6.2 Laser micromachining workstation

The last instrument used in the scope of this work is a laser micromachining workstation using a UV
excimer laser. The purpose of this instrument is to perform ablations and consequently LIFT or LIBT.
An illustration of its general setup is shown in Figure 6.8.

Lenses

HR mirror

ArF 193nm

FL1+FL2»

HR mirror
HR mirror

X10 Objective

lens Translation stage

—| Controller

Figure 6.8: Schematics of a typical laser micromachining system [46].

The used laser is an ArF excimer with a wavelength of 193 nm. Also, it is a pulsed laser with a pul-
sation of the order of the nanosecond. Usually, this kind of laser is used for the micromachining of
piezoceramics (PZT), silicon carbide (SiC) or pyrex [11], but LIFT can also be performed. Concretely,
the laser passes through a defined mask of a specified shape depending on the desired pattern. Con-
cerning the environment of operation, the ablation can be done in air, nitrogen or vacuum. It is also
equipped with a digital microscope and a fume extraction mechanism. Views of the setup are illustrated
in Figures 6.10 and 6.9.

| ————— Donor (MgF»)

140 pm 1 Kapton

Receiver (quartz)

Figure 6.9: Schematics of the LIFT setup (side view).
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The donor substrate for LIFT must be transparent for wavelengths corresponding to the used laser. The
chosen one for tracks preparation is the MgF,. The transmission range of MgF, starts at 120 nm and
ends at 7 pm [13]. Thin films prepared over Si (100) cannot be used for LIFT. However, an alternative
can be the ablation of the thin film directly to get the desired track. The receiver substrate is the final
substrate used for applications in microheaters. Commonly used materials have already been presented
in Figure 1.6. In this work, the track is prepared over a quartz crystal to allow a possible LIBT as it is
transparent to UV wavelengths.

A

Laser beam

MgF, \ /
\ / Donor
Quartz
Receiver |

Figure 6.10: Schematics of the LIFT setup (3D view).

Lens

This instrument is used to study the way thin films can be transferred from the donor substrate onto
a receiver substrate. More specifically in this work, about the TiN transfer between MgF, and quartz.
To separate the two substrates by a known distance, two layers of 70 ym Kapton™ tape are used. A
picture of the micromachining system is displayed in Figure 6.11.

(a) General instrument. (b) Transfer area.

Figure 6.11: Photography of the LIFT instrument.
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6.3 Methodology

To complete this section, some LIFT tests have been performed with sample 9, having a thickness of
approximately 44 nm on a MgF, donor substrate. The track deposition is made over a quartz receiver
substrate positioned at 140 pm, as shown in Figure 6.9. First, the behavior of the ablation with respect
to the provided energy is studied by making a row matrix of energies varying from 0.36 mJ to 1.44 mJ
(AE = 0.18mJ). Then, two lines of 8 mm are made: one only constituted of 1 layer of TiN (L1),
the other one constituted of 5 superposed layers (L5). Hereafter in Table 6.2 are listed the main track
preparation settings.

Table 6.2: Important used settings for LIFT tests.

Matrix Lines
Energy (mJ) 1.8 3-4%
Transmission (%) 20-80  30-45%*
Repetition rate (Hz) 5
Pattern shape Rectangle
Pattern dimension (xm) 125
Medium Medium

The wear of the laser due to its end of life led to undesired stability problems: the laser had to be refilled
three times during the process. Consequently, all results shown here are not completely relevant on a
quantitative basis. However, in terms of tendencies and general qualitative interpretations, it is still
useful to show and discuss them. Concerning lines (*), the energy was 4 mJ with 7" = 30% (= 1.2 mJ).
Because of the laser instabilities, the energy at the end (around the third/fourth layer) changed to 3 mJ
with T" = 45% (= 1.35). So L5 was submitted to an average laser energy of ~ 1.28 mlJ.

After that, the tracks are observed with the digital microscope described in chapter 3 with a magnifi-
cation of 250x. This microscope is also used to determine the width of LS. In parallel, its thickness is
estimated with the profiler to estimate an eventual final deposited volume. The used mode is VSI and
not PSI like the samples thickness determination. Finally, the roughness of L1 and L5 are measured
still with the profiler also in VSI. General measurement settings are listed below.

* Optical magnification: 5x (thickness det.), 20x (roughness det.).
* Numerical magnification: 1x.
* Post-process correction: Modal tilt only (thickness det.), Tilt and cylinder (roughness det.).

¢ 5 measurements (at different locations).

Chapter 6 — Track deposition and characterization 68



6.4. RESULTS AND DISCUSSION

Post measurements corrections are the same as the ones used previously for the determination of the
thickness and roughness for thin film samples deposited by IBS.

6.4 Results and discussion

First, the fluence of the laser is given by Equation 6.1, so the variation of the ablation with respect to
the energy can be expressed in terms of fluence. Figure 6.12 shows digital microscope images of the
ablation evolution with respect to the fluence. It can be observed that for the two first ablation patterns,
sides still have imperfections, highlighted in red. Then, for fluences around 5 J/cm?, the ablation is well
defined, and this range can be assimilated to the optimal fluence. For higher fluences, some spreading
becomes to be visible, similarly to the high fluence deposition shown in Figure 6.6.
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9.216 J/cm?

Figure 6.12: Images of the ablation evolution with respect to the fluence taken by the digital microscope
(sample 9).

Concerning the deposited track, L1 and L5 are shown in Figure 6.13. They both have a deposited length
of 8 mm. As a first observation, there is a clear change of color between them.
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The width of L5 has also been determined directly with the microscope and is equal to

This means that the deposited track is slightly wider that the initial ablation pattern of 125 ym. This
represents an increase of 3.5 %. Some TiN parts are also outside the line, but with a lower density.

(a) L1 and LS. (b) LS.

Figure 6.13: Images of L1 and L5 taken by the digital microscope (MgF,substrate).

A roughness analysis is performed for LS. Figure 6.14 shows an example of roughness measurement
with the interferometric microscope. For LS,

Se =60 £2nmand S, = 90 £ 2 nm. (6.3)

This roughness is at least 3 orders of magnitude greater than IBS deposited thin films on Si (100).

0:158
-415.486 nm

£ " .’

(a) 2D. (b) 3D.

Figure 6.14: Roughness profile of L5 measured by the profiler.
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To conclude this section, a preliminary track deposition by LIFT has been made, followed by a basic
characterization. It appeared that the optimal fluence is around 5 J/cm?. In addition, roughness are
much higher than the ones of the initial donor sample. However, all experimentations done in this
section result from an instable laser setup in terms of energy. In this situation, results explained here
have to be verified with a more stable laser to confirm these tendencies or not.

During the internship, experiments stopped at this point but the analysis could be taken a step further.
For example, the investigation of the spacing between each ablation or the distance between substrates
are interesting to study. Thickness determination of the deposited lines could lead to resistivity analysis.

Also, as an alternative, the track can be prepared directly by ablation instead of LIFT. Ablation could

be useful to have less electrical properties variation due to the track preparation, as the substrate does
not change.
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Conclusion

The motivation behind this work stems from the need to outgas particles from a mirror surface to min-
imize their impact on the overall performance of a space optical instrument. Therefore, the objective
was to establish a solid foundation for the fabrication of micro-heating systems integrated in the surface
of mirrors. The second main objective was to enhance our understanding of the properties and prepara-
tion of nano-scale coatings. More specifically, the investigation was made on titanium nitride thin films
characteristics variations as a function of thickness. In total, 14 TiN coatings over silicon (100) and 1
coating over magnesium fluoride were prepared and characterized, with thicknesses ranging from 6 to
138 nm. An investigation from the preparation of the coating to the preliminary phase of the imple-
mentation in a micro-heating system was performed.

An overview of microheater and applications led to the choice of TiN for the material constituting the
heating track. The choice was motivated by its ability to withstand microheaters applications, espe-
cially in high temperature.

The coatings were prepared by Ion Beam Sputtering (IBS) with constants Ar and N, gas flows. Pre-
pared coatings were assumed to be at a nitrogen saturation of 40%. It resulted from the analysis that the
deposition rate varied between 0.55 and 0.78 nm/min and was decreasing with respect to the wanted
deposited thickness.

During all the investigation, several measurement methods were compared. The thickness determina-
tion of coatings was performed by associating ellipsometry results and profiler measurements. The
resistivity was determined from 4-point probe and ellipsometric measurements. It resulted to simi-
lar values all along the studied thickness range. Optical properties were determined by ellipsometry.
The surface roughness was investigated from profiler measurements. All ellipsometry characterizations
were made by assuming a Drude-Lorentz model.

Measurements revealed an undocumented resistivity peak for thicknesses of 4441 nm, reaching a resis-
tivity of 2154 10u£2-cm. The investigation of this peak resulted in the assumption that intrinsic stress
changes inside the thin film as a function of thickness were producing changes in free charge carrier
parameters. Resistivity analysis on the MgF, substrate consolidated this assumption. Measurements
also revealed a decrease of resistivity beginning at approximately 330 £2-cm for 5 nm and converging
to a bulk resistivity of approximately 90 1£2-cm for coatings thicker than 100 nm.
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Conclusion

The analysis of optical properties concluded that the refraction coefficient n and the extinction co-
efficient £ as a function of wavelength can be estimated by assuming a Drude-Lorentz model until
wavelengths of 1000 nm. It also revealed significant changes of optical properties behavior among the
studied thin film thicknesses, and consequently the invalidity of bulk data at these thicknesses. The
analysis of the surface roughness for thicknesses between 18 and 138 nm concluded that no roughness
variations were observed. An average roughness S, of 0.4£0.1 nm and a root mean square roughness
Sq of 0.540.1 nm were the final outcomes. The coating prepared on the MgF, substrate was deposited
over quartz by Laser-Induced Forward Transfer (LIFT). A line of 8 mm and 129.5 pm was deposited.
The optimal fluence was determined to be around 5 J/cm?. A preliminary characterization was made
on the roughness and it resulted to a S, of 60 nm=+ 2 nm and a S, of 90 nm= 2 nm.

To conclude, this work revealed some unexpected particularities TiN coatings can have depending on
the way to prepare and deposit it as a microheater. TiN coatings could therefore be a suitable option for
the fabrication of micro-heating devices, but further investigations are needed.

Perspectives concerning the continuation are numerous. For the used materials themselves, the heating
track, donor substrate and receiver substrate can be changed and studied with respect to their electrical
properties or track preparation conditions. Concerning TiN coating preparation, two parameters were
not studied in this work: the variation of nitrogen partial pressure and the effect of temperature. These
parameters are therefore possible analysis axes to be investigated. The presented characterization can
be investigated further. The preparation of more samples around the resistivity peak can lead to a bet-
ter understanding of the highlighted phenomenon. Finally, A logical continuation of this work is the
preparation and electrical characterization of more microheaters by LIFT. A possible alternative is,
however, the possibility of using ablation to create the tracks instead.

Applications of microheaters are large and go beyond space applications. Results found here are there-

fore also exploitable in all kinds of micro-heating devices. The investigation is only at its beginning
and the microheaters development is a source of endless possibilities.
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Appendix A

Samples related data

Figure A.1: Photography of all the samples, sorted by thickness.



Samples related data

Table A.1: Samples deposition data.

Sample # Date tocm (nm) | Duration (h)

1 09-04-24 0 -

2 08-05-24 5 00:07:59
3 15-04-24 10 00:15:22
4 10-04-24 20 00:29:30
5 02-04-24 35 00:46:17
6 16-05-24 45 01:03:35
7 19-03-24 50 -

8 07-05-24 50 01:08:34
9 14-05-24 50 01:12:40
10 13-05-24 60 01:32:14
11 10-10-24 75 01:51:31
12 11-04-24 100 02:19:57
13 20-03-24 - -

14 22-04-24 130 02:55:46
15 25-03-24 150 -

16 29-04-24 175 04:16:10

Chapter A — Samples related data
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Samples related data

Table A.2: Dimensions and resisitivity correction factors (s = 2 mm).

Sample | a(cm) b (cm) a/b b/s Ry
1 3 1.5 2 7.5 | 0.8905
2 3.5 2 1.75 10 | 0.9337
3 5 2 2.5 10 | 0.9345
4 3.5 225 1.56 11.25 | 0.9421
5 5 2.5 2 12.5 | 0.9521
6 5.5 2 275 10 | 0.9345
7 4 2 2 10 | 0.9345
8 4 1.5 267 7.5 |0.8905
9 2.5 2.5 1 12.5 | 0.9498
10 5.5 2.5 22 125 | 09521
11 4.5 2 225 10 | 0.9345
12 5 2.5 2 12.5 | 0.9521
13 4 3 1.33 15 | 0.9687
14 4 2 2 10 | 0.9345
15 4 2 2 10 | 0.9345
16 4 2.5 1.6 12.5 | 0.9511
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Appendix B

Interferometric step height measurement
correction

When using the PSI mode in the interferometric microscope to measure the step height between two
different materials, a correction factor is needed. This is because the phase shift due to the reflection
of the monochromatic light is not the same when several materials are involved. An illustration is
provided in Figure B.1.

Y \ 4

U Y

Y A 4 ] \ 4

Opaque films (same material) Opaque films (different materials) Semi-transparent films
Figure B.1: Step height measurements changes .

For opaque films involving the same material, the measured step distance is given by

B OPD B OA
2 Ax’
where, OPD stands for Optical Path Difference, d is the real distance, ¢ is the phase shift, and A is

the wavelength of the light. But when it comes to opaque films involving two different materials, the
measured distance is given by

dpm =d (B.1)

dp =d+ ——. (B.2)
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Interferometric step height measurement correction

Thus, to know the phase shift difference between both reflected beams, ellipsometry can be used. The
difference between d and d,, is given by

2ki(1 — n2 — k2) — 2ky(1 — n? — k? A
d—d, = [atan( al i ) ol B t))] (B.3)

(1—nZ —k2)(1 —nZ — k2) + 4k, ) | 4n°

where n and k are the refractive index and the extinction coefficient at measured wavelength A. The
subscripts b and ¢ stand for bottom and top. So, ellipsometer measurements provide the correction
factor to the distance measured with the profiler.

For semi-transparent films, the software Essential MacLeod [20] is used. As samples are composed
of TiN on Si substrates, the software bases on the Abeles matrix formalism to calculate the phase
difference between Si and semi-transparent film on Si, here TiN. From there, the thickness correction
is calculated for each sample.
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Appendix C

Uncertainties estimation

UV-VIS-NIR ellipsometer measurements

UV-VIS-NIR ellipsometer measurements are based on the Drude-Lorentz fitting of samples if the Spec-
traRay/4 software [18]. As a reminder, the Drude-Lorentz model expression is given in Equation 4.1.
The instrument documentation referenced the uncertainty on ¥ and A measurements, listed below.

* 0¥ =0.05° due to the sample tilt and the absolute offset calibration accuracy.

e A =0.1°: drift resulting from variations in the light source and temperature changes.

Then, the studied parameter is changed manually until reaching theoretical curves limit variations given
by (0W,0A). The variation for thickness 0ty leading to 0¥ and 0t the one leading to dA are calculated
and the highest one is always taken. Once 4t is known, the uncertainly percentage is given by

ot
&= 100 . (C.1)

The exact same methodology is applied to determine the free charges uncertainties €,,, €., . Concerning
the resistivity obtained from the fitting of the Drude-Lorentz model, it is given by
Wr 1

Ry = —- (C2)

w? 2meoc

Its variation can be calculated :

Wy + dw; 1

R, ol = . . C3
B+ Ko (wp + dwp)?  2mepe (©3)
s oy e L g C4
T (W F Owp)? 2w €4
Thus, it gives
wr + 0(w, 1
O(Re)r = orky R, (C.5)

(wp + 0(wp)y)? 2mege
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Uncertainties estimation

for the upper limit and
wr + 0(w;), 1

0(Re), = . — R, C.6
(Fa), (wp + 6(wp)4)? 2meqe : (€6)
for the lower one. The uncertainty percentage is finally given by
_ % 00 (C.7)
ERel - Re] . .

4PP resistivity measurements
The resistivity obtained from the 4PP measurements and the thickness calculation is given by
Rypp = t - Rypeet, 4pp (C.8)

where Rypp is the final resistivity, ¢ is the thickness and Rger, 4pp the electrical sheet resistivity from the
4PP measurements. The uncertainty is then given by

Rapp + dRapp = (t + 0t) - (Rsneet, 4pp + 0 Rsneer, 4pp) - (C.9)

=—> ORupp = (t + Ot) - (Rgheet, 4pp + O Rsheet, 4pP) — Rapp » (C.10)

where t, 0t, Rgpeet 4pPs 0 Rsheer, app and Rypp are known for each sample. The critical cases are the
combination (§h, 0 Ryheer, 4pp )max fOr the higher bond and (¢, § Rpeer, 4pp )min for the lower one. Thus, it
gives

O(Rapp)t = (t + 0(t)1) - (Rsheer, 4pp + 0(Rsheer, 4pp)1) — Rapp (C.11)

for the upper limit and
O(Rapp); = (t 4+ 0(t)}) - (Rsheer, 4pp + O( Risheer, app) ) — Rapp , (C.12)
for the lower one. The uncertainty percentage is finally given by

. 5R4PP )

Eltarr = R4PP

100 . (C.13)
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