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ABSTRACT

The controlled growth of nanostructured thin films represents a challenging field
of research which is related to many different applications of great scientific rele-
vance. The properties of many materials can be greatly enhanced by optimizing
the nanoscale assembly processes: by modeling the nanoparticles which create and
assemble a film it is possible to achieve very promising results, although it requires a
bottom-up approach capable of tailoring the properties with a high level of control or
a complex set-up. Plasma-based synthesis processes have been widely developed and
applied for an increasing number of technologies leading to important achievements
and many industrial-scale applications, in particular in the field of nanoscience.
Plasma Assisted Supersonic Jet Deposition offers a novel approach for nanostruc-
tured thin films deposition by combining a reactive plasma with a supersonic jet.
An argon-oxygen inductively coupled plasma offers a reactive environment where
a metalorganic precursor (titanium isopropoxide for TiOy depositions) is dissoci-
ated and oxidized. The gas is then left to expand from a small orifice into a lower
pressure vacuum vessel forming a supersonic jet, where the TiOs nanoparticles are
formed and accelerated onto a substrate by the gas carrier mixture. This deposition
technique has proven useful for the deposition of nanostructured thin films having
a desired morphology at competitive deposition rates. In order to achieve an effec-
tive improvement of the synthesis process, an accurate knowledge of the expanding
plasma jet chemistry and physics is of fundamental importance. In this PhD project
a deep characterization of the supersonic plasma jet was performed using different
diagnostics. The plasma discharge in the reactor was monitored by optical emission
spectroscopy, Langmuir probes and the measurement of voltage and current values
across the antenna of the ICP source. The supersonic plasma jet was characterized

using a quadrupole mass spectrometer to sample the gas from the jet at different
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positions along its axis of symmetry. The detection of neutral species, radicals,
ion fluxes and their energy distribution functions led to an understanding of the
expanding plasma properties, its composition and its influence on thin films deposi-
tion. In addition to this, based on experimental observations, a MATLAB code was
developed to reproduce the ion energy distribution functions numerically from first
principle calculations. During this project plasma assisted supersonic jet deposition
was also operated for the deposition of nanostructured TiOs samples whose chem-
ical, physical and morphological properties were analyzed by FTIR, profilometry,
AFM, SEM and TEM.



CHAPTER

INTRODUCTION

1.1 Motivation of this study

Thin-film science and technology play a crucial role in the high-tech industries.
While the major exploitation of thin films has been in microelectronics, there are
numerous and growing applications in communications, optical electronics, coatings
of all kinds, and in energy generation and conservation strategies.

In particular nanotechnology has become one of the most important and growing
fields of Physics, Chemistry, Biology and Engineering. Material built from particles
smaller than 100 nm exhibit new properties and behavior. This is mainly due to
the fact that particles which are smaller than the characteristic length associated
to a specific phenomenon show size-dependent properties. Mechanical properties,
melting temperature, reactivity, electrical conductivity and optical properties have
all been observed to change when the particles building a material become smaller
than a certain critical size. This allows us to tailor the properties of a material. In
particular thin films having a particular nanostructure were developed and applied
for the production of micro-electronic devices, efficient sensor units, optic filters,
photocatalysis and photovoltaics applications. It was demonstrated that the film
morphology and structure can effectively enhance the efficiency of these devices.
The growth of thin and ultra-thin films may be achieved using a large variety of
techniques such as chemical vapour deposition (CVD), RF sputtering, pulsed laser
deposition (PLD) or plasma enhanced CVD (PECVD). The growth process used
determines the structure, so that different techniques can be adopted, depending on

which properties are to enhance in the film [1, 2, 3, 4]. Modelling the nanoparticles



which create and assemble the film it is possible to achieve very promising results,
although it requires a bottom-up approach capable of tailoring the properties with
a high level of control or a complex set-up [5].

While on a small scale there are a large number of production techniques, industrially
there is not yet today a flexible and economic process, capable of depositing nanos-
tructured film over large areas. There are however very few examples of processes
capable of depositing nanostructured film with controlled chemistry, morphology
and porosity. There is no deposition procedure which can easily achieve an accurate
control on both the chemical composition and the nanostructure of a thin film and
that can be considered truly versatile or up-scalable.

This Ph.D. project aims to study and fully characterize a novel reactor for the
production of nanostructured thin films. This reactor was developed to create an
efficient and easily controllable process of deposition and growth of nanostructured
thin films putting together the strengths of existing, and industrially employed,
techniques. The main goal is to gain an accurate control of the nanoscale assembling
of the materials produced developing a new deposition techniques named Plasma
Assisted Supersonic Jet Deposition (PA-SJD) [6]. The novelty of the proposed
approach is the segmentation of the gas phase material synthesis in two separate
steps: chemistry control in a reactive cold plasma environment; nucleation and
assembling control by means of a supersonic seeded jet over a substrate. High
throughput and fast deposition rates could be achieved using high density plasma,
which are not feasible, for instance with plasma-laser deposition or conventional
sputtering techniques. A cheap, vaporizable and stable monomer could be employed
as the source of the oxides, the semiconductors or even the metals. The extraction
of a supersonic plasma jet allows to focus the precursor flow on the substrate and
to control the growth and the sizes of clusters. By changing the conditions it is
possible to obtain hierarchical structures and graded films. The overall structure at
the nanoscale is controlled too by the extraction parameters. A supersonic beam
allows to obtain clusters of nanoparticles, with a small dispersion of sizes.

The main elements of novelty and innovation of PA-SJD with respect to existing

processes are:

e The plasma source, which can be tuned to meet different requirements for the
production of the building blocks for the nanostructured deposition. Different
reactive environments can be easily created varying the plasma parameters

and chemical composition.

e The supersonic seeded jet, which allows an efficient and demonstrated control
on the nanoparticles aggregation and on the films growth, controlling their

structure and morphology.

e The capability to deposit different kind of oxides, semiconductors and metals.



PA-SJD was employed for the deposition of TiO9, ZnO and Ni nanoparticles,

demonstrating a great versatility.

This technique was firstly employed for the production of thin films made of titanium
dioxide. TiOg was chosen because it has been widely used for different applications in
a great number of research areas: it is biologically and chemically inert, it combines
a high dielectric constant with high refractive index and exhibits a wide-bandgap.
These properties make it well suited for microelectronic and semiconductors appli-
cations, for sensors, ultraviolet filters and antireflection coating, photocatalysts and
photovoltaic [7, 8, 9, 10].

PA-SJD has led to different technological applications, for instance the production
of nanostructured TiO2 photoanodes in dye sensitized Graetzel solar cells [11]. Yet
many promising applications are still to be explored, such as the deposition of pho-
toanodes for the generation modern solid state DSSC (ultra-thin ZnO or TiOs films),
sensors or optical filters (think nanostructured TiOq films), metal Ni nanoparticles
as powerful catalysts, Si and Ge quantum dots.

To obtain an improvement of the current applications and to develop new inter-
esting ones, it is fundamental to characterize and fully understand this deposition
technique, from the generation of nanoparticles inside the plasma, to their assembly
in the jet and deposition on the substrate. During this Ph.D. the entire deposition
process was deeply characterized and the physics related to the thin films depositions
was studied in order to undercover the parameters which can be varied to model
the film nanostructure and stoichiometry. This study allowed to gain a insight on
the different improvement possibilities, as well as to understand the phenomenology
and the physics which are related to the different features of PA-SJD.

1.2 Thin films deposition technology

Thin films and nanoparticles made of oxides, semiconductors or metals have many
applications in material science. The possibility to change their morphology at
the nanoscale makes them even more interesting for applications like catalysis and
photocatalysis, energy conversion or storage, rather than more conventional uses as
barrier or protective coatings. Despite their wide range of application, few innovative
techniques exists for the controlled deposition of nanoscale assembled materials.
Physical vapor deposition (PVD) and chemical vapor deposition (CVD), together
with all of their variant and hybrid processes, are the basic film deposition methods
[12, 13]. Some factors that distinguish PVD from CVD are:

1. Reliance on solid or molten sources.

2. Physical mechanisms (evaporation or collisional impact) by which source atoms
enter the gas phase.

3. Reduced pressure environment through which the gaseous species are transported.



4 . General absence of chemical reactions in the gas phase and at the substrate sur-

face (reactive PVD processes are exceptions).

Evaporation and sputtering are two of the most important methods for depositing
thin films by PVD. The objective of these deposition processes is to controllably
transfer atoms from a source to a substrate where film formation and growth proceed
atomistically. In evaporation, atoms are removed from the source by thermal means,
whereas in sputtering they are dislodged from solid target (source) surfaces through
impact of gaseous ions.

Chemical vapor deposition (CVD) is the process of chemically reacting a volatile
compound of a material to be deposited, with other gases, to produce a nonvolatile
solid that deposits atomistically on a suitably placed substrate. High-temperature
CVD processes for producing thin films and coatings have found increasing applica-
tions in such diverse technologies as the fabrication of solid-state electronic devices,
the manufacture of ball bearings and cutting tools, and the production of rocket
engine and nuclear reactor components. Among the reasons for the growing adop-
tion of CVD methods is the ability to produce a large variety of films and coat-
ings of metals, semiconductors, and compounds in either a crystalline or vitreous
form, possessing high purity and desirable properties. Furthermore, the capability
of controllably creating films of widely varying stoichiometry makes CVD unique
among deposition techniques. Other advantages include relatively low cost of the
equipment and operating expenses, suitability for both batch and semicontinuous
operation, and compatibility with other processing steps. Hence, many variants
of CVD processing have been researched and developed in recent years, including
low-pressure (LPCVD), plasma-enhanced (PECVD), and laser-enhanced (LECVD)
chemical vapor deposition.

Titanium oxide and zinc oxide are usually synthesized by sol-gel synthesis of nanopar-
ticles followed by sintering has been employed, generally yielding disordered films
either with moderate porosity [14, 15], or in the form of an aerogel [16]. Ordered
structures, with an engineered pore architecture, have been obtained by using tem-
plating agents. Besides the complexity of these approaches, the necessary removal
of the templating agent may cause severe dimensional changes and surface area re-
duction [17]. Recently, there have been reports on the template-free fabrication and
photocatalytic activity of hierarchically organized nanostructured TiOy [18, 19, 20].
Although the employed techniques are very powerful in producing powders com-
posed of highly engineered particles, characterized by a complex nanostructure, no
reports have been issued on the growth of hierarchical TiOs thin films on surfaces
for the functionalization of large scale areas.

Typical thin film deposition techniques, such as CVD, sputtering and pulsed laser
deposition (PLD), have also been tried with some excellent results in the doping

issue but limited success in regards to surface area, since they tend to form essen-



tially 2D films with limited surface area [21, 22]. A few authors obtained columnar
or sculptured thin films by sputtering [23] or flame aerosol synthesis, with poros-
ity determined by column diameter and spacing. In particular, Suzuki and Yang
obtained high surface area TiOs and ZnO films, showing enhanced activity, by typ-
ical thin film techniques such as glancing angle deposition (GLAD) and MOCVD,
respectively [24, 25]. Suzuki demonstrated an enhanced surface reaction efficiency
of obliquely deposited TiOg thin films with variously shaped columns (e.g. zigzag,
cylinder, and helix). He clearly showed that columnar thickness and spacing play
an important role in the enhancement of the effective surface area. Notable ex-
amples of 3D film structure were demonstrated by Goossens et al, who obtained
a fractal ‘forest like’ titanium oxide deposit by CVD [26]. In general, the active
surface area of these films is limited to the sum of the exposed areas of individual
columns or needles. Furthermore, inter-columnar spacing is hardly controllable to a
large extent. Other techniques like SCBD [27, 28] achieved interesting results in the
deposition of nanostructured materials, even though with uncertain up-scalability.
A novel one-step, template-free production, by reactive PLD, was also suggested
for producing hierarchically organized nanostructured TiOy [29] and tungsten oxide
[30]. Even though PLD is a versatile technique for the production of nanostructured-
materials, still has limited chances in large area applications like those in energy and
environment. Furthermore, high power — high repetition rate lasers (> 200 Hz) are
extremely expensive. Both these issues preclude to PLD inexpensive mass fabrica-
tion of thin films. For the deposition of Si and Ge quantum dots the most innovative
technique is the one disclosed by U. Korthagen and coworkers [31]. In this novel
fabrication process a silane gas is injected in a flowing Ar plasma and crystalline
silicon form in the gas phase. No examples of nano-assembled functional films have

been demonstrated so far.

1.3 Plasma assisted supersonic-jet deposition

PA-SJD was developed for the purpose of going beyond current limitations of nanoscale
fabrication techniques segmenting the gas phase material synthesis in two separate
steps: chemistry control in a reactive cold plasma environment; nucleation and
assembling control by means of a supersonic inseminated jet impacting over a sub-
strate. Thanks to this two steps-continuous process it is anticipated an overall
enhanced control and versatility of the deposition technique, like in PLD, but over
large area and with high deposition rates, like in PECVD and flame synthesis. Over
conventional gas phase processes the proposed technique allows control of the kinetic
energy of clusters, whence control on their assembly pattern on the substrate.
High throughput and fast deposition rates could be achieved using high density
plasma. Volatile and stable monomers could be employed as precursors for pro-

ducing oxides, semiconductors or metals. Dividing the deposition process in two



different steps (the plasma and the supersonic jet) represents a strategy to achieve a
better control on the deposition process, acting separately on different features and
parameters of the deposition device. PA-SJD offer the advantages of plasma based
deposition processes, which can be summarized in low energy cost, low temperature
employed and the presence of a very reactive environment. Low-temperature plasma
have been applied to materials synthesis, structuring and processing for decades.
However, learning how to use such plasma to allow these processes to occur at
nanoscale dimension has only become critical since the rapid growth of nanoscience
and nanotechnology in last two decades, and it is still an important issue. The
use of a supersonic jet expansion allows the formation of a oriented jet capable of
accelerating the nanoparticles to a common velocity. Although this technology has
been widely used for the production of molecular beams in many experiments and
applications, few about it is known in the presence of a plasma or in the low density
regime in which PA-SJD operates.

The deposition system includes a vacuum chamber, referred as plasma chamber,
separated through a converging nozzle from a different vacuum chamber, the de-
position chamber. A pressure difference is established among the two chambers, in
order to create the conditions for the supersonic expanding jet formation. In the first
chamber a plasma is created through an inductively coupled argon-oxygen plasma
source and a gaseous precursor of the substance to be deposited is injected. The
dissociated precursor then flows in the deposition chamber with the expanding jet:
the light gas carrier mixture accelerates different nanoparticles up to 0.1-0.5 eV. As
the gas expands, pressure, temperature and density decrease creating an energetic
and low-collisional flow. In this way it is possible to control the production of the
TiO, seeds and their acceleration and assembly on a substrate. In particular, when
deposition of molecular clusters is performed under condition of supersonic jet, sev-
eral advantages can be envisaged including the better collimation, stability and the
control on crystalline structure.

In this Ph.D. thesis a great part of the experimental work is based on the char-
acterization of the plasma parameters and of the supersonic jet by using different

diagnostics.

1.4 Experimental characterization of the supersonic

plasma jet

A movable quadrupole mass spectrometer (QMS) was used to sample the expanding
plasma at different position along the axis of symmetry of the expanding jet. The
sampling orifice of the instrument is placed in the middle of a 50 mm diameter flat
hat on the movable cylinder. In this way it was possible to obtain a measurement of

the gas parameters in experimental conditions highly comparable to those involved



in thin film deposition. In the experimental chapters the QMS was widely used to
characterize the supersonic jet in the absence of plasma (Chapter 3), investigating
the gas expansion theory for argon, oxygen and argon-oxygen mixture, in the pres-
ence of an argon-oxygen plasma (Chapter 4) and then injecting the metalorganic
precursor (Chapter 6). Quadrupole mass spectrometry allowed us to obtain quanti-
tative measurements of the gas density (observing also TiO, seeds with masses up
to 320 amu), radical species and ion fluxes at different energies. These results were
used to describe and characterize a theoretical model for the gas expansion also in
the presence of nanoparticles. These measurements were acquired simultaneously to
other analysis of the plasma into the first chamber by optical emission spectroscopy,
Langmuir probe and electrical measurements. The radiation emitted from excited
molecules and atoms in the plasma was detected directly observing the plasma in
the first chamber through a quart window with different optical fibers. The emit-
ted lights was mainly used to identify the different species inside the plasma. In
the presence of the metalorganic precursor oxidation reactions were observed and
the precursor flux could be monitored and controlled. Additionally studying the
different peak ratio of the argon-oxygen plasma the electronic temperature was esti-
mated. Langmuir probes were inserted in the plasma chamber and allowed a direct
measurement of the current-voltage characteristic which was used to determine the
plasma density and temperature in the border regions of the plasma chamber. The
RF current and voltage across the inductive antenna were observed using a high
resolution oscilloscope. These values were used to evaluate the power transmission
to the plasma and the effective coupling between the antenna and the plasma.

A particular analysis of the ion energy distribution functions was then conducted
in an argon plasma. Generally we found two-peak ion energy distributions, which
stressed the presence of interesting collisional phenomena. To understand the dy-
namics of ions and its effect on the thin film deposition we developed a simulation
model (described in Chapter 5). Starting from the experimental data of the ion en-
ergy along the jet, a Matlab code, based on first principle calculation, was developed
to simulate the dynamics of different ions moving in the jet. The entire trajectories
of ions along the supersonic jet were simulated, modeling the interaction with neu-
trals with a 12-4 Lennard Jones potential. Integrating the equation of motion at very
short time steps (of the order of tens ps) it was possible to obtain exact results of
the energy distribution of the ions which were detected from the mass spectrometer.
The energy distribution functions simulated were compared with the experimental
data and the frequency and the effects of ArT-Ar collisions were examined. From
this analysis the energy transferred from the ions to the neutral species was evalu-
ated, alongside the ion mean free path and cross section in a supersonic jet. This
study also helped defining the plasma potential distribution along the expanding
jet.



1.5 Thin films growth by PA-SJD

Another experimental part of this thesis was dedicated to the deposition of TiO»
thin films and to their characterization (Chapter 7). Thin films were deposited
at different positions along the jet and different precursor injection rates, on two
different kind of substrates (flat silicon and a FTO-glass with a blocking layer). By
contact profilometry the deposition rate and the shape of the films were characterized
and related to the supersonic jet theory. The stoichiometry and crystalline structure
of the films were studied by FTIR analysis and Raman spectroscopy. Also the
morphological structure and the surface properties of the films were studied by SEM
imaging and atomic force microscopy, revealing the nanostructure of the thin films
and its relation to the experimental conditions The results of these analyses are used
also to define how different deposition parameters can influence the morphology and
structure of the nanostructured thin films obtained by PA-SJD and were used to set

a model for simulating the film growth process.



CHAPTER

2

PA-SJD: TECHNICAL DETAILS
AND DIAGNOSTICS

2.1 PA-SJD device

Figure 2.1: Photography of the PA-SJD device shot in the laboratory. The
quadrupole mass spectrometer Hiden-EQP 1000 used for the measurements is lo-
cated on the right and can be moved inside of the vacuum chamber on the left.
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2.1.1 The vacuum vessel

The main vacuum vessel is a stainless-steel cylinder (200 mm height, 160 mm inner
radius) divided in two chambers: the plasma chamber and the deposition chamber,
which are connected through a converging nozzle as illustrated in Fig. 3.1. The
left lid of the main vessel is in direct contact with the plasma chamber, which is

cylindrical (95 mm height, 62.5 mm inner radius).

Inductive antenna

Gas inlet

TTIP

Mass spectrometer

Plasma chamber

Deposition chamber

OES
optical fiber

Main pumping

Figure 2.2: Schematic view of the experimental setup. The mass spectrometer
sampling orifice can be moved horizontally inside the deposition chamber.

On the bottom of the deposition chamber a circular conductance (100 mm diameter
size, variable by closing a gate valve) connects our vacuum vessel to the pumping
system, which is made of a turbo molecular pump and a rotary pump. The posi-
tion of main pumping system was chosen to ensure lowest perturbation on the fluid
dynamics of the jet. The effective pumping speed is about 130 1/s at the experi-
mental conditions used in this work (8 Pa in the plasma chamber, 0.03 Pa inside
the deposition chamber) and, when no gas is injected, the limit pressure inside the
deposition chamber is close to 107 Pa. On the right side of the deposition chamber
there is another vacuum flange which allows the insertion and the movement of a
quadrupole mass spectrometer. The QMS can collect the gas (and ions) from a
small conductance (a 0.1 mm diameter circular orifice) and it is maintained below
10~* Pa by another pumping system (a turbo molecular pump and a rotary pump
providing 60 1/s pumping speed).

Argon and oxygen are injected directly into the first chamber using two separate
mass-flow controllers. The gas mixture inside the plasma chamber can be consid-
ered well-mixed since the diffusion speed (calculated at the experimental condition

commonly used in this thesis) exceeds the flow velocity (respectively 1.26 and 0.04
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m/s) [32, 33, 34]. The converging nozzle has the shape of a rounded rectangle (end-
ing with an aperture 22x30 mm) closed by a 1 mm thick thin foil having a centered
circular orifice (6.9 mm of diameter). A converging nozzle favors the formation of
the supersonic jet by accelerating the gas particles to a sonic speed and has the
practical advantage of allowing the use of different kind of orifices or slits, which can
be easily replaced changing the thin foil. Rectangular slits were previously used for
depositions [6], however we chose a circular orifice for this characterization to obtain
an axis-symmetric jet. During the measurements the pressure in the chambers is
monitored using two capacitance pressure gauges. Their pressure reading precision
is quite good in the pressure ranges where we operate, which are between 8-10 Pa
in the plasma chamber, and 0.01-8 Pa in the deposition chamber. To monitor the
pressure over a wider range of pressures (from 10~% Pa to atmospheric pressure) two
full range gauges (which couple a pirani and a cold cathode system) are also present
inside the deposition chamber and the mass spectrometer. The pressures inside the
plasma and the deposition chambers are named respectively Py and Pg, the latter is
controlled by the gas flow rate and the conductances of the orifice at the end of the
nozzle and the gate valve over the main pumping group. Py can be easily accurately
varied changing the flow rate of the gas. The small conductance associated with the
circular orifice connecting the two chambers (about 4.8 1/s, measured experimentally
at the working pressure values and slightly dependent from the pressure) allows us to
change the pressure inside the deposition chamber P4 (with negligible variations to
Py) by partially closing the gate valve which connects the main pumping group, thus
reducing the effective pumping speed. The pressure ratio between the two chambers
is defined as: R = Py/Py4 and it can be varied from 40 to 1 to model the supersonic

jet geometry and energy.

2.1.2 The plasma source

An inductively coupled plasma (ICP) source can provide high and uniform plasma
charge densities and low, controllable ion energies [35, 36, 37]. This kind of plasma
source also ensures low contamination by sputtered products from the reactor walls,
because the electrodes are not in direct contact with the plasma. A reactive plasma
is generated inside the plasma chamber by a 13.56 MHz radiofrequency power gen-
erator (Huttinger PFG 1600 RF). The generator is connected through a tunable
matching box (L-type) to a two and three quarters loop planar antenna made of
copper wire located on the right side of the plasma chamber (see Fig. 3.1), inside
a teflon scaffold covered by an alumina disc to reduce teflon sputtering. The entire
vacuum vessel, both the plasma and the deposition chamber, is grounded. By feed-
ing the antenna with 450 W RF power at 8 Pa a stable inductive plasma discharge
can be sustained with moderate heating (deionized water is circulated inside the

copper wire, to keep the antenna cooled). Previous experiments reported electron

11



temperatures of about 1 eV [6, 38].

2.1.3 TTIP precursor

CHg

HsC™ ~O| Ti%*
4

Figure 2.3: Chemical formula of the Titanium Isopropoxide, the metalorganic pre-
cursor used for TiOs depositions.

A metalorganic precursor can be injected inside the first chamber when the plasma
discharge is sustained at a sufficiently high power level. TiO3 films can be obtained
from different organic precursors, titanium alkoxide are preferable such as Ti(OP1?)y,
which already display the TiOy4 tetrahedral motif of titanium dioxide lattice in their
chemical structure [39]. In this work we chose titanium (IV) Tetraisopropoxide
Ti(OCH(CHs)2)4 or TTIP (see Fig. 2.3), which is liquid at 20°C and it is heated with
a power transformer to reach the vapour phase. The temperature can be monitored
with a thermocouple over the precursor tank and varied to obtain different precursor
flows (from 0.25 to 0.75 grams per hour). Operating at temperatures between 40
and 47°C the vapour pressure of TTIP is sufficiently high to create a stable flow

inside the plasma chamber.

12



2.2 Hiden Analytical Quadrupole Mass Spectrometer

2.2.1 Hiden EQP-1000 Analyzer

Internal loniser lon flight tube to provide plasma Turbo molecular pump port
sampling insertion from 240mm
up 1o 750mm

Figure 2.4: Design and structure of the Hiden EQP-1000 Analyzer.

We employed a QMS (Hiden EQP-1000 Analyzer [40, 41, 42, 43]), movable across a
vacuum flange, to acquire spectra along the axis of symmetry of the main vacuum
vessel (300 mm scan from outside the right lid to the nozzle connecting the two
chambers). Measurements were performed at different positions of the z axis with
the accuracy of 1 mm. The gas sampling orifice is located in the center of a flat
circular cap (25 mm radius). We are interested in the analysis of the deposition
conditions on a flat substrate having dimensions comparable with our spectrometer,
so any perturbation introduced by the QMS sampling is somewhat analogous to
what happens during thin film growth. The EQP-1000 Analyzer is a quadrupole
mass spectrometer equipped with a high-transmission 45° sector field ion energy
analyzer. Mass spectra from 0.4 up to 1000 amu/q can be acquired both for neutral
and ion species with a resolution of 0.02 amu. Trends for a short list of relevant
masses (up to 100) may also be measured and plotted against time (with a time
resolution of 100 ms for each mass) providing a truly real time and quick diagnostic
tool. Ion energy spectra may be acquired for a fixed mass from -150 to +150 eV
at high resolution (0.05 eV). The gas ionization is obtained by electron-impact: an
oxide coated iridium filament emits thermal electrons which are accelerated toward
a grid at a determined energy. In the ion source we used an electron current of 10
1A and 70 eV electron energy which is common and corresponds to a high value for
the first-ionization cross section for both argon and molecular oxygen. Moreover at

this electron energy there is a small production of double charged ions and fragments
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(under few percent values). Successively a focusing system drives the ions into the
quadrupole mass filter, where the RF-voltage applied to the quadrupole unit allows
only ions of a certain mass-to-charge ratio to reach the detector. The detector
is a secondary electron multiplier pulse-counting detector which can provide mass
spectra in counts per second from 1 up to 107 counts/s. Since the particles detection
is very dependent from the ion trajectories, the instrument requires an internal low

pressure (less than 10~* Pa) to ensure almost no collisions inside.

2.2.2 Quadrupole Mass spectrometry of reactive plasma

Quadruple mass spectrometers represent an in situ, real time sensing diagnostic
used to perform residual gas analysis of gas and reactive plasmas [44]. The measured
signal for each neutral gas species is directly proportional to the sampled gas density,
the electron impact ionization cross section and the instrument mass dependent
transmission function for secondary ions. An absolute density value of a neutral
particle can be obtained if the instrument transmission function for that specific
mass is known. Since the measured signal is linearly dependent from the gas density,
the latter can be also calculated using a simple conversion factor obtained from a
calibration performed in a region where the density of gas species is well known.
The spectrometer can sample also positive and negative ions detecting their flux at
different masses (at a fixed energy) or energies (for a fixed mass). In both cases no
electron impact ionization is needed. Contrary to the detection of neutral species, the
QMS signal detected for the ions is proportional to their flux and to the instrument
mass and energy dependent transmission function. This makes the acquired signal
for charged species to be highly dependent also on their energy. The focusing system
has first to be tuned in order to collect ions from the sampling orifice and to deliver
them to the quadrupole. In addition to that, it is possible to reduce the energy
dependence of the measured signal, by using a proper setting for the ion focusing
lenses. Aberrations known for optical lenses also apply for the electrostatic lenses of
the focusing system. Due to chromatic aberration the focal length of an electrostatic
lens can vary at different ion energies [45]. In order to ensure a proper tuning of
the ion focusing and the reduction of chromatic aberrations, the voltage settings for
the electrostatic lenses were obtained, with particular care, from tuning procedures
recommended by the manufacturer. It has to be taken into account also the ion
acceptance angle [46] which is a function of the ion energy and it depends on the
electric field just inside the orifice and hence on the settings of the first electrostatic
lens. The simulations of ion trajectories into similar mass spectrometers [46, 45] have
shown that the larger the extractor voltage in the first lens, the larger the acceptance
angle. In this work we have used a very small value for the extractor voltage (-2
V) to reduce the acceptance angle. The sampling orifice is drilled on a grounded

cap at the same reference potential of the vacuum vessel. Thus ion coming from
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plasma region at positive potential will be accelerated from the potential difference
before being collected. For the measurement of mass scan for ion fluxes we have
used an energy filter, which was set to transmit ion at 8 eV. This was optimal to
perform ion mass scan under our plasma conditions as most of the masses were found
at this energy. The measurement of the ion distribution functions for each single
mass was performed having the quadrupole mass filter on the weighted average mass

determined by the mass spectra.

2.3 Optical Emission Spectroscopy

2.3.1 Optical spectrometers

Optical
Fiber
Reticle CDD
—

Figure 2.5: Detecting plasma radiation with a optical spectrometer: radiation is
transmitted through a optical fiber to a diffraction reticle. The incoming photons
are then detected by a CCD (charged coupled device) and converted into a signal
by a ADC (analog to digital converter) which is measured by a computer.

Optical emission spectroscopy (OES) is a well know non-intrusive diagnostics which
can be easily applied in almost every kind of plasma discharge [47, 48]. Revealing the
light emitted from atoms, molecules and ions which are excited from free electrons in
the discharge, it is possible to understand the main reaction processes in the plasma.
The intensity of emission lines can identify chemical species and allow to gain insight
about their abundances. From the quartz window (16° to the perpendicular of the
left 1id) facing the plasma chamber optical emission spectra (OES) were acquired
using two different low resolution spectrometers, as already described in our previous
works [6, 48]. The first is a wide band, low resolution spectrometer (AvaSpec-2048
by Avantes) equipped with a 10 pm slit, a holographic grating (300 lines/mm, blazed
at 300 nm), a coated quartz lens to increase sensitivity in UV and a 2048 pixels CCD.

The spectrometer has a resolution of about 0.8 nm and a spectral band extending
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from 180 nm to 1150 nm and was used in connection with a IR enhanced optical
fibre. The second instrument used is a lower resolution spectrometer (PS2000, Ocean
Optics) which was acquiring spectra through a UV enhanced optical fiber. This
device was equipped with a 10 pm slit and a holographic grating (600 lines/mm,
blazed at 400 nm) having a resolution of 1.02 nm and a spectral band extending
from 200 to 850 nm.

2.3.2 OES data analysis and interpretation

Exited atoms and molecules from a plasma commonly emit a bright radiation. Emis-
sion lines near the visible part of the spectrum (100-1000 nm) can be easily detected
using an optical fiber connected to a spectrometer. Narrow lines are related to elec-
tronic transitions (de-excitation) between levels of the atomic system and can be
used, at first, to identify different species inside the plasma discharge. The analysis
of the line emission area can be directly related to the number of photons at the
energy corresponding to the considered wavelength (after the spectra has been dark
substracted and corrected by the fiber-instrument transmission function).

This number can be used to estimate the density of a particular radical inside the
plasma discharge by actinometry. The intensity of an emission line, measured in
counts per second, is proportional to the number of atoms undergoing that partic-
ular de-excitation process. In a simple collisional-radiative model (which describes
fairy well low temperature plasma) the excitation of an atom or molecule is due
to electron-impact excitation, thus depending on the electron density and temper-
ature. Considering the populations of excited atoms and molecules in the plasma
as a system in a stationary state, the intensity of a particular line is proportional
to the number density of that species inside the plasma, the electron density and a
excitation-rate term which is a function of the electron temperature. If an inert gas
is present inside the plasma with a known density (such as argon in our case), this
can be used to evaluate the trend of species density inside that plasma discharge,
by evaluating their ratio.

Optical emission spectroscopy can also be employed for a more detailed analysis
of the plasma. It is possible to evaluate the electron temperature and the density
of ground state and metastable species (excited neutrals maintaining their energy
for times longer than other states, of the order of milliseconds). This calculation
requires the study of the whole spectrum of a particular species: if the excitation
rates (as a function of electronic temperature) and de-excitation rates (which are
constants determined by the Einstein coefficients) are known and a sufficiently high
number of lines can be measured, it is possible to set a linear system where the
unknown quantities are electron temperature and the ground state or metastable
states density. A numerical solution of this system can give the most probable

electron temperature.
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2.4 Electric diagnostics

2.4.1 Current-Voltage characteristics

During each plasma discharge, the electrical parameters were observed measuring
times series of voltage and current at the two different side of the planar antenna.
The voltage directly exiting the matching box was measured using a high-voltage
probe (Tektronix P6015A), while the current flowing in the antenna was acquired
with a Rogowski probe positioned at the grounded side of the coil. Both signals were
simultaneously acquired using a digital oscilloscope at 4 GHz sampling frequency to

obtain a detailed electrical characterization.

Figure 2.7: Rogowski coil lo-
Figure 2.6: HIgh voltage Tek- cated on the grounded side of
tronix P6015A probe, used to  the antenna directly measur-
measure the voltage across the  ing the current flowing inside
coil. the wire.

The rms values for voltage and current were obtained from the time series, with
also their phase shift. Knowing these quantities it is also possible to determine the
load resistance and reactance, which define whether the discharge is operating in a

capacitive or inductive regime.
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2.4.2 Langmiur probes

Steel Wolfram

Figure 2.8: A Langmuir probe basically consists in a conductive wire (Wolfram
commonly, due to the high thermal resistance), shielded by dielectrics (for example
alumina) and steel (to reduce signal interferences). Only the final tip of the wire is
left exposed to the plasma, which should be normally longer than the larmor radius
of the charged particles inside the plasma. Acquiring the signal measured by the
wire with an oscilloscope it is possible to measured many plasma parameters.

A Langmuir probe was used to measure plasma parameters inside the plasma cham-
ber alternatively to OES measurements. The probe was moved inside the plasma
chamber from the quartz window facing the plasma chamber, also used for optical
spectroscopy measurements. For the theories and techniques concerning the most
common solutions used for parameter investigation in simple magnetized plasma
there is a wide literature available. However when operating in RF plasma, the
analysis of the Langmuir current-voltage characteristic curve can be very different
due to the plasma potential fluctuations. An example of the effect of an oscillating
RF field on the characteristic curve can observed in Fig. 2.9, where the black line
represent the real electric current (total current subtracted ion current) at different
voltages (V), being the voltage applied to the probe, V; the voltage of the plasma

region) and the green the averaged effects of an oscillating field.
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Figure 2.9: The center curve is the real I —V curve. The dashed ones are displaced
by +5 V, representing changes in V5. At the vertical lines, the average I. between the
displaced curves is shown by the dot. The line through the dots is the time-averaged
I — V curve that would be observed, differing greatly from the correct curve.

Several methods for reducing radiofrequency perturbation effects can be adopted
[49, 50, 51, 52, 53]. In order to obtain the real current-voltage characteristic in a
high RF environment, we used a Langmuir probe with a compensating circuit. The
probe has an exposed tungsten tip, 5 mm length and 1 mm diameter. The probe
tip connection is insulated and shielded in a probe holder, 15 cm long, made of two
coaxial alumina tubes. RF compensation was achieved using the method proposed
long ago by Godyak et al. [54] and Chen [55]. A miniature RF choke (made of a
ferrite core, Q ~ 200 with a impedence of about 85 k) was embedded near the
probe tip. A floating electrode (a copper foil, 10 mm wide, 3 mm diameter, glued
on the probe alumina tube 3 mm before the tip) exposed to the plasma was coupled
through a large capacitor to the probe tip (100 pF) to ensure an almost constant
impedance load during the probe voltage scan to record the Langmuir characteristics
[55].

Probe was calibrated at workbench by fine tuning the choke capacitance and thus
the frequency to match the 13.56 MHz RF supply. The probe was already employed
in other plasma discharges and checked against traditional Langmuir probes [48].
In general a fixed voltage ramp was applied in a 100 ms time scan [56] and the
probe current was measured with an equivalent resistance of 100 2 by an Agilent
scope with a 100 kHz sampling rate. The Langmuir characteristics was obtained
by averaging about 20 voltage ramps. Analysis of the curve was performed using a
dedicated software, in order to extract the plasma density and potential, as well as
the electron temperature [56].

Unfortunately radiofrequency disturbance from the plasma was very strong at high
power input, thus the analysis of the whole probe parameters for the H-mode dis-
charge region (RF power input above 200 W) was greatly affected for the electron

capture region. However during H-mode discharge it was possible to evaluate the
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charge density following the methods suggested by Chen [50, 51].

2.5 Thin film analysis diagnostics

2.5.1 Profilometry

In profilometer analysis, a diamond stylus is moved vertically in contact with a sam-
ple and then moved laterally across the sample for a specified distance and specified
contact force. A profilometer can measure small surface variations in vertical stylus
displacement as a function of position. A typical profilometer can measure small
vertical variations ranging in height from 10 nanometres to 1 millimeter. The height
position of the diamond stylus generates an analog signal which is measured and
stored. The radius of diamond stylus ranges from 20 nanometres to 50 micrometers,
and the horizontal resolution is controlled by the scan speed and data signal sam-
pling rate. The stylus tracking force can range from less than 1 to 50 milligrams.
For thickness analyses of thin films deposited by PA-SJD we used a Dektak 8 Sty-
lus Profilometer from Veeco. Applied stylus tracking force was 15 mg, its vertical

resolution was 1 A.

2.5.2 FT-IR Spectrometer

Infrared spectroscopy is a widely used technique which represents an important
tool for investigating chemical processes and structure. Fourier transform infrared
- attenuated total reflectance (FTIR-ATR) spectroscopy uses a property of total

internal reflection resulting in an evanescent wave.

Sample
/

]
To detector

\ Infrared \

Crystal
beam

Figure 2.10: Schematics of the infrared laser reflecting inside the crystal during a
FT-IR ATR measurement.

Surface chemical composition of the samples was investigated by means of a Fourier
Transform Infrared (FT-IR) spectrometer (Nicolet iS10, Thermo Scientific) equipped
with a ATR sampling accessory (Smart iTR). For each spectrum 64 scans, with a

1 were recorded. A basic IR spectrum is essentially a

spectral resolution of 2 cm™
graph of infrared light absorbance or transmittance versus the wavenumber. The in-
frared spectrum of a sample is recorded by passing a beam of infrared light through
the sample. When the frequency of the IR is the same as the vibrational frequency

of a bond, absorption occurs. Examination of the transmitted light reveals how
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much energy is absorbed at each frequency. Infrared light is guided through an in-
terferometer and then through the sample (or vice versa). A moving mirror inside
the apparatus alters the distribution of infrared light that passes through the in-
terferometer (see Fig. 2.10). The signal directly recorded, called an interferogram,
represents light output as a function of mirror position. A data-processing technique
called Fourier transform turns this raw data into the sample spectrum. ATR uses
a property of total internal reflection resulting in an evanescent wave. A beam of
infrared light is passed through the ATR crystal in such a way that it reflects at
least once off the internal surface in contact with the sample. This reflection forms
the evanescent wave which extends into the sample. The penetration depth into the
sample is typically between 0.5 and 2 pum, with the exact value being determined
by the wavelength of light, the angle of incidence and the indices of refraction for
the ATR crystal and the medium being probed. The number of reflections may be
varied by varying the angle of incidence. The beam is then collected by a detector
as it exits the crystal. The signal-to-noise ratio obtained depends on the number
of reflections but also on the total length of the optical light path which dampens
the intensity. Therefore, a general claim that more reflections give better sensitivity

cannot be made.

2.5.3 Atomic force microscopy

AFM measurements are carried out using a Solver P47-PRO (NT-MDT), in semi-
contact (tapping) mode on dry samples using HA-NC (High Accuracy Non Contact)
silicon tips (NT-MDT) of typical spring constant 3.5 N/m. The AFM consists of
a cantilever with a sharp tip at its end that is used to scan the specimen surface.
The cantilever is typically silicon or silicon nitride with a tip radius of curvature
on the order of nanometers. When the tip is brought into proximity of a sample
surface, forces between the tip and the sample lead to a deflection of the cantilever
according to Hooke’s law. Typically, the deflection is measured using a laser spot
reflected from the top surface of the cantilever into an array of photodiodes. If the
tip is scanned at a constant height, a risk would exist that the tip collides with the
surface, causing damage. Hence, in most cases a feedback mechanism is employed
to adjust the tip-to-sample distance to maintain a constant force between the tip
and the sample. Traditionally the tip or sample is mounted on a piezoelectric tube,
responsible for scanning in the x,y and z directions. A topographic image of the
sample is obtained by plotting the deflection of the cantilever versus its position on
the sample. Image contrast arises because the force between the tip and sample
is a function of both tip—sample separation and the material properties of tip and
sample. Image contrast is obtained from the very short range repulsion, which occurs
when the electron orbitals of tip and sample overlap. However, further interactions

between tip and sample can be used to investigate properties of the sample, the tip,
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or the medium in between.

Despite the ability to reach high spatial resolution, the acquired surface topography
image can sometimes not correspond to the real surface features due to the effect
of the instrument tip dimension on the object resulting in the artifacts appearance.
These artifacts, as a rule, can be easily taken into consideration while qualitatively
interpreting the AFM results; however, some special problems can require quantita-
tive estimation and reconstruction of sample true geometry. During scanning, two
major AFM artifacts can appear: a profile broadening effect due to the tip-sample
convolution and a height lowering effect due to the elastic deformation of studied
objects. If the tip radius R is much less than the feature curvature radius r, the

object lateral width r. is:

re = r(cosd + sqrtcos®0 + (1 + sinf)(—1 + tanf/cosh) + tan20)

where 0 is the cone half angle shown in Fig.2.11. The corresponding surface profile
in the contact mode under given conditions is shown in Fig.2.11 a). In this case, the

object is broadened by 2(r. - r), while its height remained equal to 2r.

ra+d2

Figure 2.11: Different interpretation of AFM measurements: a) when the tip radius
R is much less than the curvature radius r, b) when the tip radius R is comparable
with the curvature radius r.

If the tip radius is approximately equal to the feature curvature radius, the tip
moving across the object surface can be approximated by the sphere of radius R
moving along the sphere of radius r surface, thus describing an arc of radius R + r.

In this case for the object lateral dimension r. (Fig.2.11 b) ) we have:

re =2V Rr

Since the probe tip has a circular shape with a 10 nm radius R, this equation is
the most suited for estimating the dimension of the grain for our nanostructured
depositions. From the two dimensional imaging of the film surface it is possible

to calculate, besides the typical grain dimension, the surface roughness with great
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accuracy. In particular the root mean square of the height distribution function is

commonly used as a parameter describing thin film roughness.
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CHAPTER

3
THE SUPERSONIC JET

3.1 Introduction

The free expansion of a gas exiting from a sonic nozzle into a partially evacuated
vacuum chamber is a process which leads to the formation of a supersonic jet with a
very narrow velocity distribution [57]. The under-expanded supersonic jet emitted
from the exit section of a convergent nozzle has been extensively utilized by many
molecular beam users. The expanding gas particles are quickly accelerated to the
flow speed, so this rather simple device allows obtaining high Mach numbers and a
substantial cooling of the gas. The particles form a very intense and nearly mono-
energetic jet [58, 59] and the addition of a small mole fraction of a different species
to the gas in the reservoir can generate a seeded molecular beam. In the latter, the
behavior of the supersonic expansion remains similar to the pure gas model and the
light gas carrier accelerates also the heavier molecular species.

This process has been studied and used as an effective tool for the production of
cluster jet and molecular beams in the last decades leading to different applications
[60, 61]. The free jet expansion has proven being useful both in simplifying the
analysis of molecular spectra thanks to the freezing of translational and rotational
degrees of freedom for advanced optical spectroscopy studies [62] and for the inves-
tigation nanoparticles in a unperturbed environment [63]. This technology is also
widely employed for the production of molecular beams for cluster assembling, scat-
tering experiments mass spectrometry applications. In a supersonic jet particles can
be separated radially by their mass, allowing the aerodynamic separation of heavy

molecules and isotopes [64].
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All these applications are the results of many years of studies and researches. Otto
Stern first realized and demonstrated the importance of molecular beams in his ex-
periments, which granted him a Nobel prize in 1943 for the so called Stern-Gerlach
experiment. Many impressive results were obtained from experiments involving
molecular beams, which were produced from effusive sources. However these devices
had many limitation resulting in low intense beams. A great improvement to molec-
ular beams arrived from Kantrowitz and Grey in 1951, who proposed an apparatus
for the production of a very intense molecular beam using the free-gas supersonic ex-
pansion from a high pressure reservoir into a low pressure vacuum chamber through
a converging-diverging nozzle [58]. The authors used a converging-diverging nozzle
in order to obtain gas streamlines parallel to the centerline, thereby increasing the
intensity of the beams reducing the cost of the required vacuum pumps. However,
boundary layer effects, due to viscous flow interaction with the nozzle walls in the
diverging section were observed to have a negative impact on the beam intensity.
Successively another improvement arrived from the removal of the diverging section
of the nozzle, allowing higher beam intensities (Becker and Bier) [65]. The removal
of the diverging section eliminated much of the viscous gas-surface interaction, so
that most of the gas could expand isentropically except for interaction with the
background gas. Therefore, nozzles without diverging section (capillaries or purely
converging nozzles) have been predominantly used in molecular beam formation.
They are also easier to design and fabricate.

In this work the free expansion of a plasma is used to produce a supersonic jet of
neutrals and ions capable of creating thin films having specific nanostructures. The
supersonic jet is generated by the pressure difference between two vacuum chambers
connected through a converging nozzle. An accurate knowledge of the supersonic jet
expansion is of great practical interest for PA-SJD. The neutral gas density along
the jet can give a useful insight on how to effectively control the nanoparticles which
are assembled in the deposited film by tailoring their size and speed. In addition to
this, there is still a lack of accurate experimental data especially for the gas and at
the low pressure regimes (below few Pa), where the continuum-regime assumption
is often inaccurate [66] and the supersonic expansion of gas and plasma has not
been fully explored experimentally. In this chapter we characterize and study the
free jet expansion of an argon-oxygen gas mixture across a converging nozzle from
a reservoir pressure held at constant pressure (8 Pa), to a lower pressure vacuum
chamber, where the pressure can be varied (from 0.03 up to 8 Pa). Here we aim to
characterize the density profiles of the neutral gas along the supersonic jet expansion,
where thin film depositions have been formerly performed (placing a flat substrate
normal to the jet) [6, 11], without generating the inductive plasma. We are able to
study the behavior of the supersonic jet at very low pressures using a quadrupole
mass spectrometer (QMS) to obtain separate measurements for different neutral

species. The pressure in the higher pressure chamber was set at a constant value
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to reproduce the experimental conditions optimized for thin films deposition [11].
We obtained a direct measurement of the density of gas neutral species employing
a movable QMS. Experiments were performed in the absence of the plasma state to
investigate the structure of the supersonic jet at different pressure ratios between
the two vacuum chambers. After the description of the fluid theory which applies

to our working conditions and we discuss the experimental results.

3.2 Experimental setup and diagnostics

The characterization of the gas expansion was performed reproducing the flow con-
ditions already used for PA-SJD depositions, described in section of the previous

chapter and shown in Fig. 3.1.

Inductive antenna

Gas inlet

Mass spectrometer

Plasma chamber Converging nozzle

Deposition chamber

Main pumping

Figure 3.1: Schematic view of the experimental setup. The mass spectrometer
sampling orifice can be moved horizontally inside the deposition chamber.

Argon and oxygen are injected directly into the first chamber using two separate
mass-flow controllers. The gas mixture inside the plasma chamber can be considered
well-mixed since the diffusion speed calculated at the experimental condition exceeds
the flow velocity (respectively 1.26 and 0.04 m/s) [32, 33, 34]. The converging nozzle
has the shape of a rounded rectangle (ending with an aperture 22x30 mm) closed
by a 1 mm thick thin foil having a centered circular orifice (6.9 mm of diameter).
A converging nozzle favors the formation of the supersonic jet by accelerating the
gas particles to a sonic speed and has the practical advantage of allowing the use
of different kind of orifices or slits, which can be easily replaced changing the thin
foil. Rectangular slits were previously used for depositions [6], however we chose

a circular orifice for this characterization to obtain an axis-symmetric jet. During
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the measurements the pressure in the chambers is monitored using two capacitance
pressure gauges. Their pressure reading precision is quite good in the pressure ranges
where we operate, which are between 8-10 Pa in the plasma chamber, and 0.01-8 Pa
in the deposition chamber. To monitor the pressure over a wider range of pressures
(from 10~¢ Pa to atmospheric pressure) two full range gauges (which couple a pirani
and a cold cathode system) are also present inside the deposition chamber and the
mass spectrometer. The pressures inside the plasma and the deposition chambers,
in Fig. 3.1 named respectively Py and Pq, is controlled by the flow rate and the
conductances of the orifice at the end of the nozzle and the gate valve over the main
pumping group. Pg can be easily accurately varied changing the flow rate of the
gas. The small conductance associated with the circular orifice connecting the two
chambers (about 4.8 1/s, measured experimentally at the working pressure values
and slightly dependent from the pressure) allows us to change the pressure inside the
deposition chamber Py (with negligible variations to Py) by partially closing the gate
valve which connects the main pumping group, thus reducing the effective pumping
speed. The pressure ratio between the two chambers is defined as: R = Py/Py and
it can be varied from 40 to 1 to model the supersonic jet geometry and energy. As
a diagnostic we used the Hiden QMS which was moved along the centerline of the
supersonic jet, sampling the gas at different positions. This allowed the residual gas

analysis of the supersonic jet at different positions of its expansion.

3.3 Supersonic free expansion theory

3.3.1 Formation and schematics

When a gas is left to expand into a vacuum chamber, a free expansion process takes
place. If specific requirements are met, the expansion process can be isentropic (i.e.
adiabatic and reversible) and a supersonic jet is formed. When the gas expands
from a reservoir (at constant temperature and pressure) through an orifice into a
partially-evacuated vacuum vessel, the gas undergoes a supersonic free jet expan-
sion when there is a sufficiently large pressure drop across the nozzle. During this
process the molecules are isentropically accelerated forming a two-dimensional jet
structure [67, 68]. The gas thermal energy is quickly converted into fluid flow while
the temperature decreases. Inside the jet, density and pressure quickly decrease
with increasing distance from the nozzle while the Mach number M, defined as the
ratio between the gas speed and the local speed of sound, increases. A fundamental
parameter to characterize the free jet expansion is the pressure ratio R which cor-
responds to the ratio between the pressure upstream the nozzle (inside the plasma
chamber) and downstream (the background pressure inside the deposition cham-
ber). In order to achieve a supersonic regime a pressure difference across the nozzle

is required. From the gas dynamics theory of a supersonic free jet [66], it can be
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demonstrated that a value of R greater than:

¥/(v=1)
R= <’YJ2F1> (3.1)

is sufficient to produce a slightly supersonic gas jet, where « is the gas specific heat
ratio. This critical value for R is rather small: for almost every ~ it is enough to
have (which corresponds to the case of a mono-atomic gas where ). In the converging
section of the nozzle, if the pressure ratio is over its critical value, a sonic condition
(where M is equal to 1) is established at the exit. Thus the gas is moving at the
sound speed , where R is the ideal gas constant, T is the gas temperature and m its
molar mass. Nozzles designed with both a converging and a diverging section can
provide higher exiting supersonic speeds and nearly parallel streamlines, however
we chose to use a converging section to eliminate gas-surface interactions inside the
nozzle which affect the expansion and the deposition process. After the nozzle, the
gas flows from the orifice with an initial sonic velocity into the deposition chamber,
whose walls are far from the jet (many nozzle diameter units away), forming an
under-expanded free jet. Along the jet the gas pressure is initially greater than the
background pressure and the gas expands radially and axially. The radial velocity
is very small if compared with the flow speed, while axially the gas particles are
quickly accelerated up to a limit value forming a narrow speed distribution. From

the energy conservation equation can be derived [66]

2vRT,

G —1m (3.2)

UVlimit =
where Tj is the gas temperature inside the plasma chamber. For argon and oxy-
gen gas at room temperature this limit velocity is respectively 550 and 730 m/s.
The geometry and the thermodynamical parameters of a supersonic jet can not be

determined analytically. The section of the expanding jet is sketched in Fig. 3.2.
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Figure 3.2: Schematic representation of the jet expansion across the nozzle. Full
lines delimit the supersonic regions and dashed lines give an idea of the gas stream-
lines. The Mach number (M) variations and the Mach disk position z; are shown.
Dy represents the Mach disk diameter while d,, the nozzle ending circular diameter.

The supersonic region, named zone of silence, is where the flow is supersonic and the
Mach number is greater than 1. This region is delimited by oblique shocks and by a
normal shock, the so called Mach disk represented as full lines in Fig. 3.2. The gas
density and speed are maximized over the axis of symmetry (the z axis in Fig. 3.2)
and decay along the radial dimension upon reaching the oblique shocks where the
gas becomes subsonic. The geometry of the expansion is scaling with the pressure
ratio R. An increase of the pressure ratio produces longer jets, whose length scale
with the square root of R. To obtain the expected Mach disk position zp; and its
approximate diameter D), it is possible to use some empirical equations given in
[68] and [69]:

v = 0.67 - dyVR (3.3)

Dy = d,,(0.36R%5 — 0.59) (3.4)

where d,, is the circular orifice diameter. Both these relations are independent from
~ and in particular this equation has been verified in a wide range of pressure ratios

[66] which are close to those analyzed in this work.

3.3.2 Calculation of density

We are interested in the calculation of the gas density along the expansion because
it is the main quantity which is measured by the quadrupole mass spectrometer.
Across the Mach disk there is a transition which leads the gas from supersonic

jet to a subsonic regime. In high pressure systems, where the pressure before the
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Mach disk is lower than the background value, this transition can be an abrupt
gas recompression in which the background values for temperature, pressure and
density are restored. For low pressure conditions the transition becomes smoother.
If the gas parameters upstream of the nozzle are known, it is possible to estimate
their values along the centerline of the expansion. Accurate fitting equations for the
Mach number and the pressure along the centerline of the expansion can be found
in literature [68] based on the assumption of an inviscid isentropic flow inside the

jet and valid for z > d,,. According to [68], we have:
7—1 v—1 =3(y-1)
zZ— 2 1 /~v+1 zZ— 2 z— 2
M(z)=A —— | — A
(Z) < Dn ) 2(’7_1)/< ( Dn ) >+C< Dn )

and
i _1 —92
P(z) o Aﬁ Y+1INO-D [v4+1\6-D [z — 2
Pplasma B Y= 1 2'7 Dn
Where for a monoatomic gas v = 1.667, A = 3.26, z; = 0.075D,,, zo0 = 0.04D,, and

C = 0.31; for a diatomic gas v = 1.4, A = 3.65, z; = 0.4D,, 2o = 0.13D,, and C =

0.2. These equations are evaluated numerically and plotted in the following figures:
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Figure 3.3: Numerical calculation of M along the axis of and ideal continuum ex-
pansion expansion; z=0 corresponds to the position of the orifice.
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Figure 3.4: Numerical calculation of P along the axis of and ideal continuum expan-
sion expansion; z=0 corresponds to the position of the orifice, background pressure
upstream the aperture was set to 8 -1072.

We calculate for our set-up Mach numbers up to 8 just before the shock region.
The pressure along the centerline of the expansion can be estimated if the upstream
value is known. A relation between the pressure on a flat plate and its distance
from the orifice z is determined from numerical calculation in [70]. This equation is
valid for a supersonic jet and accurate for z > 0.5d,. Assuming a rapid and inviscid
expansion of the gas, it is possible to derive a relation between the density along
the centerline and the axial position z. From the adiabatic relation between density
and pressure we can define:

n= 1o - (3.5)

(a(z/da)* = b (/) + )

where ng is the gas density in the plasma chamber and a,b, ¢ are numerical constants

given in [70] respectively equal to 1.44, 0.65 and 0.87. It is important to note that
this law derived from [70] is well comparable with the more known equation, relating
pressure to the centerline coordinate z, given in [68] for z > d,,. The equations above
apply well to a continuum regime, where the gas can be described by means of fluid
equations. At very low pressure there is almost no interaction between the gas
particles especially along the jet while the shock regions become smoother and may
vanish [68, 71]. The parameter used to evaluate the flow regime is the Knudsen
number K,,, defined as the ratio between the gas mean free path and the typical

length scale of the system. For values of K, lower than 0.1 the flow regime can be
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considered continuum, while for values of K, greater than 1, the flow is molecular.
The intermediate region is a transitional regime. Inside the plasma chamber the
characteristic length is the vacuum vessel height (100 mm). By calculating the gas
mean free path in the plasma chamber it is possible to evaluate a value for K,
about 0.009. Inside the zone of silence, K, can be calculated by estimating the gas
mean free path from the collisional frequency for a supersonic jet [72] and using
as the typical length of the system the Mach disk diameter Dj; or the Mach disk
distance from the orifice zp;. In both cases along the z axis K, increases from
about 0.1 up to 1 for the different gas pressured used experimentally, leading to a
transitional regime. When the mean free path of the gas is long, the Mach disk
thickens. After the supersonic jet the typical system length is of the order of the
vacuum vessel radius (160 mm) and the regime is still transitional as the Knudsen
number is ranging between 0.2 and 0.03 depending on the pressure in the deposition
chamber.At low Knudsen numbers, when a flat obstacle is placed normal to the jet,
a bow shock-wave is formed, detached from the obstacle [73]. When comparing our
measurements to any model, it is important to remember that the QMS can alter
the jet structure; however at transitional regime the gas mean free path of the jet is
between 2 and 20 mm, thus the perturbations are limited. When the spectrometer is
moved very close to the nozzle (z < 0.5dy,), a small increase in the plasma chamber
pressure Py can be spotted during the measurements, anyway this increase is less
than 4% of its initial value for z = 0.25d,,.
After the Mach disk in this transitional regime, if the gas is not fully expanded, we
can expect that pressure and density reach their background values after few mean
free path lengths following a quadratic trend as the particles are free to expand in
every direction subsonically. The density along the z axis can be fitted with:

n(z) =ng+ % (3.6)
where ng is the background density inside the deposition chamber and A is a fit

parameter which scales with the mean free path.

3.3.3 Separation factor

When operating with a mixture of gas having comparable molecular fractions, it
is possible to describe the total fluid derived using average values for the gas mass
and specific heat ratio if the gas is well-mixed. For a gas mixture of argon and
oxygen respectively having 0.4 and 0.6 molar fractions it is possible to estimate
v ~ 1.5 . Working with gas mixtures, other phenomena have to be taken into
account. A strong radial pressure gradient is present along the jet expansion: the
different gas components can drift perpendicularly to the jet axis due to pressure
diffusion [74, 75, 76]. The diffusion speed is proportional to the inverse square root

of their mass, so that heavier species are retained along the centerline. This effect
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is negligible for high pressure jets [66], while for low pressure expansions it can
generate a separation of the gas species. The gas separation of a binary mixture can
be described by introducing a separation factor [77]:
ng/ng
o= —— 3.7
(s i )o D
where the subscripts H and L refer to the heavier and the lighter species in the gas,

while 0 denotes to the conditions inside the plasma chamber.

3.4 Experimental results: The neutral gas expansion

3.4.1 Data collection and analysis

Mass spectra for neutral species inside the deposition chamber were measured at
the limit pressure conditions (i.e. Py ~ 10~% mbar and Ppectrometer = 10~7 mbar).
These spectra were used to ensure the reliability of the vacuum system checking for
leakages and to observe which impurities were already present inside the chamber,

before injecting gas or generating the plasma.
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Figure 3.5: Neutral mass spectrum measured inside the deposition chamber, without
injecting any gas. Several peaks are well distinguishable and extend up to masses
over 100 amu. The mass detected can be mainly related to the pump oil generated
by the rotative pumps, to retained inside the vacuum vessel and to air due to small
leakages.

In Fig. 3.5 a neutral mass scan measured inside the deposition chamber at 99 mm
of distance from the nozzle is shown. This spectrum was acquired at the limit
pressure Py ~ 1076, Many peaks are well distinguishable, most significant are water
(M=18,17 amu/q), air (M=28,32,16 amu/q), carbon oxides (M=28,44 amu/q) and

pump oils hydrocarbons, listed in the figure.
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Figure 3.6: Particular of the mass spectra previously shown. Here it is possible to
observe with more resolution the region of the spectra between the peaks of molecular
oxygen and argon (32 and 40 amu). These two peaks are slightly observable, their
count values are limited and due to trace impurities.

Fig. 3.6 shows a particular of the spectrum already plotted in Fig. 3.5, in the range
between M=31-40.5. Here it is possible to observe with higher resolution the region
where the peaks of argon and molecular oxygen are located. The signal measured
for these two species is very low (< 10%), and then negligible if compared to the
signal measured in the following spectra (about 10°).

To investigate the properties of the jet we have acquired several mass spectra with
the QMS using the same experimental conditions in the first chamber (an argon-
oxygen mixture respectively 0.4-0.6 molar fractions, at a total gas pressure of 8 Pa)
and modifying the pressure in the second vacuum chamber for different experiments.
QMS signal data are expressed as counts per seconds obtained over different masses
scanned. We refer to the background pressure in order to convert the mass spec-
trometer counts per seconds into Ar and O density values. For each position, the
mass peaks relative to Oz (32 amu) and Ar (40 amu) were acquired, their area was
calculated and renormalized following a previous calibration to evaluate the density

of the two gases.
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Figure 3.7: Particular of a typical neutral mass spectrum measured in Ar-Os gas
mixture (0.4 to 0.6 molar fractions). The pressure inside the plasma chamber was
8 Pa, the pressure inside the deposition chamber was set to have a pressure ratio
R = 28. The area used to evaluate the species density is shown in grey.

Figure 3.7 shows a mass scan where the peaks corresponding to argon and oxygen
are clearly visible. The measurements show an excellent stability and reproducibility
as it can be seen from the comparison between three successively acquisitions of the
same spectra in Fig. 3.7. Statistical errors associated with averaging different scans

are smaller than 1%.
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3.4.2 Typical profile

r = Ar density from QMS data at R = 28
RN - - - - Supersonic expansion from Eq.(5)
EoooN Quadratic fit (Eq. 6)
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Figure 3.8: Neutral gas profile for argon-oxygen mixture, without the plasma,
showing the Ar number density measured with the mass spectrometer. The pressure
inside the plasma chamber was 8 Pa, the pressure inside the deposition chamber
was set to have a pressure ratio R = 28 . QMS data are reported as black squares
together with the isentropic expansion law derived in the previous chapter (dashed
line) and with a quadratic fit (dotted line). The Mach disk location is indicated
by a vertical bar over its position (24 mm from the orifice). Across the Mach disk
there is a transition between the supersonic flow (dashed line) and the subsonic flow
(dotted line).

Figure 3.8 shows a single experiment at high pressure ratio (R = 28). The black
squares represent the argon density measured by the QMS. In the supersonic re-
gion the gas expands quickly and the profile is in good agreement with the dashed
line in Fig. 3.8 which represents the expected density trend defined by Eq. (3.5).
Over the expected Mach disk position predicted by Eq. (3.3) the transition from
the supersonic flow into the subsonic regime can be spotted as a detachment from
the isentropic flow. This is in agreement with the vanishing Mach disk behavior
suggested for the transitional regime [68].

The absence of a strong shock region, commonly observed in high pressure jets [66],
is an interesting feature for thin films deposition applications, since it is possible to
avoid reflected shocks on a sample placed inside the gas expansion [73]. After the
Mach disk location the gas expands slightly following the quadratic fit (Eq. 3.6), as
shown by the dotted line in Fig. 3.8.
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Figure 3.9: Separation factor defined in Eq. (3.7) and calculated from the experi-
mental Ar and O density profiles. The pressure inside the plasma chamber was 8
Pa, the pressure inside the deposition chamber was set in order to have a pressure
ratio R = 28. The Mach disk location is indicated by a vertical bar over its position
(24 mm from the orifice).

The transition from the supersonic jet to the subsonic regime is clearer by looking
at the variation of the gas concentration as shown in Fig. 3.9. In a supersonic jet
occurs an enrichment of heavier masses along the centerline, due to their higher
inertia. A variation of gas concentration takes place during the expansion: heavier
masses (Ar) are less diffusive and are retained along the central position (which is
the one sampled by the QMS), lighter masses (O2) can slip away from the centerline.
This increase in the Ar concentration was calculated by the QMS data and expressed
as the separation factor « defined in Eq. (3.7) which is shown in Fig. 3.9. The Ar
enrichment increases up to few millimeters just before the Mach disk position then
begin to decrease. These kinds of profiles for the separation factor a are similar to

those reported in literature for higher pressure regimes [74, 75, 76).

3.4.3 Gas expansion at different pressure ratios

In Fig. 3.10 and 3.11, QMS data for Ar and O at different pressure ratios R are
shown. For each different experiment the pressure in the deposition chamber was
raised by closing the gate valve which connects the main pumping group. The gas
pressure inside the plasma chamber was almost unaffected by the variation of the

pumping speed.
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Figure 3.10: Neutral gas profile for argon-oxygen mixture, without the plasma,
showing the Ar number density measured with the mass spectrometer at different
pressure ratios. The pressure inside the plasma chamber was 8 Pa, the pressure
inside the deposition chamber was varied to have a pressure ratio ranging from 28
to 3. Different values for R imply different positions for the Mach disc zps (defined
in Eq. 3.3) which determines the end of the supersonic jet. The locations of the
Mach disk for different series of data are shown in the graph with a vertical bar over
the corresponding symbol.
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Figure 3.11: Neutral gas profile for argon-oxygen mixture, without the plasma,
showing the number density measured with the mass spectrometer at different pres-
sure ratios. The pressure inside the plasma chamber was 8 Pa, the pressure inside
the deposition chamber was varied to have a pressure ratio ranging from 28 to 3.
Different values for R imply different positions for the Mach disc zp; (defined in
Eq. 3.3) which determines the end of the supersonic jet. The locations of the Mach
disk for different series of data are shown in the graph with a vertical bar over the
corresponding symbol.

When R decreases, the Mach disk position is shifted closer to the orifice. The
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gas expands following the expected supersonic expansion equation (dashed in the
graphs) until the Mach disk position (vertical bars in Fig. 3.10 and 3.11) where
the transition to the subsonic flow takes place as previously described. At lower
pressure ratios, there is a higher background pressure and a shorter mean free path.
The latter can range from about 5 mm when the pressure ratio is equal to 3, up to 25
for the highest value of R. Then, as it could be expected, inside the subsonic region
the density reaches earlier the background values for higher background pressure.
After about 3 mean free path lengths from the Mach disk, the density over the
expansion axis is nearly constant at the background value for all the experiments
shown in Fig. 3.10 and 3.11.

3.5 Summary and conclusions

Using a QMS to measure the neutral gas and ion densities we characterized the pro-
file of a low pressure supersonic jet used for thin film depositions. The supersonic
expansion was studied for the neutral gas case in a binary mixture of argon and
oxygen. The flow regime in these experiments is mainly transitional. The results
for the neutral gas case are in good agreement with the viscous isentropic model.
However no shock compression can be spotted over the Mach disk, as it is commonly
observed in higher pressure jets; instead we observed a smooth transition to a sub-
sonic regime, in which the background density values are reached within about 3 gas
mean free path lengths from the Mach disk location. The transition is denoted by
the detachment from the predicted isentropic expansion equation and its location
was in fair agreement with the predicted position of the Mach disk in an extended
range of pressure ratios. This smooth transition observed for the neutral species is
highly desirable for thin film deposition applications since it can prevent the sudden
stop of nanoparticles over the Mach disk and reflected shocks over the sample which
can affect the film growth. Gas separation phenomena have been observed along the
jet. With the QMS it was possible to measure the Ar enrichment over the supersonic
jet axis. A maximum excess of about 5% was obtained for argon respect to oxygen.
In the case of the plasma we observed a supersonic jet containing both neutral and

positively charged particles.
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CHAPTER

4
PLASMA CHARACTERIZATION

4.1 Introduction

Low-temperature plasma have been applied to materials synthesis, structuring and
processing for decades. However, learning how to use such plasma to allow these
processes to occur at nanoscale dimensions has only become critical since the rapid
growth of nanoscience and nanotechnology in last two decades. In particular by
the mid-1990s to early 2000s, several striking advantages of plasma applications at
the nanoscale had been demonstrated. Successful applications of ionized gases in

nanoscale synthesis and processing were reported for:

e a larger and larger number of nanoscale objects, structures, architectures, ar-
rays and patterns, with a continuously increasing structural complexity and

improving functionality;

e both basic nanotechnology approaches, namely top-down and bottom-up nanofab-

rication;

e a rapidly expanding variety of materials systems, which started from simple
carbon- and silicon-based systems and expanded into a very large number
of organic and inorganic materials, including complex multi-element systems,

polymers and even biological cells and tissues;

e a multitude of ionized gas systems which currently range in size from the
weakly ionized plasmas of stellar envelopes with astrophysical dimensions down

to the micrometre dimensions of microplasmas. These systems use precursors
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in all three basic states of matter (solid, liquid, gas) and produce ionized
gases with vastly different properties such as densities, temperatures, lifetimes,

reactivity and thermal non-equilibriums;

e a very broad range of applications ranging from more traditional microelec-
tronics (which to a very large extent is based on plasma-assisted processes) to
health care, medicine, nutrition, agriculture, energy conversion and storage,
environmental monitoring and remediation, national security, space missions,

to mention just a few.

Indeed, further progress of the field required a deep understanding of the underlying
physical and chemical mechanisms that led to the many and various newly discovered
plasma-related phenomena that in turn resulted in new and fascinating nanoscale
structures and assemblies. For PA-SJD a detailed understanding of the plasma in
the first chamber and of the plasma expansion is fundamental in order of being able
to control the growth and the morphology for nanostructured depositions which are
closely related to the nanoparticles energy and diameter.

In this chapter we characterize and study the free jet expansion of an argon-oxygen
plasma across a converging nozzle from a reservoir pressure held at constant pressure,
to a lower pressure vacuum chamber, where the pressure can be varied providing
different pressure ratios. Our aim is to characterize the density profiles of the neutral
gas and the ions along the supersonic jet expansion, where thin film depositions are
performed (placing a flat substrate normal to the jet) [6, 11].

In addition to this, we want to study the behavior of the supersonic jet at very low
pressures using a quadrupole mass spectrometer (QMS) to obtain separate measure-
ments for different neutral and ionic species. The pressure in the higher pressure
chamber was set at a constant value to reproduce the experimental conditions op-
timized for thin films deposition [11]. We obtained a direct measurement of the
density of gas neutral species, the positive ion fluxes and their energy along the ex-
pansion employing a movable QMS. Experiments were conducted creating a reactive
plasma into the first vacuum vessel observing the spatial distribution of both neutral
and positively charged particles along the expansion.

Plasma properties were simultaneously measured by optical emission spectroscopy
(OES) observing the emission spectra from atoms, molecules and ions present in
the plasma chamber and electrical diagnostic, acquiring time series of voltage and
current flowing through the radiofrequency antenna of the ICP. Langmuir probes

were also used to evaluate the main plasma parameters inside the plasma chamber.
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4.2 Plasma theory

4.2.1 Inductively coupled plasma source

Inductive plasma sources allow the generation of a high density plasma by using
radio-frequency electric fields [78]. Compared to capacitive discharges, where the
discharge is maintained by the electric field which arises from the potential differ-
ence between and electrode and a counter-electrode, inductive sources allow the
production of higher density plasma at low potential. Applying RF signal to a non-
resonant inductive coil (planar or cylindrical), the power is transferred to the plasma
by the coupling between the coil current and the induced plasma current, similarly
to the working principle of a transformer. In this way it is possible to reach a very
high power transfer efficiency, without exposing any electrode or similar part directly
to the plasma which could result in the production sputtering products (which are
highly avoidable especially for thin films deposition applications).

Commonly an inductive source exhibits two different operating regimes: a dim low
power regime named E-mode, where the discharge is mainly driven by a capacitive
effect between the coil and the chamber walls, and a bright high power regime
named H-mode, where the discharge is fully inductive. The transition between
these operating regimes is well distinguishable and takes place after a certain power
value which depends on the geometry of the source and on the plasma chemical
composition and pressure. It is important to ensure that H-mode conditions are
established when choosing a RF-power value for a plasma treatment. During the
H-mode it is also commonly observed a net increase of the charge density of the
plasma.

Electron energies in this kind of sources generally do not exceed values of about 5 eV
and are uniformly distributed over the plasma. Usually they are responsible for the
excitation, ionization and dissociation of the different species. Because they have
a small mass they play a dominant role in maintaining the electrical field within a
plasma.

Two main ionization mechanisms are dominant in low pressure inductive discharges:
ionization by electron impact and charge transfer ionization. The first is due to elec-
trons which are accelerated by the RF-field, the second is related to a very frequent
process in cold plasma in which the charge is transferred from an ion to another dur-
ing a collision. The cross section of the charge exchange is nearly constant in energy
and dependent from the mass. The process becomes resonant (no energy losses)
when the reacting atoms or molecules are identical. Information on the processes

between charged ions and neutral atoms can be found in literature [79]:

42



10-17

10-13

10-19

1 o~20

Cross Section (m?)

10-21 0(488)

Q(811)
W\
1022 Tl

10! 1 10 102 10° 104

Laboratory lon Energy (eV)

Figure 4.1: Cross section for Art - Ar collision versus laboratory energy. The pro-
cesses shown are: charge transfer Qor, momentum transfer Q,,, electron production
Q(e) and then some emission lines Q(488), Q(811), Q(UV).

Charge transfer becomes important when it takes place out of the plasma region,
while ions cross sheath region (such as the supersonic jet), anyway this phenomenon
will be further studied in the following chapter. Inside the plasma chamber, the
ion initial energy distribution can be assumed to be a Maxwellian function peaked
over approximately their thermal energies [37]. As the ions enter the supersonic
jet, their trajectories are influenced both by the gas expansion and by electron
friction and electric fields [80]. In particular a potential drop is expected between
the main chamber and the supersonic expansion region, which can be considered
a pre-sheath [40]. This results in a shift of the ion energy distribution functions
to an energy comparable with the potential drop [81]. Ions colliding while crossing
this sheath will have less total energy providing low-energy tails in the distribution

functions [82].

4.2.2 Supersonic plasma jet

Expanding plasma are interesting from a fundamental as well as from a technolog-
ical point of view. Nowadays expanding plasma are very used in plasma process-
ing. A particular feature of an expanding plasma is the different behavior of the
electrons and heavy particles during expansion, due to their large mass difference.
As a consequence, if the expansion is strong, charge separation can occur, which
leads to the generation of an electromagnetic field [80, 83]. This electromagnetic

field influences the behavior of the charged particles in the expanding plasma. An-
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other interesting phenomenon in free expanding plasma is the coupling between the
ionization-recombination phenomena and the flow properties as electron tempera-

ture and electron density.

Figure 4.2: Photography of the supersonic jet exiting from the plasma source taken
from the main quartz window facing the center of the deposition chamber. The
QMS head is visible on the right, sampling the plasma jet.

The expansion of a rarefied plasma is different by the expansion of a simple gas since
it is influenced also by the energy of the charged particles, by charge recombination
and by electric fields. However it was demonstrated that the behavior of the electron
and neutral-particle density in the expansion of a freely expanding plasma jet in
argon can be described by the model of Ashkenas and Sherman [68]. The neutral
heavy particles do not seem to be influenced by the presence of the plasma. For
ions this can be different, especially in the shock region. Ion mean free path is
smaller than the one calculated for neutral species, but it is still comparable with
the expansion length. The neutral gas can be considered partially independent from
the charged particles because of the low collision rate. The ion trajectories are
influenced both by the gas expansion and by electron friction and electric fields.
The density profiles for neutral and ion species over the centerline of the supersonic
jet can be very similar even if their residence times in the jet are different. Ions times
of flight along the jet are typically between 1 or 3 us [40], one order of magnitude
shorter than those for the neutral gas previously calculated.

As long as the expansion process can be considered adiabatic and collision-less, the
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isentropic flow model derived from [70] in Chapter 3 can be used to describe both
the neutral gas and the ion expansion. If recombination effects can be neglected,
ions expand with an axial profile [83], at least in the absence of electric field inside
the jet region. Conversely the ions and the neutral particles behave independently
in the shock front. In fact electrons with their larger mobility leak out of the shock
front, creating an excess of negative charge. Ions are pulled outside of the shock

front by the created electric field.

4.3 Experimental setup and diagnostics
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Figure 4.3: Schematic view of the experimental setup. The mass spectrometer
sampling orifice can be moved horizontally inside the deposition chamber. OES
were acquired from the oblique window (16° to the perpendicular) facing the plasma
chamber alternatively to Langmuir probe measurements.

Figure 4.3 shows the experimental setup which was used for the plasma measure-
ments, which is very similar to what was already described in the previous chapter.
The inductive coil, located on the right side of the plasma chamber, was fed by a
RF generator, connected through a L-type matching box whose parameters were
manually modified in order to keep the proper tuning (no reflected power).

For each operation, the gas fluxes in the plasma chamber were first set in order to
reach a pressure of about 8 Pa with a 2:3 mixture of Ar and O2. A high concentra-
tion of oxygen is fundamental inside the plasma chamber to properly dissociate the
precursor, anyway argon gas is also important to create a stable plasma without the
requirements of an excessively high power input, as we will demonstrate later on.
The pressure in the deposition chamber can be adjusted to set a desired pressure

ratio R. A ICP plasma is generated increasing the power flowing into the planar coil
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and regulating at each step the L-type matching network to ensure the maximum
power transfer. For power values below 175 W the plasma appears in a dim and
low density state where the coupling between the antenna and the plasma is just
partial, the so called E-mode. As the power increases, a clear transition happens
upon reaching the H-mode in which the coupling is fully inductive and the main
ionization mechanism which sustains the plasma is the power transfer between the
current flowing inside the coil and the plasma itself. At 450 W the plasma is stable
and the discharge is purely inductive.

The electrical scheme is shown in the following figure:

/ \/ \f \ HV Probe

Rogowski
-l " coil

N

RF Generator | Matching Box | Antenna-Plasma

& 4N N 4

Figure 4.4: Schematic of the RF circuit and coupling. The red dots show where the
electrical probes were located.

In Fig. 4.4 two red dots highlight the positions of the high-voltage probe and the
Rogowski probe, for measuring respectively the voltage drop across the coil and the
current flowing inside. During each plasma discharge, the electrical parameters were
observed measuring times series of voltage and current at the two different side of
the planar antenna. The voltage directly exiting the matching box was measured
using a high-voltage probe (Tektronix P6015A), while the current flowing in the
antenna was acquired with a Rogowski probe positioned at the grounded side of the
coil. Both signals were simultaneously acquired using a digital oscilloscope (Agilent
infinium MSO8104A) at 4 GHz sampling frequency to obtain a detailed electrical
characterization.

Optical emission spectroscopy (OES) is a well know non-intrusive diagnostics which
has already been applied in many plasma discharges [84, 48]. Revealing the light
emitted from atoms, molecules and ions which are excited from free electrons in the
discharge, it is possible to understand the main reaction processes in the plasma.

The intensity of emission lines can identify chemical species allowing to gain insight
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about their abundances. From the quartz window facing the plasma chamber optical
emission spectra (OES) were acquired using two different low resolution spectrom-
eters, as already described in Chapter 2.

Alternatively to optical measurements, a RF-compensated Langmuir probe was in-
serted in the plasma chamber removing the quartz window. In order to obtain the
real current-voltage characteristic in a high RF environment, we used a Langmuir
probe with a compensating circuit, again, described in Chapter 2.

The QMS was the main diagnostic used to collect data and it was employed to char-
acterize the formation of the supersonic jet seeded with nanoparticles reproducing
the experimental conditions already optimized and adopted for thin film depositions
[6].

Measurements were performed inside the plasma chamber and along the jet using
the diagnostics described above for different experimental conditions: at different
RF-power values, at different Ar-Oy gas mixtures, observing the netural and ion
profile along the jet and observing the ion energy distribution functions. The main

results of these measurements are shown and analyzed in the following sections.

4.4 Experimental: Plasma characterization

4.4.1 Electrical characterization

The generation of the inductive plasma generally increases the measured pressure in
the plasma chamber, usually from 8 to 10 Pa for the pressure. This is both due to the
radiofrequency effects on the pressure gauges and to an increase in the temperature.
Temperatures about 180°C were measured inside the plasma chamber at 450 W
in previous experiments. During each plasma discharge time, series of voltage and
current across the antenna were acquired with a digital oscilloscope. These two
values were analyzed observing the signal amplitude and relative phase shift, which
were then converted into real voltage, current and phases after a calibration at 13.56
MHz of the probes. The rms voltage across the coil and the rms current flowing

inside are shown in Fig. 4.5 for different RF-power value.
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Figure 4.5: Electrical discharge data show a clear transition increasing the power
input. The rms voltage and current are displayed on different Y-axes. As power is
raised, the voltage and current seems to increase with the squared value of the power.
When the fully inductive coupling is reached (H-mode) the displayed parameters rise
slightly.

Power, voltage and current are related by the following equations:
P(t)y=V(t)-I(t) (4.1)

< P(t) >= VimsIrmscos(o) (4.2)

where the term in brackets is the average power and ¢ the phase shift between voltage
and current. At low power input, there is a linear rise in both voltage and current,
underlining small phase variations. In particular the steep rise at low power is due
to the E-mode, where the voltage is proportional to the square root of the power.
Increasing the power output from the generator a sharp transition between the E
and the H-mode takes place about 175 W. Over this transition the phase between
current and voltage has a wide variation until the H-mode is fully established. After
the H-mode is fully established, the voltage starts rising linearly with the power
level, at least in the limited range considered. It is possible, referring to the electric
circuit shown in Fig. 4.4, to evaluate the impedance of the antenna-plasma load
(if the coupling is ideal, the impedance of the coil should be equal to the plasma

impedance), defined as:

v

Zresistance = 7603(¢)) (43)
Zreactance = ¥Sln(¢) (44)
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Figure 4.6: Resistance and reactance of the total load Z of the coil antenna. Across
the E-H mode transition (at 175 W) the discharge becomes inductively coupled, as
it can be observed from the steep increase of the load resistance and the decrease of
the load reactance.

Load resistance represents the real part of the total load, which is dominated by
the plasma contribution, and starts to increase as the transition happens, and to
stabilize in the H-mode. Load reactance, the imaginary part of the total load, is
initially dominated by the antenna inductance and decreases as the plasma coupling

becomes inductive, as expected from the simplified ICP model as a transformer [6].

4.4.2 OES analysis

Emission spectra were measured using different spectrometers and optical fibers (de-
scribed in the experimental set-up section) directly in the first chamber during each
plasma discharge. The line emission from the atoms in the plasma, dark subtracted
and corrected by the sensitivity of the instruments, can be used to retrieve informa-
tion on the species concentration or on the plasma parameters (electron temperature
and density).

An insight on the main reactive species in the plasma chamber can be gained from
Fig. 4.7 where a typical spectra is plotted. The most intense lines in the Ar-Oq
plasma spectra are generated from de-excitations of the argon states 3p°4p — 3p°4s
(wavelength from 415 to 433 nm) and 3p°5p — 3p°4s (wavelength from 697 up to
812 nm). Also atomic oxygen lines at 777 and 845 nm are well distinguishable, corre-
sponding to the following de-excitation: 2p®3p — 2p>3s. Assuming that the electron
temperature variations are low at different powers, the light emission of the plasma
is mostly dependant on the plasma charge density and the initial concentration of

emitting atoms.
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Figure 4.7: Typical OES spectrum measured in the Ar-Og plasma at 450 W of RF
input power.

The E-H mode transition is clearly visible from the observation of emission spectra.
When the H-mode is fully established, a steep rise of all emission lines is measured.
This is mainly due to the increase of charge density, which is expected to be linear

with the power increase [78].
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Figure 4.8: When the fully inductive coupling is reached (H-mode) there is a net
increases in plasma density, which was measured both with the QMS and by OES.

Figure 4.8 shows on a separated graph the variation of Oy ion flux, measured with
the QMS far from the jet at 100 mm, and of radical oxygen line 777 obtained
simultaneously from the OES data and proportional to the number of electrons.
The increase is similar for both the diagnostics and linear with the power after the
transition at 175 W.
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This characterization was repeated, monitoring the most intense lines for Ar and O,
at different gas concentrations, exploring higher flux regimes (different from those
already studied) [6]. The results for two specific lines for argon and oxygen are

displayed in the following figures:
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Figure 4.9: Line intensity for the argon line at 763 nm. The signal in counts/sec
was dark subtracted and corrected by the optical fiber and instrument wavelength-
dependent transmission function and divided by the Ar pressure inside the plasma
chamber. In this way the signal is directly related to the charge density and the
electron energy. Different experiments are shown with different colors, corresponding
to different pressure of argon and oxygen inside the plasma device.
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Figure 4.10: Line intensity for the oxygen line at 777 nm. The signal in counts/sec
was dark subtracted and corrected by the optical fiber and instrument wavelength-
dependent transmission function and divided by the O5 pressure inside the plasma
chamber. In this way the signal is directly related to the charge density and the
electron energy. Different experiments are shown with different colors, corresponding
to different pressure of argon and oxygen inside the plasma device.

The first three experiments listed in Fig.s 4.9 and 4.10, show the trend for Ar and O
lines respectively 763 (emitted from the 2pg level, mainly populated from the ground
state argon by electron impact), and 777 nm at increasing argon pressure: 10, 15
and 30 Pa of argon, at fixed oxygen pressure of 5 Pa. The transition from E to H
mode is again located about 175 W RF power. The measured intensities for the Ar
line, normalized by the argon gas pressure to underline the electron contribution,
are fairly reproducing the same values, independently on the argon pressure. As
already described, the main excitation processes in cold plasma are electron impact

collisions. For argon it is possible to write:
e +Ar — Ar* — Ar+~

These processes imply that the intensity of an emission line is I «x ngiomnek(Te), thus
proportional to the number density of the emitting atoms ngtom, the electron density
ne and the impact-excitation collision rate functions k(7¢). Dividing this value by
the pressure, we cancel the dependency on the atom density. Since the dependency
from collision rate functions k(7¢) is very weak, the line intensities shown in Fig.
4.9 are a good approximation of the electron density. Thus argon line 763 shown in
Fig. 4.9 suggests that the charge density is not varied by the addition of argon to

the plasma.
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Figure 4.11: Line intensities ratio between argon line 763 and 738 nm. Different
experiments are shown with different colors, corresponding to different pressure of
argon and oxygen inside the plasma device.

The weak dependency from the collision rate functions k(7¢) is also well justified, as
it can be envisaged from Fig. 4.11 where the ratio of two argon lines is shown at the
considered experimental conditions. This parameter also cancels the dependency
from the charge density ne, thus gives valuable information on the electron impact-
excitation collision rate functions k(7¢). The ratio is not undergoing big variations
during the different power scans, in particular do not seem to depend on the argon-
oxygen pressures, but on the E-H mode of the plasma discharge.

On the contrary the line intensities for O 777 nm shown for the first three experi-
ments listed in Fig. 4.10 (at increasing argon pressure: 10, 15 and 30 Pa of argon,
at fixed oxygen pressure of 5 Pa), have an increase, especially for the experiment
performed at 30 Pa of argon pressure (blue line). The reaction mechanisms leading
to the emission of oxygen atoms are more complicated than those involved in argon

emission. Different reactions can be outlined:

e electron impact on molecular oxygen

e+0; -0 "+0 —->0+0+7y

e clectron impact on atomic oxygen

e+0—=0"—=0+xy

e argon impact on molecular oxygen

Ar*+ 09 - Ar+0"+0 - Ar+ 0+ 0+~
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As we have demonstrated, the considered experimental conditions at the same oxy-
gen pressure values do not exhibit significant differences in the charge density or
electron temperature. Thus this variation of the oxygen lines, for increasing argon
pressure, is to be ascribed to the different reaction processes leading to the produc-
tion of radical oxygen. This is a very interesting result, high levels of radical oxygen,
required for the dissociation of the precursor, can be achieved increasing the argon
pressure. As the molecular oxygen pressure increases, the transition between E-H
modes is delayed to higher power levels: 275 W for 10 Pa of Os, 325 W for 15 Pa
of Oy and 375 W for 20 Pa. Fully inductive H-mode discharges may require power
levels in excess of 500 W, and corresponding voltage levels which continue to rise
the larger is oxygen inside the plasma source. This behavior is commonly ascribed
to oxygen electronegativity, which favors the formation of negative ions, reducing
the electron plasma density. For this reason, it is preferred to maintain high charge
densities while reducing the RF power.

These trends are common for almost all the other emission lines of the considered
species, however the relative intensities change slightly, as we shown in Fig. 4.11.
This reflects shifts in the electron excitation pattern influenced by changes in the
electron temperature and the metastable argon abundances. Radiative models have
been proposed in order to extract plasma parameters from the relative intensities of
the emission line pattern in argon. In particular a simplified model, including only
the part of the 2p, system was proposed and modified by us to increase precision. As
a results, from the relative intensities of argon emitting lines, it is possible to mea-
sure the electron temperature and the concentration of the two kinds of metastable
argon atoms. Both measures are valuable in order to characterize the plasma dis-
sociation capability and could also be implemented as a monitor control during the
deposition process. The core of the method is to to exploit the different electron
energy dependence of the cross section of some of the 2p, excited levels and the
large differences in the probability of electron impact excitation of such levels start-
ing from metastable argon atoms. Our proposal was to use the intensities of the
whole set of emission lines of the 2p, system to reduce the problem to a Maximum-
Likelihood parameter estimation, using the electron impact collision rates available
in literature to obtain simultaneously the electron temperature and the population
of the argon metastable levels (where the electrons drop de-excitating from the 2p,

system).
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Figure 4.12: Electron temperature estimated by the collisional-radiative model for
an Ar-Og plasma discharge with 3.2 Pa of argon and 4.8 Pa of oxygen. The intensities
of the Ar 2p, lines were used to determine these values. As the power increase, the
electron temperature decreases.

Figure 4.12 shows the electron temperature estimated by the model, from the mea-
sured intensities of the Ar 2p, lines visible in Fig. 4.7. The pressures of the argon
and oxygen were respectively 3.2 and 4.8 Pa. The electron temperatures are almost
located in the 1 - 1.5 eV range. They are somewhat larger in the E-mode, however
never exceeding 2 eV. This temperature is also referred as an excitation temperature,
because it relies on the study of the energetic tails of the electron energy distribution

(where the electron with energy sufficiently high to excite atoms and molecules can
be found).

4.4.3 Langmuir probe characterization

A radiofrequency compensated Langmuir probe was inserted in the plasma chamber,
from the quartz window (16° to the perpendicular of the left lid) previously used
to detect the plasma radiation, in alternative to optical spectroscopy. About 20-
50 voltage-current characteristics were averaged and from the final curve common
fitting procedure were applied to measure density, electron temperature and plasma
potential values of the plasma discharge.

Several limitation were encountered while performing these measurements: first of
all the radiofrequency signal at 13.56 MHz was too strong inside the chamber, thus
affecting the measured current, especially in the H-mode. The difficulties encoun-
tered were mainly in the measurement of the electronic current, so that the ion
saturation current was still possible to be measured. From this value a charge den-
sity was estimated, using the global electron temperature obtained from OES data

in Fig. 4.12. Another issue was that the probe could not be inserted too far inside
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the chamber without influencing the plasma inside: performing a voltage scan at 4.8
cm from the left lid (about half of the plasma chamber) results a disruption of the
discharge. Most of the measurements were performed at 1.92 cm (corresponding to
2 cm at 16°) from the left lid, at different RF-values for the Ar-Oy discharge.
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Figure 4.13: Logarithmic Langmuir I-V curve measured inserting the probe by 2
cm at a RF-power of 134 W (E-mode). The ionic current was fitted and subtracted,
thus in the graph only the electron current is displayed as a black line. The red line
represents a linear fit, whose parameters are shown in the table, used to determine
the electron temperature T..

For reviewing different techniques which can be used to determines plasma param-
eters from Langmuir probes measurements in RF-plasma, a specific and wide lit-
erature can be found [49, 50, 51, 52, 53]. Figure 4.13 shows a detail of a typical
Langmuir I-V characteristic curve, subtracted the ion current, thus displaying the
electronic contribution to the collected current from which the electron temperature
T, was obtained. Working with a RF-compensated probe, the true T, is best found
from the region where the I - V curve is least affected by radio-frequency; namely, the
region on the negative side of floating potential V¢ (in most cases Vy ~ 5 V). Hence,
it is important to subtract the ion current from the total current accurately. Since
k T, can be obtained from the ion-subtraction region of the electron characteristic,
it is not necessary to record the entire I-V curve. This allow to protect the probe
from overheating at high electron currents. The electrons can be assumed to have a
Maxwellian distribution, especially in then the more collisional, low energy part of
their distribution, which corresponds to the part of the curve which was fitted.

Under these assumptions each measured I-V curve was treated as suggested in [64]:
first the ionic current was fitted separately, then it was subtracted to determine the
temperature and the voltage. The electron temperature was determined as shown

in Fig. 4.13, subtracting the ion current and performing a linear fit of the I-V curve
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for Vprope < Vy. From Fig. 4.13 it is possible to observe that the electron satu-
ration part is not straight in log-scale. This is due to the effect of an insufficient
RF-compensation which is increasing for increasing probe voltage. The electron tem-
perature obtained in E-mode is slightly consistent with the value of T, estimated by
the OES measurements. In H-mode the probe compensation becomes less effective
and the electronic temperature becomes unrealistically high (ranging from 5 to 8
eV). The charge density can then be obtained, knowing the electron temperature
and floating potential, by extrapolating the ion saturation current. Due to the prob-
lems related to the evaluation of the plasma parameters near the electronic current
region (where the RF perturbation is intense), the charge density calculated using
the electronic temperature previously obtained by OES model, which are much more

reliable, is displayed in Fig. 4.14.
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Figure 4.14: Charge density evaluated from the Langmuir probe measurements. As
the power increase, the charge density also rise, as already observed during the OES
measurements.

The absolute value of this density is indeed underestimating the density inside our
plasma discharge. This is due to the use of an excitation temperature obtained from
the optical emission spectroscopy model and to the fact that the measurements
were taken in a region at about 7 cm from the inductive antenna. However at the
considered pressure the plasma is sufficiently well diffused to the location which was
scanned with the Langmuir probe. Even if this absolute density is underestimated,
its trend plotted against RF-power, shown in Fig. 4.14, is directly related to the ion
saturation current correctly measured and to the squared electron temperature, thus
weakly dependent from T,. The Debye length can also be evaluated from the first
results of the Langmuir curves, generally Ap ~ 5-10~2 mm, thus much smaller than
the probe radius r, = 0.5 mm. This value was used to estimate a Child-Langmuir

sheath thickness of 0.03 mm. Thus the sheath around the probe is very limited.
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4.5 Experimental: QMS analysis of the supersonic

plasma jet

4.5.1 Data collection and analysis

The jet characterization performed for neutral gas was repeated for the expanding
plasma at similar pressure ratios. As already stated, plasma was generated with
a discharge power of 450 W. The QMS was moved along the jet axis of symmetry
acquiring ion and neutral mass spectra separately. Also IEDFs were acquired to
first study the different ion energy distribution functions. The total area of these
distributions can be calculated to obtain an effective total ion flux. However for
the measurement of ion mass spectra, a single ion energy was chosen. Ion mass
spectra were taken at a fixed energy (8 eV) corresponding to the most energetic ions.
Different ion intensities were obtained from the area of the mass peaks, averaged
over different mass spectra, as it was done with the neutral gas, giving a signal
proportional to the ion flux. The area of the ion peaks shows errors slightly higher
than those obtained for the neutral gas. Relative errors are ranging from 1% (along
the supersonic jet) to 10% (just after the Mach disk).

L 02
10° F
[ o
3 10°
C F
>S5 F
3 F
o i
10°

10°
15 20 25 30 35 40 45
Mass (amu/q)

Figure 4.15: Particular of a typical ion mass spectrum measured in Ar-O5 plasma
jet before the Mach disk (at the distance of 15 mm from the orifice). The pressure
inside the plasma chamber was 8 Pa, the pressure inside the deposition chamber was
set to have a pressure ratio before the discharge ignition.

Figure 4.15 shows an example of an ion mass spectrum. It is noteworthy the mass
spectra is still dominated by argon and molecular oxygen ions. However the impuri-
ties produce minority ions whose signal is not negligible, contrary to neutral spectra.
Art and O; signals were measured along the axis for different values of the pressure
ratio R. Even if this measurement is highly dependent on the ion species and their

energies, some conclusions regarding the ion species in the expanding jet can be
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drawn. The molecular oxygen ion flux signal, is more than one order of magnitude
greater than the one measured for argon. This high argon reduction is probably
related to charge exchange reaction between argon ions and oxygen molecules. It
is also possible to observe a rather high ion flux signal for atomic oxygen at M=16
amu/q. Different impurities can also be spotted in the mass spectra. Typical IEDFs

of some minor ions found in the jet are who in the Figures below:
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Figure 4.16: 3sAr ions on the left and Arj on the right, both distributions have
been normalized. These measurements were acquired at a distance from the orifice
z=43 mm, during an Ar-O, plasma discharge at 450 W of RF power at R=28.
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Figure 4.17: H20O ions on the left and Ny on the right, both distributions have been
normalized. These measurements were acquired at a distance from the orifice z=43
mm, during an Ar-O plasma discharge at 450 W of RF power at R=28.

The study of these distribution functions gives and useful insight on the reaction
inside the plasma chamber, where most of these ions are formed. IEDFs for Ar™
and O;’ will be shown and discussed later, but their interpretation is somewhat
complicated due to the different reactions and collisional processes involved. Ion
energy distribution functions measured for minor ion species are less subject to
collisional effects. The energy is peaked over the plasma potential and the spread is
Maxwellian and related to the ion temperature in the plasma chamber. Collisional

processes still slow down some ions creating an energy tail (collisions with neutrals
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species are more frequent after the supersonic expansion). These distributions allow
us to estimated a plasma potential of about 8 eV, which is the energy used to acquire
ion mass spectra. In some of the IEDFs a low energy peak which corresponds to
resonant charge exchange is evident. This phenomenon leads to the production of

slow argon ions outside the source:

X;frast + Yiow = Xfast + Y

slow

This effect is also slightly present in the IEDFs of 36Ar" and ArH™.

4.5.2 Plasma profiles: mass scans

Figures 4.18 and 4.19 show ion fluxes and neutrals profiles for argon and molecular

oxygen (ion mass scans were measured at 8 eV).
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Figure 4.18: Axial profile for argon-oxygen plasma at high pressure ratio. Both
ion fluxes (white squares, right axis) and Ar neutral atoms (black circles, left axis)
are shown. The pressure inside the plasma chamber was 8 Pa while the pressure
inside the deposition chamber was set to have a pressure ratio about 28. RF plasma
discharge was inductively coupled and maintained at 450 W. QMS data are reported
together with the isentropic expansion law (dashed line). The Mach disk location is
indicated by a vertical bar over its position (at about 24 mm from the orifice).
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Figure 4.19: Axial profile for argon-oxygen plasma at high pressure ratio. Both
ion flux (white squares, right axis) and neutral molecules (black circles, left axis)
are shown. The pressure inside the plasma chamber was 8 Pa while the pressure
inside the deposition chamber was set to have a pressure ratio about 28. RF plasma
discharge was inductively coupled and maintained at 450 W. QMS data are reported
together with the isentropic expansion law (dashed line). The Mach disk location is
indicated by a vertical bar over its position (at about 24 mm from the orifice).

The neutral gas data is shown as black circles and it is almost unaffected by the
plasma: its profile is comparable with those shown in the previous Chapter. Ion
flux profiles for 8 eV and denote a decrease comparable with the density inside the
gas isentropic expansion (dashed line in Fig. 4.18 and 4.19) inside the supersonic
jet with a lesser precision. This is in good agreement with the assumption of an
almost adiabatic expansion. Over the Mach disk a significant increase in the ion
fluxes can be observed for both and . Here the measurements seem also to fluctuate
in subsequent scans giving larger error bars. The increase of the ion flux over the
Mach disk can be due to different phenomena, an increase of their density or velocity.
Inside the jet electrons are much diffusive than the ion species and can thus leave
the supersonic jet in the boundary regions. A significant charge separation could
happen in correspondence with the Mach disk forming a positive space charge region
and an electric field. It is also to be taken into account that the mass spectrometer
can induce an electric perturbation just at the shock front. Far away from the Mach
disk, the ion flux decreases due to losses dictated by diffusion and recombination
effects. The ratio between the and intensities is constant within the precision of the

measurements in the whole profile.

4.5.3 Plasma profiles: ion integrated flux

To fully characterize the ions in the jet, also ion energy distribution functions were

measured along the jet and inside the enhanced ion flux region. Several scans were
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averaged (6 or more, depending on the intensity of the signal) for each different
position, generally showing a good reproducibility. The energy spectra can give a
better insight on the ion fluxes, especially when collisional phenomena are present,
and be integrated to obtain a total ion flux, which takes into account the contribution
of ions at different energy. Ion energy distribution functions were measured for and
at a fixed mass while reproducing the same experimental condition used for Fig.
4.18 and 4.19.
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Figure 4.20: Total flux obtained integrating the area of the energy spectra for ions.
Measurements were performed at high pressure ratio (R=25, =23 mm). RF plasma
discharge was inductively coupled and maintained at 450 W. QMS data are reported
together with the isentropic expansion law derived from Eq. (5) (dashed line), here
multiplied by a fitting constant. The Mach disk location is indicated by a vertical
bar over its position.
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Figure 4.21: Total flux obtained integrating the area of the energy spectra for ions.
Measurements were performed at high pressure ratio (R=25, =23 mm). RF plasma
discharge was inductively coupled and maintained at 450 W. QMS data are reported
together with the isentropic expansion law derived from Eq. (5) (dashed line), here
multiplied by a fitting constant. The Mach disk location is indicated by a vertical
bar over its position.

The total ion fluxes displayed in Fig. 4.20 and 4.21, respectively for and , were
calculated by integrating the whole ion energy spectra. Similarly to the 8 eV flux
shown in Fig. 4.18 and 4.19, the total ion flux seems to decrease where the jet is
supersonic in fair agreement with the isentropic law (even if we do not expect the
flux and the density to correspond each other). The latter is plotted in Fig. 4.20
and 4.21 as a dashed line in order to better compare the spatial behavior of the ions

flux with respect to that of the neutral atoms.

4.5.4 Plasma profiles: ion energy distribution functions

No local enhancement of the flux could be observed right after the Mach disk lo-
cation. While the argon ion flux is comparable with the neutral density trend, the
molecular oxygen ion fluxes are slightly higher and flatten after the Mach disk in-
stead of getting smaller. The 8 eV flux enhancement over the Mach disk is here
covered by the contribution of ions at lower energies, but it can be still observed by

directly looking at the energy spectra reported on Fig. 4.22 and 4.23.
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Figure 4.22: Typical energy scans performed for ions at high pressure ratio (R=25,
=23 mm) along the expansion. RF plasma discharge was inductively coupled and
maintained at 450 W. Two curves are displayed on the same graph, the straight one
is located inside the jet (at 15 mm from the orifice) while the dashed curve is located
after the Mach disk position (at 45 mm from the orifice).
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Figure 4.23: Typical energy scans performed for ions at high pressure ratio (R=25,
=23 mm) along the expansion. RF plasma discharge was inductively coupled and
maintained at 450 W. Two curves are displayed on the same graph, the straight one
is located inside the jet (at 15 mm from the orifice) while the dashed curve is located
after the Mach disk position (at 45 mm from the orifice).

The interpretation of the ion energy distribution functions is not straightforward.
In the presence of a plasma, a sheath always generates between the plasma and
the plate. The ions detected by the QMS are accelerated by the sheath electric field
whose strength is controlled by the value of the plasma potential in the low-collisional

presheath [85, 40]. The energy distribution detected by the mass spectrometer at a
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fixed mass represent the energy that ions have while entering the instrument orifice,
after being accelerated to a region at grounded potential. Figures 4.22 and 4.23 show
two energy scans obtained in the jet and after the Mach disk location. The energy
spectra show a wide energy spread for both the two gases in each position studied. In
an inductively coupled plasma source the energetic distribution of ions is commonly
peaked over a single value. When measuring the distribution of ion species, the
latter are accelerated from the plasma toward a grounded detector (the QMS in
our case) by a voltage difference equal to the plasma potential. Ions colliding while
crossing the sheath will exhibit lower energies. Thus collisional effects can lead to a
shift of the ions to the low energetic part of their energy spectrum. These effects are
evident in the energy scans shown in Fig.s 4.22 and 4.23, where the energy ranges
from 0 up to 12 eV. Some ions at negative energies are also detected, this is a known
defect of the instrument due to ions colliding inside the QMS. Ions which collide
with neutral gas along the jet by elastic scattering and charge transfer phenomena
can fully deplete their kinetic energy. This energy loss is more pronounced for the
low energetic ions due to a larger collision cross section [86] and it can be observed
in Figures 4.22 and 4.23. The shape of the energy spectra is different for Ar and
and it varies with the distance from the orifice. Energy scans performed along the
supersonic expansion are dominated by a low energy peak between 1 and 2 eV.
After crossing the Mach disk the low energy peak appears flattened and shifting
to 0 eV while a high energy peak emerges (as previously observed from the mass
scan performed measuring ion fluxes at 8 eV). This suggests that there is a positive
potential along the jet which drops to zero after the Mach disk. At the end of the
supersonic expansion, the high energy part of the spectra (related to ions arriving
directly from the plasma without losing their energy by collisions) could be affected
by an electrostatic effect which increases their flux. The low energy part of the
spectra (related to ions that have lost most of their energy through collisions) does
not seem to be greatly influenced by this effect, due to their lower velocity which

makes them collide with a higher probability.

4.5.5 IEDFs at different pressure ratios

Varying the pressure in the deposition chamber, the pressure ratio varies changing
the position of the Mach disk. The limit to achieve a supersonic expansion is R
= 1.89. In the measurements for Ar* shown in the graphs below, at 43 mm from
the nozzle, as R decreases the high energy peak drops while the low energy peak
increases. The same phenomenon is visible for ArH' and N;: the number of collision

after the shock increases and limit the propagation of ions in the deposition chamber.
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Figure 4.24: Tons scan outside the supersonic region (43 mm from the nozzle).
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Figure 4.25: Tons scan outside the supersonic region (43 mm from the nozzle) for an
argon plasma at 450 W, on the left result for ArH' on the right Ng‘.

The measurements for O; are shown in the graphs below, measured at 25 mm from
the nozzle, as R decreases the high energy peak drops while the low energy peak
increases. When R is less than the critic value, the jet is not supersonic and the

collision leave just a small trace of ions, with a small peak over thermal energy.
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Figure 4.26: O;r IED at different pressure ratio.
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4.5.6 IEDFs at increasing RF-Power

IEDF's were also measured while increasing the RF-Power input, observing the tran-
sition from E to H-mode. This analysis was performed fist for pure argon discharge
(P,=3.2 Pa, P;=0.11 Pa), then for the Ar-Oy discharge (P,=8 Pa, P;=0.3 Pa). In
the first case increasing the RF power supplied to the antenna, the plasma ignite
at 20 W in a discharge condition similar to a capacitive plasma source (E-mode),
then around 50 W undergoes a transition to a fully inductive discharge (H-mode).
The effect on the ion population is mainly on the density which seems to increase
linearly with the power until 400 W. In the graph below IED measured for Ar and
ArH at Z = 43mm are shown. For Art when the coupling is not fully inductive
the energy is mainly quenched and the highest peak is the one at lowest energy. As
the power increases the high energy peak (over the plasma potential which seems

constant) raises.
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Figure 4.27: Power scan for Ar"™ measured at Z = 43 mm.

Looking at the IED measured for ArH™ no particular variation of the shape of the

peaks is seen, the high energy peak just slowly raises while increasing the power.
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Figure 4.28: Power scan for ArH' measured at Z = 43 mm.
The following measurements show the IEDFs measured for O; at different power
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input, sampled at 25 mm from the nozzle (closer to the nozzle than the data shown
before). The transition between the E-mode and the H-mode is about 200 W and

as the power increases, three peaks become distinguishable.

0.3

Rel Intensity (c/s)

T T T
-5 0 5 10 15

lonEnergy (eV)

Figure 4.29: Power scan for OJ ions measured at 25 mm from the nozzle, about the
shock position.

It is very important that the plasma potential (about 8 eV) does not seem to be
influenced from the RF-power, at least for the power range considered. However

many differences in the shape of the IEDFs can be observed, especially across the

4.6 Summary and conclusions

The plasma in the first chamber was directly characterized using different diagnos-
tics. The measurements of time series for voltage and current across the plasma
antenna clearly set the E-H mode transition at 175 W and ensure a more efficient
power transmission after this power value. Rms voltages of 800 V and currents about
2 A can be observed at 450 W, the RF power level which was chosen for performing
PA-SJD deposition.

Optical emission spectroscopy was used to reveal the radiation emitted from the
plasma at different pressure values, argon-oxygen concentrations and RF power level.
The use of this diagnostic allowed the identification of the main emitting species (Ar
and O in this case) from the plasma and denoted a significant increase in charge
density after the E-H mode transition. At increasing oxygen in the plasma chamber,
this transition is delayed to higher power level, making more complex the establish-
ment of a fully inductive regime. However it was shown that an high production
of radical oxygen, required for an effective precursor dissociation, can be achieved
also raising the argon pressure in the discharge. A collisional-radiative model for the
argon emission lines was successfully employed to estimate the plasma temperature
as a function of the RF-power input. The temperature decreases from 1.25 to 1.03
eV as the RF-power is raised from 75 to 450 W in a common argon-oxygen discharge

at 8 Pa of total pressure (being oxygen to argon concentrations 3 to 2).
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A RF compensated Langmuir probe was introduced inside the plasma chamber to
measure the main plasma parameters. Unfortunately the RF-noise on the probe was
too high, especially in the H-mode. The measurements of the characteristic Lang-
muir curve was thus highly perturbed for positive probe potential values. However
the ion saturation current could have been extracted from negative part of the Lang-
muir curve. This value was converted in an approximate density using the electron
temperature estimated by OES, giving charge densities increasing from 1 10'° to 1
10'6 m~—3, as the RF-power was raised from 45 to 450 W.

The QMS was again employed to sample the gas along the jet at different position.
During each plasma measurement also ion fluxes and their energy distribution func-
tions were measured. We observed a supersonic jet containing both neutral and
positively charged particles. The neutral gas even in the presence of a plasma ex-
hibits a very similar behavior to the gas case. Neutral Ar and Oy expand following
the isentropic model without ending shock compression. This proves that the isen-
tropic model is still valid and the expansion is still adiabatic for neutrals even in the
presence of a plasma. Supersonic jet ion spectra are dominated by molecular oxygen
ions and argon ions. However different peaks can be related to small impurities
concentrations. Ion mass and energy spectra gave an insight on the ion fluxes along
the jet. Ions along the expansion can be measured with energies ranging from 0 up
to 12 eV. The energy spectra of the impurities were observed at a mono-energetic
energy distribution peaked about 8 eV. Argon and molecular oxygen ions instead
show different energies, due to a more pronounced collisional nature and to charge
transfer reactions. Inside the supersonic jet, a very intense low energy peak (about
1 eV for Ar™, 2 eV for O;) can be observed in the spectra, along with a moderate
high energy section. After the nozzle, inside the supersonic jet, there is an expansion
also for the ions, which resemble the isentropic expansion of the neutrals. Across
the Mach disk position, the ion energy distribution changes greatly: while the low
energy peak reduces itself and shift to 0 eV, the high energetic peak increases. An
increase of ion flux could be ascribed to the higher diffusivity of electrons respect
to ion species. A positive charge space region could arise in correspondence with
the Mach disk. This phenomenon denotes the formation of a space charge region
just after the end of the supersonic jet which could originate a potential difference,
responsible of enhancing the ion fluxes. This occurs for the highest part of the ion
energy spectrum. The presence of high energy fluxes has interesting consequences on
ion bombardment processes during the thin film formation and growth. IEDF's were
also measured at a fixed position for different pressure ratios, showing the effect of
collisions on their energy. The energy distribution functions do not seem to exhibit

particular variation in their shape at different RF-powers.
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CHAPTER

5
[ON DYNAMICS SIMULATIONS

5.1 Introduction

The fabrication of thin films having a specific nanostructure represents nowadays
a crucial and important research field for its applications such as photovoltaics,
photocatalysis and sensor technologies [87, 88]. Different deposition techniques can
effectively tailor the properties of a thin film by changing its nanostructure in or-
der to tune the film thickness, porosity, electrical conductivity or optical properties.
Among many deposition process, plasma-based techniques are promising due to the
low temperatures involved, to the low energy consumption and to the different pos-
sibilities offered from their high reactivity [89]. In particular energetic radicals and
charged particles are both responsible for etching and for activating surface reactions
which can influence the film formation [90, 91]. The study of the collisional processes
involved and of the ion energy distribution functions (IEDF) can give precious in-
formation to understand their general phenomenology and to control the growth of
thin films [37]. Plasma assisted supersonic jet deposition (PA-SJD), is an innovative
deposition techniques which combines a reactive plasma with a supersonic jet for the
production of nanostructured thin films [6]. An inductively coupled plasma (ICP)
source generates a high density argon-oxygen plasma inside a cylindrical vacuum
vessel which is connected through a converging nozzle to the deposition chamber,
kept at a lower pressure value. As the gas expands in the deposition chamber, a
supersonic plasma jet is formed if the pressure ratio upstream and downstream the
nozzle is sufficiently high [66]. By adding a metalorganic precursor into the reactive

plasma, it is possible to induce dissociation and oxidation reactions which lead to the
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formation of metal oxides nanoparticles. The assembled clusters enter the expand-
ing jet where the light gas carrier mixture accelerates different nanoparticles up to
the mean fluid speed. Nanoparticles impact on a substrate placed normal to the jet
growing a nanostructured thin film. The variation of the plasma properties in the
first chamber or of the parameters controlling the supersonic jet can influence both
the stoichiometry and structure of the deposition. PA-SJD technique was already
employed using an organic precursor of Titanium for TiO2 nanostructured thin film
depositions [11].

The presence of a rarefied plasma inside the first chamber and into the jet plays an
important role in the deposition process. Energetic ions are formed when they are
accelerated by the electric field present in the source and can react forming a popu-
lation of highly energetic neutral particles. Charged particles are often responsible
for the formation of particular nanostructures [92]. Our aim is to characterize the
energy of the ions inside the supersonic jet and to understand their collisional effects
on the neutral particles. Neglecting the precursor, we studied the Ar plasma itself
for its simplicity and focused on the supersonic jet. An experimental analysis was
first conducted in an argon plasma using a quadrupole mass spectrometer (QMS) to
sample ions an reveal their energy. Starting from these experimental values and the
results shown in the previous chapters, we developed a simulation code from first
principle studies. Under few assumptions, which are going to be described later on,
we simulated the dynamics of ions along the jet to reconstruct their energy distribu-
tion functions. The results were compared with the experimental values showing a
good agreement and were used to evaluate the ion-neutral collision rate and effects
on the global dynamics. This simple case is also ideal for the study of atom-ion
collisions inside molecular beams and helped us to calculate Art-Ar cross section

along the supersonic jet.

5.2 Experimental Setup

5.2.1 PA-SJD device

The experimental setup is similar to the one shown in the experimental section. An
high level of control on the thin films growth can be achieved through the separa-
tion the precursor oxidation and the particles acceleration and deposition onto the
substrate. It is possible to easily tune the parameters influencing the plasma and
the supersonic jet separately by using two different vacuum chambers, connected
through a sonic nozzle as shown in Fig. 5.1. In the experimental conditions used
in this Chapter the pressures in the plasma and the deposition chambers were set
respectively at 3.20 and 0.11 Pa by establishing a constant flow of Ar gas at about

7 scem.
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Figure 5.1: Schematic representation of the PA-SJD setup. The plasma chamber
and the deposition chamber are shown, connected by the converging nozzle. The
mass spectrometer can be moved horizontally inside the deposition chamber.

The plasma is generated in the first chamber using a inductive source [78]. A two
and three quarters loop planar antenna (made of copper wire) is placed inside the
right side of the first chamber (as shown in Fig. 5.1), shielded by a Teflon scaffold
and covered by an alumina disk to reduce sputtering. Feeding the antenna with a
13.56 MHz radiofrequency power generator (Huttinger PFG 1600 RF) at 450 W it is

possible to obtain a uniform and stable plasma discharge inside the plasma chamber.

5.2.2 Diagnostics

On the right side of the deposition chamber (see Fig. 5.1) there is another vacuum
flange which allows the insertion and the movement of a quadrupole mass spectrom-
eter (Hiden EQP-1000 Analyzer [93, 48, 42]). The QMS can collect the gas (and
ions) from a small conductance (a 0.1 mm diameter circular orifice placed at the
center of a flat circular cap having 50 mm diameter) and it is maintained below
10~ Pa by another pumping system (a turbo molecular pump and a rotary pump
providing 60 ¢/s pumping speed). This instrument was employed in this Chapter
mainly for the acquisition of ion fluxes and their energy distribution functions along
the supersonic jet [94]. Measurements can be performed at different positions along
the main chamber axis with the accuracy of 1 mm. Ions produced outside the in-
strument enter the 0.1 mm sampling orifice with an initial energy F; and they are
immediately focused by a lens into the drift space. The instrument is grounded at
the chamber reference potential, however an extractor lens can be set to favor the
ion acceleration inside the spectrometer. Inside the drift region charged particles

are accelerated to an energy equal to E = F; 4+ qVaxis, where Vyis was set to 40 V.
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Then a 45° energy filter transmits only ions with a specific desired energy E. These
ions will then be slowed down to the transit energy required for the mass scan inside
the quadrupole and selected by the mass filter. The detector is a secondary electron
multiplier pulse-counting detector which can provide mass spectra in counts/sec for
mass/charge ratios from 0.4 up to 1000 amu/q (with ¢ in charge units) and energy
spectra in counts/sec for energies ranging from -100 to 100 eV. The acquired signal
for charged species can be highly dependent on the instrument mass and energy
dependent transmission function and the acceptance angle [44, 95]. Anyway the fo-
cusing system was carefully tuned in order to reduce energy dependent phenomena

such as chromatic aberration or high acceptance angles [46].

5.3 Theoretical Background and Model

5.3.1 The supersonic jet expansion

Inside the first chamber the gas flow is at continuum flow regime as the mean free
path of the gas is much smaller than the typical length scale of the system. The
Knudsen number K, defined as the ratio between the gas mean free path and
the typical system length, can be used to describe the flow regime. High Knudsen
numbers (K, > 1), denote a collision-free molecular regime, while for K,, < 1 the
gas has to be treated using a continuum approximation. There is an intermediate
region between the two (0.1 < K, < 1) where the fluid regime is a transitional. In
the experimental conditions used in this Chapter, the pressure is even lower respect
to the conditions previously explored. In the first chamber it is possible to evaluate
a mean free path of 1.78 mm while the vessel length is of about 100 mm (K, < 0.01).
As the gas flows into the deposition chamber though the sonic nozzle, its fluid regime
becomes transitional, as its density decreases (here we evaluate 0.01 < K, < 1).

As gas is left to expand into the lower pressure vessel, a free expansion process
takes place [67]. If the pressure difference is high enough, the expansion process
can be considered isentropic (i.e. adiabatic and reversible) and a supersonic jet is
formed [66]. During this process the gas particles are accelerated to a limit velocity
Vlimit forming a low collisional and nearly mono-energetic jet. The gas thermal energy
is quickly converted into fluid flow while the temperature decreases. Inside the jet,
density and pressure quickly decrease with increasing distance from the nozzle while
the Mach number M, defined as the ratio between the gas speed and the local speed
of sound, increases. A schematic representation of the geometry of a supersonic
jet is sketched in Fig. 5.2. In the continuum regime the expansion ends with a
normal shock, called Mach disk, where temperature, pressure and density reach the
background values as the gas flow becomes subsonic. In transitional regime the shock
becomes much thicker, its length can be assumed comparable with the gas mean free

path which in this region is of the order of few centimeters. The properties of this
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supersonic beam are mainly determined by the size and shape of the nozzle and by
the thermodynamic properties of the gas upstream of the nozzle, in particular they

depend on the pressure ratio R [96, 68].

I 1

Figure 5.2: Representation of the supersonic expansion geometry formed in the de-
position chamber right away from the converging nozzle. The supersonic jet extends
up to a distance zyf, denoted as the Mach disk, and is limited by the thick lines on
the cross section shown. The dashed lines represent non-supersonic streamlines of
the gas. The Mach number M (z) depends on the distance z from the nozzle, and
becomes M(z) < 1 outside the supersonic zone.

The distance of the Mach disk from the nozzle orifice can be calculated using an

empirical equation given in [68]:
2 = 0.67 - dy VR (5.1)

where d;, = 6.9 mm is the orifice diameter. At this position, dependent from the
pressure ratio R, the flow becomes subsonic as the jet ends. The supersonic ex-
pansion is widely used as an effective tools for the production of intense molecular
beams involved in different applications [27, 97]. In PA-SJD we produce a seeded jet
by adding a small mole fraction of titanium oxides nanoparticles to an argon-oxygen
supersonic plasma expansion. In this way the properties of the expansion are not
much affected by the heavier species added to the jet, while all the particles are
accelerated [98]. Thus it is sufficient to study and characterize the light gas carrier
component, in order to understand the behavior of a seeded jet. To further simplify
the analysis of the system, which employs a binary argon-oxygen mixture for the
formation of the jet, in this Chapter we focus on a argon jet to develop a simulation

model for the dynamics of ion species. The limit parallel velocity of the gas particles
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inside the expansion for a single gas component is given by [66]:

2’}/ RTO

o —Dm (5.2)

Vlimit =
Where Ty is the temperature inside the plasma chamber, R the perfect gas con-
stant, and v is the gas specific heat ratio. Considering argon at room temperature
and at the temperature expected during a plasma discharge we obtain respectively
vimit = 550 and 730 m/s. For the gas carrier this limit speed is quickly reached,
thus the neutral in the plasma expansion can be roughly assumed to move parallel
to the expansion axis at the energy of 0.11 eV. The density along the expansion
was measured in our device (see e.g. [41, 42]) showing a good agreement with the
relation, obtained thought numerical calculation, for the pressure on a flat plate
in a supersonic expansion [70]. Thus the argon density in our expansion can be
calculated using:
n= 1o " (5.3)
(a(z/da)* = b(/du) +c)

valid for z > 0.5 - d,, where ng is the density in the plasma chamber, v = 5/3, and

a =1.44, b= 0.65, ¢ = 0.87, are numerical constants [70]. In our case, Eq. (5.3) can

be used for z > 3.5 mm.

5.3.2 Ions phenomenology

When an inductive plasma is generated inside the plasma chamber, the properties
of the supersonic expansion are affected mainly by the temperature increase. The
temperature in the first chamber was evaluated roughly to be approximately 180 °C,
constant at 450 W of RF input power [6]. Inside the plasma chamber, ions are pro-
duced mainly by electron impact ionization and their initial energy distribution can
be assumed to be a Maxwellian function peaked over approximately their thermal
energies [37]. As the ions enter the supersonic jet, their trajectories are influenced
both by the gas expansion and by electron friction and electric fields [80]. In par-
ticular a potential drop is expected between the main chamber and the supersonic
expansion region, which can be considered a pre-sheath [40]. This results in a shift
of the ion energy distribution functions to an energy comparable with the poten-
tial drop [81]. Ions colliding while crossing this sheath will have less total energy
providing low-energy tails in the distribution functions [82]. Anyway, as long as
the expansion process can be considered adiabatic, the isentropic flow model can
be used to describe both the neutral gas and the ion expansion, in the absence of
additional electrical phenomena [42, 80]. The neutral gas can be considered partially
independent from the charged particles because of the low collision rate and the low
charge density in the rarefied plasma. No significant differences could be observed

by looking at the neutral density along the supersonic expansion with or without the
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plasma [41, 42]. On the contrary ions can interact both with other ions by coulomb
scattering and with neutral atoms by elastic scattering or charge transfer reactions.
Since the charge density is about two order of magnitude lower than the neutral
density, ion-neutral collision are predominant. The interaction between an Ar atom
and its singly charged ion form can be described using a potential function similar to
a modified 12-4 Lennard-Jones potential [99, 100]. During a scattering process the
energy is also influenced by the induced dipole formed on the neutral atom, which
can be taken into account by adding a term proportional to =% [101], where r is

the interatomic distance, obtaining:

A B C
U1274(T‘) = m - % 4 (54)

where A and B are the Lennard-Jones potential constants for Ar [102, 103] and C
is another constant directly related to the atomic dipole polarizability « (C' = «/2
in atomic units). The term proportional to r~% becomes negligible when induced
dipole effect is introduced. Charge transfer reactions are those in which an electron
is transferred from one atomic system to another [104]. A collision between a charged
species and a neutral one may result in the exchange of an electron, as described by:

Kivst + Yaiow = Xast + Yalo

slow

(5.5)

When X and Y are atoms or molecules of the same type, the process is generally
elastic and commonly referred to as symmetric resonant [105]. The cross section for
resonant charge transfer is large at low collision energies, making it a very common

collisional process in low temperature plasma [79, 106].

5.3.3 Model
Generalities

We aim to simulate IEDFs from first principles by integrating numerically the equa-
tions of motion of neutral and charged argon species, Ar and Ar™, respectively,
inside the supersonic jet. We use typically an integration step of 0.1 ns. In order to
treat the many particle dynamics from the nanoscale to few centimeters of length,
we need to resort to some simplifying scheme. We first solve the problem at the
nanoscale, thus restricting the calculation to an effective volume within which the
interactions take place. This volume has a cylindrical shape where the cross section
is sufficiently large as compared to the ArT-Ar interaction range, but sufficiently
small in order to save computing time, i.e. about 10 nm in diameter and 500 gm in
length. The choice of the cylinder length exploits the fact that the ion trajectories
remain largely confined around the cylinder axis over long distances as compared
to its width. In practical calculations, we neglect the long range (1/r) Art-Ar™

interactions considering only one Art moving inside the cylinder at a time, which
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can be justified due to the rather small density of Ar™ in the jet.

Secondly, we solve the dynamical equations in a frame of reference moving with the
mean speed of the neutral species, implying that they are initially at rest and placed
at random inside the cylinder. In the latter, the number of neutral Ar is chosen to
be consistent with their density in the jet (described by Eq. 5.3), which turns out
to be rather small (of about 10 atoms). Upon an interaction with the ion, a neutral
atom attains a finite speed, obtained by solving its equation of motion by neglecting
the interaction with the remaining neutral atoms. Both energy and momentum are
conserved during a scattering process, and we are able to evaluate the ionic kinetic
energy at each time-step. In other words, we consider only elastic processes here.
The main axis of the cylinder coincides with the initial direction of the Ar™ velocity
(Fig. 5.3a). The ion moves across the cylinder interacting with the neutral species
according to the Lennard-Jones type of potential in Eq. (5.4), neglecting the 76
term (Fig. 5.3b). Whenever the ion exits the cylinder, we stop the calculation,
attach a new cylinder whose axis is along the exit ion velocity, and restart solving
the equations of motion with the new initial conditions (Fig. 5.3c). Each time a new
cylinder is considered, new neutral atoms are placed at random positions inside it

again at rest.
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Figure 5.3: Schematic representation of the Ar* trajectory inside the interaction
space (cylinder). The dots represent the neutral Ar atoms, located at random inside
the cylinder. (a) Starting cylinder: The ion velocity is assumed to coincide with
the z-axis (cylinder main axis). (b) Example of the Art ion trajectory inside the
cylinder. (c) Example of an Ar™ ion exiting laterally, in which the new orientation
axis, 2/, of the second cylinder coincides with the direction of the exiting ion velocity.

By performing a large number of simulations (generally hundreds) it is possible to
obtain final ionic speeds from which we can evaluate the IEDF's for different positions
along the supersonic jet axis.

When the ion kinetic energy becomes comparable to that of the neutral species, the
simulation is stopped in order to avoid the very time consuming simulations of the
whole neutral population. This is consistent with our central assumption that we

solve the ions dynamics in the presence of a ‘frozen’ distribution of neutral atoms in
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space. Their contribution to the IEDF at low energies will be treated according to

a Gaussian distribution centered at the mean neutral kinetic energy.

Charge transfer phenomena

The effects of charge transfer phenomena on the IEDFs are relevant when new ions
are formed in the sheath or pre-sheath regions of a plasma where ions are more
energetic than neutrals. The energy of newly produced ions is equal to the initial
energy of the neutral species plus the energy loss by the original ion during the
collision. This process results generally in the formation of low energy peaks in the
IEDFs [107]. For the plasma considered in this Chapter, this process is reasonably
significant, since the cross section for elastic scattering and charge transfer are of the
same order of magnitude between 0.1 and 10 eV [79]. Thus we model charge transfer
collisions between argon ions and neutral atoms by means of an approximation based
on quantum considerations.

The probability of charge transfer, Por, is a function of distance. Typically, it is
possible to establish a cut-off R¢, above which charge transfer does not occur. For
distances smaller than R., Pcr displays a strong oscillating behavior (see e.g. [104])
varying between zero and one, and described by a sinus square function. The cutoff
distance is due to the pure quantum mechanical property of the required overlap
of the associated wave-functions of the electronic states, in order to allow for a
tunneling process [105]. In a simple scheme, when the ion distance to a neutral
atom becomes smaller than R, we disregard the oscillations, and assume Pcot to be
constant, Pop ~ 1/2 [101]. From the cross section tabulated in [79], we determine
the radius of cutoff for charge transfer, yielding R. = 0.4 nm. That is, the Pcr
probability is just P = 1/2 for r < R.. This can be understood from the fact
that the velocity of the ions we are considering is small if compared to the electron
velocity. As both species remain closer than R, the electron is shared between Ar
and Ar" and a quasi-molecule is formed. When they get farther apart, the charge
transfer cannot occur any more, and the electron is found with the same probability
(P = 1/2) in either one of them. If the electron remains on the neutral atom,
the collision can be considered as a simple elastic scattering event, otherwise it is

denoted as a charge transfer event.
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Figure 5.4: The interaction potential U(r) [eV], vs distance r [nm], for Art-Ar
system used in the simulations. The vertical dashed line indicates the cut-off distance
R. = 0.4 nm.

In order to get further insight into the charge transfer process, we report in Fig. 5.4
the interaction potential between the ion and the neutral atom. As on can see, there
is a sharp repulsive barrier below r = 0.25 nm, suggesting that for such distances
the transferred energy from the ion to the atom can be large. In this regime, the
charge transfer is expected to take place as described by the simple scheme discussed
above. However, for distances close to R¢, where the interaction potential is much
softer, the energy transfer can be very small and the assumption that the Por is
P = 1/2 does not seem accurate. Indeed in our simulations, for distances close to
Rc, we have found that scattering processes can occur with almost no appreciable
energy transfer. To soften the sharp condition at » = R., we have incorporated a

transfer energy dependent factor for the Por. We have assumed that:

1 AFE

Por = 5 [1 — exp (—)] , for r < Re (5.6)
where AFE is the total transfer energy from the ion to the neutral atom in the
single scattering process, and Ey = 0.1 eV, corresponding to the minimum Ar*-
Ar interaction energy (see Fig. 5.4), and represents a characteristic energy for the
process. The PCT in Eq. (5.6) is displayed in Fig. 5.5.
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Figure 5.5: Probability Pct for charge-transfer processes as a function of transfer
energy AE [eV] for Art-Ar as described by Eq. (5.6).

Notice that this energy-correction factor is important for energies AE < 0.2 eV.
However, as a result of Eq. (5.6), the number of charge transfer events get reduced,
in better agreement with the experimental results as we discuss in the following

section.

5.4 Experimental Results and Simulations

Experiments were conducted in an argon plasma generated with an inductive cou-
pling. In the presence of the plasma, the pressures in the plasma and deposition
chambers were increasing to 4.5 Pa and 0.14 Pa, respectively, obtaining a pressure
ratio R = 32 and a corresponding Mach disk distance zy; = 26 mm from the nozzle.
The RF input power was set at a value of 450 W, corresponding to the working
regime for thin film depositions typically used in plasma applications [6, 11]. We
then used the QMS to acquire IEDFs at different positions along the jet. In the

following, we discuss our results for argon ions.

5.4.1 Energy distribution functions: Experiments

In the ICP reactor, where the discharge is purely inductive, ions are produced at a
uniform and low plasma potential value (generally below 20 eV) and their energy
distribution function exhibits a mono-energetic peak centered below the electron
temperature T, ~ 1 eV. Upon crossing a collisionless sheath they gain an energy
equal to the potential drop AV.

In the following we discuss the results on ion energy distributions in the deposition
chamber, both inside and outside the supersonic jet. The measured IEDFs are shown
in Figs. 5.6 and 5.7.
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Figure 5.6: Ion energy scans performed with the QMS for Ar™ inside the supersonic
jet expansion (at constant pressure ratio: R = 32, corresponding to a Mach disk
position: zy = 26 mm). The RF plasma discharge was inductively coupled and
maintained at 450 W. Acquired data have been averaged over few measurements
and renormalized to have the same total area equal to 1. The distance from the
nozzle z for each curve is shown in the inset.
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Figure 5.7: Ton energy scans performed with the QMS for Ar™" outside the supersonic
jet expansion (at constant pressure ratio: R = 32, corresponding to a Mach disk
position: zy = 26 mm). The RF plasma discharge was inductively coupled and
maintained at 450 W. Acquired data have been averaged over few measurements
and renormalized to have the same total area equal to 1. The distance from the
nozzle z for each curve is shown in the inset.

Two different energy peaks are clearly distinguishable. The higher energy peak,
located around 8.3 eV, corresponds to the fast ion population entering the mass

spectrometer without undergoing any collisional process and represents the plasma
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potential [81]. These ions carry the average maximum energy achievable, and are
found at all distances z, whose IEDF has a peak height decreasing with increasing
z. The low energy peak is related to collisional processes, and it is located around
2.2 eV inside the jet and at 0.2 eV outside the Mach disk.

Upon crossing the nozzle, ions enter the low-collisional supersonic expansion and
are immediately accelerated by the potential drop between the plasma potential
Vp and the potential along the jet, Vier [108]. Inside this region, ions reach the
QMS either without colliding, maintaining their total energy, or loose energy due
to elastic collisions. Since our QMS is grounded, and its sheath can be considered
almost collision-less, the lowest ion energy attainable corresponds to the thermal
energy of neutral species, plus the potential energy Viet = 2 eV. Outside the Mach
disk, the low energy peak drops to a lower value, about 0.2 eV, which is comparable
to the thermal energy, thus indicating a rapid decrease of the potential in this region,
Viet = 0. The ion collisions with neutral species within the jet yield to a complex
redistribution of strength of the IEDF's as a function of energy and position z. As
one can from the figures, negative energy events are measured which are due to
known instrument features [109].

In order to get further insight into the IEDFs, we have performed additional mea-
surements regarding other minor species observed in the ion mass spectra, such as
ArH™ [110]. The latter is formed by the reaction of Ar"™ with residual water in the
plasma chamber. For convenience, we considered the position z = 43 mm, far away
from the Mach disk. Typical IEDFs measured for Ar™ and ArH™ are compared in
Fig. 5.8.
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Figure 5.8: Ion energy scans performed with the QMS for Art and ArHT at z =
43 mm (at constant pressure ratio: R = 32, corresponding to a Mach disk position:
zy = 26 mm). The RF plasma discharge was inductively coupled and maintained at
450 W. Acquired data have been averaged over few measurements and renormalized
to have the same total area equal to 1.
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It can be observed that the low energy peak for ArH™ is much more reduced respect
to Ar™. This can be understood by noticing that ArH™ ions do not undergo symmet-
ric resonant charge exchange collisions since their equivalent neutral species do not
exist, thus making electron tunneling process very unlikely [111]. According to this
picture, we expect that elastic collisions will produce small momentum exchanges,
resulting in a reduced energy loss when reaching the spectrometer. This result high-
lights the importance of charge transfer phenomena for Ar™" in the supersonic plasma

jet.

5.4.2 Energy distributions: Simulations

Ideally, it is possible to consider as the initial condition for Ar™ at z = 0 the
kinetic energy Einitial = Epeak — qVjet, With Epeax ~ 8 eV, for ions entering into
the deposition chamber [108]. However, the ions undergo scattering processes inside
the nozzle, modifying the initial energy FEinitiai- In addition to this complication, we
need to know the density of neutral species rather accurately in order to use it in our
simulations, which can be estimated using Eq. (5.3), valid for z 2 3.5 mm. Thus,
in order to avoid these problems we choose as the initial condition for the energy of
Ar™ the corresponding energy distribution measured experimentally at z = 5 mm,
which is shown in Fig. 5.9a. The latter shows essentially two peaks, one centered
around 8 eV, representing those ions which have not undergone large momentum
transfer collisions, and a second one around 2 eV, describing low energy ‘thermal’
ions traveling at speeds comparable to those of the neutral species. To be noted is

the lack of existence of ions at intermediate energies.
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Figure 5.9: Probability distribution functions (IEDF) for Ar™ vs energy [eV] for
different positions z obtained according to the model described in Sect. 5.3.3, by
simulating the dynamics of about 1000 Ar™ from z = 5 mm to z = 20 mm. The
continuous lines represent the experimental results (see also Fig. 5.6). The results
shown in (a) represent the initial distribution function for Ar™ used to start off the
simulations obtained in (b-d).

The total energy of an ion at z = 5 mm is randomly generated according to the
experimental distribution function (Fig. 5.9a). Since we assume the presence of a
constant potential along the jet, Viet =~ 2 eV (obtained from the average position of
the low energy peak of the experimental IEDFs shown in Fig. 5.6), we have that
the total ion energy at z = 5 mm is Eiota = Ex + Viet, from which we obtain the
kinetic energy Ex and therefore its initial speed along z. Figures 5.9(b-d) show
the simulations results (green columns) compared to the experimentally measured
IEDFs (red lines).

In order to take into account the fact that the QMS actually measures the ion flux,
rather than the ion density [94], we have transformed each single counting event
(arrival of an ion at z) into an arriving rate, simply by dividing it by the total
traveling time elapsed up to the measuring distance z. Thus, the simulation results
represent the ions per second arriving at the three different positions considered
along z.

Another feature of the present model to be discussed is how ions are treated when

they slow down to kinetic energies Eyx < 0.5 eV. In such cases, ions are assumed to

84



move at ‘thermal’ speeds, displaying a dynamics comparable to that of the neutral
species. However, as we mentioned in Sect. 5.3.3, we do not treat the dynamics of
neutral species unless they undergo a collision with an ion, otherwise the computa-
tion of the equations of motion of the whole system would become unmanageable.
Therefore, once an ion reaches this lower ‘thermal’ limit, we stop the simulation, and
its contribution to the IEDF is treated separately. Their total number is counted
providing a relative weight to a Gaussian distribution function centered around Vjet.
Their number as a function of z was checked to be consistent with the density
expected for neutral species inside the supersonic jet [80], according to Eq. 5.3.

Let us consider first the case z = 10 mm as shown in Fig. 5.9b. The simulated IEDF
displays an increased population of ions at intermediate energies between 2 and 8 eV
in very good agreement with the measured distribution function. Secondly, at larger
z values (Fig. 5.9c-d) the model predicts a rather conspicuous change in the shape of
the distribution displaying a further increase of ion population between 2 and 4 eV,

in good agreement with the experimental results.
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Figure 5.10: Full trajectory over macroscopic lengths (15 mm) simulated for Ar™
in a supersonic jet. The z and y axes are ranging from —50 pm to +50 pm, which
is the sampling orifice diameter of the QMS.

Few typical ion trajectories are shown in Fig. 5.10. In what follows, we discuss

quantitatively the collision events predicted by the model.

5.4.3 Analysis of scattering processes

The TEDFs shown in Fig. 5.9 underline the importance of collisional phenomena
inside the plasma jet. In our analysis, a collisional event takes place when there is
a energy transfer between an ion and a neutral atom of at least 1 meV. This energy
cutoff does not have a physical meaning, but it is just dictated by the need to have

a reasonable lower bound for applying the statistical procedure. A collisional event
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can be either a simple elastic scattering or a scattering with charge transfer, the
latter occurring with a probability described by Eq. 5.6. Both elastic scattering and
charge transfer collisions are responsible for the formation of the two-peak TEDFs.
We find that for all the ion trajectories simulated, almost every ion experiences a
momentum transfer collision, which results in a charge transfer with a probability
very close to 50%. About 40% of the ions, at least once, undergoes a charge transfer

reaction.
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Figure 5.11: Probability distribution function (IEDF) for Ar™ vs energy [eV] at
z = 10 mm obtained including a charge transfer probability in the model (green
vertical bars) and without charge transfer (blue vertical bars). The continuous line
represents the experimental results (see also Fig. 5.6).

In order to analyze the global effect of charge transfer, we also performed a simu-
lation of the dynamics of about 1000 ions, from z = 5 mm to z = 10 mm, setting
the probability Pcr to zero, thus considering only elastic collisions. The results
are shown in Fig. 5.11, where it is possible to compare them with the simulations
including charge exchange phenomena. The energy distribution simulated without
charge transfer becomes slightly larger than its charge-transfer counterpart for large
energies, £/ > 6 eV, while it becomes slightly smaller for low energies, £ < 5 eV.
As it is apparent from Fig. 5.11, charge transfer events seem to provide a better
agreement with the experimental data, suggesting that indeed it is important to
take them into account.

It is possible to consider also the ion energy loss after each collision, defined as
the difference between the final ion (or newly produced ion) energy and the initial
ion energy. lon-neutral collisions clearly result in the formation of a high-energy
neutral particles population [112]. The latter can exhibit a wide energy spectra,
depending on the ion collisional processes. Considering the simulation results shown

in Fig. 5.9, we distinguish between charge transfer and simple elastic scattering
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events to evaluate the energy loss along the ions trajectories. This energy loss also
corresponds to the energy which is acquired by a single neutral particle and it is
shown as a normalized histogram in Fig. 5.12, for both elastic scattering without

and with charge exchange reactions.
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Figure 5.12: Energy loss due to elastic scattering without charge transfer (blue
columns), and scattering events when charge transfer occurs (light green columns),
in a supersonic jet. These energy distributions can be associated with the energy
acquired from the neutral atoms involved in collisions with Art.

In general, the energy loss is mostly limited between 0 and 2 eV, however, the two
types of collisions are very different. Let us consider first scattering events without
charge transfer. As one can see from Fig. 5.12, there occurs a prominent peak at
energies F/ < 0.5 eV, suggesting that the majority of elastic scattering events, the
impinging ion does not lose much kinetic energy. For charge transfer events, how-
ever, this low energy peak decreases substantially, while increasing the probability
of higher energy loss events. Interestingly, these low energy events correspond to
high energy ions which have lost a large fraction of their kinetic energy and simul-
taneously have transferred the electron to the newly created ion, carrying a large
energy amount. As a result, the difference between the energy of the newly created
ion is comparable to the energy of the initial ion.

Another quantity of interest is the mean free path A of ions in the supersonic jet,
which can be eventually measured experimentally. In our model, we determine
A numerically by evaluating the distance between two collisions along a given ion
trajectory. This calculation was performed dividing the space into three adjacent
sectors: The first, ranging from z = 5 mm to z = 10 mm, the second from z = 10 mm
to z = 15 mm and the last one from z = 15 mm to z = 20 mm. The mean free path
was then evaluated in each sector for: Every momentum transfer event (considering

both elastic scattering and charge exchange) and for charge transfer collisions only,
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for ion energies E > 0.5 €V due to the thermalization feature discussed above. In
Fig. 5.13 the two different mean free paths are shown as a function of the sector

coordinate z.

I —m— Momentum transfer
Charge transfer
- --®- Mean free paths ratio

Average mean free path [mm]

5 10 15 20
Position along the jet [mm]

Figure 5.13: Ar™ mean free path between scattering events, A (blue straight line),
and between scattering events in which there is a charge transfer, A, (green dashed
line). Their ratios, A\./As =~ 1.66, are also shown (black dotted line). The mean free
paths are increasing with the distance from the nozzle, as the neutral gas density
decreases.

The 25 mm long supersonic jet can be considered nearly collision-less for the neutral
atoms at the densities considered in this Chapter, since their mean free paths are
of the order of tens of millimeter (A € 20,50 mm). In contrast, we find that the ion
species undergoes collisions in the jet due to the relatively long-range interactions
with the neutral species. These results are shown in Fig. 5.13, showing that A
increases with z, in correspondence with the fact that the target density (Ar neutral
atoms) decreases, as one can see from Eq. (5.3). We find that the charge exchange
mean free path is about two times larger than that associated with momentum
transfer events.

In order to obtain a more general result, the mean free path can be expressed as [66],

A= — (5.7)

an

where o represents the cross section [m?] and n the targets number density [m~3].
From this well-known relation, we can evaluate a cross section for both momentum
and charge transfer phenomena in a supersonic jet. Using the known density for the
argon gas, Eq. (5.3), we obtain nearly constant cross section values as a function
of z, 05 ~ (8.3,9.1,9.5) 107! m? for the momentum transfer events, and o. ~
(5.3,5.4,5.6) 10719 m? for charge transfer events. The latter can be averaged yielding

mean cross sections values < oy >~ 9 107 m? and < o, >~ 5.4 107! m?,
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respectively.

These cross sections are in very good agreement with the values reported in the
literature from beam crossing and drift tube experiments (see e.g. [79],[43]). The
values thus obtained for the energy loss (Fig. 5.12) and the cross sections for Ar™-
neutral species collisions in a supersonic jet could be employed for estimating Ar™
energy distributions using Monte-Carlo simulations on larger systems. The present
results can therefore be very useful in a number of technological applications, such

as plasma-assisted supersonic jet deposition processes.

5.5 Summary and conclusions

An experimental characterization of ion energy distribution functions was carried
out along a low-pressure argon supersonic plasma jet by directly measuring the ion
fluxes at different energies with a QMS. The energies observed were distributed up
to typically 10 eV and exhibit different distribution functions along the jet expansion
axis. In particular, as the gas expands supersonically two peaks are distinguishable
around 2 and 8 eV, while outside of the supersonic region (i.e. after about 25 mm
from the initial expansion point) the low-energy peak is shifted down to thermal
energies (~ 0.1 eV). These results suggest that the ions energy evolves in a supersonic
jet as in a long pre-sheath region. Starting from the plasma at a potential of about
8 eV, each ion can collide inside the jet reducing its energy before being detected
by the spectrometer. Along the expanding jet there is a pre-sheath plasma at a
nearly constant potential Vit = 2 eV. Among different collisional phenomena elastic
scattering and charge transfer events are the dominant processes.

Starting from this experimental evidence, we develop and implement a model for
the simulation of the ion energy distribution function in a supersonic plasma jet. It
is possible to simulate the exact dynamics of one ion at a time, exploiting their very
low density, moving along the supersonic jet by integrating the equations of motion
from first principles at small time-steps (10 ps). We consider only Ar*-Ar collisions
which are described by a 12-4 Lennard-Jones potential, thus including the charge-
induced dipole interactions represented by the 7—* term. In the proposed model,
each momentum transfer collision can result either in a simple elastic scattering
process or in a charge transfer event with a well defined probability (close to 1/2
for interaction distances smaller than a cutoff distance, ~ 0.4 nm). The dynamics
of about 1000 ions was simulated from z = 5 mm up to z = 20 mm, covering most
of the spatial range of the expanding jet.

The agreement between the simulations and the experimental results is very good,
thus validating the model assumptions and approximations used. In addition to
these features, the phenomenology of the scattering events was further studied by
analyzing the energy loss in each collision and calculating the ionic mean free paths

also in the presence of charge transfer events. In this way, we can distinguish pro-
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cesses in which there is a charge transfer or not. We find that charge transfer
collisions occur in nearly 50% of the total number of scattering events. The global
effect of charge transfer mechanism on the final distribution functions is found to
be quite significant. Indeed, simulations performed without charge exchange re-
produce the observed IEDFs only partially, while the inclusion of charge transfers
favors medium-low ionic energies in better agreement with experiments. In addition
to this, the mean free paths relative to general collision events and those display-
ing charge transfers can be calculated separately, thus allowing to estimate their
respective cross sections, 9 107 m? and 5.4 10~ m?, respectively, in very good

agreement with estimates known in the literature.
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CHAPTER

§

CHARACTERIZATION OF THE
SEEDED JET

6.1 Introduction

Thin films with a particular surface morphology, structure and grain size exhibit
very different electronic, mechanical and optical properties if compared with bulk
materials having similar chemical composition. The physical properties of many
materials can be greatly enhanced by optimizing the nanoscale assembly process:
by modeling the nanoparticles which create and assemble a film it is possible to
tailor its properties. To obtain an efficient control on the nanoparticles formation
and assembly during the film growth it is required a complex deposition technique
based on a bottom-up approach. Few deposition techniques are capable of producing
thin films with a desired morphology, although this comes at the price of sacrificing
the deposition process versatility and efficiency in terms of surface area, deposition
rate and up-scalability.

Plasma have emerged as a very reliable processing medium for synthesis of nanopar-
ticles [113, 114, 115, 116]. The latter are known as the building blocks of nanotech-
nology. Plasma aided nanosynthesis techniques may be summarized as it follows.
The reactants, either as gaseous, liquid or solid, are introduced into the plasma
where they are decomposed to their atomic components, which then react chem-
ically to form condensable species as they cool-down while moving downstream.
The condensable vapor experiences large supersaturation as the temperature drops

rapidly at the edge of the plasma or because of a more rapid but controlled cooling
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arranged externally. Fine particles are created in the gas phase by homogeneous
nucleation driven by the super-saturation of the vapor. This allows the production
of nanoparticles over a wide size distribution, from few nanometers to few hundreds
of nanometers. Carrying the plasma and the precursors through a nozzle into a low-
pressure environment, it is possible to obtain a specific temperature profile ensuring
homogeneous condensation of particles with a narrower size distribution. Super-
sonic molecular beams have been put to ever-increasing use as a tool of atomic and
molecular physics. In particular we have already seen how the supersonic expansion,
already described and studied in the previous Chapters, provides a means of prepar-
ing a molecular beam with a well-defined kinetic energy. In addition to this, the
nearly-total conversion of enthalpy to directed mass flow leads to the extremely low
internal temperatures. This allowed in the past years detailed studies of molecular
emission spectra which would have been otherwise impossible to investigate and the
formation and nucleation of molecules and clusters.

Plasma assisted supersonic jet deposition combines these two technologies for the
production of nanoparticles: a reactive plasma and a supersonic jet. An argon-
oxygen inductively coupled plasma is employed to create a reactive environment
where a titanium metalorganic precursor (titanium isopropoxide) is dissociated and
oxidized. The gas is then left to expand from a small orifice into a lower pressure
vacuum chamber forming a supersonic jet, where the TiO2 nanoparticles are ac-
celerated onto a substrate by the gas carrier mixture. This deposition technique
has proven useful for the deposition of nanostructured thin films having different
morphologies at competitive deposition rates [11].

In order to achieve an effective control on the synthesis process, it is fundamental
to characterize the expanding plasma jet physics and chemistry and to relate its
properties to the films nanostructure and stoichiometry. To fully understand the
physical processes involved, it is important to study the nanoparticles, which are the
building blocks of the thin films. The aim of this Chapter is to study and analyze the
deposition process from the oxidation of the precursor in the plasma chamber to the
formation of nanoparticles. By using a quadrupole mass spectrometer (QMS), which
was moved along the axis of the supersonic jet where the deposition are performed,
we measured neutral and ion species and their energies. Inside the first chamber the
plasma and the precursor flow were monitored using optical emission spectroscopy

to detect the plasma radiation from a quartz window.

6.2 Experimental setup and diagnostics

Figure 6.1 shows a schematic view of the experimental set-up which was used for
the measurements in the presence of titanium precursor. The left lid of the plasma
chamber also hosts the connection for the gas flow, the precursor and a quartz

window inclined at an angle of 16 degrees to the perpendicular.
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Figure 6.1: Schematic view of the experimental setup. The mass spectrometer
sampling orifice can be moved horizontally inside the deposition chamber. OES
were acquired from the oblique window (16° to the perpendicular) facing the plasma
chamber.

TiO» films can be obtained from different organic precursors, titanium alkoxide are
preferable such as Ti(OPri)y, which already display the TiO4 tetrahedral motif of
titanium dioxide lattice in their chemical structure. In this work we chose titanium
(IV) Tetraisopropoxide Ti(OCH(CHs3)2)4 also referred as TTIP, which is liquid at
room temperature and it was heated by a power transformer to reach the vapor
phase.

Under vacuum conditions its evaporation and diffusion is favored, in particular for
temperatures above 38°C its vapor pressure is higher than the gas pressure in the
plasma chamber. The conductance between the precursor tank and the chamber
can be varied by throttling a micrometer valve. A thermocouple can be inserted in
contact with the precursor tank to measure its temperature. Titanium isopropoxide
then flows inside a short copper tube, which releases the precursor inside the plasma
chamber at 70 mm of distance from the left lid and approximately 25 mm from
the nozzle connecting the two chamber. Titanium precursor was injected inside the
first chamber when the plasma discharge was sustained at a sufficiently high power
level. The temperature was monitored with a thermocouple over the precursor tank
and varied to obtain different precursor flows (from 0.25 to 0.75 grams per hour).
Operating at temperatures between 40 and 50°C the vapor pressure of TTIP is suf-
ficiently high to create a stable and continuous flow inside the plasma chamber. As
the precursor enters the plasma chamber, the plasma becomes bright white, as its
emission spectrum becomes more populated. Thus the injection is well distinguish-

able and also denoted by a small increase of the pressure, which usually rises by 1
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Pa.

Optical emission spectroscopy (OES) is a well know non-intrusive diagnostics which
has already been applied in many plasma discharges. Revealing the light emitted
from atoms, molecules and ions which are excited from free electrons in the discharge,
it is possible to understand the main reaction processes in the plasma. The intensity
of emission lines can identify chemical species and allows to gain insight about their
abundances. From the quartz window facing the plasma chamber optical emission
spectra (OES) were acquired using two different low resolution spectrometers, as
already described previously, to monitor the entrance and the dissociation of the
precursor.

Quadruple mass spectrometers represent an in situ, real time sensing diagnostic used
to perform residual gas analysis of gas and reactive plasma. A QMS (Hiden EQP-
1000 Analyzer), movable across a vacuum flange, was used here to acquire mass
spectra along the axis of symmetry of the main vacuum vessel (300 mm scan from
outside the right lid to the nozzle connecting the two chambers) detecting the TiO,

seeds.

6.3 Nanoparticles phenomenology

6.3.1 Precursor dissociation

The precursor monomer is injected inside the plasma chamber through a copper
tube. Here, before entering the supersonic jet in the deposition chamber, it is dis-

sociated by three main phenomena:

e Thermal decomposition
e Electron impact
e Oxidation and other chemical reactions

From the average flow rate evaluated for the TTIP, it follows that it is injected at a
flow velocity which can be estimated about 0.05 m/s. This velocity is smaller than
the diffusion time which can be evaluated for an organic monomer (of the order a
0.5 m/s), thus the precursor is free to diffuse inside the plasma chamber and be
dissociated. However it is reasonable that a significant part of the precursor flowing
into the plasma chamber may directly enter the converging nozzle after moving

straight from the tube for 25 mm and thus being only partly dissociated.
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Figure 6.2: Chemical formula of the Titanium Isopropoxide, the metalorganic pre-
cursor used for TiOsy depositions.

The thermal dissociation of titanium isopropoxide takes place after 350°C, which
is well above the temperatures which were measured inside the plasma chamber
(180°C at 450 W RF-power). Thus this process can be considered mostly negligible
in dissociating the precursor.

Electron impact is a relevant phenomena inside the plasma. Energetic electrons can
dissociate the precursor molecules, contributing to the cleavage of chemical bounds.
In particular the CH, groups of the precursor are efficiently removed by the electrons.
During optical emission spectroscopy measurements of a pure Ar plasma (thus in the
absence of oxidation reactions) it was observed a remarkable presence of emitting
CH, molecules. It is difficult to estimate the effect of electron impact collisions for
this complex case, however previously the collision rates were estimated to be of
the order of 10716 m3/s. Oxidation is the most important reaction process for the
precursor dissociation. This is evident from the analysis of depositions and the QMS
measurements: the more oxygen radical produced, the higher will be the film purity
and the precursor dissociation, otherwise many C and CH groups can be found in

high concentrations on the thin film and along the expanding jet.

6.3.2 Supersonic seeded jets

The addition of a small mole fraction of a second species to the gas producing a
supersonic expansion, results in the formation of a seeded molecular beam, whose
physics is nearly the same as that for a pure expanding gas jet, with molecular weight
and heath capacity taken as the weighted average of the gas making up the mixture
[57]. Ideally both component gases reach the same flow velocity and temperature.
For a gas mixture consisting of a low concentration of a heavy seed gas in a light
carrier gas, the limiting flow velocity is dominated by the more abundant lighter
gas, thus it becomes possible to accelerate the seed gas to high kinetic energies. The
latter are very well defined, thanks to the narrowing of the velocity distribution.

At low to intermediate source densities, the heavier gas molecules tend to lag behind
the lighter gas carrier particles. During the expansion process, the heavier molecules
are repetitively bombarded by the lighter gas molecules and are slowly accelerated
to the full beam velocity. If the total source pressure is too low, however, less
than a complete acceleration is achieved, leading to velocity slip phenomena. This

particular situation has been extensively investigated both experimentally [117, 118]
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and theoretically and applies to our experimental conditions. A simple model of
seeded supersonic beams has been presented, which provides useful expression for
the terminal temperatures, velocity slip, enrichment factor [119]. In particular the
axial enrichment expected for the heavy species, is expected to be much higher
than what was previously seen for the argon and oxygen gas mixtures, as it scales
with the root square of the masses [120]. Multiple collisions with the lighter carrier
gas during the supersonic expansion tend to accelerated the component of velocity
along the jet axis, but are less effective in modifying the perpendicular component
of velocity. As a result, the initial trajectories of the heavy particles are bent toward
the jet axis, leading to an increase in concentration of these heavier species in the
axis centerline. A theoretical analysis of this phenomenon has been proposed and
confirmed experimentally [121, 122].
The primary advantages of seeded beams are that they allow the seed gas to be
accelerated to the beam velocity of the carrier gas, and also allow the internal degrees
of freedom of the seed gas to be cooled substantially. In this environment, molecules
may nucleate forming weakly-bound clusters species. The production of clusters in
a supersonic expansion allows a simplified study of the initial steps in nucleation
since the collisional processes in the jet are well understood.
In a supersonic jet, the condensation of monomers to form clusters requires three-
body collisions, in which the third body carries off the energy. However if the
monomers are well diluted in a higher dense light gas carrier, also two-body collisions
may contribute followed by a collision with the gas carrier. This process takes place
in 2-step:

A+ A— A5

first an excited dimer is formed
5+ B — Ay + B*

then its energy is given to the third monomer. In a supersonic expansion the total
number of binary collision is proportional to pod,, where pg is pressure of the gas
in the reservoir chamber (monomers in the plasma chamber) and d,, the nozzle
diameter. The total number of three-body collisions instead is proportional to p%dn,
however the mass throughput through the nozzle is scaling with pgd?. This implies
that the nucleation can be favored, also maintaining a given gas throughput, by
increasing the reservoir pressure and slightly reducing the nozzle diameter. For
this reason three-body collisions become more frequent using a slit nozzle geometry.
Using this kind of nozzle the density drops linearly with increasing distance from the
source, thus greatly enhancing three body collisions and the formation of clusters.

Starting from dimers, bigger clusters can be formed as the temperature of the su-
personic jet decreases. Several models can be designed for the prediction of the

nucleation and aggregation of clusters, however the variables are numerous and for
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the purposes of this study it is sufficient to underline the main influencing param-
eters [123]. The classical condensation theory can still be very useful to describe
the formation of clusters. It offers the advantage of including very few parameters,
derived from basic concepts, however it has certain limitations. Classical theory
assumes that the properties of a cluster (assumed to be a liquid) can be derived by
extrapolating those of the corresponding bulk liquid, independently of the number
of atoms n that it may contain: the calculation of the minimum work of formation
of a cluster from a metastable phase yields the partition of the free energy. This
theory is based on the growth mechanism of monomer addition which assumes a

very small density of clusters and an infinite supply of monomers.
A+ A, S A

This reaction is valid in both directions, due to the effects of molecular evaporation
from the cluster, which arise at increasing cluster dimensions. A more effective
generalization of the theory to more complicated growth processes can be made,
when agglomeration between clusters is allowed.

This classical theory cannot be applied efficiently to supersonic seeded jets because
of variation of density and temperature. Thus classical nucleation models are inad-
equate to describe clustering in free-jet expansions. Anyway it is still possible to
determine some relations which take into account the changes in the kinetic condi-
tions for the cluster formation, as a function of pg, 1o, and d,, [124, 125]. From the
development of these aspects one can obtain an insight into clustering in a supersonic
expansion with quite realistic predictions of the characteristics of the beam.

Weiel proposed a model for seeded beams with highly diluted vapors, which can be
adopted to describe the evolution of clusters inside a supersonic expansion [126].
This model allows the calculation of an upper limit to the cluster size achievable
at given source conditions and for a given vapor. Some simple assumptions are
to be made: every collision (between monomers, monomers and the cluster and
between two clusters) is effective in forming a new cluster, the heat of condensation
released by the cluster growth is efficiently carried away by the collisions with the
carrier gas (very high dilution). From the calculation of the collision rate in an
isentropic expansion and considering a monatomic carrier gas, Weiel obtained the
following relationship model to evaluate the nucleation rate of cluster along the axis

of symmetry of an expanding supersonic jet:

dN 2mm 1/2 M?(z*) —3/2 N6 (z%)
—4.-d%.In(2) - Zr77rgas e =227 R ) 1
dz* 1 In(2) =m0 ( 5mq ) ( + 3 ) M(z*) (6.1)

where z* is the ratio between the axial position and the nozzle diameter, d; is the
monomer diameter, ni(z*) the monomer number density at the position z* along

the expansion axis, m; the monomer molar mass and M (z*) the Mach number along
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the centerline of the expansion.

If one assumes that at the nozzle throat there is no condensation N(0) = 1 (only
monomers are present at the beginning of the expansion), 6.1 may be easily solved
numerically, by using the relation for the Mach number along the centerline of the

supersonic expansion:

1

M(z*)=A(z* - zl)w_l—f (W

2\~ = 1) / (A (2% = 21)7_1> +C (25— 2) 207D (6.2)

Figure 6.3 displays the results of the numerical calculation of the TiOy maximum

cluster dimension, using the model proposed by Weiel.
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Figure 6.3: Maximum cluster dimension along the supersonic expansion plotted
against the distance from the orifice z. As the Mach number (inversely proportional
to the gas temperature) increases, the nucleation is favored. Contrary to this effect,
the density decreases along the expanding jet, thus a maximum cluster dimension is
quickly reached between 10 and 20 mm from the nozzle.

This calculation was performed considering a TiOs effective molecular radius of
0.8 nm (obtained as the cube root M/p, M being the atomic mass, p the bulk
density). The precursor density was estimated from the analyses of the precursor
consumption during each deposition, the pressure increase during its injection and a
relative estimation from the QMS data. From the evaluation shown in Fig. 6.3, one
can estimate an average size of 9-10 molecules per cluster if the depositions are made
between 10 and 20 mm of distance from the orifice. The Mach number is inversely
proportional to the gas temperature (perpendicular temperature), thus its increase
along the supersonic expansion results in a decrease of the temperature, favoring the
nucleation and growth of clusters. On the other side, as the jet expands its density
decreases and the law provided by Weiel show an asymptotic behavior after a short
distance from the nozzle (about 10 mm). What is more important for our purposes,

is that this model implies that the size of the clusters is influenced by the density of
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the precursor and the square root of the mass ratio of the gas carrier and the seeds,
but only slightly by the position along the axis after 10 mm.

An issue of this model, is that it does not take into account the presence of the
plasma. When the plasma is generated, the temperature in the reservoir chamber
rises. The effect of a plasma can limit the particles aggregation also by reducing
the number of collisions because of the repulsive electrostatic force. The bigger is
a cluster, the more electrons and ions it collects as it becomes charged. Its surface
(floating) potential is determined from the balance of collected ion and electron
fluxes. Since electrons are much more mobile than ions, the surface potential is
negative and roughly equal to the electron temperature. This ensures that most
of the electrons are unable to overcome the potential barrier between the particle
surface and surrounding plasma, and hence, ion and electron fluxes can balance each
other. However the plasma along the jet is hardly collisional and in a particular pre-
sheath state: the presence of a plasma indeed may limit the particles nucleation,
but not as effectively as in the main plasma region, allowing a weak nucleation. In
addition to this the presence of energetic ions favors the condensation of clusters,

creating centers of nucleation.

6.4 Precursor injection and dissociation

Heating the precursor injection system at temperatures about 45 °C we obtained
stable TTIP fluxes of approximately 0.48 g per hour inside the plasma chamber. In-
side the argon-oxygen plasma, TTIP (m/z = 284) is dissociated and can be analyzed
by OES.
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Figure 6.4: Two successively optical emission spectra measured first in a simple
argon-oxygen plasma discharge (red line) and then injecting the TTIP precursor
(black line).
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Typical optical emission spectroscopy results are shown in Fig. 6.4. Different emis-
sion lines of excited atoms and molecules were identified and their intensity was
measured during each plasma deposition. Optical spectra measured before the TTIP
precursor injection are dominated by emission lines of neutral atoms of argon and
oxygen. When the titanium precursor is vaporized and injected inside the plasma
reactor, new lines appear in the spectra emitted from hydrogen, carbon monoxide
and hydroxyl radical at emission lines respectively 487 and 565 nm, from 500 to 600
nm, 309 nm. Varying the temperature used to vaporize the TTIP we can control
the precursor flow inside the plasma chamber. Using actinometry it is possible to
monitor the concentration of the radical species related to the TTIP dissociation
and oxidation reactions. The radical oxygen reduction is clearly visible from the

emission spectra.
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Figure 6.5: Emission lines of atomic oxygen at 777 nm (black squares) and of
carbon monoxide at 484 nm (white squares) as a function of the TTIP precursor
temperature in the vaporizer. Both the intensities were normalized to Ar lines in
order to evaluate a value proportional to the density of the species considered.

In Fig. 6.5 concentration of O and CO is plotted as a function of the precursor
temperature measured in the vaporizer. The two intensity values, dark subtracted
and normalized to the optical spectrometer A-dependent function, were divided by
the intensity of argon line 796 to obtain an intensity proportional to the density
of the species. In this way we can monitor the abundance of the precursor inside
the plasma chamber and control the deposition rate. As the temperature increases
more precursor molecules are injected into the reactor. This relation seems linear
and is observable an increase of CO and other dissociation products while the radical
oxygen concentration greatly decreases during the oxidation process.

A similar experiment was repeated measuring with a mass spectrometer the signal

for different precursor products at a fixed position.
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Figure 6.6: Quadrupole mass spectrometry signal measured for neutral TiO2H as
a function of the precursor temperature. These data were acquired during a plasma
discharge at 450 W while gradually increasing the precursor temperature and flux.
The spectrometer was placed along the supersonic jet at 10 mm from the nozzle
orifice.

In Fig. 6.6, for example, it is shown the trend of the mass peak corresponding
to TiOoH (m=81 amu). Again the dependency is linearly, as the precursor flux in-
creases in the first chamber, also along the jet more TTIP products can be measured.
A more complete spectrum of the precursor dissociation was easily measured with
the QMS and it is reported in Fig. 6.7, while in table 6.1 the identified species are

shown (determined from both literature and looking at the titanium isotope ratios).
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Figure 6.7: Mass spectra measured at 5 mm of distance from the nozzle during a
plasma discharge with TTIP. Electron impact ionization at 70 eV creates different
fragments which alter the real chemical composition detected. Most of these peaks
have also been measured as ions, so they are originated outside of the QMS and
present in the jet, but their sensitivity can not be fully trusted due to the mass
dependent transmission function of the spectrometer.

In the mass range from 300 to 1000 amu/q no evidence of other species or nanopar-

101



Table 6.1: Main products of the TTIP (m/z=284,Ti(OCH(CHs)2)4) dissociation
measured during experiments.

m/z Ion m/z Ion

15  CHs 139  TiO2(OCH(CHs)z2)

43  CH(CHjs)q 167  Ti(OCH(CHs)2)2H

59  OCH(CHs)2 181 TiO(OCH(CHsz)2)2-H

64  TiO 211  Ti(OCH(CHjz)s);H-CHj

81  TiOoH 295  Ti(OCH(CHjz)s)s3

99 TiOzH; 243 Ti(OCH(CHj)s)s-CH(CHs),
125 TiO(OCH(CHs)s) 269 Ti(OCH(CHj)s)s-CHs

ticles was found with this set-up. Only two small peaks could be observed at 321,
323 which could be associated to (TiO2)4 aggregates, as shown in Fig. 6.8.
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Figure 6.8: Detail of a mass spectra measured at 5 mm of distance from the nozzle
during a plasma discharge with TTIP. Here it is possible to spot two peaks about
320 amu, above the precursor monomer molecular weight (284 amu). These peaks
may be related to the presence of titanium oxides clusters.

The 70 eV electron energy of the source is too high to preserve most of these nanopar-
ticles. Moreover the analysis of mass spectra on a wide mass range is somewhat com-
plicated by the mass dependent instrument transmission function. Different works
in literature reports a transmission function proportional to M™%, with 1 < x < 2,
depending on the instrument internal configuration of the transmission optics. This
implies that the signal measured for high mass species can be highly reduced from
the instrument. However the mass peak at M=269 amu/q is well distinguishable,
meaning that the precursor is reasonably not fully dissociated. Making a great ap-

proximation, the ratio between the mass peaks 269, corresponding to the unreacted
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precursor, and 81, corresponding to the correctly dissociated precursor is near to
1 to 10. Considering a mass transmission function where x = 1, this ratio could
become close to 1 to 4, suggesting that 4/5 of the titanium isopropoxide monomers
are well dissociated. This can be used as a relative parameter to confront different

experimental condition.

6.5 QMS profiles of the supersonic jet

6.5.1 Supersonic jet profiles along the centerline

The supersonic jet profiles ware studied in the presence of TTIP. The plasma was
generated with a discharge power of 450 W, and the precursor generally introduced
with a stable mass flow of 0.48 g/h at constant temperature. The QMS was moved
along the jet axis of symmetry acquiring ion and neutral mass spectra separately.
Also IEDF's were acquired to first study the different ion energy distribution func-
tions. The total area of these distributions can be calculated to obtain an effective
total ion flux. Again for the measurement of ion mass spectra, a single ion energy
was chosen. Ion mass spectra were taken at a fixed energy (8 eV) corresponding to
the most energetic ions. This analysis was then repeated observing the jet out of its
axis. This was possible by replacing the nozzle ending orifice with a similar orifice
(still circular having 6.9 mm of diameter) in which the center was slightly shifted
by 5 mm respect to the other. This allowed an analysis of the side region of the
jet, which is relevant when is to be performed a thin film deposition over sufficiently
high area.

Inside the supersonic jet, the heavy TTIP products are accelerated from the argon-
oxygen mixture at velocities comparable to a fraction of the light gas flow velocity,
as a function of their mass and diameter. First we studied the distribution of neutral
species. The values for argon and oxygen nicely resemble the results obtained for

the simple plasma discussed above.
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Figure 6.9: QMS data acquired along the supersonic jet axis for neutrals species
from TTIP reactive plasma. Data for argon, molecular oxygen and two typical light
TiO, seeds are shown. Data have been normalized to reproduce the density variation
expected during the supersonic expansion (dashed curve). The Mach disk position
zm determines the shock inside the chamber and is indicated with a vertical bar.

Figure 6.9 shows the peak area of some gas species calculated from mass spectra ac-
quired at different positions. In particular argon (M=40), molecular oxygen (M=32),
TiO2H (M=81) and TiO3Hsz (M=99) are shown. Also the precursor seeds follow the
theoretical isentropic expansion law, but, differently from the light gas carrier, after
the Mach disk location the behavior different: there is not a decrease of the measured
signal. The peak area for the products of the precursor dissociation is constant after
the mach disk. This phenomenon is due to the long mean free path related to the
low pressure in the deposition chamber and to the heavier mass. Thanks to their
inertia, TiO, seeds do not expands further after the mach disk. In particular differ-
ent accelerations due to drag forces and slip-factors can cause particles separation
along the jet and the retention of heavier species along its centerline. The analysis
of the jet profiles was repeated measuring also ion mass spectra. The results for
some selected peaks are shown in Fig.s 6.10 and 6.11, alongside the profiles of the

relative neutral species measured.
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Figure 6.10: QMS data acquired along the supersonic jet axis for neutrals species
from TTIP reactive plasma. Data for TiOoH (M=81), TiOsHs (M=99) and the
relative ions are shown. The peaks areas have been normalized to reproduce the
density variation expected during the supersonic expansion (dashed curve). The
Mach disk position zy; determines the shock inside the chamber and is indicated
with a vertical bar.
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Figure 6.11: QMS data acquired along the supersonic jet axis for neutrals

species from TTIP reactive plasma. Data for TiO3(OCH(CHs)2) (M=139),
Ti(OCH(CHs)2)4-CHs (M=269) and the relative ions are shown. The peaks ar-
eas have been normalized to reproduce the density variation expected during the
supersonic expansion (dashed curve). The Mach disk position zy; determines the
shock inside the chamber and is indicated with a vertical bar.

The ion species measured at 8 eV for the precursor molecules shown a much greater
effect of the ion flux enhancement previously observed for the argon-oxygen plasma.
Moreover this enhancement is higher for Ti(OCH(CHgz)2)4-CHs (the heaviest of the
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masses observed) and the flux measured over the Mach disk for this ion is twice larger
than what was measured in the first millimeters of the expansion. The study of the
ion energy distribution functions can help in the understanding of this particular
behavior. Again IEDFs were measured along the axis, for the gas carrier and some
selected TiO, seeds.
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Figure 6.12: Ton energy distribution functions for argon, molecular oxygen, TiOsH
and TiO3Hs measured inside the supersonic expansion (at 15 mm of distance from
the orifice) along the supersonic jet axis. Plasma discharge was maintained at 450
W and the precursor injected constantly at 41°C. The IEDFs were normalized to
reproduce the same area.

In Fig. 6.12 the ion energy distribution functions for argon, molecular oxygen, TiOoH
and TiO3H3 are shown, at a single position inside the supersonic jet expansion.
Energies for argon and oxygen resemble those already measured for the argon-oxygen
plasma without the precursor. Argon and oxygen ions are distributed over a wide
range of energies and exhibit different peaks, among which it is dominant the low
energy one due to the effect of collisions. Conversely the energy distributions for
the TiO, seeds are peaked over moderately-high energies (about 5 eV). However
these distributions are not exactly mono-energetic even if they indicates a single
peak. The energy distributions of the titanium ions are wide. These results suggest
that new titanium ions are not formed along the jet and that when they undergo
a collisions they may lose their charge or dissociate. Such a spread in the energy
distribution may arise if we assume that these ions are not likely to undergo charge
transfer reactions. This is reasonable since charge exchange is much favored between
molecules of similar weight and the argon and oxygen particles have the biggest
densities along the jet. Titanium oxide ions are more likely to lose part of their
energy through elastic scattering reactions. The ion energy distribution functions
measured were then integrated over the whole energy spectra to give a total ion flux,

which is displayed in Figs. 6.13.
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Figure 6.13: QMS data acquired along the supersonic jet axis for ions from a TTIP
reactive plasma. Data for argon, molecular oxygen and two typical light TiO,
seeds are shown. Data have been normalized to reproduce the density variation
expected during the supersonic expansion (dashed curve). The Mach disk position
zm determines the shock inside the chamber and is indicated with a vertical bar.

In Figs. 6.13 the axial density profile for argon, molecular oxygen and light TiO,
seeds (TiO2H and TiO3Hs, respectively m=81 amu and m=99 amu) are shown for
the total ion flux, considering contribution also from collisional ions. The exper-
imental data seem in fair agreement with the isentropic expansion law displayed
with a dashed curve until the shock position (even if we do not expect the density
and the flux to correspond). The behavior of TiOoH and TiO3Hj3 show now a more
pronounced flux enhancement after the Mach disk. The difference between the gas
carrier and the titanium ions could be ascribed to the different shape of their ion en-
ergy distribution functions. The energy of TiO, ions shown no trace of low energetic

ions and is peaked over a single energy.

6.5.2 Supersonic jet profiles off-axis

Similar measurements were conducted shifting the orifice off axis by 5 mm. In this
way the supersonic jet resulted shifted respect to the quadrupole mass spectrometer.
This was done to study the profile of the supersonic expansion far from the jet axis,
but still in a region which is involved in the thin film deposition, whose area should
be as wide as possible. It is important to evaluate the approximate aperture of
our jet, to understand whether our spectrometer is sampling the supersonic jet or

the background. The angle of aperture of the jet from the axis centerline can be

P 0.6
Or = 5.3 <PZ> (6.3)

estimated using:
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where P, and Py are respectively the pressures in the plasma and the deposition
chambers. At the considered experimental conditions (in which the pressure ratio
is near to 28) we have 0y, = 40°. It is thus possible to estimate a critical position
zerit Which represent a distance from the orifice below which the instrument sam-
pling orifice is mainly sampling gas from the background gas rather than from the
supersonic jet.

Zerit = h - tan(90 — Opy) (6.4)

Where h is the distance between the axis where the spectrometer is moved and the
axis of symmetry of the supersonic jet, here equal to 5 mm, then z..;; = 6 mm. This
ensures that our measurements are within the supersonic jet expansion cone, at least
when performed over z = 6 mm. It is important to remember that the following

measurements are no longer performed on a streamline of the supersonic jet.
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Figure 6.14: QMS data acquired along the supersonic jet, off-axis for neutrals
species from TTIP reactive plasma. Data for argon and two typical light TiO,
seeds are shown. Data have been normalized to reproduce the density variation
expected during the supersonic expansion (dashed curve). The Mach disk position
zm determines the shock inside the chamber and is indicated with a vertical bar.

In Fig. 6.14 the off axis profiles for Ar and two typical TiO, seeds are shown for the
neutral particles. Neutral profiles displayed in Fig. 6.14 show a very different trend
for Ar and the titanium particles: while Ar signal still decreases at 5 mm from the
axis center, the titanium seeds increase in counts with increasing distance from the
nozzle. This different behavior is due to the slip factors and perpendicular drag forces
which increase with the mass difference between the particles and the gas carrier
mixture. Heavier particles are retained inside the center of the jet. They begin to
spread laterally only later as the gas further expands, significantly increasing the
signal measured from the mass spectrometer.

Also ion energy distribution functions were measured and then integrated over each
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energy to obtain an integrated ion flux. A typical spectra for each one of the species
considered is shown in Fig. 6.15. Ions detected in these off-axis positions are far
from the main axis, thus mostly scattered ions can be found here. This explains the

low energy detected for Ar and Os off-axis.
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Figure 6.15: Ion energy distribution functions for argon, molecular oxygen, TiOoH
and TiO3H3 measured inside the supersonic expansion (at 15 mm of distance from
the orifice) out of the supersonic expansion axis. Plasma discharge was maintained
at 450 W and the precursor injected constantly at 41°C. The IEDFs were normalized
to reproduce the same area.

The ion energy distribution shown in Fig. 6.15 reports ions which are detected at 15

mm from the orifice and 5 mm off its axis, far enough from z..;;. These are indeed

the least energetic ions. The signal appears noisy due to the low intensity.

109



15 T
| = O, m/q=32
o Ar m/q=40
A TiOH" m/q=81
o v TiOHS m/q=99
s 1.0F ° R * M H
© v
S v
‘» 2
o °
to) L
N v
® 05} -
£ L ° A
S
Z ] °
n
L Mach disk position
0.0 T T T T 7 'l — T T T
0 10 20 30 40 50

Z (mm)

Figure 6.16: QMS data acquired along the supersonic jet, off-axis for ions from
a TTIP reactive plasma. Data for argon, molecular oxygen and two typical light
TiO, seeds are shown. Data have been normalized to reproduce the density variation
expected during the supersonic expansion (dashed curve). The Mach disk position
zm determines the shock inside the chamber and is indicated with a vertical bar.

The ion flux signal displayed in Fig.6.16 represents the total ion flux, integrated
over the whole energy spectra measured at different positions along the supersonic
jet, off axis. Again there is an evident difference between the gas carrier mixture
and the titanium seeds. The profiles for titanium ions resemble their neutral off-axis
trends. This can be again ascribed to the retention of heavier masses over the center.
The profiles for argon and molecular oxygen ions instead differs from their neutral
counterparts and from their ion profiles on the axis centerlines. The total flux of the
ions of gas mixture decreases along the jet and increase after the mach disk location,
showing a strong flux enhancement which can be due to the spread of the jet after
the Mach disk.

6.6 Summary and Conclusions

Optical emission spectroscopy was employed during each measurement to control
the mass flow of the precursor. From the optical spectra, when the precursor is
injected, it is possible to identify different products of the titanium isopropoxide
dissociation and oxidation. As the temperature of the precursor tank is raised, the
mass flow of the precursor linearly increases. A similar trend was confirmed by the
QMS measurements observing the titanium products along the jet. Sampling neutral
gas species and ions at different distances from the nozzle it was possible to gain an
insight on the precursor dissociation and the components also along the supersonic
jet. Many molecules of partly dissociated precursor could be observed. The study

of the supersonic jet profiles for the TiO, seeds was then performed. Titanium
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nanoparticles follow the isentropic expansion, as the light gas carrier, until the Mach
disk location, then they maintain their density also over long distances. This is due
to an inertial effect, which maintain the heavier species near the jet centerline. This
is a particular interesting feature because it allows to perform thin film deposition
also far from the nozzle, where the jet is no longer supersonic. Each TiO, seed
can also be measured as an ion in the jet. The ion energy distribution functions
of these species are very particular as they show a wide energy spectrum centered
about 5 eV. It is also very intense the ion flux enhancement for heavier seeds after
the Mach disk. Similar measurements were also performed shifting the expansion
radially by 5 mm from the mass spectrometer orifice. This allowed a study of jet
off from its axis, still in a region which is relevant for thin films deposition. The
enrichment of heavier species in the more central part of the jet is quite evident,
as in the profile for the neutral components the gas carrier still show a expansion
whereas the abundance TiO, seeds studied drops to zero when the spectrometer is
close to the nozzle as they are retained over the central part of the jet. A similar

effect can also be observed for the ions, which can be found only at lower energies.
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CHAPTER

7
THIN FILMS DEPOSITION

Thin films made of titanium dioxide have been widely used for different applications
in a great number of research areas: TiOs is biologically and chemically inert, it
combines a high dielectric constant with high refractive index and exhibits a wide-
bandgap. These properties make it well suited for microelectronic and semiconduc-
tors applications, for the production of sensors, ultraviolet filters and antireflection
coating, photocatalysts and photovoltaic [7, 8, 9, 10, 127].

Among these applications, photovotaic is one of the most important for TiO5. One of
the key components of a dye sensitized solar cells (DSC) is the photoanode, which
is based on a wide band-gap semiconductor thin film coated on a fluorine doped
tin oxide (FTO) glass, which is responsible for electron transport and collection
following the photosensitizer excitation upon light harvesting. Although a number
of metal oxides have been tested as n-type semiconductors, titanium oxide (TiO2),
to which the photosensitizer molecules are chemically grafted, has given so far the
best results because of its large surface area, good light absorption, and high photo-
electrical response as a porous photo-electrode [128].

Unfortunately, the use of a TiO2 photoanode prepared from commonly used methods
(colloidal nanoparticles paste) likely hampers the improvement of DSC efficiency
because of the presence of numerous grain boundaries, which significantly reduces
electron mobility. In addition, the presence of a basically disordered network impedes
an optimal loading of the photosensitizer, which is important in order to enhance
sunlight absorption [129]. To address these issues different kinds of one-dimensional
ordered nanostructures (nanorods, nanowires, and nanotubes) have been recently
proposed [130, 131, 132, 133, 134]. Indeed, one-dimensional TiO2 nanostructures
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improve the electron mobility, thanks to the higher order of the oxide network, and
the surface area for enhancing dye adsorbtion, but in some cases insufficient sites
for dye attachment may be present [135]. An ordered architecture offers a more
direct charge transport pathway and can reduce charge recombination, giving rise
to surface electrical fields which confine the injected electrons in the central zone of
the wires [136, 137].

Furthermore, light harvesting is enhanced by a superior light harvesting ability of
the nanostructured films. Recently, DSCs based on hierarchically structured TiO»
nanotubes have yielded a remarkable PCE of more than 7% and those based on
hierarchical TiO microspheres yielded more than 8-10% [138, 139]. A strategic
aspect for the industrial development of the DSC technology is represented by the
replacement of the commonly used liquid and corrosive electrolyte based on the
iodine—iodide couple by solid hole-transport materials (HTM) for building solid state
DSCs (ssDSCs) [140, 141]. This novel kind of solar cell can further increase the
overall efficiency of photovoltaic devices, but much of the current is still loss due
to the uncontrolled morphology of the TiOo photonanode. Controlling the nano-
morphology of the TiO5 layer can enhance the DSC performances. Indeed, recent
studies have demonstrated that a hierarchical assembly of nanocrystalline particles
of TiO2 may represent the most efficient morphology for optimized DSC photoanodes
[142, 143].

One of the main goal of this thesis is to fully characterize Plasma Assisted Super-
sonic Jet Deposition (PA-SJD), demonstrating that it is a promising new approach
for the controlled growth of thin films. A detailed understanding of the physics
involved in this source is fundamental in order of being able to control the growth
and the morphology for nanostructured depositions effectively tuning the properties
of photovoltaics devices. The analysis of the thin films growth process and their
morphology is important to relate the properties of the films to the main plasma
and fluid dynamics parameters of PA-SJD.

In this chapter we focus on the deposition procedure and on the analysis of thin films.
TiO2 depositions were performed changing the substrate position along the jet and
the precursor mass flow rate. Different films were grown both for studying how
their properties scales with the deposition parameters and for producing samples
for photovoltaics devices. Thin films were at first characterized using a contact
profilometer, to measure their height and profiles to evaluate the growth rate and
their shape. To observe the film chemistry we used a FT-IR interferometer, detecting
the relative concentration of Ti-O and C-O, O-H bounds. The film morphology was
then analyzed with an AFM detecting the film surface roughness and was observed

by SEM and TEM microscopy for a direct observation of the film structure.
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7.1 Experimental setup

Figure 7.1 shows a schematic view of the experimental set-up for PA-SJD which was

used for the thin films depositions.
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Figure 7.1: Schematic view of the experimental setup. The mass spectrometer
sampling orifice can be moved horizontally inside the deposition chamber. OES
were acquired from the oblique window (16° to the perpendicular) facing the plasma
chamber.

We claim that, over conventional gas phase processes, the proposed technique allows
control of the kinetic energy of clusters, hence control on their assembly pattern
on the substrate. In particular when molecular cluster deposition is performed
under conditions of supersonic jet several advantages could be envisaged including
the better collimation and stability and the control of crystallinity. Thin films
depositions were performed for different exposure times (ranging from few minutes
to one hour of deposition), precursor mass flow rates, substrate positions along the
supersonic jet and on two kind of substrate. We used both silicon and fluorine
tin-doped oxide glass (FTO glass), in particular the latter was used for making
photoanodes for DSSC and ssDSSC. The deposition process by PA-SJD takes place

as follows:

e First the argon and oxygen gas mixture is formed inside the plasma chamber,
at a defined pressure (8 Pa) and concentration (oxygen to argon respectively
3 to 2)

e The plasma discharge is established at 450 W

e When the plasma is stable the precursor is heated and its valve opened
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e The sample (silicon or FTO glass) is set at the desired position along the jet
for the established time

During each deposition optical emission spectroscopy (OES) was used to control
the discharge parameters, stability and to monitor the precursor flow (ensuring the
repeatability of each deposition). Optical emission spectroscopy (OES) is a well
know non-intrusive diagnostics which has already been applied in many plasma
discharges. Revealing the light emitted from atoms, molecules and ions which are
excited from free electrons in the discharge, it is possible to understand the main
reaction processes in the plasma. The intensity of emission lines can identify chemical
species and allows to gain insight about their abundances. From the quartz window
facing the plasma chamber optical emission spectra (OES) were acquired using two
different low resolution spectrometers, as already described previously, to monitor
the entrance and the dissociation of the precursor.

With PA-SJD it is possible to cover a substrate area of a few cm?. In most of the
films deposited in this work we covered each substrate with two different squared
mask (5 or 7 mm for side). An important step for achievement of high purity levels
of films was the thermal annealing which was performed at 500° for about 1 hour,
effectively removing organic impurities and changing the film structure to a anatase
crystal. The thickness of the TiOs films, measured by means of a profilometer,
was controlled by varying the exposure time to the plasma jet, the precursor mass
flow and the position of the substrate along the expansion. Film stoichiometry was
analyzed by infrared interferometry and their structure and morphology studied by
means of AFM, TEM and SEM microscopy.

7.2 The growth of thin films

In PA-SJD clusters of molecules and nanoparticles are formed in the expanding jet
and then deposited on a substrate at different energies depending on the jet parame-
ters. The dimension and energy of these clusters is directly related to the properties
and to the structure of the thin films, thus it is important to both study their nucle-
ation and deposition on the substrate. Molecular aggregates evolve spontaneously
towards the most stable possible structure. The supersonic jet is the ideal environ-
ment for the controlled production of molecular clusters. As the gas expands both
temperature and density decrease favoring the control on the condensation condi-
tions and on the collision rates. Here small clusters are at first formed through
molecule-molecule or molecule-cluster collisions, then bigger clusters can thus be
formed by three body collisions, where the third body retains the excess of colli-
sional energy preventing the cluster breaking. There is not a quantitative theory for
the cluster nucleation and film growth in such a complicated environment, however

it is possible to develop different models, based on the present theory and the ex-

115



perimental evidence, to describe how different parameters are involved in thin film
growth.

The impact and dynamics of nanoparticles on the substrate have a significant in-
fluence on the film formation. More generally all phase transformations, including
thin-film formation, involve the processes of nucleation and growth. During the
earliest stages of film formation, a sufficient number of vapor atoms or molecules
condense and establish a permanent residence on the substrate. Soon after exposure
of the substrate to the incident vapor, a uniform distribution of small but highly
mobile clusters or islands is observed. In this stage the prior nuclei incorporate
impinging atoms and subcritical clusters and grow in size while the island density
rapidly saturates. The next stage involves merging of the islands by a coalescence
phenomenon that is liquid-like in character especially at high substrate tempera-
tures. Coalescence decreases the island density, resulting in local denuding of the
substrate where further nucleation can then occur. Crystallographic facets and ori-
entations are frequently preserved on islands and at interfaces between initially dis-
oriented, coalesced particles. Coalescence continues until a connected network with
unfilled channels in between develops. With further deposition, the channels fill in
and shrink, leaving isolated voids behind. Finally, even the voids fill in completely,
and the film is said to be continuous.

The energy of an impinging nanoparticle determines different mechanisms on the

film when it lies on its surface:

e Adsorption, when the particle establishes a binding with the atoms present in
the film

e Diffusion, when part of the particle energy is retained, which can move on the

surface.

e Nucleation, when the particle energy is sufficiently high to create new aggre-

gates.
e Desorption, when a very energetic particle has enough energy to leave the film.

Considering these phenomena, during the first phase of the formation of a thin
film small aggregates or bigger islands can be generated and evolve into different
structures. The many observations of film formation have pointed to three basic
growth modes: island (or Volmer-Weber), layer (or Frank-van der Merwe), and

Stranski-Krastanov, which are represented in Fig. 7.2 [13, 12].
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Figure 7.2: Sketches of the main three growth modes: island (or Volmer-Weber),
layer (or Frank-van der Merwe), and Stranski-Krastanov.

Island growth occurs when the smallest stable clusters nucleate on the substrate and
grow in three dimensions to form islands. This happens when atoms or molecules
in the deposit are more strongly bound to each other than to the substrate. Many
systems of metals on insulators, alkali halide crystals, graphite, and mica substrates
display this mode of growth. The opposite characteristics are displayed during layer
growth. Here the extension of the smallest stable nucleus occurs overwhelmingly in
two dimensions resulting in the formation of planar sheets. In this growth mode
the atoms are more strongly bound to the substrate than to each other. The first
complete monolayer is then covered with a somewhat less tightly bound second
layer. Providing the decrease in bonding energy is continuous toward the bulk crys-
tal value, the layer growth mode is sustained. The most important example of this
growth mode involves single-crystal epitaxial growth of semiconductor films. The
layer plus island or Stranski-Krastanov (S.K.) growth mechanism is an intermedi-
ate combination of the aforementioned modes. In this case, after forming one or
more monolayers, subsequent layer growth becomes unfavorable and islands form.
The transition from two- to three-dimensional growth is not completely understood,
but any factor that disturbs the monotonic decrease in binding energy character-
istic of layer growth may be the cause. For example, due to film-substrate lattice
mismatch, strain energy accumulates in the growing film. When released, the high
energy at the deposit-intermediate- layer interface may trigger island formation.
This growth mode is fairly common and has been observed in metal-metal and
metal-semiconductor systems. At an extreme far removed from early film formation

phenomena is a regime of structural effects related to the actual grain morphology of
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polycrystalline films and coatings. This external grain structure together with the
internal defect, void, or porosity distributions frequently determines many of the
engineering properties of films. For example, columnar structures, which interest-
ingly develop in amorphous as well as polycrystalline films, have a profound effect on
magnetic, optical, electrical, and mechanical properties. Different grain and deposit
morphologies can be obtained as a function of deposition variables. Modification
of the film structure through ion bombardment or laser processing both during and
after deposition can result in additional structures.

Another important process to be considered is the shadowing effect. This phe-
nomenon depends on the geometry and the dynamics of impinging nanoparticles or
on the substrate roughness. To help understanding the effects of diffusion, desorp-
tion and shadowing on the film growth, it is possible to consider a more detailed
zone model developed by Thornton, where different film morphologies are related to
the combination of shadowing and diffusion processes (see Fig. 7.3) [2, 144].
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Figure 7.3: Schematic representation showing the superposition of physical pro-
cesses which establish structural zones.

The energy (and thus kinetic temperature) of the nanoparticles in the jet and the gas

pressure along the expansion locate PA-SJD depositions between zone 1 and zone
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T, where the temperature is generally low and the pressure can range, depending
on the jet properties, forming fine columnar structures.

Columnar structures arise when the mobility of atoms is limited, such as in our
case. This implies that the film morphology can be ideally reproduced by an hit and
stick model. The geometry thus plays a very important role, since the jet is ideally
axis-symmetrical, while the main thermodynamical parameters vary on the radial
coordinate. V-Shaped and tree-like columnar structures can be easily produced by
PA-SJD [11, 6].

Naturally, considerable interest has developed in studying evolving growth mor-
phologies at various length and time scales under nonequilibrium conditions over
the last three decades. In an effort to understand the fundamental nature of the
growth processes, their universal aspects, as well as detail short length scale struc-
tures of the evolving morphologies, various simulation models have been developed.
Random deposition (RD) and ballistic deposition (BD) models, the diffusion lim-
ited aggregation (DLA) model [145], the Eden model, and the random sequential
adsorption (SRA) model [146], to name a few, were inspired by and designed to
model specific phenomena. The BD model is one of the simplest models among
those mentioned above. It was independently introduced by Vold [147] and Suther-
land [148] originally to study the sedimentation phenomena of colloidal particles.
But in recent years the interest in studying the BD model has shifted to understand
the growth of thin films [149]. In the regular BD model the sticking probability ps
(the probability to create a bound upon touching the surface) is considered to be
unity. Robledo et al. [150] generalized the rules for random deposition by varying
the sticking probability to be less than unity. This generalization was extended even
further where one assigns a different probability at the base surface from where the

pattern begins to grow. The basics of this model are shown in Fig. 7.4.
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Figure 7.4: Schematic of the slippery ballistic model. As the nanoparticle (empty
blue square) approaches the film, it has the possibility to stick on an occupied state
(grey squares) with a given probability. In this case it continues to its final landing
site.

These generalizations resulted in patterns whose local structures and universal as-
pects are worthy of investigation and very similar to the deposition obtained through
PA-SJD. Inspired from the SBD model, a Matalb code was developed for the simu-
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lation of the film growth by PA-SJD. The deposition can be performed on an (x,y)-
substrate of different sizes, assuming a lattice constant equal to 3 nm. We model
TiO; nanoparticles creating solid spherical objects with a fixed diameter (from TEM
and AFM measurements we chose 12 nm) made up of several lattice elements. These
nanoparticles fall vertically from the top of the system independently of each other.
Each particles can execute a transversal motion according to their lateral speeds.
A nanoparticle falls until it either touches the substrate, or gets stuck on another
previously deposited particle. Different parameters, describing the sticking proba-
bilities and the probability for lateral motion, are varied in order to reproduce the
deposited film morphologies observed in the experiments. Ideal settings for lateral
and vertical sticking probability are respectively 0.1 and 1. The formation of the
film was simulated on two different kind of substrates: flat silicon and FTO glass
(with a specific roughness calculated by AFM and reproduced on the simulation

surface).

7.3 Film growth rate

The first analysis performed on a deposited film was the study of its height using a
profilometer. For each application it is fundamental to work in a well reproducible
regime, where a deposition can be easily repeated working in the same experimental
conditions. With PA-SJD this regime could be easily obtained working with the
operating procedure described in the experimental section of this Chapter. However
it should be noted that sometimes working at the same precursor temperature could
not imply having the same mass flow for titanium isopropoxide inside the plasma
chamber. The deposition rate can decrease after a set of successively depositions
because of the residual precursor which can choke the chopper tube of the injector.
The repeatability is ensured when after one or two hours of operation the precursor
injection system is refilled and cleaned up. From the analysis of the film profiles a
first difference was noted for thin films grown at different position along the axis.

Two typical profiles are shown in Fig.s 7.5 and 7.6.
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Figure 7.5: Typical profile measured with the profilometer for a TiO2 thin film.

The thin film was deposited at low deposition rate (about 10 nm) at 14 mm from
the orifice for a rather long exposure time (about 30 min).

700

600

500 V

400

300

Thickness (nm)

200

100

0 T T T T T T T T T T T g
0 1 2 3 4 5 6 7 8

Scan position (mm)

Figure 7.6: Typical profile measured with the profilometer for a TiOs thin film.
The thin film was deposited at high deposition rate (200 nm) at 7 mm from the
orifice for a small exposure time (about 3 min).

When a deposition is performed at a sufficiently high distance from the orifice (see
e.g. Fig. 7.5), the growth rate is reduced and the profile appears flat and regular.
Thin films deposited close to the orifice (see e.g. Fig. 7.6), the growth rate increases
but profiles can become more rounded and non planar. This is due to the combina-
tion of different effects. First of all, when the deposition rate is low, a film may be
grown with a more compact structure, due to longer diffusion lengths allowed. In
addition to this, the energy of the nanoparticles (which can be range from 0.1 to 0.5

eV) is slowly increasing with the distance from the nozzle, as they are accelerated by
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the drag forces of the supersonic gas carrier. More energetic particles arriving on the
film have more possibilities to diffuse on the film surface. Moreover the geometry of
the supersonic jet expansion has a particular radial profile which becomes more flat

at increasing distances. This profile is described by [68]:
9 o (70
n(r,z) = n(0,z) cos*(0) cos % (7.1)
with n gas numerical density, r distance from the point where the measure is taken

to the point of incidence of the flow axis, x distance between the nozzle and the

substrate, ¢ constant equal to about 1.5 for the considered gas mixture, and 6 angle

0 = arctan ( T ) (7.2)

Tr — X0

given by:

where 1z is the distance between the nozzle and the point from which the flux lines

would originate if it was a point source (see Fig. 7.7).

Figure 7.7: Sketch of the flow geometry from [68].

The growth rate was measured using the average height of the film divided the
film exposure time. Different growth rates were observed performing depositions
at different positions along the jet. Figure 7.8 shows the average deposition rates
obtained at 14, 9 and 7 mm of distance from the nozzle orifice at constant precursor

temperature of 44°C.
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Figure 7.8: Average deposition rate at three different positions along the jet axis at
constant precursor mass flow (obtained using the same precursor tank temperature
of 44°C). The experimental data can be fitted by the isentropic jet expansion law
which was fitting well the TiO4 seeds density along the expansion, multiplied by a
single fit parameter.

The growth rate is both linearly dependent from the precursor mass flow (within the
temperature range from 40 to 50 °C) and related to the isentropic density distribu-
tion along the axis centerline, as shown in Fig. 7.8. The predicted isentropic density,
displayed as an orange dashed line in the graph, is well fitting the film growth rate.
Depositions rates of the order of hundreds nm/min are highly competitive and can
be further increased by raising the precursor temperature.

Another important aspect of the film growth by PA-SJD, is how the structure can
be affected from non parallel gas streamlines. The deposition angle 6 displayed
in Fig. 7.7 influences the growth of the film. Since the energies involved in our
depositions can be considered rather low, incoming nanoparticles tend to stick where
they arrive on the surface of the film. This give rise to very important shadowing
effects, especially for thin films deposited very close to the nozzle and over wide
areas. In particular far from the film center (more than 10 mm distance) the effect
of the jet streamlines orientation becomes significant and the film morphology is no
longer expected to be structured in vertical columns, but there is a growth angle £

which is related to the deposition angle o as shown in Fig. 7.9.

tan(a) = 2tan(B) (7.3)
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Figure 7.9: Deposition geometry describing film growth at an angle «, situation
which takes place in PD-SJD for the region of the deposit far from the center, where
the streamlines of the supersonic expansion can not be considered straight. The
results is the formation of columnar structures with an angle 5.

The deposition over wide areas seems an actual limitation of PA-SJD. In Chapter
7 the side effects of the supersonic jet were studied at 5 mm from the centerline,
showing a highly different radial distribution for the light gas carrier and the heavier
TiO, products. The retention of high masses within the center of the axis and the
angular effects just showed clearly imply that for deposition ares greater than those
studied in this work (5x5 mm or 7x7 mm) may exhibit a radial dependency of the
thin film chemical structure and morphology.

These limitations can however be overcome in different ways. The up-scaling of the
reactor, in all its component, can partly solve some of these issues increasing the
jet area or allowing the use of more than one nozzle, covering easily greater areas.
In this work some deposition-tests were performed over a great area just gradually
moving vertically the substrate by few millimeters (generally 5), at time step of 2-4
minutes. The nozzle ending orifice was replaced by a slit, whose height and width
(respectively 20 and 8 mm) were designed to give a conductance similar to the one
of the circular orifice. FTO-glass substrates were inserted on a particular holder,

fixed to a movable vertical bar as shown in Fig. 7.10.
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Figure 7.10: Photography of the TiO» thin film deposition over a wide area, moving
the sample vertically.

This procedure was repeated moving back and forth the substrate a desired amount
of times (depending on the desired film thickness) at a distance of 6 mm from the
nozzle slit. Figure 7.11 shows the result for a 80 x5 mm thin film, which was exposed

to the seeded jet for few minutes at 41°C, with a small precursor flow.
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Figure 7.11: Profilometer scans performed at different position of a 80x 5 mm area
of TiOg2 thin film. The thin film was deposited at low deposition rate at 6 mm from
the nozzle slit, moving the substrate vertically by 5 mm every 2 minutes back and
forth.

The whole area was successfully covered with a nearly uniform TiO9 nanostructured
deposition having an average height of 350 nm. Increasing the precursor flow using

temperatures of 50°C it was possible to boost the deposition rate, this was done
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depositing over a smaller area of 40x5 mm, obtaining a thin film with a thickness

of the order of few pm.
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Figure 7.12: Profilometer scans performed at different position of a 40x 5 mm area
of TiOy thin film. The thin film was deposited at high deposition rate at 6 mm of
distance from the nozzle slit, moving the substrate vertically back and forth twice.

Figure 7.12 shows the profiles of the high deposition rate film. The area is fully cov-
ered, even if the substrate was not perfectly perpendicular to the jet. The deposited
area is not well uniform, especially over the top and bottom borders, however the
results are very promising and denote the possibility to cover great areas with high

deposition rates.

7.4 FTIR analysis

From the measurement of the mass spectra along the seeded supersonic plasma jet,
it was noted both that the precursor was often not fully dissociated and that organic
impurities were present and attached to titanium seeds. However working with TiOq
nanostructured films it may be convenient not to fully dissociate the precursor,
which has the tetrahedral motif of a TiO4 structure. In addition to this, during
each deposition oxygen emission lines are well observable from the optical emission
spectra, even if reduced. This suggests that radical oxygen decreases injecting the
precursor at the considered flow rates but is not fully depleted. Further increasing
the radical oxygen density might not result directly in a stronger dissociation of
the titanium isopropoxide inside the plasma chamber. A detailed analysis of the
chemical composition of the films was possible thanks to FTIR spectroscopy. Figure

7.13 shows the FTIR spectra for the titanium isopropoxide precursor.
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Figure 7.13: FTIR spectra (650-4000 cm~!) of titanium isopropoxide liquid precur-
SOT.

This spectra contains traces of the different chemical bounds present in the TTIP
monomer (Ti(OCH(CHs)2)4). C—H stretching are well distinguishable at 2960, 2924
and 2864 cm™!. Also CHjs bending can be identified at 1366, 1318 cm ™!, while CHj
rock at 844 cm~!. The peak located at 1450 cm™! is typical of C—O vibrations. C-O
stretching are also observable at 1114 and 982 cm ™! Ti-O stretching can be spotted
over 635 cm™1 (it is reported in literature at 626 cm~!). The spectra measured for
the depositions were usually very similar to each other, a typical spectrum measured

to a TiO4 thin film, as deposited, is shown in Fig. 7.14.
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Figure 7.14: FTIR spectra (650-4000 cm™1) of a typical TiOs film as deposited by
PA-SJD.

This spectrum has many differences from the TTIP precursor. In particular there

is a very broad band in the spectral ranges between 3000 and 3500 cm ™! where the
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OH stretching vibrations of OH groups are present. Here the CH stretching are
missing, as the precursor has been successfully dissociated and oxidized. Two wide
peaks appears at 1637 and near 1380 cm ™! which are characteristic for conjugated
C-O0 vibrations to a transition metal. The other peak which can be observed is the
Ti-O stretching which is shifted to 700 cm™!, as happens when organic groups are
attached to the Ti-O molecule. From this analysis it seems that this spectrum is

free of CH groups but still many organic groups (C-O and O-H) are present.
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Figure 7.15: FTIR spectra (650-4000 cm ™) of TiOy anatase powder.

Figure 7.15 shows a FTIR spectrum measured for a pure TiO2 anatase powder. Here
the only peak distinguishable is the Ti-O stretching below 650 cm™!. A very similar
results is obtained for each film after the thermal annealing at 500°C, as it can be
observed in Fig. 7.16.
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Figure 7.16: FTIR spectra (650-4000 cm ™) of a typical TiOs film by PA-SJD after
annealing at 500°C.
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After the annealing, the FTIR spectra display only the Ti-O peak below 650 cm ™1,
as for the pure anatase powder. The thermal treatment can help to obtain pure
TiO» films, fully removing the organic groups. The annealing is also fundamental
for modifying the crystalline structure of titanium dioxide. Figure 7.17 shows the

result of a raman spectroscopy experiment performed on a PA-SJD deposition.
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Figure 7.17: Raman spectrum of a typical TiO9 film before (black line) and after
(red line) annealing at 500°C (band range between 100 and 700 cm™1). Anatase
characteristic peaks are labeled with letter A.

Different peaks can be observed and related to an anatase structure, which is the
most desirable for photovoltaics applications due to the higher electron mobility

which can normally be achieved.

7.5 Film morphology

TiO9 thin films were characterized by means of atomic force microscopy for a quick
evaluation of their morphological surface properties. Figures 7.18 and 7.19 show two
AFM scans over an area of 2000x2000 nm on different films deposited at the same

experimental conditions after the annealing.
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Figure 7.18: A 2000x2000 nm AFM image of a TiOs thin film deposited on a FTO
glass substrate. The effect of shadowing due to surface roughness is observable.
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Figure 7.19: A 2000x2000 nm AFM image of a TiOg thin film deposited on a
Silicon. The film looks more compact and flat.

The sample analyzed in Fig. 7.18 was deposited on the FTO glass substrate, while
the one shown in Fig. 7.19 on a silicon substrate. The different surfaces reflect
different films structures: the FTO glass has a roughness very high if compared to
the silicon, which is almost flat. This results in a different growth of the films, in
the first case shadowing effects are important and the film surface maintain a rms
roughness of about 10 nm, which does not seem to depend on the film thickness.
Thin films deposited on silicon exhibit a rms roughness between 2 and 3 nm.

Figure 7.20 shows an AFM scan performed over an area of 500x500 nm on the TiO9
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film deposited on silicon shown above.

Fit Lines

Figure 7.20: A 500x500 nm AFM image of a TiOs thin film deposited on a Silicon.
The nanoparticles grains can be measured and a particle diameter can be extracted.

In this scale it is possible to evaluate the grain size, using the relation previously
given in the experimental chapter:
(re/2)?

r=p (7.4)

where r is the radius of a spherical object, R is the curvature radius of the probe
tip (10 nm) and 7. the radius measured by AFM of the spherical object. From the
evaluation of the different spheres observed in Fig. 7.20 it is possible to evaluate for
example a particle diameter of 12.1 £ 5.

This analysis was repeated in the other AFM scans observing particle diameters be-
tween 12 and 15 nm both on silicon and FTO-glass substrates. No evident difference
or trend could be observed for depositions performed at 7, 9 or 14 mm of distance
from the orifice. This is also a consequence of the effect previously estimated from
the Weiel model of nucleation in the previous chapter. As the gas expands super-
sonically, both temperature and density decreases. The decrease of temperature
favor the nucleation of clusters, while the decrease of density clearly reduces the
probability of aggregation. Thus as the distance from the nozzle increases these two
phenomena cancel each other out, providing a constant maximum cluster dimension,
which is mainly a function of the precursor density.

Selected samples were also analyzed by a scanning electron microscope. Figures 7.21
and 7.22 shows SEM (Scanning Electron Microscopy) images of PA-SJD titanium
dioxide thin film section after annealing. This deposition was performed on a silicon

substrate.
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Figure 7.21: SEM image of a thin film section deposited on a silicon substrate.
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Figure 7.22: SEM image of a thin film section deposited on a silicon substrate.

Stable hierarchical nanostructures appear forming vertical columns with fine grains.
A certain film porosity can also be envisaged by looking at the film section. Both
these properties are ideal for the production of nanostructured photoanodes: the
film porosity is vital for the absorption of the chemical dye molecules which are
to be inserted in the film. The vertical structure sets a preferred direction for the

electrical current when flowing across the solar cell.
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Figure 7.23: SEM image of a thin film section deposited on a silicon substrate.

Figure 7.23 shows a high resolution section of the thin film, from which it was
possible to accurately estimate an average particles diameter. In this sample the
average diameter was 15 & 4, in agreement with those measured by AFM. Few TEM
images were also obtained for some samples deposited on FTO-glass substrates, a
typical image is shown in Fig. 7.24, however the film grain is not fully appreciable

due to the low resolution of the instrument.
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Figure 7.24: TEM image of a thin film section deposited on FTO-glass substrate.

Looking at the substrate in Fig. 7.24 it can be well understood how its roughness can
influence the growth of thin films. All these information were employed to develop
and set a simulation code for the growth of thin films by PA-SJD. In Fig.s 7.25
and 7.26 a section of two different simulations is shown where the influence of the

substrate roughness can be understood.
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Figure 7.25: Cross section displaying a detail of a film growth simulation performed
on a flat substrate (silicon). The spheres represent titanium nanoparticles assembled
and forming a thin film.

450 —
am—
350 "
300 -
20—
200

150 —

100 L= : :
1200 1000 &m 600 200 200 o 0

Figure 7.26: Cross section displaying a detail of a film growth simulation performed
on a flat substrate with a given roughness (we used the roughness measured by
AFM on FTO glass). The spheres represent titanium nanoparticles assembled and
forming a thin film.

The film deposited on silicon (Fig. 7.25) exhibits a more compact and columnar
structure, while the film deposited onto rough surface appears more irregular as
the growth is influenced by shadowing effects. Film of about few microns can be
simulated depositing about 10° nanoparticles, an example is shown in Fig. 7.27,

where a 200 nm thin film was simulated in a 500x500 nm area.
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Figure 7.27: Simulation of a TiOy deposition on silicon on a 500x500 nm area.

From these simulations it was possible to estimate a rms roughness (taking into
account the relation between the grain radius and the radius measured by AFM)
which was compared with the experimental results obtained by AFM. The film rms
roughness for a simulation on a flat substrate is near to 2-3 nm, while it is between
10 and 12 nm for deposition on a FTO glass substrate. This results are highly
encouraging and set the steps for a controlled production of thin films. Using the
predictions of such simulations it is possible to design the nanostructure of our thin
films.

7.6 Summary and conclusions

TiO4 nanostructured thin films were deposited by PA-SJD and characterized. Films
can be grown at different deposition rates, depending on the precursor mass flow or
on the distance of the substrate from the nozzle. The growth rate ranges from few
nanometers per minute to few hundreds. The growth rate along the supersonic ex-
pansion scales with the isentropic density relation for the supersonic jet. Depositions
were also performed over wide areas using a movable substrate.

FTIR spectroscopy was used to study the chemistry of the films. The typical films
deposited by PA-SJD exhibit also absorption lines which can be related to C-O and
O-H bounds. A thermal annealing performed at 500°C can successfully remove any
organic impurity also setting the crystalline structure of the TiOy to anatase, which
is the most desirable for most applications.

The morphology of the thin films was characterized by AFM, SEM and TEM imag-
ing. The AFM was employed to characterize the film surface, defining its rms rough-
ness and the typical dimension of the grains. A great difference could be observed

for films grown on different substrates. When the substrate is flat (silicon) the film
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structure is more compact and the roughness limited (2-3 nm), otherwise when the
substrate has a high roughness (FTO glass) the thin films will be subject to shad-
owing effects and exhibit a similar roughness (10-13 nm). Despite these differences,
for almost every sample studied the average nanoparticle diameter was evaluated
between 12 and 15 nm.

SEM and TEM images of some selected samples confirmed a vertical nanostructure
with grains diameter about 15 nm. A certain porosity could also be observed in
thin films which were studied after the annealing process. A simulation code was
developed to perform simulations of the film growth, using a slippery ballistic model.
The typical rms roughness which can be calculated from simulation performed on
flat substrate and on a substrate with the roughness of the FTO glass used were

found in excellent agreement with the values measured experimentally.
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CHAPTER

8
CONCLUSIONS

Plasma assisted supersonic jet deposition was presented as a deposition technique
and a characterization of different features of the deposition process were studied.
The analyses reported in this Ph.D. thesis give a detailed theory and understanding
of the physics involved in this reactor. The results presented set the next step for
further improvements of this techniques to achieve a greater control on the thin film
growth also allowing the possibility to develop films for new applications.

In Chapter 3, the physics of the supersonic jet is described and studied in the absence
of plasma, for the argon-oxygen gas binary mixture at the transitional flow regime.
The results for the neutral gas case are in good agreement with the viscous isentropic
model. However no shock compression can be spotted over the Mach disk, as it is
commonly observed in higher pressure jets; instead we observed a smooth transition
to a subsonic regime, in which the background density values are reached within
about 3 gas mean free path lengths from the Mach disk location. The transition is
denoted by the detachment from the predicted isentropic expansion equation and
its location was in fair agreement with the predicted position of the Mach disk in an
extended range of pressure ratios. This smooth transition observed for the neutral
species is highly desirable for thin film deposition applications since it can prevent
the sudden stop of nanoparticles over the Mach disk and reflected shocks over the
sample which can affect the film growth. Gas separation phenomena have been
observed along the jet. With the QMS it was possible to measure the Ar enrichment
over the supersonic jet axis. A maximum excess of about 5% was obtained for argon
respect to oxygen. In the case of the plasma we observed a supersonic jet containing

both neutral and positively charged particles.
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In Chapter 4 the analysis is focused on the plasma inside the first chamber and in the
supersonic jet.The measurements of time series for voltage and current across the
plasma antenna clearly set the E-H mode transition for the considered gas mixture
at 175 W and ensure a more efficient power transmission after this power value.
Rms voltages of 800 V and currents about 2 A can be observed at 450 W, the RF
power level which was chosen for performing PA-SJD deposition.

Optical emission spectroscopy was used to reveal the radiation emitted from the
plasma at different pressure values, argon-oxygen concentrations and RF power level.
The use of this diagnostic allowed the identification of the main emitting species (Ar
and O in this case) from the plasma and denoted a significant increase in charge
density after the E-H mode transition. At increasing oxygen in the plasma chamber,
this transition is delayed to higher power level, making more complex the establish-
ment of a fully inductive regime. However it was shown that an high production
of radical oxygen, required for an effective precursor dissociation, can be achieved
also raising the argon pressure in the discharge. A collisional-radiative model for the
argon emission lines was successfully employed to estimate the plasma temperature
as a function of the RF-power input. The temperature decreases from 1.25 to 1.03
eV as the RF-power is raised from 75 to 450 W in a common argon-oxygen discharge
at 8 Pa of total pressure (being oxygen to argon concentrations 3 to 2).

A RF compensated Langmuir probe was introduced inside the plasma chamber to
measure the main plasma parameters. Unfortunately the RF-noise on the probe was
too high, especially in the H-mode. The measurements of the characteristic Lang-
muir curve was thus highly perturbed for positive probe potential values. However
the ion saturation current could have been extracted from negative part of the Lang-
muir curve. This value was converted in an approximate density using the electron
temperature estimated by OES, giving charge densities increasing from 1 10" to 1
10'6 m~3, as the RF-power was raised from 45 to 450 W.

The characterization of the jet profiles was performed using a quadrupole mass
spectrometer. During each plasma measurement also ion fluxes and their energy
distribution functions were measured. We observed a supersonic jet containing both
neutral and positively charged particles. The neutral gas even in the presence of a
plasma exhibits a very similar behavior to the gas case. Neutral Ar and Os expand
following the isentropic model without ending shock compression. This proves that
the isentropic model is still valid and the expansion is still adiabatic for neutrals
even in the presence of a plasma. Supersonic jet ion spectra are dominated by
molecular oxygen ions and argon ions. However different peaks can be related to
small impurities concentrations. Ion mass and energy spectra gave an insight on the
ion fluxes along the jet. Ions along the expansion can be measured with energies
ranging from 0 up to 12 eV. The energy spectra of the impurities were observed at a
mono-energetic energy distribution peaked about 8 eV. Argon and molecular oxygen

ions instead show different energies, due to a more pronounced collisional nature and
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to charge transfer reactions. Inside the supersonic jet, a very intense low energy peak
(about 1 eV for ArT, 2 eV for O;) can be observed in the spectra, along with a
moderate high energy section. After the nozzle, inside the supersonic jet, there is an
expansion also for the ions, which resemble the isentropic expansion of the neutrals.
Across the Mach disk position, the ion energy distribution changes greatly: while the
low energy peak reduces itself and shift to 0 eV, the high energetic peak increases.
An increase of ion flux could be ascribed to the higher diffusivity of electrons respect
to ion species. A positive charge space region could arise in correspondence with
the Mach disk. This phenomenon denotes the formation of a space charge region
just after the end of the supersonic jet which could originate a potential difference,
responsible of enhancing the ion fluxes. This occurs for the highest part of the ion
energy spectrum. The presence of high energy fluxes has interesting consequences on
ion bombardment processes during the thin film formation and growth. IEDFs were
also measured at a fixed position for different pressure ratios, showing the effect of
collisions on their energy. The energy distribution functions do not seem to exhibit
particular variation in their shape at different RF-powers.

In Chapter 5 the IEDFs are further studied by developing a simulation code to re-
produce them, from first principle calculations. An experimental characterization
of ion energy distribution functions was carried out along a low-pressure argon su-
personic plasma jet by directly measuring the ion fluxes at different energies with
a QMS. The energies observed were distributed up to typically 10 eV and exhibit
different distribution functions along the jet expansion axis. In particular, as the
gas expands supersonically two peaks are distinguishable around 2 and 8 eV, while
outside of the supersonic region (i.e. after about 25 mm from the initial expansion
point) the low-energy peak is shifted down to thermal energies (~ 0.1 eV). These
results suggest that the ions energy evolves in a supersonic jet as in a long pre-
sheath region. Starting from the plasma at a potential of about 8 eV, each ion can
collide inside the jet reducing its energy before being detected by the spectrometer.
Along the expanding jet there is a pre-sheath plasma at a nearly constant potential
Viet = 2 eV. Among different collisional phenomena elastic scattering and charge
transfer events are the dominant processes.

Starting from this experimental evidence, a model for the simulation of the ion en-
ergy distribution function in a supersonic plasma jet was developed. It is possible to
simulate the exact dynamics of one ion at a time, exploiting their very low density,
moving along the supersonic jet by integrating the equations of motion from first
principles at small time-steps (10 ps). We consider only Art-Ar collisions which
are described by a 12-4 Lennard-Jones potential, thus including the charge-induced
dipole interactions represented by the r—* term. In the proposed model, each mo-
mentum transfer collision can result either in a simple elastic scattering process or
in a charge transfer event with a well defined probability (close to 1/2 for interaction

distances smaller than a cutoff distance, ~ 0.4 nm). The dynamics of about 1000
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ions was simulated from z = 5 mm up to z = 20 mm, covering most of the spatial
range of the expanding jet.

The agreement between the simulations and the experimental results is very good,
thus validating the model assumptions and approximations used. In addition to
these features, the phenomenology of the scattering events was further studied by
analyzing the energy loss in each collision and calculating the ionic mean free paths
also in the presence of charge transfer events. In this way, we can distinguish pro-
cesses in which there is a charge transfer or not. We find that charge transfer
collisions occur in nearly 50% of the total number of scattering events. The global
effect of charge transfer mechanism on the final distribution functions is found to
be quite significant. Indeed, simulations performed without charge exchange re-
produce the observed IEDFs only partially, while the inclusion of charge transfers
favors medium-low ionic energies in better agreement with experiments. In addition
to this, the mean free paths relative to general collision events and those display-
ing charge transfers can be calculated separately, thus allowing to estimate their

respective cross sections, 9 107" m? and 5.4 10~!? m?

, respectively, in very good
agreement with estimates known in the literature.

In Chapter 6 the plasma inside the first chamber and the supersonic jet is studied
when creating the titanium seeded jet. Optical emission spectroscopy was employed
during each measurement to control the mass flow of the precursor. From the optical
spectra, when the precursor is injected, it is possible to identify different products
of the titanium isopropoxide dissociation and oxidation. As the temperature of the
precursor tank is raised, the mass flow of the precursor linearly increases. A similar
trend was confirmed by the QMS measurements observing the titanium products
along the jet. Sampling neutral gas species and ions at different distances from
the nozzle it was possible to gain an insight on the precursor dissociation and the
components also along the supersonic jet. Many molecules of partly dissociated
precursor could be observed. The study of the supersonic jet profiles for the TiO,
seeds was then performed. Titanium nanoparticles follow the isentropic expansion,
as the light gas carrier, until the Mach disk location, then they maintain their density
also over long distances. This is due to an inertial effect, which maintain the heavier
species near the jet centerline. This is a particular interesting feature because it
allows to perform thin film deposition also far from the nozzle, where the jet is
no longer supersonic. Each TiO, seed can also be measured as an ion in the jet.
The ion energy distribution functions of these species are very particular as they
show a wide energy spectrum centered about 5 eV. It is also very intense the ion
flux enhancement for heavier seeds after the Mach disk. Similar measurements were
also performed shifting the expansion radially by 5 mm from the mass spectrometer
orifice. This allowed a study of jet off from its axis, still in a region which is relevant
for thin films deposition. The enrichment of heavier species in the more central part

of the jet is quite evident, as in the profile for the neutral components the gas carrier
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still show a expansion whereas the abundance TiO,, seeds studied drops to zero when
the spectrometer is close to the nozzle as they are retained over the central part of
the jet. A similar effect can also be observed for the ions, which can be found only
at lower energies.

Finally in Chapter 7 TiOs nanostructured thin films deposited by PA-SJD are char-
acterized. Films can be grown at different deposition rates, depending on the precur-
sor mass flow or on the distance of the substrate from the nozzle. The growth rate
ranges from few nanometers per minute to few hundreds. The growth rate along the
supersonic expansion scales with the isentropic density relation for the supersonic
jet. Depositions were also performed over wide areas using a movable substrate.
FTIR spectroscopy was used to study the chemistry of the films. The typical films
deposited by PA-SJD exhibit also absorption lines which can be related to C-O and
O-H bounds. A thermal annealing performed at 500°C can successfully remove any
organic impurity also setting the crystalline structure of the TiOy to anatase, which
is the most desirable for most applications.

The morphology of the thin films was characterized by AFM, SEM and TEM imag-
ing. The AFM was employed to characterize the film surface, defining its rms rough-
ness and the typical dimension of the grains. A great difference could be observed
for films grown on different substrates. When the substrate is flat (silicon) the film
structure is more compact and the roughness limited (2-3 nm), otherwise when the
substrate has a high roughness (FTO glass) the thin films will be subject to shad-
owing effects and exhibit a similar roughness (10-13 nm). Despite these differences,
for almost every sample studied the average nanoparticle diameter was evaluated
between 12 and 15 nm.

SEM and TEM images of some selected samples confirmed a vertical nanostructure
with grains diameter about 15 nm. A certain porosity could also be observed in
thin films which were studied after the annealing process. A simulation code was
developed to perform simulations of the film growth, using a slippery ballistic model.
The typical rms roughness which can be calculated from simulation performed on
flat substrate and on a substrate with the roughness of the FTO glass used were

found in excellent agreement with the values measured experimentally.
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