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Abstract

This doctoral thesis explores the investigation of the energy balance of species in
technological plasmas through the application of electrical and thermal diagnostics.
The fundamental principles of plasma physics theory, including plasma states, dif-
ferent discharge applications and energy balance at a surface exposed to plasma, are
outlined to establish a theoretical foundation for the conducted experiments.

The research focuses on advancing the understanding of the energy balance of
species in plasmas by employing electrical, thermal, and optical diagnostics. Three
previously published works are presented, highlighting the use of thermal and elec-
trical diagnostics to analyze magnetron-sputtered thin films with highly specific ap-
plications. These publications demonstrate the significance of accurate diagnostic
techniques in evaluating the behaviour of plasma-generated species and their effect
on thin film properties such as morphology and structure.

Additionally, a novel combined diagnostic approach is introduced, combining a
thermal probe with a retarding field energy analyzer (RFEA). In this technique, the
thermal probe serves as the collector for the RFEA, allowing simultaneous thermal
and electrical measurements. The thesis describes the development of a prototype
that provides proof of principle for the combined diagnostic and outlines the chal-
lenges and limitations encountered during the initial implementation.

Furthermore, a new design for the combined diagnostic is presented in a fourth
publication, showcasing improvements over the prototype. The new design addresses
the limitations identified in the earlier stage and provides enhanced capabilities for
studying plasma energy balance. The thesis thoroughly discusses the experimental
setup, methodology, and data analysis procedures associated with the new combined
diagnostic, illustrating its potential for advancing our understanding of species be-
haviour in technological plasmas.

Overall, this doctoral thesis extensively explores electrical and thermal diagnostics
for a better understanding of the energy balance of species in the ever-expanding field
of technological plasmas. The research contributes to the area of plasma physics by
expanding our knowledge of plasma parameters, discharge applications, and energy
interactions at plasma-surface interfaces. Moreover, developing the combined diag-
nostic technique offers new avenues for characterising plasma-generated species and
holds promising implications for various plasma-based applications.






Kurzfassung

Diese Doktorarbeit untersucht den Energiehaushalt von Spezies in technologischen
Plasmen durch den Einsatz von elektrischer und thermischer Diagnostik. Es wird
eine theoretische Grundlage fiir die durchgefiihrten Experimente geschaffen, indem
die grundlegenden Prinzipien der Plasmaphysik erldutert werden, einschliellich der
Plasmazustande, unterschiedlicher Entladungsanwendungen und des Energiehaus-
halts an einer plasmaexponierten Oberflache.

Die Forschung konzentriert sich auf die Weiterentwicklung des Verstandnisses des
Energiehaushalts von Spezies in Plasmen durch den Einsatz von elektrischer, ther-
mischer und optischer Diagnostik. Es werden drei zuvor veréffentlichte Arbeiten
prasentiert, die den Einsatz von thermischer und elektrischer Diagnostik zur Anal-
yse von magnetronbeschichteten Diinnschichten mit hochspezifischen Anwendun-
gen verdeutlichen. Diese Veroffentlichungen zeigen die Bedeutung genauer Temper-
aturmessungen und elektrischer Charakterisierungstechniken zur Untersuchung des
Verhaltens von plasmaerzeugten Spezies auf.

Dariiber hinaus wird ein neuartiger kombinierter diagnostischer Ansatz vorgestellt,
bei dem eine thermische Sonde mit einem retarding field energy analyzer (RFEA)
kombiniert wird. In dieser Technik dient die thermische Sonde als Kollektor fiir den
RFEA und ermdglicht gleichzeitige thermische und elektrische Messungen. Die Ar-
beit beschreibt die Entwicklung eines Prototyps, der den Machbarkeitsnachweis fiir
die kombinierte Diagnostik liefert, und erldutert die Herausforderungen und Ein-
schrankungen, die wahrend der anfénglichen Umsetzung aufgetreten sind.

Des Weiteren wird ein neues Design fiir die kombinierte Diagnostik in einer vierten
Veroffentlichung prasentiert, das Verbesserungen gegeniiber dem Prototypen auf-
zeigt. Das neue Design adressiert die in der frithen Entwicklungsphase identifizierten
Einschrankungen und bietet erweiterte Moglichkeiten zur Untersuchung des Energie-
haushalts von Spezies in technologischen Plasmen. Die Arbeit diskutiert ausfiihrlich
den experimentellen Aufbau, die Methodik und die Datenanalyseverfahren im Zusam-
menhang mit der neuen kombinierten Diagnostik und veranschaulicht ihr Potenzial
zur Weiterentwicklung unseres Verstandnisses des Speziesverhaltens in technologis-
chen Plasmen.

Insgesamt prasentiert diese Doktorarbeit eine umfamgreiche Untersuchung der
elektrischen und thermischen Diagnostik zur besseren Erfassung der Energiebilanz
einzelner Spezies im stindig wachsenden Bereich der technologischen Plasmen. Die
Forschung tragt zur Plasmaphysik bei, indem sie unser Wissen tiber Plasmaparame-

ii
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ter, Entladungsanwendungen und Energiewechselwirkungen an Plasma-Oberflachen-
Schnittstellen erweitert. Dariiber hinaus bietet die Entwicklung der kombinierten
Diagnostik neue Moglichkeiten zur Charakterisierung von plasmaerzeugten Spezies
und birgt vielversprechende Implikation fiir zahlreiche Plasma-basierten Anwendun-
gen.
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1 Introduction

In the past decades, the development of technological plasmas has undergone remark-
able advancements, revolutionizing various industries and enabling cutting-edge ap-
plications. Technological plasmas, such as those employed in thin film deposition,
etching and material processing, have become indispensable tools in modern indus-
try, providing unique capabilities for fabricating and manipulating materials at the
atomic and molecular scales. A comprehensive understanding of the underlying en-
ergy balance is crucial to optimise and control these highly complex plasma processes.
This thesis focuses on the importance of electrical and thermal diagnostics in eluci-
dating the energy transfer mechanisms within technological plasmas and enhancing
process efficiency.

Over the last 30 to 50 years, technological plasmas have been implemented in in-
dustries such as microelectronics, aerospace, medicine, and energy production. They
have facilitated the miniaturization of electronic devices, improved energy conver-
sion efficiencies and enabled advancements in materials science. By leveraging the
properties of plasmas, diverse applications such as physical vapour deposition (PVD),
plasma-enhanced chemical vapour deposition (PECVD), plasma etching and plasma-
assisted material synthesis have been developed. These processes rely on intricate
interactions between charged particles, neutral species and electromagnetic and mag-
netic fields, making it imperative to characterize the plasma parameters and energy
transfer pathways precisely.

To achieve optimal control and performance, advanced diagnostics are essential for
tailoring complex plasma processes. Electric diagnostics, including Langmuir probes,
retarding field energy analyzers, microwave interferometry and electric field probes,
provide critical information about plasma parameters such as electron density, elec-
tron temperature, ion energy distribution and electric fields. These measurements
offer insights into charged species’ spatial and temporal distribution and their in-
teraction with external fields. Similarly, thermal diagnostics, including calorimetric
probes, optical emission spectroscopy and infrared thermography, allow for deter-
mining plasma parameters, energy flux densities and energy distribution. Combined
with electric diagnostics, these techniques enable a holistic understanding of energy
transfer and losses in technological plasmas.

The introduction of increasingly sophisticated diagnostics into plasma processes
poses several challenges. Technological plasmas are often complex, involving non-
equilibrium conditions, high temperatures and rapid timescales. This complexity ne-
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cessitates the development of diagnostic techniques capable of capturing the transient
and spatially varying nature of the plasma parameters. Additionally, integrating non-
intrusive diagnostics into industrial plasma systems while maintaining their reliabil-
ity and accuracy is a significant engineering challenge. Overcoming these hurdles
requires the collaboration of researchers, engineers and industry experts to devise
innovative diagnostic tools and strategies.

This thesis gives a comprehensive overview of the capabilities and shortcomings of
various diagnostics in a wide range of plasma discharges, including radio frequency
plasma, ion beam sources and magnetron sputtering devices. It also introduces a new
combination of a retarding field energy analyzer and a passive thermal probe enabling
the simultaneous measurement of ion energy distributions and energy flux densities.
The combination yields information neither probe diagnostic can deliver on its own.

Capacitively coupled radio frequency (rf) plasmas find extensive use in both indus-
trial applications and scientific research due to their versatile capabilities for material
processing, surface modification and plasma diagnostics. These plasmas are used in
plasma etching processes, such as reactive ion etching (RIE) and plasma-enhanced
chemical vapour deposition (PECVD) for surface modification. Furthermore, they are
used for surface cleaning and activation, removing organic contaminants, oxides and
particles from surfaces, enabling improved adhesion, wettability and surface energy
properties [1]. Introducing precursor gases into the plasma allows thin polymer films
with tailored properties to be deposited onto substrates. This enables the creation of
functional coatings, adhesion promotion layers and biomaterial surfaces with desired
properties, such as hydrophobicity, hydrophilicity or bioactivity [2].

Ion beam sources have widespread applications in modern industry and scientific
research, offering unique material processing, surface modification, and analysis ca-
pabilities. These sources provide a controlled and focused beam of ions tailored to
specific requirements, enabling precise manipulation of materials at the atomic and
molecular scales. The versatility and precision offered by ion beams make them valu-
able tools across various fields, enabling advancements in materials science, electron-
ics, energy, and fundamental research [3].

Magnetron sputtering is a widely used physical vapour deposition (PVD) technique
in which a high-density plasma is created using a magnetic field to enhance sputter-
ing efficiency. It is a necessary industrial process for many applications ranging from
the deposition of hard coatings to the deposition of functional layers for electronic
applications. The process allows for thin film deposition onto various substrates with
excellent control over film properties. It involves bombarding a target material with
energetic ions to dislodge atoms or molecules from the target surface. The target ma-
terial is typically a solid metal or compound material. A magnetron is placed behind
the target, creating a magnetic field that traps electrons near the target surface. The
magnetic field enhances the plasma density and helps confine the plasma near the



target, resulting in a higher sputtering yield [4].

In conclusion, this thesis highlights the significance of electric and thermal diag-
nostics in unravelling the energy balance within technological plasmas. These non-
conventional diagnostics optimise and control complex plasma processes by provid-
ing a comprehensive understanding of the plasma parameters and energy transfer
mechanisms, leading to enhanced efficiency and improved outcomes. The challenges
associated with introducing diagnostics into plasma systems underscore the need for
continuous research and innovation to advance diagnostic capabilities and realize the
full potential of technological plasmas in various industrial applications.






2 Definitions and Fundamentals of
Low Temperature Plasma

This chapter explores the theoretical background and definitions concerning the plasma
state of matter which are relevant for this work. The term ’plasma’ refers to the ion-
ized gaseous state of a substance where ions and electrons coexist in a limited space.
It is sometimes called the 'fourth state of matter’ after solid, liquid and gaseous [5].
The term ’plasma’ itself originates in the 1920s when Irving Langmuir investigated
ionized gases at low pressures and high temperatures [6]. Similar to the transition en-
ergies needed for a substance to change from a solid state to a liquid state (enthalpy of
fusion) and from liquid to gaseous (enthalpy of vaporization), the ionization energy
is needed to create a plasma from a gas.

In laboratory plasmas, there is a general distinction between low-temperature plasma
(LTP) and high-temperature plasma (HTP). This is detailed in table 2.1. In HTPs elec-
trons and ions roughly have the same temperature which may exceed 107 K [7]. This
is the case in fusion devices like tokamaks or stellarators. LTPs, in turn, are divided
into two categories, thermal and non-thermal LTP. An example of thermal plasmas is
arc discharges, where ions and electrons roughly have the same temperature, which,
however, is much smaller than in HTPs. In non-thermal LTPs, the electron tempera-
ture far exceeds the ion temperature, resulting in an imbalance between their thermal
velocity and ability to react to electric and magnetic fields.

Low Temperature Plasma High Temperature Plasma
thermal non-thermal
T,~T,<2-10*K T; ~ 300K Ti~T,210"K
T, <T,<10°K

Table 2.1: Subdivision of laboratory plasmas and their respective electron and ion
temperatures. Taken from [7].

This work focuses on non-thermal LTPs and the different ways of generating which
are discussed in chapter 3.

In the following, the basic properties and phenomena of the non-thermal low tem-
perature plasma are discussed in a short overview.
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2.1 Quasineutrality and Debye-shielding

The concept of quasineutrality in a plasma arises from the fact that plasmas are made
up of both positively charged ions and negatively charged electrons which display
collective behaviour. At a microscopic scale, the plasma can be highly non-neutral,
with localized regions of positive and negative charge imbalances. However, at a
macroscopic scale, these charge imbalances tend to average out, resulting in a net
charge of zero. This macroscopic balance of charge is what is meant by quasineutral-
ity. Mathematically this can be described as [8]:

egt, + qun]- ~ qunk (2.1)
j k

Here e is the elementary charge and #, is the number density of electrons. The
indexes j and k represent negative and positive ions, respectively, with the corre-
sponding number densities n; and 1y and valencies q; and g;. Negative ions only
occur in electronegative gas discharges, which this work will not address. Therefore,
when only looking at single-charged ions, eq. 2.1 can be reduced to n, = n;.

At a microscopic scale, neutrality cannot be retained due to the finite expansion of
the particles and their respective attraction or repulsion, leading to non-neutral space
charge zones. The Debye length Ap is a measure of the distance over which charges
in the plasma are screened by other charges [9]:

1 e*n e2n;
— = 0o 4 0° (2.2)
Ap eokgT, €okyT;

with €( the permittivity in vacuum, kp the Boltzmann constant and T, ; the electron
and ion temperature, respectively. When introducing an external positive charge Q
into a plasma, electrons will be attracted while ions will be repelled. The external
charge is thereby shielded from the plasma. Other than the Coulomb potential in a
vacuum, the resulting potential @ around Q in the distance r drops following the
Debye-Hiickel relation [10]:

__Q r
D(r) = Inegr exp (—E) (2.3)

In low temperature plasmas, where T; << T, the electron velocity is much higher
than the ion velocity and, therefore, electrons are mainly responsible for the shielding
mechanism. Eq. 2.2 can be separated by ions and electrons with the electron Debye
length Ap,
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1/2
€oksTe ) (2.4)

/\De = ( 2
eone

defining the length scale at which eq. 2.3 has dropped by at least 1/e times the
(not shielded) Coulomb potential and the condition for quasineutrality is met. The
number density of electrons inside the so-called Debye-sphere determines the plasma
parameter N:

4
Nge = gnne/\De (2.5)

The time scale of the shielding process is defined by the response time 7,; =
ADe,pi/Ue,; of the electrons and ions. In case of a small disturbing charge Q with
an equally small potential, the electron and ion velocities u,; = (kgT,,;/ me'i)l/ 2 cor-
responds approximately to their thermal velocity (m,; is the electron and ion mass).
In common, the inverse of the response time is used to estimate the time scale of the
shielding possibility of a plasma. This is called the plasma frequency w,:

2
U, ; egM,, i
Wpe,pi = 1 et (2.6)
De,Di €M

As with the Debye length, the electrons play the dominant role because of their
smaller mass compared with ions. This means that only electrons react fast enough to
external electrical disturbances with frequencies > w,; and shielding is maintained
by electrons.

In summary, for plasma to show collective behaviour and achieve quasineutrality
the following criteria must be fulfilled:

« The dimension L must be: L > Ap
« The plasma parameter must be: N, > 1

+ The plasma must exist much longer than the response time

2.2 Energy and velocity distribution

In a plasma, the free charge carriers possess a wide range of energies and velocities.
The distribution of these energies and velocities can be described using statistical
mechanics and the principles of thermodynamics. Here, the concept of entropy plays
a crucial role in understanding the distributions. Entropy S represents the measure
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of disorder in a system. In a state of thermodynamic equilibrium, entropy reaches a
maximum. In a system with N particles with total energy E, in which every particle
N; can occupy an energy E;, entropy is written as [9]:

S =—kg Znilnni (2.7)

1

n; = N;/N is not a particle density, but the relative frequency of particles that oc-
cupy the energy E;. By maximizing the entropy of the system subject to constraints
such as fixed particle number, energy, and volume, one can use the method of La-
grange multipliers to derive the distribution that corresponds to the most probable
energy state. The resulting distribution is the Maxwell-Boltzmann distribution, which
describes the statistical behavior of particles in equilibrium [2]:

3/2 2
3 o m _ mv
fm(v) =4mv (ZﬂkBT) exp( 2kBT) (2.8)

Here, m is the mass of the described particles, ions or electrons, and their respective
temperature T and velocity v = |v|. From the first and second momentum of the
distribution the thermal velocity v;, and the averaged thermal energy (E;;) can be

derived:
0 8knT 1/2
” =f0 fM<v>vdv=( o ) (29)
Eny= 7 fuwwide = SkyT (2.10)
th/ — m 0 M - ) B .

Using energy conversation and following E;j, = Ey;,, = %mvz the velocity distribu-
tion can be written as energy distribution [11]

_ 2n 1 172 E
fm(E) = ﬁ WE eXp(—kB—T) (2.11)

which conserves the number of particles in a certain velocity and energy interval,
fm(v)dv = fy(E)dE with dE = mvdv.

It is important to note that the Maxwell-Boltzmann distribution applies to a sys-
tem of non-interacting particles in equilibrium. In reality, plasmas often exhibit com-
plex interactions and deviate from strict equilibrium conditions. Nonetheless, the
Maxwell-Boltzmann distribution serves as a valuable approximation for characteriz-
ing the energy and velocity distribution of charge carriers in many plasma scenarios.
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2.3 Sheath Formation

The concept of shielding not only applies to external charges but to neutral surfaces as
well. On Earth plasmas only exist in confined spaces, resulting in inevitable contact
with the containing material such as a vacuum chamber. Assuming an electrically
floating wall, electrons, due to their higher mobility, will reach such a surface first
leading to a negative charge. The electrons are assumed to have a Maxwellian en-
ergy distribution in the plasma. The resulting electric field, in turn, repels electrons
and attracts ions until a positive space charge sheath, or simply sheath, is established
as illustrated in Figure 2.1. The net charge on the wall (and any surface inside the
vacuum chamber that can carry a charge) is called the floating potential @y,. It is
negative with respect to the electrical potential inside the plasma, which is called the
plasma potential O,

plasma pre-sheath sheath

n, : N, = n,

Figure 2.1: (Top) Electron and ion densities 1, and n;, respectively, across bulk plasma
to the pre-sheath and sheath. (Bottom) Potential distribution in the sheath
region with plasma potential @, and floating potential ®y.

In the sheath, quasineutrality is not upheld and only restored at the sheath edge.
The sheath expansion is roughly equal to the ion mean free path A, ;, which in-
cludes the sheath and pre-sheath. The sheath itself expands roughly over the Debye
length Ap.
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To be able to escape the plasma bulk, ions are accelerated in the pre-sheath to the
so-called Bohm velocity vg, which is defined as [12]:

kT,

m;

VB = (212)

In the pre-sheath quasineutrality is still given, although ion and electron density
slowly decreases. In a collisionless sheath, the ions gain kinetic energy during transit
in relation to the potential drop between their origin (plasma bulk) and the wall:

Ekin,i = €o(Pp1 — Pyp) (2.13)

However, if the surrounding walls or surfaces inside the chamber are conducting or
even biased, a different potential drop develops across the sheath. The sheath dimen-
sion, as well as the ion and electron densities, are thereby influenced. In case of a high
negative bias, the electrons are pushed further into the plasma bulk and ion density
can be assumed constant. This is the so-called matrix-sheath. The approximation of
a constant ion density can only be true for potential differences AU far greater than
kgT,/ey and for small time spans, in which ions due to their inertia can still be as-
sumed as stationary. These conditions, for example, are found in plasma-immersion
ion implantation (PIII) experiments [13].

If that is not the case, the Child-Langmuir law [14, 15] is applicable to sheath for-
mation. Using Poisson’s equation and assuming a collisionless sheath, the potential
distribution @(x) in the sheath can be described as [9]:

3\ (mi \ (i 4/3
CD(x):(E) (%) (6—0)(x+d) (2.14)

With this the potential drop U = ®(—d) — ®(0) can be calculated and from it the
ion current density j; in a collisionless sheath:

4 2e, U3/?

Jji = g€ e A2 (2.15)

The ion current at the sheath edge is defined by the Bohm velocity and the ion
density 7 in the plasma bulk like

Ji = eohoVp, (2.16)

hence, the sheath thickness d can be calculated as follows [1]:
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(2.17)

d_ﬂ/\ 2eoV 3/4
EREAVYY

In reality, the ions undergo collisions in the sheath since the ion mean free path
Amfp,i is usually considerably lower than the sheath thickness. To describe the colli-
sional sheath equation 2.15 has to be adjusted to account for the energy conversation
condition. In the intermediate pressure regime, the ion mean free path is considered
to be independent of their mobility y; and can be assumed constant [16]. Equation
2.15 is then modified to:

Ji=3\3 0 m;  d>/? '

In case of higher pressure, the probability of collisions rises and the ion mobility
itself is then found to be independent of their velocity. This results in the Child-
Langmuir law for highly collisional sheaths:

.9 U?
Ji= geoﬂiﬁ (2.19)

2.4 Particle Collisions

When looking at a plasma as a mixture of charged particles combined with a neutral
background gas, in reality, plasmas will always have a variation of density, a gra-
dient across the plasma region. This leads to diffusion and, consequently, collisions
between the involved particles. Particle collisions in a plasma encompass a range of
interactions, including, but not limited to, ionization collisions, elastic and inelastic
scattering, binary collisions, dissociation, recombination and charge exchange col-
lisions. Each type of collision has its distinct consequences on plasma behaviour,
influencing energy transfer, momentum exchange, and the excitation/ionization of
particles. Understanding and characterizing these collision processes are essential
for comprehending plasma dynamics and developing plasma-based technologies. Im-
portant quantities in describing collisions are the mean free path A, the cross
section o and the collision frequency v,,;; of the involved particles. The macro-
scopic probability w(z) for a particle to travel a distance z without any collisions
is w(z) = exp(—2/A,,5p) [9]. Mean free path, cross section and collision frequency are
defined by:
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Ampp = (ng0)7! (2.20)

Veoll = 0V, (2.21)

with v the velocity of the particles and 1, the density of their collision ’partners’
(i.e. atoms).

lonisation

In plasma generation, as well as maintaining the plasma state, electron impact ion-
ization plays a crucial role. It is an inelastic collision process where high-energy
electrons collide with a neutral atom, ejecting one or more electrons from the atom
and forming a positively charged ion. Inelastic collisions lead to the reduction of the
overall kinetic energy of the involved particles [1]. The ionization cross section o;
generally depends on the electron’s energy, the target atom’s ionization potential,
and the specific atomic or molecular structure. It tends to increase with increasing
electron energy and is typically higher for atoms with lower ionization potentials
[17]. 0; shows a minimum for small electron energies of a few eV (Ramsauer effect
[18]). The calculation of electron-impact ionization of atoms and molecules is fairly
difficult [19, 20] and experimental data of cross sections can be used to verify and/or
serve as a benchmark for the theoretical considerations [21].

Elastic scattering

Elastic collisions in a plasma involve interactions between particles, where there is
an exchange of momentum and energy, but no change in their internal energy states.
They can be electron-electron, ion-electron or ion-ion collisions. These collisions are
relevant in plasma dynamics and thermalization processes [22]. This is because ki-
netic energy is generally exchanged between particles, while the total kinetic energy
is conserved. If the kinetic energy is not conserved the collision is inelastic. Coulomb
forces dominate the interactions between charged particles during elastic collisions
in a plasma. Coulomb collisions are primarily relevant in fully ionized hot plasmas.

Charge exchange collisions

Charge exchange collisions occur when an ion captures an electron from a neutral
particle, resulting in the ionization of the neutral particle and the formation of an
energetic neutral atom. Charge transfer, electron exchange, electron transfer and
electron capture are often used synonymously when referring to charge exchange
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collisions. In typical radio frequency (rf) and direct current (dc) discharges, resonant
charge exchange is the dominant ion collision process, with a comparable cross sec-
tion to small-angle elastic scattering, but a much higher effect on ion momentum
[23].

The understanding of these collisions is essential when looking at etching rates,
surface modification, thin film deposition, plasma heating and damage in sputtering
discharges as well as ion implantation and ion penetration in technological plasmas
and plasma processing systems [23]. The various forms of plasma surface interactions
relevant to this work will be discussed in detail in section 2.5.
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Figure 2.2: Collision cross sections for ion-atom collisions after [23] and used in [24].

The charge exchange cross section o, is highly dependent on the energy of the im-
pacting ion. According to [23], the differential cross section 0,,,;(©, E;) of the dom-
inating elastic collisions can be idealized as the sum of the charge exchange cross
section 0.¢(0, E;) and an isotropic scattering cross section 0;(0,E;). O is the scat-
tering angle and E; the ion energy.

Figure 2.2 shows the angle-integrated cross sections o,,(E;) and o;(E;) as well as
the net cross section 0,,,;(, E;) = 0.(E;) + 0;(E;) [24]. For ion energies E; > 100 €V,
isotropic scattering becomes irrelevant. The charge exchange collisions of highly en-
ergetic ions with neutral gas atoms produce neutral atoms with high kinetic energy in
the direction of the scattering ion. These energetic neutrals can not be detected with
electrostatic diagnostics, but still play a vital role in the energy balance of the plasma-
surface interaction. This is especially true when looking at ion beam experiments as
will be discussed in more detail in chapter 7.
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2.5 Energy Balance at the Surface

In technological plasmas, which are used for thin film deposition, etching, surface
modification, plasma catalysis or material synthesis, the plasma-surface interaction,
or plasma-wall interaction, strongly influences the outcome of the processes [25, 26].
The surfaces themselves can be metals, dielectrics, polymers or even biological matter
[27]. The interactions involve very complex mechanisms, in which the plasma param-
eters influence the surface parameters and vice versa. When looking at the influence
of the plasma on the surface, generally, there are three types of interaction, namely,
chemical modification, physical modification and energy exchange (energy balance).
Chemical reactions induced by plasma processing on surfaces are used in surface
cleaning or activation. Physical modification of a surface involves implantation, sput-
tering and secondary electron emission. Third, the energy exchange between plasma
and surface, involving, of course, the aforementioned chemical and physical reac-
tions, as well as any other plasma-surface interaction, is described by the energy flux
of particles and radiation. Since all these processes are interconnected and, mostly,
happen simultaneously, it is very hard to give a comprehensive overview. For a much
more detailed description of possibilities and limitations in plasma processing of sur-
faces a small excerpt of literature is given in [27-30]. In the following, the focus is on
the key surface processes relevant to this work.
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Figure 2.3: Structure zone diagram showing the influence of temperature and energy
flux on thickness and structure of thin films formed by energetic deposi-
tion. Taken with permission from [31]
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When considering the energy exchange or transfer from a plasma to a surface, the
understanding of the individual contributions is crucial. It allows for tailoring of these
processes since small changes in the plasma parameters can lead to a whole new set
of characteristics of the processed materials. In the vastly diverse and ever-growing
field of thin film deposition, this is especially important.

Figure 2.3 shows the extended structure zone diagram (SZD) by A. Anders [31],
detailing the influence of energy flux and correlated substrate temperature on the
film structure and deposition rate.

The total energy flux J;,, towards a surface (or substrate) is the sum of different con-
tributions coming from the kinetic energy of the involved particles J,,,; impinging
on the surface, surface processes J,, s like adsorption, film formation or recombina-
tion, radiation J,,; from the plasma or the surface and loss processes J; ¢, like particle
emission and radiation [32]:

Jin = ]part +]surf + Jrad + Jioss (2.22)

Figure 2.4 shows the different interactions between the plasma bulk, species inside
the plasma and exposed surfaces leading to the energy balance at the plasma-surface
interface.

particle

bombardment VUV / heat ® 10N
® 208  reflection photons  Joss e electron
secondary
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_—
.\. \ adsorption /

recombination film formation

Figure 2.4: Particles, surface processes, radiation and loss processes involved in the
plasma-surface interaction.

In the following, the individual contributions to the total energy flux will be dis-
cussed.

2.5.1 Kinetic energy of particles

Particles impinging on a surface can transfer their kinetic energy to that surface,
either totally, by sticking to it, or partially, by reflecting on it. This can be electrons,
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ions and neutrals. Assuming that all particles stick to a surface and transfer all their
kinetic energy, the energy flux ], of these particles is

]part = I‘partE_kin (2.23)

with T4, = jpari/eo the particle flux density, jp,,; the particle current density and
E};, the mean kinetic energy of the particles.

Assuming a thermodynamic equilibrium and a collision frequency independent of
velocity, a Maxwellian electron energy distribution function (EEDF) can be used to
describe the energy flux of electrons J, as [32]:

kBTe je
2kpT, —&)2kpT, = — 2.24
e ZksTeexp(=8) 2kp T, = ¢ (224)

Je=n,

with j, the electron current density and & = (®),; — ©;)/(kpT,) describing the po-

tential difference between the plasma and the substrate in relation to the electron

temperature T,. Assuming a constant collisional cross section, electrons are better
described by a Druyvesteyn EEDF [33] leading to electron energy flux of:

kB Te
21tm,

J. =n, kpT,(—~Eexp(—0.25&) + (1.79 + 0.89&2)er £ (0.5&)) (2.25)

In the case of a mono-energetic electron beam the electron energy flux is:

kT,
Jo =1, 27_‘;; kgT,2m(1 - &)? (2.26)

As previously discussed the kinetic energy of positive ions is mainly determined by
the voltage drop across the sheath in front of the substrate @gj,. In process plasmas, the
ion energy and angular distributions arriving at a substrate are crucial in determining
ion anisotropy and etch rate [34]. In a discharge at high density and low pressure,
one can assume a collisionless sheath since the sheath thickness is much smaller than
the ion mean free path. Then the energy flux of ions simply is

Ji = jiPsn (2.27)

with j; = egnjvg = 0.61nyvy the ion current density with n; the ion density at
the sheath edge, 1, the ion density in the plasma bulk and vz the Bohm velocity.
However, at lower pressure collisions occur in the sheath and the ion flux density
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must be adjusted. For low pressure applications with pressure p < 10 Pa it is best
described by the Bohm flux and for p < 1 Pa, the Child-Langmuir law is applicable
[32]:

krT
M+ | 2= exp(—0.5) Bohm flux
i
ji= (2.28)
Z 4 €p €p q)jp{z . .
T e Child-Langmuir sheath
9ey\ m; dsh

So, depending on the plasma environment, the kinetic energy of ions will drasti-
cally be affected depending on pressure, driving power and many other factors. This
in turn affects the ion energy distribution function (IEDF). The IEDF will be discussed
in more detail in chapter 4.1.2.

In many technological plasma negative ions are produced, either by admixture of
electronegative gases or at a target surface in reactive magnetron sputter discharges.
Negative ions produced in the plasma bulk, tend to stay there since their low kinetic
energy and local attachment in the dense region to the positive plasma potential do
not allow for them to overcome the potential barrier of the sheath. On the other hand,
if they are produced at the target electrode or in the sheath in front of a highly neg-
atively biased electrode, they experience strong electric fields and gain high kinetic
energy. Although these negative ions can reach the substrate and usually have a small
current density, they can seriously alter or even damage surfaces or deposited films
[35].

As for the kinetic energy of neutrals, it is less complicated to describe a theoretical
model, since their flux density is independent of energetic fields and potentials. Their
contribution to the energy flux can also be described by their flux density I}, and mean
kinetic energy Ej;,,:

Ju = 1—‘nE_kin,n (2~29)

However, their detection by diagnostic probes proves to be more complicated, espe-
cially considering fast neutrals originating in charge exchange collisions or sputtered
atoms coming from a target. More to the experimental determination of the neutral
flux contribution to the overall energy flux will be discussed in chapter 6 and 7.
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2.5.2 Sputtering

Sputtering occurs when a highly energetic ion or neutral bombards the surface of a
solid material (metal, insulator or semiconductor) and, thereby, evaporates it releasing
single particles, molecules or even particle clusters. It is a long-known phenomenon
[36] that nowadays is used in plasma-based physical vapour deposition (PVD) for thin
film deposition or in the semiconductor industry where the evaporation of material
is used to etch complex structures and devices [37].

The process itself is very complicated since the bombardment with fast ions or neu-
trals can trigger a variety of processes. These include elastic and inelastic collisions
inside the material, the reflection of the impinging particles and the release of atoms,
ions and clusters or radiation coming from the surface and coming from excited par-
ticles [38]. The bombarded material is referred to as the target. The mechanism of
how particles are sputtered from a target (the momentum transfer) can be divided
into three categories depending on the energy of the bombarding particles E;,, and
the mass ratio between incident ions and target atoms [39]:

1. Single knock-on: target atoms gain sufficient energy from collisions to escape
the surface, but a collision cascade is not triggered (E;,, < 1 keV).

2. Linear cascade: energy transferred by collision to target atoms is sufficiently
high, so even more atoms can be displaced by collisions (E;,, up to 100 keV).

3. Spike regime: the density of displaced atoms gets so high that collisions be-
tween recoiled atoms start to dominate and most of the target atoms in the
spike region are in motion (E;, > 100 keV).
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Figure 2.5: Illustration of the different sputter mechanisms after [39]: (Left) single
knock-on, (Middle) linear cascade and (Right) spike regime.

The sputter yield Y denotes the relation of sputtered particles to incident particles.
In PVD processes the usual sputter yield is in the range of 0.1 and up to 2 [40, 41].
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The free software package SRIM (Stopping and Range of Ions in Matter) [42] provides
a useful tool to estimate sputter yields by simulation.

And although the kinetic energy of the incident particles is usually very high, most
of it is lost in the collision cascade and only a small fraction is deposited. Therefore,
the change in the energy balance at the surface of the target by sputtering is also very
small. A detailed depiction of the possible mechanism during sputtering is shown in
figure 2.5.

In PVD processes a substrate is placed in front of the target as a basis for i.e. thin
film growth. Sputtered neutrals coming from the target usually have a kinetic energy
of several 10 eV and sometimes up to 100 eV. This kinetic energy is then deposited
onto the surface as described in the previous section.

The experimental setup used in magnetron sputter PVD processes will be discussed
in more detail in chapter 3.4.

2.5.3 Secondary Electron Emission

When the surface of a metal or metal oxide is bombarded by energetic particles (elec-
trons and ions) or by photons with sufficient kinetic energy secondary electrons can
be emitted from the surface. This effect is called secondary electron emission (SEE).
It is a vital process in plasma generation since only a sufficient amount of secondary
electrons released from the cathode can account for the loss of primary electrons of
the plasma bulk at the anode and the surrounding walls. SEE also affects the potential
drop in the sheath, making it more positive with respect to the plasma potential [43].
This is important for the deposition process of thin films and also for Hall thrusters
and fusion devices.

Secondary electrons (SE) are produced by electron impact or ion impact. When a
primary electron (PE) is responsible for SEE there are two kinds of released electrons
in the so-called 6-process. The SEE coefficient 6 describes the SEE yield by electron
impact. It can be written as [44]:

0= Jn(x, Epe)p(x)dx (2.30)

where 11(x, E,.)d x is the average number of SEs produced at a certain depth x below
the surface dependent on the energy of the PE E,,.

The reflected SEs have roughly the same energy as the PE and, therefore, do not
significantly attribute to a change in the energy balance between plasma and surface.
True secondary electrons on the other hand usually have a thermal energy distribu-
tion function [45]. To actually be released from the surface, the SE has to overcome
the electron work function E, s which is dependent on the surface material. It is
the energy needed to raise an electron from the Fermi level, which is the maximum
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energy of the electrons in the conduction band (their electrochemical potential), to
the potential energy level in vacuum [46]. Table 2.2 lists the work function for a few
selected metals.

metal | Ey ¢ (eV)
Ni 4.9
Ti 4.46
Cu 4.26
Nb 4.27

Table 2.2: Electron work function E,, ¢ for selected metals, taken from [47].

Using equation 2.30 the energy lost by a PE per unit path length under the surface
is —dE,,/dx. Divided by E,, ¢ gives the number of SEs produced per incident PE and
unit path length.

In case SEE is triggered by impacting ions the SEE coefficient y;,, is used [1]:

Vsee & 0.016(E;o, — 2E,¢) (2.31)

with E;,,, being the ionization energy of the impacting ions. The release of SEs
from the surface takes away energy comprised of E,, ¢ and its kinetic energy Ej; s,

]see = rsee(wa + Ekin,see) (2-32)

The flux of secondary electrons Ij,, also is material dependent and governed by
the secondary electron emission coeflicient.

2.5.4 Surface processes

The different surface processes occurring, especially, in thin film deposition technolo-
gies, can either add to or subtract from the total energy flux onto a surface. When
thin films are formed on a substrate in PVD processes, the sputtered particles im-
pinging on the substrate bond to the surface. This bond either is weakly coupled by
van-der-Waals forces (physisorbed) or strongly coupled by ionic or covalent bonds
(chemisorbed) [48]. The adsorption of a target species on a substrate releases a maxi-
mum energy E,; ;.. depending on the kinetic energy Ej;,, i, of the impinging species
[48]:

4m;,mg

Eud max = Exin,in (15,122 (2.33)
m S
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This energy is added to the integral energy flux on top of the kinetic energy of the
sputtered particles:

Jsub = rspEad,max (2.34)

[, denotes the flux density of sputtered particles onto the surface that contributes
to the film formation.

The process of adsorption often is a two-step process, where an adsorbate first is
physisorbed to the surface. In this weakly coupled state, it still has high mobility and
diffuses on the surface. This is beneficial in film growth since it increases the chance
of it getting chemisorbed at a suitable site on the growing film surface. Chemisorption
is the formation of a chemical bond by the transfer of electrons between atoms.

Another contribution to the energy flux comes from ion-electron recombination
on the surface. Whether the surfaces (or chamber walls) are grounded, conductive or
floating, there will always be enough electrons for ions to recombine with. In order to
recombine the electron has to overcome the electron work function E,, ¢. If the pro-
cess is assumed to take place directly at the surface the energy flux by recombination
is:

Jrec = Li(Ejon — wa) (2.35)

with E;,, the ionization energy of the participating ion.

2.5.5 Radiation

The energy coming from radiation can have different sources. There is line radia-
tion by the plasma species themselves or heat radiation coming from hot surfaces
inside the processing chamber. In LTPs, the contribution of line radiation from ex-
cited species (ranging from infra-red (IR) to ultraviolet (UV) light) has a rather small
contribution, ranging from 5% — 10% in inductively coupled rf discharges [32] to
20% — 30% in cylindrical magnetron sputtering [49]. The heat radiation from a sur-
face onto a substrate can be estimated using the Boltzmann formula [32]:

]rad = O(erad Tr4(,1d - €S TS4)I (236)
with 0 = 5.67 - 1078W/(m?K*) the Stefan-Boltzmannn constant and the spectral

emissisivities €,,4, €5 and temperatures T,,4, T of the radiating surface and the sub-
strate, respectively.






3 Laboratory plasmas

In this chapter, the various plasma discharges used in this work will be presented.
First, a more general overview of plasma generation will be given. How the plasma
is generated in the experiments specifically will be discussed in the individual sec-
tions. Afterwards, the radio frequency capacitively coupled plasma (rf-ccp) chamber
is presented which was specially designed to embed different plasma diagnostics into
the grounded electrode. The diagnostics themselves will be discussed in chapter 4.
Next, the two ion beam setups are presented. There is a vertical and a horizontal
ion beam which both use an identical ion source where the plasma is generated with
microwaves in an electron cyclotron resonance (ECR) heating process. Last, the mag-
netron sputtering (MS) mechanism is explained in more detail and the various forms
from direct current (DC-MS) to rf-MS to high-power impulse magnetron sputtering
(HiPIMS) are introduced.

3.1 Plasma generation

In technological plasmas, a cathode and an anode are placed inside a vacuum cham-
ber. The anode either is an actual electrode of some form inside the chamber or the
grounded chamber walls serve as the anode. In order to generate a plasma, a power
source is needed such as a DC power supply. A working gas, for example, argon (Ar),
is introduced into the chamber. Free electrons are accelerated by the electrical field
generated with the power supply and gain enough kinetic energy Ey;, . to overcome
the ionization energy of the atoms Ej,, , and ionize the atoms of the working gas
upon collision (Eg;,, . > Ejyy,) [9]. The electron impact ionization produces ions and,
consequently, more electrons:

e +Ar — Art +2e” (3.1)

which in turn leads to an ionization avalanche that best be described by the Town-
send coefficient a [1]:

Vi

— 2t _ 71 3.2
v (3.2)
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Figure 3.1: lllustration after [9] of the ionization avalanche triggered by secondary
electron emission. The electron is released and accelerated away from
the cathode. This leads to electron impact ionization with a probability a
which in turn produces more electrons.

with v; the ionization frequency, v; the drift velocity of the electrons and A; the
mean free path of ionization. At the anode, electrons are lost due to recombination.
To maintain the avalanche ionization process depicted in Figure 3.1, enough electrons
must be produced at the cathode by ion impact emission (i.e. SEE). This is necessary
since not only electrons are lost to the walls, but ions as well.

As was discussed in the previous chapter, the yield of SEE by ion impact is described
by Vsee- In order to get a self-sustained discharge Townsend’s stationary law has to
be fulfilled [8]:

y(exp(ad)-1)=1 (3.3)

Here, d is the distance between the electrodes (see Figure...). In a self-sustained
discharge and with a growing discharge power supply the gas begins to glow and
a sharp drop in the voltage is reached (gas breakdown voltage V;;). The necessary
conditions to get a gas breakdown are described by the so-called Paschen law [1]:

Bpd
In(Apd) —In[In(1 + 1/¥e)]

Vg = (3.4)

It is dependent on the pressure p of the working gas, the distance d between the
electrodes and two gas-specific constants A and B. Figure 3.2 shows exemplarily the
Paschen curve for Ar, Xe, He and air. The constants A and B were taken from [1] for
Ar, Xe and He. For air the constants were taken from [50]. SEE yield was chosen as
Vsee = 0.1 for all gases.

After the gas breakdown, the so-called normal glow regime is reached. With in-
creasing power, the current density is evenly distributed over the cathode until the
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Figure 3.2: Paschen curve for Ar, Xe, He [1] and air [50] showing the dependence of
the breakdown voltage on the pressure-distance product.

ion bombardment covers the whole cathode and current density and voltage increase.
This is called the abnormal glow regime. These discharge conditions are used in
plasma processing, such as sputtering or etching. Further, an increase in power results
in the thermionic emission of electrons from the cathode resulting in a sharp volt-
age drop while maintaining high current densities. This is the arc discharge regime.

These conditions are used for example for cathodic arc deposition [51]. The different
regimes are illustrated in Figure 3.3.
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Figure 3.3: lllustration after [52] of the different discharge regimes of a DC plasma
depending on the current.
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3.2 RF discharges

Radio frequency (rf) discharges, sometimes called high frequency (hf) discharges, are
widely used in plasma etching and deposition processes. The limits of a normal DC
discharge with respect to the charge-up of insulating surfaces inside the chamber
can be overcome by powering the discharge through radio frequency excitation with
frequencies between 1 MHz and 100 MHz. Typical frequencies used are w,s = 13.56
MHz and its first and second harmonic (27.12 MHz and 40.68 MHz). Assuming a
mean particle density of 71,; ~ 101> m™ in an argon gas atmosphere (m; = 40 amu)
and using equation 2.6 the plasma frequencies of electrons and ions in a 13.56 MHz
discharge come to:

wpe ~ 16.6 GHz (3.5)
Wi ~ 1.8 MHz (3.6)

This means that only electrons can follow the alternating electric field while the
ions stay practically stationary. So electrons are accelerated sufficiently to induce
impact ionization of the working gas. The alternating electric field leads to an also
alternating electron cloud moving against the static ion background. This also has
an effect on the sheath in front of the electrodes. In the negative half-cycle of the
rf, the electrons are pushed away from the electrode leading to sheath expansion. In
the positive half cycle, the electrons are accelerated towards the electrode. This leads
to a collapse of the sheath in front of the electrodes and an indirect contact between
electrode and plasma [53].

There are two types of rf discharges, symmetric and asymmetric. In the symmetric
case, both electrodes are powered simultaneously. More widely used is the asymmet-
ric case. Here the rf power is supplied from a frequency generator to the cathode (or
powered electrode) via a matchbox and a capacitor.

As counterpart serves either an opposite grounded electrode or the grounded cham-
ber walls. The matchbox is a network of inductors and impedances used to adjust the
impedance of the frequency generator to the impedance of the vacuum chamber so
that no power is reflected in the generator. To galvanically isolate the powered elec-
trode a capacitance is added between the matchbox and electrode.

The following concentrates on the Plasma Interface Diagnostic EXperiment (PI-
DEX) chamber that was specially designed to embed different diagnostics (passive
thermal probe, retarding field energy analyser) into the grounded electrode of an
asymmetric rf-ccp discharge. In [54] a setup with the grounded electrode opposite the
powered one with adjustable spacing between them was developed that was placed
inside the chamber. The rf power was delivered to the powered electrode via an insu-
lated cable in the chamber. This led to the problem of plasma generation between the
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Figure 3.4: (Left) Schematic drawing of the experimental chamber and the driven and
grounded electrodes mounted in MACOR holders. (Right) CAD drawing
of the upper flange holding the grounded electrode in which diagnostics
can be embedded.

two electrodes and in the rest of the chamber since the cable could not be insulated
sufficiently and served as an antenna for the rf power. The setup design was changed
in a way that the power supply is better insulated and both the changeable distance
between the electrodes as well as the embedment of the diagnostics are still feasible.
The setup is shown in figure 3.4. The rf feedthrough is insulated inside a MACOR
tube and directly connected to the powered electrode. The grounded electrode is sus-
pended from the upper lid of the chamber. Here, the distance between the electrodes
can be changed and the various cables of the diagnostics can be led out through the
flanges in the upper lid.
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3.3 lon beam experiments

In chapter 6 and 7 measurements are presented of which some were done in two

different ion beam discharges. A Vertical Ion Beam EXperiment (VIBEX) and a Hor-

izontal Ion Beam EXperiment (HIBEX). Both of them use an identical ion source as

first presented in [55]. The only difference is the grid system used to propagate the

broad ion beam into the vacuum chamber. Figure 3.5 shows the cylinder in which

high-energy ions are generated.

An antenna emits microwaves into the

source chamber (P,, =~ 360 W and

steel Wy = 2.45 GHz). A superimposed

cgsing steady magnetic field provides a volume

where the electron cyclotron frequency

o w, . = egB/m, resonates with the excita-

tion frequency w, ¢ and a component of

gas the electric field is perpendicular to the

connector magnetic field. B is the magnetic field

strength and m, the electron mass. Here,

Figure 3.5: ECR ion source setup taken the electrons are accelerated and ionize

from [56]. the working gas. This process is called

electron cyclotron resonance (ECR) heat-

ing. The result is a low-pressure, almost collisionless plasma, that can be changed

from a weakly to a highly-ionized state by changing the working gas pressure and

microwave power [57]. This and the fact that no electrodes are needed to generate the

plasma makes it a steadily operating type of ion source that is often used in plasma
processing, such as etching and surface modification.

An anode ring (also seen in Figure 3.5) around the discharge is used to elevate the
ion potential energy. Voltages of up to V,;,, = 1200 V can be applied. The grid system
is made up of two molybdenum grids which are used to extract and accelerate the
ions from the ion source. The inner grid is floating and the outer grid usually has a
potential of Ugjqg = =300 V.

grid system

quartz cup I“”

antenna

permanent
magnets

—————

5cm

VIBEX

In the VIBEX experimental chamber, the ion source is located on the top. It is housed
in a cylinder with a diameter of 2r; = 25 cm and a height of #; = 20 cm. This in turn is
put on a slightly bigger cylinder (2r, = 30 cm and h, = 40 cm) with four openings of
which two are opposite each other, respectively. Here, the vacuum pumping system
and pressure measurements are installed on two of them, while the other two have
ISO KF-160 flanges to give access to diagnostic probes. The setup is schematically
drawn in figure 3.6 where, additionally, it is shown how different diagnostics can be
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Figure 3.6: Schematic drawing of the experimental chamber VIBEX with dimensions
and the placing of diagnostics in the beam.

placed in the ion beam and horizontally moved through the chamber.

HIBEX

The HIBEX chamber is a stainless steel cylinder with an inner diameter of d = 65 cm
and a length of I = 160 cm. The ion source is centered along the horizontal axis and
the ion beam travels along this axis approximately 140 cm until it reaches the beam
dump on the opposite end. Figure 3.7 shows schematically how the ion source and
diagnostics are located in the chamber.

ECR source vacuum chamber beam dump

/ 7

- diagnostics

65 cm

' 160 cm

Figure 3.7: The HIBEX chamber schematically shown as a top view, with the ion
source, ion bema and beam dump after [58]. Diagnostics can be inserted
from the side flanges or opposite the ion source.
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In contrast to the ion source used in VIBEX, the grid system has three spherically
curved molybdenum grids to extract, accelerate and focus the ion beam [58]. Other-
wise, the source is operated as described above.

3.4 Magnetron sputtering

A series of different sputter devices are examined in this thesis. The individual setup
is detailed in the respective publication. Now, the general technique of sputtering
from a target with the help of magnetrons will be discussed.

The use of magnetrons to deposit thin films onto a substrate goes as far back as
the 1960s [59]. It uses a combination of magnetic and electrical fields to confine the
plasma in front of the target similarly as described in the previous section. Ions from
the plasma are accelerated toward the target leading to the sputtering of target atoms,
molecules or clusters. These sputtered particles travel across the chamber onto the
substrate where they are deposited. Figure 3.8 shows the typical arrangement of mag-
nets, target, cathode and anode in a circular planar configuration, as well as the sub-
strate.

On the left, the magnetic field is closed above the cathode. This is referred to as
a balanced magnetron [60]. The electric field lines point vertically from the cathode.
In the region where the electric (E ) and magnetic (§) fields are perpendicular to each
other most ionization takes place. Here, the electrons are trapped due to the Lorentz
force

= - -

FL = eo(E + 17XB) (37)

leading to higher ionization rates in that region. ¥'is the velocity of the electrons. In
this torus-shaped region, the plasma density is especially high which leads to a more
pronounced glow and also extensive sputtering beneath it. The so-called race track
is formed. This actually is a disadvantage of the planar configuration, since it leads
to non-uniform sputtering of the target. This target abrasion can force the user to
frequently change the targets which, especially, in the industry process can become
very costly and does not guarantee reproducibility. Furthermore, the confinement of
the plasma in front of the target limits the possibility of charged particles reaching the
substrate which is wanted for the formation of dense coatings or to improve adhesion
[31]. An example of the effect of the race track on film properties is publication 1 in
chapter 5. For that purpose, the configuration of the magnetic field can be altered as
is shown in the middle and on the right in figure 3.8.

This configuration is unbalanced since the magnetic field is not closed above the
target. Some electrons can escape the confinement and plasma can be created away
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cathode ground center magnet }agnet ring

substrate

substrate holder / anode

Figure 3.8: Schematic drawing of a typical magnetron configuration including an-
ode and cathode, target, substrate, substrate holder and the magnetic field
lines. (Left) balanced configuration, (Middle) unbalanced type 1, (Right)
unbalanced type 2.

from the target. This ultimately leads to better transport of charged particles towards
the substrate. The formation of the race track, however, remains. There is a dis-
tinction between type 1 unbalanced and type 2 unbalanced configurations. Type 1:
magnetic field lines originate from the centre magnet and the field is not closed. Type
2: magnetic field lines originate from the magnet ring and, also, the field is not closed
with the centre magnet.

The electric field E can either be created by a direct current (referred to as dcMS) or
a radio frequency (rfMS) power supply. Planar dcMS sources are generally operated
in a low-pressure range of 0.2 —4 Pa with a cathode voltage of 300 —700 V. At these
low pressures backward diffusion of the target atoms is reduced which increases the
deposition rate [60]. The ionization rate of the sputtered target atoms is very low
(2% — 3%) and the secondary electrons emitted from the target by the impinging
working gas ions are trapped by the dense plasma in front of the cathode. This means
that substrate heating is relatively low under these conditions which makes them ideal
for working with heat-sensitive substrates.

With an rfMS setup, the ionization rate of the sputtered target atoms can be in-
creased. Furthermore, it is possible to sputter from insulating target materials. How-
ever, the deposition rate for dielectric films is generally very low [60].

In many reactive PVD processes where the admixture of reactive gas (nitrogen or
oxygen) to the inert working gas is used to deposit dielectric or insulating films and
also semiconductors [61]. With conventional planar magnetrons this leads to target
poisoning and arc development and instabilities in the process [62]. Especially the
formation of an insulating layer on top of the target surface leads to forming a pos-
itive charge and, consequently, lowering the sputter yield. To address this issue, the
pulsed magnetron sputter deposition was developed. There is the bipolar pulsed op-



Chapter 3. Laboratory plasmas 32

erating mode, symmetric and asymmetric. The target voltage is alternated between
negative and positive with square waveforms. In the asymmetric case, the negative
voltage pulse is higher than the positive and applied for more extended periods. The
positive pulse amplitude and its length roughly are 10% — 20% of the negative am-
plitude and length [63]. During the negative pulse sputtering takes place. The short
application of the positive pulse cleans the insulating target surface by neutralizing
its net positive charge and even charging it negatively. So when the pulse is reversed
again, sputtering ions can reach the surface better and remove the compound fraction
of the target surface.

For high power densities and high ion current to the target high power impulse
magnetron sputtering was developed (HiPIMS) [64]. Unipolar high-power pulses
with short duty cycles (< 10%) are applied with a low frequency (around 500 Hz)
and short pulse lengths (50 — 200 us) [65]. This leads to a very high ionization de-
gree (up to 90%) while not heating up the target too much. Peak powers of up to
a few MW/pulse and average powers of = 20 kW can be achieved [66]. The energy
flux density to the target reaches 1 —3kW/cm? compared to the 1 —10W/cm? in the
conventional dcMS.



4 Plasma diagnostics

A combination of experimental diagnostic techniques is employed to accurately char-
acterize the plasma parameters and the energy fluxes at a substrate surface. Langmuir
probes are versatile tools for measuring plasma properties, including electron tem-
perature T,, plasma potential @), and electron energy distribution. Retarding field
analysers allow for the measurement of the ion energy distribution (IED) and ion flux
onto the substrate surface. Thermal probes, such as the passive thermal probe, pro-
vide the integral energy flux density towards a surface exposed to a plasma source.

By utilizing these diagnostic techniques, researchers can comprehensively under-
stand the energy balance in the plasma and at the substrate surface. This knowledge is
vital for optimizing plasma processes in various technological applications, enabling
better control over surface interactions, material modification, and overall plasma
performance.

The following chapter is divided into three parts considering all diagnostic tech-
niques used in this work. First, the two electrical probes, the Langmuir probe (LP) and
the retarding field energy analyser (RFEA) are presented. Then the passive thermal
probe (PTP) is discussed, followed by the surface diagnostics utilized in the mag-
netron sputtering experiments in chapter 5 done at the Faculty of Engineering of Kiel
University.

4.1 Electrical probes

The different kinds of electrical probes for plasma diagnostics are amongst the old-
est used probe techniques. From Langmuir probes to Hairpin probes to electric and
magnetic field probes to retarding field energy analysers they enable the determina-
tion of plasma parameters and the energy spectrum of charge carriers or electric and
magnetic field strengths and directions. The long-lasting use of these kinds of probes
can be attributed to their simplicity in terms of design and implementation and their
cost-effectiveness compared to other sophisticated diagnostic techniques. They can
be easily incorporated into experimental setups, allowing real-time measurements
and providing valuable feedback for plasma control and optimization. Additionally,
the extensive historical use of these probes has led to a wealth of knowledge and
understanding of their limitations and calibration procedures, making them highly
reliable and well-established tools in the field of plasma physics.

33
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4.1.1 The Langmuir probe

Its simplicity in setup and measurement technique makes the Langmuir probe one
of the most used tools in plasma diagnostics. It was first introduced in 1926 by H.M.
Mott-Smith and I. Langmuir [67]. A metallic wire or small platelet is introduced into
the plasma. This disturbance leads to the formation of a sheath around the probe
as described in section 2.3. By biasing the probe with a voltage V, the flux of charge
carriers to the probe can be influenced. A voltage sweep is applied and measuring the
resulting current yields the typical I-V characteristic which can be used to determine
the plasma and floating potentials, ®,; and @y, the electron and ion density 1,
and their respective temperatures T, ;. Furthermore, the ion flux and electron energy
distribution function (EEDF) can be determined.

The probe itself can have different geometries. The cylindrical and the planar probe
are the most common and used in this work. Spherical probe geometries are not used
as frequently. A typical I-V characteristic is shown in figure 4.1 for a cylindrical probe
(length: 6 mm, diameter: 100 ym). It is taken from measurements inside an rf plasma
operated at 3 Pa argon pressure and 100 W power. Floating potential ®; and plasma
potential @, are also indicated. Furthermore, the theoretical current-voltage course
for a planar, cylindrical and spherical probe is displayed on the right.
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Figure 4.1: (Left) Example of a typical I-V measurement with a cylindrical probe in an
rf plasma (Ar, 3 Pa, 100 W). Floating and plasma potential are indicated.
(Right) Theoretical I-V course for a planar (p), cylindrical (c) and spherical

probe (s) [9].
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As indicated by the red shading in figure 4.1, the I-V characteristic can be divided
into three parts:

1. Ion saturation regime: For high negative voltages, the electrons are re-
pelled from the probe and only ions can reach it. The measured current is the
ion saturation current I; ;;;. In theory, this is constant for even higher nega-
tive potentials. However, with higher negative potentials, the sheath expands,
making it possible for more ions to be collected.

2. Electron retardation regime: With more and more positive potential elec-
trons start to reach the probe. The point where the net current to the probe is
I, = 0 A is the floating potential ;. The electron current rises exponentially
until it reaches an inflexion point. The probe has the plasma potential ;.

3. Electron saturation regime: The high positive potential of the probe only
allows for electrons to reach it. The measured current at the plasma potential
is the electron saturation current I, ;.

To be able to determine the plasma parameters mentioned above from the I-V char-
acteristic, a model is needed to describe the measured current depending on the ap-
plied voltage. For this, an ideal gas is assumed with its particles having a Maxwellian
distribution of their velocities.

If the probe potential @, is highly negative with respect to the plasma potential,
only ions with Bohm velocity vg (equation 2.12) can reach it. The ion saturation
current is given by [1]:

kB Te
m;

Li sar = nj speovpA, = 0.61n;e04, (4.1)

A, is the probe surface. ;g is the ion density at the sheath edge and 7; the ion
density in the unperturbed plasma. This gives a relation with which the ion density
can be calculated if electron temperature T, and I; ;,; are known. In contrast to the
ions which reach the surface with the same directional velocity, electrons can only
reach the surface if their kinetic energy is sufficient to overcome the potential barrier
of the applied voltage, E;, . = —¢oV),. The direction in which electrons reach the

surface is put as z-direction. So it applies:

1
Egine = Emevf > —¢oV, (4.2)

With this, the minimal velocity v,,;,, of the electrons reaching the surface is:
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280 Vp
Vinin = |~ " (4-3)
e

with m, the electron mass. Using equation 2.8 and substituting the sphere sur-
face (4mv?) with the probe surface Ay, the electron current depending on the probe
potential [,(V}) can be calculated:

L(Vy) = -enety [ v.f @ (44)

1 8kgT, eoVp
=——n,A 4.5

If the probe potential is related to the plasma potential, V, = ®,; —®,, the electron
saturation current is described as:

1 8kyT,

Iesar = 1,(0) = _zneAp (4.6)

TTMm,

For a planar probe, this current is theoretically constant for probe voltages higher
than the plasma potential. However, if the probe is just a cylindrical wire immersed in
the plasma, more and more electrons will be diverted towards the surface with rising
probe voltage. This leads to a rising current which can be described using the orbital
motion limit introduced by J. E. Allen [68]. It gives a relation between the probe radius
r, and the effective radius h,:

h eV,
A [ (4.7)
Tp kBTe

hy, is the effective radius of the sectional plane within which an electron will reach
the surface of the probe. Multiplying equation 4.7 with the electron saturation current
yields the electron current beyond the plasma potential:

€p Vp

Ie(vp 2 CI)pl) = Ie,sat 1+ kpT,

(4.8)

Using these considerations, the electron and ion density, floating and plasma po-
tential and electron temperature can be obtained using the I-V characteristic shown
in figure 4.1.



37 4.1. Electrical probes

The floating potential and the ion and electron saturation currents can be observed
directly. The plasma potential is at the inflexion point of the exponentially rising
electron current. Therefore, it is found at the maximum of the first derivative of the
current. And using the exponential rise of the current in the electron retardation
regime, the electron temperature can be calculated using a linear fit to the slope m of
the logarithmic plot of the current. This is clear by taking the logarithm of equation
4.5:

|Ie| Iesatl €p
In|[—]=1 - \% 4.9
n(Ap N4, | T, (49)

With the electron temperature T, and the ion saturation current, the electron and
ion densities (assuming that 1, = n;) can be calculated using equation 4.1.

When the LP is operated in an rf plasma, the rf voltage will superimpose on the
measured current. The plasma potential fluctuates with the frequency of the rf am-
plitude and the floating potential will be shifted by roughly the amplitude to a more
negative value. In this work, this is compensated using a passive pick-up electrode. It
consists of an additional wire connected to a series of four parallel resonant circuits.
Each circuit consists of an inductor (2.2 pH) and a changeable capacitor (5.5 —20 pF).
The first two circuits are used to compensate for the fundamental wave of the rf volt-
age (13.56 MHz) and the other two for the first harmonic (27.12 MHz). This enables
the pick-up electrode to resonate with the rf. The probe wire and pick-up electrode
are additionally coupled by a capacitance of 10 pF to avoid current flow from the
probe to the pick-up electrode.

4.1.2 The retarding field energy analyser

The principle of the retarding field energy analyser (RFEA) is relatively simple. The
energy distribution of charged species is obtained by extracting them from the plasma
and measuring the resulting current after they passed a retarding field (potential bar-
rier). First and foremost it is used to measure the ion energy distribution (IED). A
multigrid system of three (or sometimes four) grids plus a collector is used to dis-
criminate ion flux depending on the applied voltage sweep. This is schematically
shown in figure 4.2.

The orifice faces the plasma and allows a sample of the ions arriving through the
sheath into the RFEA for analysis. The entrance grid G1 (screen grid) has a sufficiently
high negative bias to prevent plasma electrons (and also negative ions if present)
to enter the RFEA. A positive voltage sweep Us,, is applied to the discriminator
grid G2 (scan grid). Here only ions with enough kinetic energy can overcome the
potential barrier formed by the applied voltage @scq, = g(Uscan — Ppr) [69]. The ion
flux passing the scan grid is measured at the collector plate C. It has a small negative
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Figure 4.2: (Top) Schematic drawing of the grid constellation of a typical RFEA system
with possible paths of ions (i) and electrons (e) and secondary electrons (se)
emitted from the collector. (Bottom) Respective biasing scheme applied to
the individual grids.

bias to draw ions towards it but not accelerate them too much to cause secondary
electron emission. Still, upon impact, the ions can have sufficient energy to cause
secondary electron emission from the collector [70]. The SEs are diverted back to the
collector by grid G3 (SE repeller) in order not to distort the measured current. It also
ensures that no SEs coming from the scan or screen grid are detected by the collector.
The SE repeller, therefore, has to be more negatively biased than the collector and
at least as negative as the screen grid. Sometimes it is advisable to use a grounded
fourth grid GO in front of the screen grid. It can be used to reduce the sampling area
open to the plasma and minimize the disturbance to the sheath electric field.

The IED can be obtained by differentiating the collector current measured in depen-
dence of the scan grid voltage [71]. Figure 4.3 shows exemplarily the current-voltage
characteristic and the resulting IED obtained by differentiating the current. For low
scan grid voltage, all ions can pass to the collector. With rising scan grid voltage the
ions are repelled until the current goes to zero. The first derivative of the current
yields the IED.

With appropriate bias of the grids, it is also possible to examine negatively charged
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Figure 4.3: Exemplary measurement of the I-V characteristic and its derivative yield-
ing the ion energy distribution (IED).

species. By repelling the ions with a positive screen grid voltage and applying a neg-
ative voltage sweep at the scan grid, electron energy distribution can be obtained. In
plasmas generated with electronegative gases, one would get electrons and negative
ions. To separate the electrons from the ions, a magnetic field in front of the orifice
can be used to deflect the electrons and hinder them from entering the RFEA [72].

Chapters 6 and 7 will go into more detail regarding the design of the probe itself,
the electronics and software used for the measurements and the software used to
evaluate the data. In these chapters, the combination of the RFEA with a passive
thermal probe is also presented.

4.2 Thermal probes

Thermal or calorimetric probes are used for the characterization of the energy bal-
ance of surfaces. There are heat flux probes used mostly in astrophysics [73, 74] and
nuclear fusion devices [75, 76] and thin-film calorimeters that consist of a highly sen-
sitive piezoelectric resonator with a good thermal conductivity that exhibits a change
in electrical resistance or temperature in response to energy deposition. It detects
phase transformation temperatures and enthalpies of thin films [77, 78]. At the same
time, they can serve as substrates for a thin film to be examined. Another example is
Gardon sensors [79] which uses the temperature change of a membrane exposed to a
heat source and deduces the total energy flux towards it [80].
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The principle of the passive thermal probe as it is used in this work was first intro-
duced as a plasma diagnostic by Thornton in 1978 [49]. It utilizes a substrate surface
that is exposed to an energy source (plasma). Attached to it is a thermocouple that de-
tects a temperature change in the substrate in relation to the net power coming from
the plasma. With this, a total energy flux towards the substrate can be determined.

The passive thermal probe

The passive thermal probe (PTP) as it was developed by Kersten [81] and later refined
in the workgroup Plasmatechonogie [82] has been proven a versatile tool in a great
variety of different plasma environments and applications. From rf plasmas [83] to
ion beam sources [24], dcMS experiments and HiPIMS [84] to atmospheric plasma jets
[85] and surface dielectric barrier discharges (DBD) [86] and even a gas aggregation
source [87] it allows for a broad understanding of the energy balance at surfaces
exposed to all kinds of different energy sources and species. The ability to bias the
probe with an external voltage also allows for the distinction between charge carriers
and their respective energy flux as well as the detection of SEE as was done in a plasma
immersion ion implantation (PIII) experiment [88]. Most recently an atmospheric
pressure DC microplasma discharge has been developed for in-situ TEM diagnostics
where two PTPs are used as anode and cathode, respectively, to measure the power
transferred to the electrodes [89, 90].

The measurement principle, as well as the design, electronics and software utilized
with this plasma diagnostic, has been covered in many peer-reviewed articles, in-
cluding the four publications pertaining to this work, and also PhD theses from our
working group [91]. For a comprehensive description of the mathematical model as
well as the design, measurement principle, calibration of the probe and evaluation of
the acquired data the reader is referred to the PhD theses by F. Haase and S. Gauter
[92, 93].

Because of the wide coverage of this probe, the description of it will not go into
too much detail regarding the underlying mathematical model and evaluation meth-
ods. Especially, since the measurement and evaluation principle is described in the
following chapters within the publications. However, to give the reader a basic un-
derstanding of how it works, prior to presenting the results of different studies, the
following elaborations are made.

A type K thermocouple is spot welded to the back of a substrate dummy which usu-
ally is a copper platelet with an 11 mm diameter and a 100um thickness, depending
on the operating conditions. Additionally, a shielded copper wire is also spot welded
in order to bias the probe. This is necessary for calibration and sometimes useful for
measurements as charged species can be kept away from the probe. The ability to
bias the probe also opens up new opportunities in its usage. It can be used as a planar
Langmuir probe (as done in publication 1). Later it will be shown in chapter 6 and
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7 that it can be used as the collector in an RFEA system opening up a whole new
understanding of the energy balance of species in different plasma environments.

The substrate platelet, thermocouple and bias wire are housed in a stainless steel
container with the front of the substrate facing the plasma. The setup is shown
schematically in figure 4.4. If the power source is switched on, i.e. the plasma ig-
nited, all the particles, radiation and surface processes discussed in chapter 2 will
lead to a change in enthalpy H of the PTP. Enthalpy is a measure of the total amount
of energy or heat stored in a thermodynamic system. By adding more power P,, to
the probe than subtracting from it (P,,;), its temperature rises. The temperature rises
as an integral energy flux of mostly particles (depending on the examined plasma
environment) arrives at the probe. This is called the heating phase.
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Figure 4.4: (Left) Schematic drawing of the PTP showing substrate, thermo couple and
bias wire and the stainless steel housing which can be mounted orthogo-
nally or perpendicularly. (Right) Example of a typical temperature course
during measurements. The heating kink and cooling kink mark the time
of 'plasma on’ and 'plasma off’, respectively.

The energy flux can be separated in contributions by the kinetic energies of the par-
ticles, line radiation and surface processes like absorption or particle emission which
can change instantly when the plasma is turned off or its parameters are changed.
Furthermore, heat conduction and heat radiation contribute to the energy flux but in
a more continuous fashion, as they are more dependent on the temperature of the
probe itself rather than time. This will be beneficial when evaluating the temperature
course which is shown on the right in figure 4.4.

When the power source is switched off, the probe cools down. Hence, this is called
the cooling phase. The change in temperature over time, given that the power source
is constant, is dependent on the energy flux density coming towards the probe as well
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as the heat capacity of the probe. The heat capacity of the probe is calibrated in an
electron beam experiment especially designed for this purpose. A detailed description
of it is given in [82]. By evaluating the temperature course the integral energy flux
density can be determined. The evaluation can be done by looking at the two phases
separately.

The onset of the plasma exposure marks a sharp, exponential rise in temperature.
This is called the heating kink. When the plasma is switched off or the probe is moved
away from the power source, a sharp drop in temperature occurs. This is the cooling
kink. With these distinct points in the temperature course, it can be separated easily
as is shown in figure 4.4.

There are mainly two ways to evaluate such a temperature course. Either one
looks at short time periods around the two kinks and uses a linear fit to determine
the temperature changes in the two phases. This allows for the examination of short
time periods but needs a sufficient sample rate and good signal-to-noise ratio when
acquiring the data. Another way is to plot the change in temperature dT over the
temperature. The heating and cooling phases are now represented linearly and the
energy flux density can be calculated directly by their distance. This method does not
require such high sample rates since the evaluation regime is fairly long but therefore
needs a stable environment without any changes in i.e. the plasma parameters.

4.3 Surface diagnostics

The following gives a brief overview of the surface diagnostics involved in the mea-
surements discussed in chapter 5. Here, these diagnostics enable an ex-situ determi-
nation of the morphology, structure or surface roughness of deposited thin films and
the effect of the changing of external (e.g. pressure or power) and (subsequent) inter-
nal plasma parameters (e.g. species temperature or plasma potential) had on them.
Thus, providing a valuable addition to the plasma diagnostics in the determination of
the outcome of plasma-surface interactions.

4.3.1 Electron microscopy

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
are popular material characterization techniques used both in industry and research.

Both SEM and TEM use a collimated electron beam accelerated by high voltages
and focused via a series of electromagnetic lenses that either scan (SEM) or travel
through (TEM) the examined sample.

TEM works in a way similar to conventional light microscopy. After the electron
beam is transmitted through the sample it is focused onto a fluorescent screen. A lim-
itation of TEM is the fact that the electrons have to travel through the sample which
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only allows for very thin samples (< 100 nm) and makes it impossible to examine
structures on solid surfaces. Sample preparation can be very difficult and strongly
affects the outcome of the image.

With SEM an electron beam is scanned across the surface of the sample. Depending
on its topography and local composition the number of backscattered electrons and/or
secondary electrons generated by the beam emerging from the surface changes. They
are collected by an electron collector and an image is produced depending on the loca-
tion of the beam. It can be used on most surfaces but typically has a lower resolution
(> 1 nm) than TEM.

SEM and TEM offer complementary capabilities for plasma diagnostics and mate-
rials characterization. They enable researchers to observe plasma-affected materials
at different length scales, from the micrometer range in SEM to the sub-nanometer
range in TEM. By combining these techniques with other plasma diagnostics, such as
spectroscopy or surface analysis, a comprehensive understanding of plasma-material
interactions, plasma-induced processes and material properties can be achieved. For a
more detailed description of the principle, usage and limitations the reader is referred
to standard textbooks such as [94-96].

4.3.2 X-ray diffraction

High-energy X-Ray tubes or synchrotron radiation are used to investigate the diffrac-
tion pattern produced by the scattering of the X-rays from the crystal lattice of a
sample. The electric field of the incoming X-Ray beam interacts with the electrons of
the crystal atoms what leads to scattering The diffraction pattern allows conclusions
about the arrangement of atoms and molecules in the lattice regarding their posi-
tions and distances. Other structural parameters like average grain size, crystallinity,
strain and crystal defects can also be characterized. The diffraction relies on Bragg’s
law which describes the relationship between the angle of incidence, the angle of
diffraction and the spacing of crystal planes [97]. The diffraction pattern is formed
by constructive and destructive interference of the X-Rays with the sample under a
specific angle ®. Constructive interference (Bragg reflection) takes place when the
phase delay between waves scattered from neighbouring planes is an integer multiple
n of the wavelength A: nA = 2d sin®. d is the distance between two neighbouring
lattice planes in the crystal. This is appears as a peak in the diffraction pattern. By
destructive interference

4.3.3 Atomic force microscopy

Atomic force microscopy (AFM) can be used on both conducting and insulating ma-
terials. It uses a sharp metal tip at the end of a cantilever to mechanically scan a
sample. The tip is dragged across the surface and an atomic force F between the tip



Chapter 4. Plasma diagnostics 44

and surface deflects the cantilever by Az: F = CAz. These forces include Coulomb
and van-der-Waals forces and quantum-mechanical repulsion on the basis of the Pauli
exclusion principle. Depending on the force constant C of the cantilever the deflec-
tion is detected, often by using the back of the cantilever as a reflector for a laser beam
[46]. The reflection of the laser is imaged with a photodiode array. Another way is
using force sensors like utilizing a scanning tunnelling microscope tip, an interferom-
eter or a piezoelectric element embedded in the tip [98]. However, the optical lever
became the most widely used design in today’s AFMs because of its high sensitivity
to very small movements and cheap and easy build.

Piezoelectric components control the movement of the probe tip. There are also
setups where the probe is fixed and the sample is moved beneath it. The piezoelectric
components are arranged in a complex manner allowing for a displacement in the
x,v and z directions. One way to operate an AFM is to drag the tip across the surface
and detect its deflection. This gives an image of the topography of the surface but
can also damage it. Another way is the non-contact or intermittent-contact mode
where long-ranging forces like van-der-Waals are detected and the tip either hovers
above the sample or oscillates with a specific frequency near the resonant frequency
of the cantilever. The forces between the tip and sample shift that resonant frequency
which in turn is detected and used to create an image [46].

4.3.4 Focused ion beam imaging

The focused ion beam (FIB) setup is similar to the SEM. Instead of electrons, an ion
beam is used to generate a surface image. It can be operated in two ways. With a low
beam current, the primary ions lead to very little emission of particles (atoms, ions
and electrons) and electromagnetic radiation. These are detected to generate a sur-
face image. The low sputter rate reduces the risk of excessive material removal and
beam-induced damage. It is suitable for imaging delicate or sensitive samples, such
as biological specimens, soft materials or grain growth in thin films [99]. With high
beam currents, sample material can be sputtered and removed faster which makes it
useful for milling, shaping and material deposition. High currents are advantageous
for applications such as sample preparation for transmission electron microscopy
(TEM), creating cross-sections, or fabricating microstructures on a sample surface.
Most modern FIB instruments are supplemented with an additional SEM column to
become a versatile "dual-beam" setup used for imaging, material removal and depo-
sition [100].



5 Experiments in magnetron
sputtering discharges

In collaboration with the Faculty of Engineering, three measurement campaigns were
conducted comprising different magnetron sputter discharges used for thin film de-
position of complex film structures, requirements and geometrical setups. The fol-
lowing chapter is divided into three parts by the publications that came out of these
studies. In all three studies, a PTP was used to measure the energy flux density to
the substrates in different geometrical setups and discharge conditions. The mea-
surements once more show the versatility and flexibility of the probe, especially in
connection with surface diagnostics revealing the correlation between morphologi-
cal, topographical and structural variances and the energy balance at the substrate.
In publication 1 the PTP was also used as a planar Langmuir probe yielding addi-
tional information about the plasma parameters and their spatial distribution across
the target area and their influence on the thin film deposition.

Publications 1 and 2 pertain to very specific applications in the field of functional
thin film deposition. In the first one, the switching mechanism of the metal oxide
layer in a memristive device is studied in dependence of the location on the 100 mm
Si wafer the films are deposited on and the plasma parameters during reactive DC
magnetron sputtering. In the second publication, superconducting thin niobium ni-
tride (NbN) films are studied by systematic power, pressure and distance variation.
The superconducting properties of the films are correlated to these variations and the
change in plasma parameters and energy balance they bring with them. Publication
3 is a more general study of the spatially resolved energy flux density coming from a
tilted DC magnetron sputtering device where 4 targets are located rotationally sym-
metrical and with a fixed angle of 45° above a circular, rotating substrate with a 200
mm diameter. The film properties of copper (Cu) and nickel-titanium (NiTi) thin films
deposited across the substrate area can directly be correlated to the respective energy
flux density and resulting deposition rate.
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5.1 Double-barrier memristive devices

Publication 1

Correlations between sputter deposition parameters and I-V characteristics
in double-barrier memristive devices

Authors: F. Zahari, F. Schlichting, J. Strobel, S. Dirkmann, J.
Cipo, S. Gauter, J. Trieschmann, R. Marquardt, G.
Haberfehlner, G. Kothleitner, L. Kienle, T. Mussen-
brock, M. Ziegler, H. Kersten, H. Kohlstedt

Journal: Journal of Vaccum Science and Technology B [101]

Technique: Electrical diagnostic and energy flux measurements,
scanning transmission electron microscopy, simula-
tions

Own contribution: approximately 25%

Experimental Setup:

Reactive DC magnetron sputtering was used to deposit the NbO, thin film. An Ar/O,
working gas mixture with 7 sccm Ar and 23 sccm O, gas flow was used at a total
pressure of 1.21x10~2 mbar. The Nb target was operated in poisoned mode with an
unbalanced magnetic field configuration and the discharge power was regulated to
100 W. The PTP was radially moved across the target area in steps of 10 mm and the
probe-to-target distance was 60 and 80 mm.
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Motivation:

This work aimed to unravel the difference in the electrical behaviour of multiple
(5336) double-barrier memristive devices produced on 100 mm Si wafers and struc-
tured within an area of 40 mm radius. These are multilayered devices with the layer
sequence Nb/Al/AL,03/NbO,/Au where the niobium oxide acts as the active layer.
Here, charge defects and the oxygen ions allow for switching between a high and low
resistance state depending on the externally applied electric field (sweep between a
positive and negative bias). The analog resistive switching mechanism was not uni-
form across the substrate area with a significant difference in the I-V characteristics
of the devices. The desired rectifying property and hysteresis are only present within
a 25 mm radius from the center of the wafer. Outside of that the devices show no
hysteresis in the I-V characteristic and have a constant resistivity regardless of the
applied voltage.

Main Results:

Within the inner area (25 mm radius) the floating potential resembles the resistivity
pattern for positive bias. Especially the measurements in 60 mm distance can well
be correlated to the electrical behaviour of the devices. The electron temperature
and plasma potential increase within this area reaching a maximum at the position
of the race track of the target. This increase can be correlated to the broadening of
the hysteresis but does not explain it on its own because in the maximum (race track,
30 mm position) the devices have high resistance and no memristive behaviour. The
measured energy flux density has a Gaussian-like shape around the center of the tar-
get and seems mainly governed by the flux of positive ions. The energy flux drops
significantly towards the egde of the target. Since it plays a crucial role for film prop-
erties like stochiometry, morphology and film density, it is believed to superimpose
with the other plasma parameters in order to form the desired properties of the NbO,
layer.

Additionally, scanning TEM electron energy-loss spectrometry investigations were
conducted showing strong differences in the chemical structure for samples from the
center and under the race track. The oxidation state is much higher in the center
of the target where there is high energy flux density, floating potential and electron
temperature. The oxidation state is believed to be essential for the switching mecha-
nism. Kinetic Monte Carlo Simulations show the dependence of the I-V hysteresis on
the oxidation state as well as the defect concentration within the NbO,, layer.
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Sputter deposition is one of the most important techniques for the fabrication of memristive
devices. It allows us to adjust the concentration of defects within the fabricated metal-oxide thin
film layers. The defect concentration is important for those memristive devices whose resistance
changes during device operation due to the drift of ions within the active layer while an electric
field is applied. Reversible change of the resistance is an important property for devices used in
neuromorphic circuits to emulate synaptic behavior. These novel bioinspired hardware architectures
are ascertained in terms of advantageous features such as lower power dissipation and improved
cognitive capabilities compared to state-of-the-art digital electronics. Thus, memristive devices are
intensively studied with regard to neuromorphic analog systems. Double-barrier memristive devices
with the layer sequence Nb/Al/Al,O3/NbO,/Au are promising candidates to emulate analog synaptic
behavior in hardware. Here, the niobium oxide acts as the active layer, in which charged defects
can drift due to an applied electric field causing analog resistive switching. In this publication,
crucial parameters of the process plasma for thin film deposition, such as floating potential, electron
temperature, and the energy flux to the substrate, are correlated with the /-V characteristics of the
individual memristive devices. The results from plasma diagnostics are combined with microscopic
and simulation methods. Strong differences in the oxidation state of the niobium oxide layers were
found by transmission electron microscopy. Furthermore, kinetic Monte Carlo simulations indicate
the impact of the defect concentration within the NbOy layer on the /-V hysteresis. The findings
may enable a new pathway for the development of plasma-engineered memristive devices tailored

for specific application. Published by the AVS. https://doi.org/10.1116/1.5119984

I. INTRODUCTION

Today’s computer science is characterized by a time of
upheaval.! The extremely successful downscaling of CMOS
devices and circuit integration during the last decades will
soon face physical and economical limits."* The predictable
end of Moore’s Law puts advanced electronic and ionic
devices paired with conceptually new non-Boolean architec-
tures, such as cellular automata, quantum computer, or
neuromorphic circuits, increasingly into the spotlight of
research institutions and industry.>® Worldwide research
activities encompass a broad spectrum of topics ranging
from advanced electronic device concepts to entirely new
circuit designs.

In this context, the advent of memristive devices offers
opportunities to extend CMOS technology or might even lead

®Electronic mail: fnz@tf.uni-kiel.de
Electronic mail: hko@tf.uni-kiel.de
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to entirely novel computing architectures inspired by biological
information pathways in nervous systems.”> A memristive
device in its simplest form consists of a metal-insulator-metal
(MIM) capacitorlike layer structure. By applying a sufficiently
large bias voltage, structural and/or electronic changes within
the insulator (I) or a either metal insulator (MI) interface lead
to a remnant dc device resistance, which justifies the term
“memresistive.”!"'*1® We would like to emphasize that
another portmanteau “memristor” as coined by Leon Chua
refers to the theoretical background of the effect, i.e., to estab-
lish a fourth electric lumped circuit element, besides resistors,
capacitors, and inductors.'” Because the theoretical concept of
the memristor is heavily debated, we use the (emotionally) less
occupied and (experimentally) favored term “memristive”
throughout the manuscript.'®2°

During the last two decades, a plethora of different memris-
tive MIM devices has been investigated. In recent overviews,
the involved material combinations and device parameters such
as layer thickness and area are summarized.'®*' A number of

Published by the AVS. 061203-1
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mechanisms were identified, which led to a more or less
acceptable explanation for the cause of the observed resistance
change and memory effect. Indeed, memristive switching
encompasses a broad range of different physical mechanisms.

To adapt the electrical parameters of memristive devices,
such as switching voltage, high resistance state (HRS), low
resistance state (LRS), or the switching dynamics, to a particular
application, engineered approaches are welcome. Indeed, corre-
lating thin film deposition parameters to the electronic interfacial
structure enables the route of “memristive devices by design.”

The present work focuses in particular on the correlation
between plasma parameters during film deposition by sput-
tering and the memristive device properties. Indeed, instabil-
ity and insufficient reproducibility of electrical characteristics
present two major problems in deposition of material and
practical use of memristive devices. The characteristics of
amorphous and microcrystalline nanostructures are strongly
dependent on the manufacturing technique. Common plasma
techniques with their respective applications and merits to fab-
ricate samples are plasma-enhanced chemical vapor deposi-
tion, atomic layer deposition,”> ion beam sputtering,?**” or
magnetron  sputtering,”®*° respectively. Well-studied metal
oxides (TiO,_,, NbOy) are typical base materials for active
memristive media. The amorphous state of the resulting coat-
ings is affected by varying the deposition temperature at
unvaried intrinsic deposition rate, residual gas pressure, and
obtained film thickness.

At present, NbO, films have received growing interest
because of their electrical properties, which make them suit-
able semiconductor materials for memristive devices®® with
the potential to be used in neuromorphic architectures.>' One
of the most important challenges for the circuit performance
is the fabrication of hundreds and more similar memristive
devices on one and the same substrate. Thus, the control and
improvement of the plasma grown metal-oxide films is a key
requirement for the development of neuromorphic circuits
based on NbO, films.

For the optimization of such sputter deposition tech-
niques, knowledge of the energy balance at the substrate
surface is important, since it significantly influences the
resulting properties of the deposited films.>**> The energy
balance is determined by heating processes caused by imping-
ing particles, surface reactions, and incoming radiation as well
as loss processes such as heat conduction and convection
through the surrounding gas and by emitted radiation.*
Calorimetric probes have been proven to be flexible and versa-
tile tools for the characterization of energy fluxes and thermal
balance of surfaces in different kinds of low-temperature
plasmas (see Refs. 34-37 and references therein). The princi-
ple of the calorimetric or thermal probes being used in plasma
science is based on Thornton’s original design from 1978.%*
They are powerful especially in complex systems where the
total energy influx is the sum of many different contributions
originating from charge carriers, neutral particles, various
surface processes, and radiation.>>8 However, a quantitative
calculation of all the contributions is not possible because of
too many unknown variables, such as secondary electron
emission and sticking coefficients, neutral particle fluxes and
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energy distributions, plasma radiation, etc. Various investiga-
tions concerning the energy flux in a plasma system and the
different types of calorimetric probes have led to a well-
understood diagnostic technique. In recent years, it has been
used in many different magnetron sputtering processes, such
as DC magnetron sputtering,®> high power impulse magnetron
sputtering,*® or plasma immersion ion implantation.®’

The magnitude of the different heating and cooling pro-
cesses depends on the used deposition technique, on the depo-
sition device and experimental conditions (gas flow, mixture
and pressure, electric and magnetic field, and substrate posi-
tion). Consequently, the influence of different parameters is of
essential interest: gas flow rates and the resulting pressures
have a strong influence on the particle energies, which deter-
mine structure and density as well as the electrical and optical
properties of the deposited films.***® Also, the gas composi-
tion itself has a strong effect, as it determines chemical reac-
tions in the gas phase and at surfaces (target, substrate), which
also determine stoichiometry and other properties of the films.
Furthermore, the structure and strength of the magnetic field
as well as the amplitude and form of the discharge have a
strong impact. Last but not least, the substrate position and
orientation affects the film structure and properties, because
particle fluxes and plasma potentials, which determine the ion
energy, may show strong spatial inhomogeneities.>>3"3%40

The importance of the defect concentration within filamen-
tary based metal-oxide memristive devices has been already
investigated. For example, substoichiometric HfO, is widely
used due to its CMOS-compatibility.*'** Adjusting the
oxygen stoichiometry in HfO, has been shown to influence
the forming voltage,™* the switching mode*® (i.e., bipolar
switching, unipolar switching, threshold switching, and com-
plementary switching), and shows evidence leading toward
multilevel memristive quantum devices.*

The aim of this work is to correlate the plasma properties
with the energetic conditions at the surface which are related
to structural characteristics and ultimately to electrical film
properties. This can lead a way toward the plasma engineer-
ing of analog memristive devices whose properties can be
adjusted with respect to the requirements of particular appli-
cations by tailoring the oxygen vacancy concentration within
a metal-oxide layer.

Il. METHODS
A. Device fabrication

The device fabrication, which was developed in Refs. 46
and 47, is sketched in Fig. 1. The memristive devices were
deposited on 100 mm Si wafers (0.5 mm thick) passivated by
400 nm thermally oxidized SiO,. The layers were deposited
using DC magnetron sputtering without breaking the vacuum.
The base pressure constituted less than 5x 10~ mbar. The
potential of the substrate was floating with respect to the
common ground of the sputtering system. The Al,O; tunnel
barrier was produced by sputtering an Al layer, which was ther-
mally oxidized at room temperature. The NbO, was sputtered
in a reactive Ar/O, gas mixture with a total pressure of
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Fic. 1. Sketch of the production steps of one device (described in more
detail in Refs. 46 and 47). (a) Sputtering of all layers and subsequent lift-off
process. (b) Etching of the Au top electrode. (c) Insulation: sputtering of
AIN as an adhesion promoter for the subsequent evaporation of SiO. (d)
Sputtering of Ti wiring. To contact the bottom electrode, its area is bigger
than the area of the other layers.

1.21 x 1072 mbar in poisoned mode (7 sccm Ar, 23 sccm O,)
using an Nb target with an unbalanced magnetic field configu-
ration, and the discharge power was regulated to 100 W. The
distance between the target and the substrate was adjusted to
53 mm during NbOy deposition. The device patterning was per-
formed by standard optical lithography and lift-off processes
[cf. Fig. 1(a)]. The device area was defined as 400 ,um2 by
etching the Au top electrode in potassium iodide [cf. Fig. 1(b)].
For the subsequent deposition of 720nm SiO by thermal
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evaporation, a 10 nm thin AIN layer was sputtered as an adhe-
sion promoter [cf. Fig. 1(c)]. These layers serve as an insulation
layer for the following sputtering of Ti wiring [cf. Fig. 1(d)].
The area of the Nb bottom electrode is bigger than the area of
the other layers and it is covered with Ti wiring as well, so that
it can be easily contacted.

B. Measurement of plasma parameters

To measure the internal plasma parameters during NbOy
deposition, a planar probe was used in two measurement
modes, namely, as a passive thermal probe (PTP)***> and as
a Langmuir probe (LP).***’ The probe consists of a sensor
copper plate with a diameter of 11 mm and a thickness of
100 um [cf. Fig. 2(b)]. On the back, a type K thermocouple
for temperature measurement (40uV/K) and a copper bias
wire were spot-welded. A stainless steel shield surrounds the
probe to restrict the measurements of energy flux toward the
normal plane. The wires are placed upon a base cylinder,
which can be mounted on a vacuum feed-through.
Furthermore, the cables are fed through the base via a
ceramic tube. This updated design was recently developed.®
In Fig. 2(a), the experimental setup to measure the plasma
parameters is sketched. To get the radial distribution beneath
the target, the probe was mounted on a moveable rod and
introduced into the vacuum chamber by a vacuum flange.
Starting in the center of the sputtering target, the probe was
moved to one edge and back through the center to the other
edge and back to the center again, enabling to measure each

b
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FiG. 2. Measurement of the plasma parameters: (a) Experimental setup of in situ measurement. (b) Probe design [used with permission from S. Gauter, F.
Haase, and H. Kersten, Thin Solid Films 669, 8 (2019)]. (c) Example of a passive thermal probe measurement curve at 0 mm radial position and 60 mm target
to probe distance (measurement: black soild line, asymptotes of heating/cooling kink: red/blue doted/dashed lines, respectively) (d) Example of an I-V curve of
a Langmuir probe measurement at 0 mm radial position and 60 mm target to probe distance (measured current: grey dots, smoothed current: black solid line,
evaluation of floating potential and plasma potential: green triangle and blue cross, respectively).
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position twice (the center position three times) to allow for
the detection of possible parameter drifts.

Upon exposure to an energy flux, the probe surface
temperature 7 rises (heating phase), whereas it falls when the
plasma is switched off (cooling phase), as is shown in Fig. 1(c).
The overall change in enthalpy H and the resulting change in
temperature 7' by these two phases can be described by

Hy = CTyp = Piy — Pous o)

HC = CsTs,c = _Pout,cy (2)

with the heat capacity of the probe Cs and the incoming power
P;, during the heating process. Because it can be assumed that
the outgoing power (heat loss) during both phases is equal
(Pouth = Pou), the above equations can be combined to cal-
culate the incoming power to the probe,

Pin = Cs(Ts,h - Ts,c) = _Paut,lr (3)

Therefore, the incoming energy flux J;, to the probe is
Cs . .
Jin = —Tsp — Ts), 4
A (T ) @

where Ag is the surface area of the probe. The assumption
Poun = Pou, is valid only for environments where the
energy flux coming from sources other than the investigated
heat source is constant during measurements. This can be
achieved by evaluating only short time periods. For the exe-
cuted measurements, the kink-method>> was chosen, whereby
a linear fit is used for the heating and the cooling kink as
exemplarily demonstrated in Fig. 1(c). Further, the slopes of
the two linear fits can be subtracted, obtaining TS,h — Ts,c.
Since the other two parameters of Eq. (4), namely, the heat
capacitance Cs (0.03 J/K—calibrated with an electron beam
before the measurements were performed) and the probe area
Ag (95 mmz), are known, the incoming energy flux J;, can be
calculated. A detailed description of the evaluation methods of
the PTP measurements is given in the literature.”> During the
measurements, the plasma source was constantly operating.
The heating and cooling phase of the PTP were realized by
facing the magnetron and turning the probe 180° away from
the source, respectively. A 20s heating phase (probe facing
the target) was followed by a 20 s cooling phase (probe facing
away from the target). The potential of the PTP was floating
with respect to the common ground of the sputtering system.
It was also possible to use the PTP as a planar Langmuir
probe.*® By the additional bias wire, a voltage sweep was
applied to the probe while the current was measured. From
the [-V Langmuir probe characteristic, the floating and
plasma potential, ®; and ®,, the electron temperature T,
and the current of positively charged ions to the probe can
be determined. There are different methods to evaluate LP
measurements. In this work, the electron temperature was
acquired using a semilogarithmic plot of the /-V curve
[cf. Fig. 1(d)]. According to the probe theory,50 T, is found
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as the slope of a linear fit of the curve. The plasma potential
is determined as the maximum of the first derivative, and the
floating potential is the zero crossing of the Langmuir curve.
Furthermore, using the resulting electron temperature in com-
bination with the Bohm-sheath criterion, the current density
Jion Of positive ions can be calculated.’ For each measure-
ment with the Langmuir probe, the voltage was swept in 3 s
from =30V to +15 V.

The radial scans using the LP and the PTP were obtained at
two target-to-probe distances of 60 and 80 mm, respectively.

C. Transmission electron microscopy

Scanning transmission electron microscopy (STEM) investi-
gations were conducted on a monochromated and spherical
aberration corrected FEI Titan® 60-300 at the Graz Centre for
Electron Microscopy equipped with a GIF Quantum spectrom-
eter for electron energy-loss spectrometry (EELS). The acceler-
ation voltage during investigation was 300kV with an
approximate dose rate of 10%e nm s~ High-resolution trans-
mission electron microscopy (HRTEM) was used to record
real space images of the layers on a FEI Tecnai G* Stwin
microscope with an acceleration voltage of 300kV. Samples
were prepared via scanning electron microscopy based focused
ion beam milling in a Fischione Model 1040 NanoMill®
system and refined by low-energy argon ion polishing.

D. I-V measurements

All I-V measurements were performed on a HP 4156A
parameter analyzer. Voltage was applied to the top electrode
while the bottom electrode was grounded. The current was
measured simultaneously. The resistance values were com-
puted by utilizing Ohm’s law. All 5336 devices on one wafer
were measured by using an automatic probe station with the
result that the I-V characteristics can be evaluated dependent
on the position on the wafer.

E. Simulations

The kinetic Monte Carlo (kMC) simulation of the concep-
tual device was performed as described in Ref. 52. The device
is mimicked by the layer sequence Al/Al,O3/NbO,/Au taken
from the actual experiment. We assume that the NbO, layer
can be modeled as an ionic/electronic mixed conductor. It is
depicted as a solid-state electrolyte in which mobile negative
oxygen ions can drift under the influence of an electrical field.
Of course, charge neutrality has to be guaranteed within the
simulation domain. Therefore, the mobile negative oxygen
ions are compensated by immobile stationary positive oxygen
ions (0O®"). These positive oxygen ions are distributed
randomly within the NbOy layer. In fact, it is this defect
distribution and concentration that ultimately controls the I-V
characteristics of the device. The [-V characteristic itself is
calculated from a lumped element circuit model that consists
of three distinct elements: (1) a tunnel barrier (the Al,O;
layer) described by a voltage controlled current source based
on Simmons formula,> (2) the NbO,/Au interface which is
described by the Schottky contact model,>* and (3) the NbO,
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layer which is modeled as an ohmic resistance depending on
its inner atomic structure.”> As mentioned above, within the
latter, the transport of ions under the influence of the exter-
nally applied electric field and the Coulomb field due to the
ions themselves is of particular importance. The transport is
calculated using a KMC approach in which the most important
processes are taken into account, i.e., diffusion of negative
oxygen ions within the solid-state electrolyte as well as adsorp-
tion and desorption at the respective interfaces of the layer.

The two distinct models, i.e., the lumped element circuit
model and the kMC model, are consistently coupled in such
a way that Kirchhoff’s voltage and current laws for the
circuit model are satisfied at all instances of time. Applying
Kirchhoff’s current law, which states that the current through
the device is constant, the individual voltage drops across the
tunnel barrier and the Schottky contact and the current itself
can be calculated.

lll. RESULTS AND DISCUSSIONS
A. Double-barrier memristive devices

The investigated double-barrier memristive devices consist
of the layer sequence Nb/Al/AlZO3/NbOx/Au.46 The ultrathin
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memristive layer (2.2 nm) is bounded between a Schottky-like
contact to the Au top electrode and an Al,O3 tunnel barrier
(1.3nm). A characteristic I-V curve can be seen in Fig. 3(c)
with a typical hysteresis, a high /-V nonlinearity, and a great
rectifying property. Here, a linear voltage sweep was applied
to the top electrode, while the bottom electrode was grounded.
By applying a positive bias, the resistance decreases and the
LRS can be reached. The resistance can be changed by more
than two orders of magnitude for a read voltage Vg of 0.5V.
To reset the device to the HRS, a negative voltage has to be
applied. The switching occurs gradually so that an analog
switching is performed. The resistance change is assumed to
be based on oxygen ions (or vacancies) moving according to
the electric field. Furthermore, interfacial trap states may be
filled and emptied during the switching process. Hence, the
interfacial properties [e.g., energy barriers, density of states
(DOSs), and barrier thicknesses] at the Schottky-like contact
and at the tunnel barrier are varied. Thus, the functionality of
the devices is based on interfacial processes rather than on
filaments produced and ruptured during switching. Therefore,
there is no electro forming needed, and the current distribution
is highly uniform over the device area. The physical mecha-
nisms of this analog switching have been described in
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FiG. 3. Electrical characterization of double-barrier memristive devices at different positions on the wafer: (a) Resistance map of a whole wafer measured at
1.6 V (VR=1.6 V). (b) Resistance of devices dependent on radial position (black dots: VR =+1.6 V; red squares: VR=—1.6 V). (c)—~(f) I-V curves at different

radial positions 1 to 4 (=25, +5, 430, and +35 mm).
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previous publications in more detail.**>? It is worth mention-
ing that significant switching takes place only when the
voltage exceeds a threshold of about 2 V. Furthermore, it is
favorable to integrate memristive devices in dense crossbar
arrays to realize neuromorphic networks in hardware.”> This
requires a strong non-linearity in the /-V characteristics or an
additonal acces device for each integrated memristive device
decreasing the density of the network.>® Moreover, the voltage
drop accross the wires in big arrays can lead to failures in the
filament formation, i.e., in the electro-forming, of filamentary-
based memristive devices. However, it has been shown in
Ref. 31 that the integration of double-barrier memristive
devices in selector-less crossbar arrays is possible. This is
founded in the high /-V non-linearity, the recification property
and no required electro-forming.

This work focuses on the deposition conditions during
the NbOy DC magnetron sputtering and correlates the
plasma parameters to the resulting electronic properties of
the devices. Thereby, a new pathway for the development of
plasma-engineered analog memristive devices shall be
enabled. The layers are deposited on a 100 mm wafer and
structured within an area of 40 mm radius. In Fig. 3(a), the
resistance map for a read voltage of +1.6 V is shown. Here,
5336 devices with a contact area of 400 yum? are measured.
The inner red circle, which has a radius of about 25 mm, has
a relatively low resistance for the positive bias. In this area,
the devices are working, as described above. Typical I-V
curves are shown in Figs. 3(c)-3(d). Here, the analog
I-V-hysteresis and the rectification are existent. The rectifica-
tion is also shown in Fig. 3(b) in dependence of the radial
position on the wafer. Therein, the resistance values

a 40
£
L2
= 30
£
Z20
=
&
5 - — 60 mm distance
s ---- 80 mm distance

=20 0 20 40
radial position (mm)

b
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averaged over ten devices for each position for Vg =+1.6 V
(black squares) and Vx=—1.6V (red dots) are plotted. A
difference in the resistance of up to four orders of magni-
tude for positive and negative biases in the radial positions
from —25 to +25 mm is apparent. Defective devices, i.e.,
those that are short circuited or not properly connected to
the wiring, and the test structures [gray squares in Fig. 3(a)]
are not taken into account for averaging. The yellow ring in
Fig. 3(a), starting at about 30 mm away from the center,
contains devices with a relatively high resistance. As can be
seen in Fig. 3(e), the I-V characteristics differ significantly
from the devices in the center (i.e., no rectification and no hys-
teresis). In this area, the race track of the magnetron is located.
In the outer red area, the I-V curves are as shown in Fig. 3(f).
Here, the resistance is rather low, but no rectification and
no hysteresis are apparent. The voltage is swept to lower posi-
tive values in the outer areas compared to Figs. 3(c)-3(d),
because the devices are burning out for higher voltages here.
In the following, the radial positions —25, +5, +30, and
+35 mm are denoted as positions 1, 2, 3, and 4, respectively
[cf. Fig. 3(a)].

B. Plasma parameters

To correlate the internal plasma parameters during NbOy
deposition to the electrical properties of the memristive
devices, the energy flux to the substrate [Fig. 4(a)], the elec-
tron temperature in the plasma [Fig. 4(b)], the floating poten-
tial of the substrate [Fig. 4(c)], the plasma potential
[Fig. 4(d)], and the current of the positively charged ions
flowing to the probe [Fig. 4(e)] were recorded. The
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FiG. 4. Plasma parameters dependent on the radial position-the mean values and the standard deviations obtained from the two measurement points for each
position (three for the center position) are depicted (squares with error bars). The solid and dashed lines show fits of the mean values (60 and 80 mm target to
probe distance, respectively). (a) Energy flux, (b) electron temperature, (c) floating potential of probe, (d) plasma potential, and (e) current of positive ions.
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rectification shown in Fig. 3(b) is compared to these plasma
parameters. In the case of the double-barrier memristive
devices investigated, the rectification is a sufficient condition
for memristive behavior. In general, the shape of the floating
potential, the plasma potential, and the electron temperature
[especially for a distance of 60 mm—red curves in
Figs. 4(b)-4(d)] can be correlated to the electronic device
behavior for radial position between —25 and +25 mm. In
particular, the floating potential resembles the resistivity for
positive bias voltage. It varies between —20 V in the center
and about —15V at the edge of the inner area. Within this
inner area, the increasing electron temperature and the
decreasing floating potential toward the edge of the wafer are
correlated additionally to the broadening of the I-V hysteresis
[cf. Figs. 3(c) and 3(d)]. In the center, the electron tempera-
ture constitutes 3.5 eV, while for a more pronounced hysteresis
at —25 mm radial position, the electron temperature constitutes
almost 5 eV. Also, the plasma potential varies between 1V in
the center and up to 6 V at the edge of the inner area. Having
a closer look at the electron temperature and the plasma poten-
tial, it is found that their maxima are right at the position of
the race track. Here, however, the devices have a relatively
high resistance and no memristive behavior. Thus, the increas-
ing electron temperature and plasma potential do not explain
the broadening of the I-V hysteresis by themselves but other
effects have to be taken into account.

In contrast to the hitherto mentioned parameters, the
energy flux and the current of positive ions have a
Gaussian-like shape centered at the center of the wafer. The
Gaussian shape of the positive ions ji,, is typical for an
unbalanced magnetron and is reflected by the energy flux. It
is known that the energy at the substrate surface during
sputter deposition plays a crucial role for film properties
like film density, stoichiometry, morphology, etc.>****° The
energy decreases from the center (37.5 mW/cm?) to 25 mm
radial position (27.5 mW/cm?) by 27%. It drops almost line-
arly with increasing distance from the center down to
18 mW/cm? at the edge of the investigated area. We believe
that the effect of energy superimposes with the other plasma
parameters to form the NbOy in the needed properties (e.g.,
oxidation state and defect concentrations). This is supported
by analyzing the electron temperature and the floating poten-
tial at a radial position of around 35 mm. Both parameters
show values comparable to those closer to the center of the
target. Nevertheless, the electronic behavior [cf. Fig. 3(f)]
differs strongly from those devices in the center of the wafer
[cf. Figs. 3(c) and 3(d)].

Another important parameter for the film growth in a
reactive sputter deposition process in an electronegative gas
is the density of negatively charged ions. Since more than
75% of the process gas is O,, the target surface gets
completely poisoned. This leads to the formation of negative
oxygen ions. These negative oxygen ions are accelerated by
the electric field toward the substrate, hitting it at an angle of
almost 90° for uneroded targets. This can cause crystallo-
graphic defects or stress in deposited films due to the high
energy of the ions.*>>” Further, the radial distribution, the
energy, and the impinge angle of these negative ions depend
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on the erosion state of the target and the discharge voltage.
The geometrical influence of the target on the nonuniformity
of the resistivity of thin oxide films has been studied in
Refs. 40 and 58. The correlation between the target age
(i.e., the erosion at the race track position) and the radial dis-
tribution of the negative ions has been confirmed, and the
changed electrical properties of the thin films have been
traced back to the negative ions causing radiation damage to
the deposited films. This might lead to defects within the
amorphous NbOx film. Even though there is no long-range
order in amorphous films, defects like dangling bonds or
those comparable to vacancies and interstitials in crystalline
structures are possible, for example.”® Tt is also conceivable
that resputtering is induced by heavier negative Nb ions. In
Ref. 60, the existence of negatively charged metal ions
within a plasma sputtering process and the possibility of
building negative metal ion sources by this method is shown.
Since the formation probability of Nb~ ions is lower than
that of the negative oxygen ions, one can disregard the
effect of the negative metal ions in the present study.’’
Furthermore, the existence of stable NbO,  ions within a
vacuum process is discussed in Ref. 61, but the probability
of their formation is expected to be much lower like it is
experimentally shown in Ref. 62 for several reactive sput-
tered metal oxides like ZnO4 and InOy. Thus, the impact of
negatively charged ions, especially oxygen ions, might influ-
ence the electronic behavior of the devices shown in this
publication as well. In particular, the devices underneath the
race track (i.e., at 30 mm radial position), which show no
memristive behavior, might be affected by the negative ions.
In addition, the pressure of the deposition is rather high, i.e.,
1.21 x 107 mbar, leading to a mean free path of less than
1 cm. Thus, several scattering events can be expected during
material transport to the substrate. Nevertheless, the energy
and material transport is dominated by the magnetic and
electric fields as can be seen in the plasma parameters which
show the expected qualitative behavior of an unbalanced
magnetron source.

C. Transmission electron microscopy

In order to investigate how the different plasma character-
istics affect the deposition of Nb oxide, HRTEM and
STEM-EELS investigations of the deposited layers were con-
ducted. To this end, samples were extracted from the center
of the wafer (position 2) and from a position beneath the
race track (comparable to position 3), where the device resis-
tance was found to be higher and where the devices lost their
rectifying and memristive characteristics. In Fig. 5, real space
images recorded by HRTEM and an elemental map of the
Nb-Mys edge extracted from a STEM-EELS spectrum image
are shown for both samples. In both cases, the deposited
layers present themselves as smooth uniform thin films with
a surface roughness well below 1 nm. The determined thick-
ness for the NbO, layer extracted from the center is around
2.2 nm, while the layer extracted from the edge of the wafer
has a thickness of 2.1 nm, both with a standard deviation of
about 0.2nm. Accordingly, the observed difference in
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Fic. 5. Real space imaging of the deposited layers: Layers at the center
(position 2) of the wafer imaged by HRTEM (a) and STEM-EELS showing
the distribution of Nb through the Nb-M45 edge (b). Layers at the —30 mm
radial position (comparable to position 3) imaged by HRTEM (c) and
STEM-EELS (d).

thickness of around 0.1 nm (or 5%) is smaller than the stan-
dard deviation. In order to better evaluate this result, the
thickness of an underlying Al oxide layer has been deter-
mined, showing a difference in thickness of around 16%
between positions 2 and 3. A similar stack containing Hf
oxide showed a difference in thickness of up to 20%. In both
cases—Al and Hf oxide—the absolute difference in thick-
ness was larger than the standard deviation, thus supporting
the significance of this result. The decrease in the thickness
of sputtered layers toward the edges of the wafer is a
common phenomenon in magnetron sputtering due to the
involved magnetic field and, therefore, inhomogeneous utili-
zation of the target. Other prepared devices with thinner
NbO, layers as investigated here show memristive behavior.
Thus, the 0.1 nm thinner layer at the edge of the wafer is not
responsible for the difference in electronic properties.

In a second step, the oxidation state of the Nb oxide from
the two positions was analyzed by STEM-EELS. The results
are displayed in Fig. 6. The insets show the /-V characteris-
tics of devices at the respective positions. All spectra have
been background-subtracted. As the low-loss spectrum was
not recorded simultaneously with the spectra, the position
of peaks between experimental data and reference spectra®
can be compared only qualitatively. Nonetheless, the O-K
edge from the center device shows good congruency with
either NbO, or Nb,Os up to around 538 eV energy loss.
The arrows in Fig. 6 mark the position of the first local
maximum after 538 eV where strong deviations between the
spectra arise. Specifically, the position of the experimentally
determined maximum is 541 eV, while NbO, and Nb,Os
have local maxima at 545 and 546 eV, respectively. While it
has been demonstrated in the literature in several studies that
the conduction band minimum in NbO, is formed by Nb 4d
tr, (between 531 and 534eV in these spectra) and eys
(between 535 and 539 eV) orbitals,** no data were found on
the empty orbitals above those. The electronic structure of
Nb(V) oxide is expected to be similar, which is also reflected
in the similarity between their EEL spectra. The increased
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FiG. 6. EELS analysis of the O-K edge of Nb oxide layers from the center of
the wafer (+5 mm—red solid line) and beneath the race track of the target
(+30 mm—green dotted line) in comparison to reference spectra taken from
Ref. 63 (dashed-dotted lines). Measured spectra (solid and dotted lines) were
averaged over several positions in the respective samples. The insets show
the I-V curves of devices at the respective positions.

empty DOSs above 540 eV in the experimentally determined
spectra can, thus, not be attributed to a specific orbital but
potentially arises due to the amorphous character of Nb
oxide. The oxidation state of Nb in the deposited layers is
expected to be similar to either of the two oxides. The off-
center sample of the —30 mm radial position [cf. position 3
in Fig. 3(a)] on the other hand cannot be assigned to any
known Nb oxide. First of all, the O-K signal recorded on
these oxides was much weaker, which can also be seen in
the lower signal-to-noise ratio in the spectrum. Secondly,
unlike the previously discussed cases, this spectrum does not
contain a strong peak at the onset of the edge and instead has
its maximum around 8eV behind the edge. The small
recorded O-K edge signal intensity hints toward a lower oxi-
dation state. The difference in edge shape underlines these
differences, as the electronic structure apparently strongly
deviates from the known Nb oxide stoichiometries.

The results of nanoscopic investigations indicate that the
reactive sputtering resulted in a highly oxidized—and thus
insulating—amorphous Nb oxide with an oxidation between
+4 and +5 in the center of the wafer. Beneath the race track,
however, a Nb suboxide is formed, of which the oxidation
state could not be determined by STEM-EELS. This infers,
moreover, that the oxidation state is not that of a known Nb
oxide, i.e., +2, +4, or +5. Due to the generally very weak O-K
signal, we conclude that a low oxidized Nb suboxide has been
formed. It is known that the lower oxidation states of Nb are
acting as a metallic conductor.”> As can be seen in the I-V
curve of these devices [cf. Fig. 3(e)], no Schottky-like barrier
is formed. This is another hint for the lower oxidation state of
the NbOy underneath the race track of the target.

D. Kinetic Monte Carlo simulations

In order to understand better the actual resistive switching
mechanism of the device and particularly the influence of the
structure of NbOy layer, kinetic Monte Carlo simulations have
been performed. As is shown in Fig. 7, the I-V curve depends
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Fic. 7. Simulated /-V characteristic of the double-barrier memristive devices
dependent on the defect concentration (n,) within the NbO layer. The simu-
lations are performed with a 1.25nm tunnel barrier thickness and a 0.9 eV
Schottky-barrier height to show I-V characteristics comparable to device
behavior at position 1 and position 2 (cf. Fig. 3).

strongly on the defect concentration (i.e., immobile oxygen
vacancies O** and mobile negatively charged oxygen ions)
in the NbOj layer. With a higher defect concentration, the hys-
teretic or memristive behavior of the device is getting more
pronounced. According to this finding, it might be a good
idea to adjust the memristive behavior of the device by con-
trolling the defect concentration within the NbOy layer already
during the processing of the structure. Having a closer look
at the different /-V characteristics within the inner area of
the wafer, correlations between the plasma parameters and
the width of the hysteresis (i.e., the defect concentration) are
visible. Here, a higher electron temperature, a higher plasma
potential, and a lower floating potential at around the —25 mm
radial position [position 1—cf. Fig. 3(c)] are correlated to a
more pronounced hysteresis compared to the position of
around +5 mm [position 2—cf. Fig. 3(d)], as is described in
more detail in Sec. III B. A qualitative correlation between the
plasma parameters and the defect concentration within the
NbOy layer, as well as the impact of negative ions on the film
properties, has to be addressed in further investigations.

To explain the electronic behavior of the devices at +30 mm,
which shows no memristive behavior [position 3—cf.
Fig. 3(e)], the tunnel barrier width and the Schottky-barrier
height are varied within the simulations. It is found that a
device with a tunnel barrier of 1.6 nm thickness (compared
to 1.25 nm in the center) and a decreased Schottky-barrier of
0.7 eV (compared to 0.9 eV in the center) is showing compa-
rable I-V curves as the device at position 3. Thus, the NbOy
has a higher conductance and significant lower voltage drops
across the solid-state electrolyte. Therefore, the electric field
is too small to move charged defects within the layer. These
simulation results are in good agreement with the EELS
measurements showing a lower oxidation state of the NbOy
at the position of —30 mm.

IV. SUMMARY

The variation of /-V characteristics across a 100 mm wafer
of magnetron-sputtered double-barrier memristive devices
was investigated. The functionality of the analog resistive
switching devices is dependent on the position on the wafer.
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The correlations of the differences in electronic behavior
with the internal plasma deposition parameters of the reactive
sputtering process of NbO, are depicted. Strong differences
in the chemical structure were found by STEM-EELS inves-
tigations, which suggest that a high oxidation state of the
niobium is essential for resistive switching. Kinetic Monte
Carlo simulations show a crucial dependence of the I-V hys-
teresis on the defect concentration within the NbOy layer and
on the oxidation state. These findings are correlated to the
energy conditions on the sample surface and to the electron
temperature and the floating potential. The impact of the
magnetic field strength of the sputter cathode, the target
geometry, and the distribution of high energetic oxygen ions
within the plasma has to be addressed in further investiga-
tions. The reported results show that a reactive magnetron
sputtering process with the same target and substrate geome-
try and size is not sufficient to deposit a homogenous metal
oxide layer across a whole 100 mm watfer. Nevertheless, the
integration of the double-barrier memristive devices into
crossbar arrays and their possibility to be used in neuromor-
phic circuits have already been shown.>' Furthermore, the
deposition technique allows us to investigate the impact of
the plasma process parameters on the chemical and electrical
properties of a metal oxide layer and on the performance of
the devices obtained in one and the same deposition process.
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5.2 Superconducting NbN thin films

Publication 2

Correlation between properties of direct current magnetron sputtered thin
niobium nitride films and plasma parameters

Authors: R. Marquardt, J. Cipo, F. Schlichting, G. Kolkhatkar,
H. Kohlstedt, H. Kersten

Journal: Thin Solid Films [102]

Technique: Electrical diagnostic and energy flux measurements,

X-ray diffraction, atomic force microscopy

Own contribution: approximately 20%

Experimental Setup:

DC magnetron sputtering from a 2-inch NbN target in Ar atmosphere deposited NbN
layers onto square Si-substrates. Depositions were carried out with a variation of
pressure, target-substrate distance and power. Each parameter was varied separately.
In the same manner, PTP and Langmuir probe measurements were done. For the
power and pressure variation, the two Diagnostics were mounted into the vacuum
chamber from the side. Distance variation was done using the bottom flange of the
vacuum chamber.
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\ —

——

A=
Wy !

LM
PTP




59 5.2. Superconducting NbN thin films

Motivation:

Niobium nitride (NbN) as a superconducting compound exhibits a large transition
temperature and superconducting energy gap. Previous studies on NbN in its thin
film form established a clear dependence of its superconducting properties on the pa-
rameters such as film thickness, deposition rate and pressure. However, knowledge
of the influence of the internal plasma parameters like electron temperature, plasma
potential, ion current density and energy flux density can help develop a more re-
fined approach to optimising thin films for specific applications. Using the plasma
diagnostics to sort of map out the plasma parameters in the deposition chamber and
comparing them with the obtained thin films allows for a way to anticipate their film
properties which would lower the need of having to extensively analyze them ex-situ
with complex techniques like TEM or X-ray diffraction.

Main Results:

Pressure variation (0.5 — 4.5 Pa) revealed the correlation of ion current density and
electron temperature to crystallinity and grain size. With increasing pressure electron
and ion densities rise while their kinetic energy drops due to the increased collision
rates with the gas atoms. This leads to a decrease in grain size and a lower crystal-
lization rate, which can be correlated to the decrease in the critical temperature T,.
The highest crystallinity and critical temperature were observed for 1 Pa.

While adjusting the distance (5 — 40 mm) between the target and substrate/ probe
a higher T, grain size and crystallinity are observed for greater distances while the
energy flux density and deposition rate decrease. The residual resistivity ratio (RRR)
shows no dependence on distance variation which suggests that it is not determined
by the grain size. The mean free path of the neutrals is around 33 mm. A probe-to-
target distance smaller than that induces a higher energy flux and lower transition
temperatures.

As expected, the energy flux density and deposition rate increase with increasing
discharge power (20 —100 W) at a distance of 37 mm and gas pressure 0.5 Pa. Here,
the electron temperature and plasma potential display a similar course with an in-
creasing trend towards higher discharge power. This is due to the close proximity to
the magnetic field of the magnetron which entraps more electrons and in turn results
in a low floating potential.
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calorimetric probe providing insight regarding the energy flux, the electron temperature, the plasma potential,
and the ion current density of the plasma. Grazing incident x-ray diffraction and atomic force microcopy mea-
surements reveal that the thin films have cubic polycrystalline structures with grain sizes of up to 51 A, which
define the superconducting behavior. Structural and electrical properties are related to the plasma parameters,
showing a high correlation between the ion current density and the superconducting properties of the films. The
results attest to the potential of plasma characterization as a powerful tool to optimize the deposition of thin NbN
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films and to predict their film properties.

1. Introduction

Niobium nitride (NbN) is a refractory Bardeen-Cooper-Schrieffer-
type superconductor compound, exhibiting a large transition tempera-
ture and superconducting energy gap. In its thin film form, NbN is
exploited in numerous applications, such as bolometers, single-photon
detectors, superconductor-insulator-superconductor tunnel junctions
for millimeter wave detectors, superconducting Quantum interference
devices, radio frequency (RF) cavities [1-6] as well as
non-superconductive applications, e.g. in tribological engineering [7].
NbN is commonly deposited by direct current (DC-) or RF-magnetron
sputtering in an Ar/N2(85%/15%) atmosphere and reaches a transi-
tion temperature of up to 14.2 K when deposited in ambient temperature
on a structurally suitable substrate [8,9]. In previous studies, a relation
between the deposition rate, pressure and nitrogen partial pressure and
the transition temperature as well as the hardness, the stoichiometry and
density of NbN could already be established [10]. In addition, the film
thickness influences the orientation and structure of the NbN layer and,
therefore, also its superconducting properties [11,12]. Although exten-
sive information and studies on the influence of the deposition condi-
tions on the layer properties of NbN have already been reported, the

* Correspondence author.

present work focuses on plasma engineered thin NbN films. By exploring
the relation between plasma parameters and film properties, a high
degree of flexibility in the production of NbN thin films can be achieved.
To extract relevant plasma properties during sputtering, two different
diagnostics are exploited, i.e. a Langmuir probe (LP) and a passive
thermal probe (PTP). While the former offers the opportunity to monitor
the electron temperature, the plasma potential and the ion current
density of the plasma, the latter measures the energy flux density from
plasma to the wafer surface [13]. We show that the structural and
electrical properties of the deposited NbN thin films are clearly related
to the plasma parameters. In more general terms, the work presented
here demonstrates that the tool box offered by plasma diagnostic is a
powerful approach to optimize thin films towards particular
applications.

2. Material and methods
2.1. Sputtering conditions and thin film diagnostics

All NbN films were deposited on a silicon substrate using a home-
made DC magnetron sputtering system. In this system, a high vacuum
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was obtained using a mechanical pump (Vacuubrand, MD 4 NT) in
combination with a turbo-molecular pump (Leybold, Turbovac 350i).
The pressure was precisely controlled by adjusting the angle of the
throttle valve of the turbo-molecular pump. A custom-designed sub-
strate holder, able to accommodate a square substrate with a size of 10
x 10 mm?, was used for sample fabrication. Its configuration is illus-
trated in Fig. 1.

DC magnetron sputtering from a NbN-target (NbN, 99.99%) in a pure
Ar atmosphere was employed for the deposition of the NbN layers. The
NbN thin films were deposited at room temperature onto square Si-
substrates (10 x 10 mm?) coated with a 400 nm thick thermal SiO,.
The base pressure was below 3 e 107> Pa. Gas pressure, discharge power,
and target-substrate distance were varied for the deposition processes of
the sample, whereas the thickness of the deposited films was always kept
constant at 50 nm. The variation of the mentioned process parameters
can be found in Table 1.

Perfect conductivity is the first particular hallmark of superconduc-
tivity and a prerequisite for a large number of applications of super-
conductors such as high-current transmission lines or high-field magnets
[14]. The phenomenon of perfect conductivity can be detected after a
phase transition at a critical temperature T¢. The determination of the
critical temperature is, therefore, an important method for character-
izing a superconductor. To measure the critical temperature, the NbN
films were lowered in liquid helium while their resistance was moni-
tored. To ensure electrical contact, 0.25 mm radius circular Au top
electrodes were deposited by DC magnetron sputtering with a stencil
mask. The substrate was then attached with silver paste to the solid
sample head of the deep temperature probe, which consisted of Copper
(Cu). Wire bonding was used to contact the four Au pads with the
measuring devices, and contact and lead resistance were eliminated by
four-point sensing [15]. To determine the exact temperature of the
phase transition during the resistance versus temperature (R-T) mea-
surement, the cryogenic temperature sensor was placed at the same
position as the sample, on the backside of the Cu-block.

Since both crystallinity and grain size affect the critical temperature
and the critical current density of superconductors [16], a structural
analysis of the NbN layers was also conducted. For this purpose grazing
incidence x-ray deflection (GIXRD), established in thin-film technology
[17,18], was used to examine the important structural properties. The
film thickness was analyzed by x-ray reflection (XRR). For both thin film
analyses a Rigaku SmartLab 9 kW diffractometer at a wavelength of 1 =
1.5418 A was used. For the GIXRD measurements a 9 kW copper X-ray

Fig. 1. Homemade sputtering system with 10 mm substrate holder and 2-
inch target.

Table 1
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Experimental deposition parameters.

Pressure variation @

Distance variation @

Power variation @

37 mm, 50W 0.5 Pa, 50 W 0. 5 Pa, 37 mm
0.5Pa 10 mm 20W

1Pa 15 mm 30W

1.5Pa 20 mm 40 W

2Pa 25 mm 50w

2.5Pa 30 mm 60 W

3 Pa 35 mm 70 W

3.5Pa 40 mm 80 W

4.5Pa 0 W

5Pa 100 W

source was used in a monochromatic parallel beam configuration
focused with a length-limiting slit of 5 mm along the longitudinal axis. A
typical GIXRD spectrum of polycrystalline Fm-3 m NbN is shown in
Fig. 2. Topographic analyzes of the samples were made possible by
atomic force microscopy (AFM). The AFM’s ability to characterize
nanoscale objects makes it a perfect tool to determine particle sizes and
surface roughness. Hence, the sample surface was scanned using a Si
AFM tip, attached to a cantilever. The tip was either repelled or attracted
due to the atomic forces that occur when interacting with the sample
surface. The bending caused by the atomic forces can be detected with
the aid of a laser reflected onto the back of the cantilever and towards a
photodetector. All AFM measurements were carried out on a SmartSPM
1000 from AIST-NT in a non-contact alternating current mode.

2.2. Measurement of plasma parameters

The plasma diagnostic was performed for the same deposition pa-
rameters, i.e. power, gas pressure, and probe-to-target distance, as the
ones used for the NbN film deposition. Each process parameter was
varied one at a time while keeping the others constant.

The PTP and LP measurements were carried out axially from the
target. For the pressure and power variation the PTP was inserted
vertically into the deposition chamber, while for the remaining mea-
surements, the PTP and LP were inserted perpendicularly beneath the
target, as shown for the LP in Fig. 3b. In both cases, the top of the probe
pointed towards the target, yet, the different arrangement of the probe
holder results in a different geometry, which in turn influences the en-
ergy flux of the plasma. The different installation of the PTP probe for
power and pressure measurements in contrast to the distance mea-
surement is due to the heating of the shutter by the plasma. Since the

2eH04r 2 NbN (200) C
’g_le+04- NbN (220) 1
: o
8§ 5et03) : (.
B : L

0e+00f ’ e,

INBN (111) NBN (222)
30 35 40 45 50 55 60 65 70 75 80

20 (%)

Fig. 2. Deflection spectrum with a grazing incidence angle (GIXRD) of NbN
thin film with the following deposition parameters: p = 0.5 Pa, P =50 W, d =
37 mm (black). The blue straight lines show the theoretical reflection peaks for
Fm-3 m NbN. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.).



R. Marquardt et al.
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Fig. 3. (a) PTP design (used with permission of S. Gauter, F. Haase, and H. Kersten, Thin Solid Films 669, 8 (2019)). (b) Schematic drawing of the experimental
setups of the PTP measurements for different process parameter variations. The PTP is positioned at 37, 67 and 97 mm from the NbN target for the distance variation.
For the LP measurements, the experimental setup is analogous the PTP setup for the distance variation.

heat radiation of the shutter would affect the measurements, the probe
was rotated 180° for power and pressure measurements, so that it was
averted from the target during the cooling phase. This allowed the
plasma to burn permanently during the measurement series. Due to the
vertical installation of the probe, it was not possible to perform a 180°
turn for cooling for the distance variation. Therefore, the plasma had to
be switched off for the cooling phase. The PTP was oriented facing to-
wards the cathode target for 20 s, while the plasma was switched off for
120 s, repeating this procedure for each varied process parameter (see
Table 1). The LP measurements regarding the effect of power and
pressure variation were repeated for probe-to-target distances of 37 mm,
67 mm and 97 mm. Since the magnetic field of the sputter-magnetron
influences the LP measurements [13] for small distances (e.g. 37 mm),
the influence of the magnetic field on the electrons was considered. For
larger distances of 67 mm and 97 mm the magnetic field was expected to
be weak and to have a much lower effect on the resulting plasma
parameters.

2.2.1. Passive thermal probe

An effective diagnostic tool to record the energy flux towards a
surface in a process plasma is the passive thermal probe (PTP). Its design
is based on Thornton’s idea of 1978 [19] and was recently improved
[20]. The probe consisted of a copper plate with a diameter of 11 mm
and a thickness of 100 um (cf. Fig. 3a). On the back, a type K thermo-
couple (40 uV/K) and a copper bias wire are spot-welded. The probe is
shielded by a housing made of stainless steel, so only the energy flux
from the half-space above the substrate (probe) is detected. The wires
are placed inside a ceramic tube, which is further installed inside a base
cylinder. The cylinder is mounted on a vacuum feed-through, so the
probe can be inserted into the process chamber by a vacuum flange.

When exposed to the plasma during the sputtering process, the PTP
measures a temperature increase resulting from the incoming power
towards it. This phase is known as the heating phase. It is mainly
dominated by charged and neutral particles reaching the probe, surface
processes like film formation, electron-ion recombination or chemical
reactions as well as line radiation from the plasma and heat radiation
from the target or the chamber walls. Inversely, the probe’s temperature
decreases when the power to the cathode target is turned off. This
temperature course is characterized by the power leaving the probe and

is referred to as the cooling phase. The power loss contributions result
mainly from heat conduction, convection, and radiation of the probe’s
surface. To obtain the energy flux during these phases, the overall
change in the enthalpy H has to be considered [21]:

Heating : H, = Cs = Pjy — Py, (€3]
Cooling : H. = Cs; = —Pour, @

where Py, is the input power from the plasma source, while Py, and
Poutc are the power losses and Tj, and T. the time derivatives of the
temperature during the heating and cooling phase, respectively. The
heat capacity Cs of the PTP is determined beforehand by calibration of
the probe in an electron beam, as described in [22].

Only short time periods are investigated around the heating and
cooling kinks when the plasma source is switched on and off. Thus, it can
be assumed that the outgoing power remains the same during both
phases such as Py n(Ts) = Poyi,o(Ts). The equations above can be com-
bined, and the incoming power to the probe is obtained as follows:

Py =Hy—H. = Cy(Ty—T) 3

Based on the probe surface Ag, the incoming energy flux density is
calculated:
o=t = S (- 1) @

The evaluation method chosen for the measured temperature curves
is the kink-method [20], where linear fits are used around the heating
kink and cooling kink as demonstrated in Fig. 4a. By subtracting the
slopes of the two linear fits, the term Ty, - T, is obtained. Further pa-
rameters like heat capacity Cg and probe surface Agin Eq. (6) are already
known due to calibration and probe manufacturing, respectively. As a
result, the energy flux can be easily determined. A detailed description
of this evaluation method is given in the literature [20].

2.2.2. Langmuir probe

The Langmuir probe is a widespread and established plasma diag-
nostic method, which goes back almost a hundred years [13,23]. Its
simplicity and easy fabrication allow for a wide range of applications in
different plasma environments [24-26]. By bringing an additional
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Fig. 4. (a) Example of a PTP measurement for position 37 mm, 50 W magnetron power and 0.5 Pa Ar gas pressure. The heating and cooling kink along with the linear
fits are marked in red and blue, respectively. (b) Typical I-V characteristic measured by the LP at 97 mm probe-to target distance, a magnetron power of 50 W and gas
pressure of 0.5 Pa. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

electrode into the plasma and applying a voltage sweep, a typical
current-voltage (I-V) characteristic can be obtained. The probe can have
different geometries, cylindrical, planar or spherical. In this work, a 2.7
mm long cylindrical tungsten wire of 100 um diameter is used. The I-V
characteristic can be employed to determine a variety of plasma pa-
rameters, such as the floating potential ¢, the plasma potential ¢, the
electron temperature T,, and the current density of the positive ions jion.

A typical I-V characteristic is presented in Fig. 4b. Starting at a high
negative voltage, the plasma electrons are repelled and only positive
ions can reach the probe. The resulting current is the ion saturation
current.

When increasing the probe voltage, more electrons can reach the LP
and the floating potential ¢g, which is defined as the zero-crossing point
of the I-V curve, is reached. Here, the electron current and the ion cur-
rent flowing towards the probe are equal, resulting in a zero-net current
at the probe. Further increase of the voltage increases the electron
current towards the probe, which leads to an exponential rise in the
electron current due to the Boltzmannfactor. The turning point of this
exponential rise marks the plasma potential, after which the electron
current saturates. The plasma potential ¢, can be obtained from the
maximum of the first derivative of the I-V curve. The energy of the
impinging positive ions in the plasma is largely defined by the plasma
potential and is therefore, an important parameter in this study.

Looking at a semi-logarithmic plot of the I-V curve, the electron
temperature T, can be extracted from the slope of exponentially rising
current. By combining T, with the Bohm sheath criterion, the ion current
density jion can be obtained [27].

3. Results and discussion

To better understand the interplay between the superconducting
properties of NbN layers and the plasma parameters during deposition,
electrical and structural information of the layers as well as plasma data
were collected. In order to analyze the critical temperatures of the
samples, a four-point measurement was carried out with a fixed current
of 10 pA on the outer electrodes, as the RT-probe head (Fig. 5a) was
lowered into liquid helium. The superconducting properties of the
samples were compared using two parameters that were derived from
the RT measurements: the superconducting critical temperature (T¢,
taken from the middle point of the resistive transition) and the residual
resistivity ratio RRR (ratio of the film resistivity at 300 K to that at 20 K:
RRR = p(300 K)/p(20 K)) [28].

3.1. Film and plasma properties versus sputtering pressure
Normalized resistance versus temperature dependence of NbN films

(50 nm thick) de- posited at four different process pressures are shown in
Fig. 5b. The resistance versus temperature measurements were

a)
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Fig. 5. (a) Schematic illustration of the sample fixed with conductive silver
paste on a copper block. (b) RT-measurements for a variation in the deposition
pressure for constant distance of 37 mm and deposition power of 50 W. Inset:
Calculated T, (black) and RRR (red) for the measured RT-curves. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.).

performed three times for each sample. For clarity, only one measure-
ment per pressure variation was shown. The deviations can be seen in
the error bars of T¢ in the inset. The inset presents the parameters for T¢
and RRR derived from the RT measurements. Samples that were
deposited at a process pressure higher than 2 Pa showed no
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superconducting properties and are therefore, not shown in Fig. 5b. A
slight increase in the critical temperature is obtained when increasing
the pressure from 0.5 Pa to 1 Pa. If the pressure rises further, a sharp
drop in T¢ and RRR occurs, down to a T¢ of 5 K for a 2 Pa process
pressure. Previous studies by Iosad et al. [29,30] observed similar re-
lationships between deposition pressure and T¢ of superconducting
materials. Also, an optimal pressure (~1 Pa) for superconducting ma-
terial deposition is found in our study, depending on the distance be-
tween the substrate and the target. A similar observation for structure
and transition temperature between 0.47 Pa and 1.33 Pa was made by
Bacon et al. [9]. At this optimum a transition from degrading factors is
expected, which is related to destructive bombardment by fast neutrals
at low pressure to highly thermalized conditions at high pressure [31].
With a transition temperature of 9.6 K, the optimal result obtained in
this work is below the optimal values reported in other recent studies
[12], which report up to 14.5 K for ambient temperature deposition.
This can be due to two main factors: First, thin films of 50 nm are
deposited in this work, which affects the structure and transition tem-
perature. Second, the substrate used is not matched to the crystal lattice
of NbN.

An investigation of the RRR for the different process pressures also
shows that the conduction process changes from “metallic” (RRR > 1) to
“thermally activated” (RRR < 1) for pressures around 1 Pa due to a much
stronger grain boundary contribution as the grain size decreases [32].
The influence of the grain boundaries can be explained through a model
with superconducting grains in a non-superconducting matrix. Here, the
coherence length

£(T) = 0.74 fm/TCT—ET ®)

is defined for two different conditions, ¢ < d and & > d, where d is the
diameter of the superconducting grain [33]. Since the superconducting
properties are given more weight locally for the case ¢ > d, they can be
limited to the influence of the grains.

It should be noted here that both Tc and RRR show the same
dependence on pressure. Such a correlation between RRR and Tc can be
explained using a phenomenological approach of the above expounded
model of superconducting grains in a non-superconductive matrix from
Deutscher et al. [34]. In this approach the phase transition at the tem-
perature T is defined as

1 1 0.IN(Ep)
Te  Top T2,Cy ©

For this model a weakening of the coupling Cij between the grains
would lead to T¢ < T¢p and to an increased importance of the hopping
conductance between the grains [33], which leads to a reduction in the
total conductivity of the film. Therefore, T¢c and RRR show the same
functional relationship with respect to the grain size. For systems where
the coherence length ¢ is largely dependent on the grain size, Gurvitch
et al. [35] suggested a method of calculating grain sizes by making an
estimate of the mean free path [,

l=uwv-1 )

where vy is the average Fermi velocity and 7 is the relaxation time. The
latter can be expressed as a function of the electron phonon coupling
constant 4 of NbN according to:

? =21 ks T 4 ®
Taking into consideration the study by Chockalingam et al. [36] the
Fermi velocity vy for our films can be estimated to 1.44 ¢ 10%m/s and the
electron phonon coupling 4 = 1.13, resulting in I (300 K) = 51 A. Taking
RRR =1 for 1 Pawe find 1 (10 K) =1 (300 K) ¢ RRR = 51 A and 37.7 A for
a pressure of 0.5 Pa.
The GIXRD method offers a more global analysis of the structural
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features relevant to the superconducting properties, namely grain size,
crystal structure, and crystallinity. Therefore, GIXRD scans are per-
formed with an incidence angle omega of 0.5° from a 2theta in the 20° to
80° range.

The GIXRD patterns of all investigated NbN films show a face
centered cubic phase for the deposited NbN (COD 1538667 [37] was
used for fitting of the GIXRD patterns). For increasing sputtering pres-
sure, a reduction in crystallinity can be observed (Fig. 6). The grain size
of the films is determined by the Halder-Wagner [38] method used on
the five reflections of the orientations within the scanning range (Figs. 2
and 6). A maximal grain size is achieved at a sputtering pressure of 1 Pa
in agreement with the findings from the R-T measurements described
above. The offset in the calculated values between GIXRD and R-T
measurements suggests that there is an inhomogeneous distribution of
grain sizes in the film. While a global recording of the film is made with a
GIXRD analysis, the RT measurement collects the data exclusively from
the local current path. Smaller grains which do not contribute to the
current transport are, thus, recorded in the statistical averaging of the
X-ray data, but remain insignificant in the R-T analysis. A relationship
between the transition temperature and the layer thickness is often
observed [39] and indicates an increase of the average total grain size
with increasing film thickness.

An analysis of the orientation of the cubic structure also shows that
we can find a preferential orientation in the (111) direction for a pres-
sure of 1 Pa (gray line, Fig. 6). The ratio between the intensities of the
(111) and (200) orientations changes from 1.3 for a process pressure of
0.5 Pa to 2.2 for a pressure of 1 Pa.

The observed variations in crystallization, grain size, and structuring
orientation, together with collected data on surface roughness, allow a
classification in Thornton’s structure zone diagram (SZD) [40,41]. Due
to the high roughness (Fig. 7a) in combination with low crystallization
and small grain sizes for high process pressures, it can be concluded that
the film displays a porous structure consisting of tapered crystallites
separated by pits, as described in zone 1 of the SZD. With decreasing
process pressure, a transition into the T-zone can be identified on the
basis of decreasing roughness (Fig. 7b), increasing crystallization, and
grain sizes. Adatom diffusion processes might occur, but their mobility
and, thus, grain boundary migration is limited. The higher structure of
the film at a process pressure of 1 Pa also indicates a transition into zone
2 of the SZD, in which the growth of columnar grains is described. Here,
the adatom mobility is still high and the surface is smooth. Overall, it can
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Fig. 6. GIXRD curves for deposition pressures in a 0.5 Pa to 5 Pa range for
constant distance of 37 mm and deposition power of 50 W. Inset: Crystallinity
(black) and grain size (red) extracted from the GIXRD. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.).
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be stated that, as expected according to Thornton et al. [41,42],
increasing process pressure has a negative influence on the crystallinity
and grain size of the layer.

Similar topography images for NbN films deposited by DC magne-
tron sputtering have been reported by other working groups, enabling
an easier categorization into Thornton’s SZD [42]. In addition, the grain
size can be extracted from AFM topography measurements. Here, the
grain size is determined using Otsu’s method [43], which separates the
pixels composing an image into two populations (noise and signal, or in
this case grains and grain boundaries) using a mathematical method that
minimizes the intra-class variance. The evolution of the grain size as a
function of pressure, target-sample distance and sputtering power in
shown in Fig. 7c—e. As the deposition pressure increases from 0.5 Pa to
2.5 Pa, the grains become larger, with values of 4.8 + 0.2 nm and 14.9 +
0.5 nm, respectively (Fig. 7c). When the pressure is further increased the
grain size appears unchanged. As the target-substrate distance increases
from 10 mm to 40 mm, the grain size remains constant with an average
value of 4.944+0.07 nm (Fig. 7d). Similarly, the grain size does not show
any significant changes as the power increases from 20 W to 100 W, with
an average grain size of 4.87+0.09 nm (Fig. 7e). The increase in grain
size with increasing process pressure contrasts with the observations of
the XRD and current analysis (Fig. 7d). This can be explained by the

different methodology of the analysis methods. XRD depends on the size
of the defect-free volume, while AFM determines the size of particles
independently of defects, which can consist of several grains. For the
influence of the distance (Fig. 7d) and process power (Fig. 7e), the same
trends are obtained as with the other analysis methods.

In summary, it can be stated that the morphological properties show
a strong dependence on the gas pressure, which affects the kinetic en-
ergies of impinging particles especially gas ions and sputtered neutrals.
Therefore, the energy influx as well as the NbN deposition rate have
been determined for the related pressure variation (Fig. 8).

The results for the energy influx show only a small variation, as seen
in Fig. 7.

Beside the weak maximum of about 90 mW/cm? at 0.5 Pa, the energy
flux remains almost constant during the pressure variation. This is due to
a balance between the kinetic energies of sputtered and reflected par-
ticles, and their interaction with particles of the background gas:

When increasing the gas pressure, the collision rate between the
neutral background gas particles and kinetic particles (e.g. sputtered and
reflected particles) increases as well. Thus, the mean free path of the
particles from the target and the ions decreases. This leads to energetic
losses, resulting in lower energy fluxes of sputtered and reflected par-
ticles [44]. However, the total flux of kinetic particles is still high,
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Fig. 8. Energy flux measured by passive thermal probe (PTP) as a function
pressure(black). The mean values and the standard deviations are obtained
from the two measurements acquired for each process pressure. The deposition
rate for sputtered NbN thin films is determined by XRR (red). (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this article.).

leading to an overall constant total energy flux in the pressure range
investigated here.

Vice versa, the deposition rate first increases with increasing pres-
sure, since a higher ionization rate and, thus, a higher number of sput-
tered particles is provided. For pressures between 3 Pa and 4.5 Pa the
deposition rate increases just slowly. At higher pressures, the deposition
rate decreases due to a decrease in the mean free path. The sputtered
neutrals are no longer able to reach the substrate at the same rate as
before, and the film thickness and, hence, the deposition rate are
reduced [45].

Since the total energy flux showed a relatively constant behavior, it is
important to understand the several energetic contributions to the in-
tegral energy flux and their correlation to specific film properties.
Therefore, plasma parameters are measured by the LP at distances of 37
mm, 67 mm, and 97 mm while varying the pressure, as presented in
Fig. 9.

Fig. 9a shows the electron temperature during pressure variation.
The increasing gas pressure leads to a higher collision rate between the
electrons and the gas particles. As a result, their mean thermal energy
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Fig. 9. Plasma parameters as a function of process pressure - the mean values
and the standard deviations obtained from the three measurement points for
each condition are depicted (squares with error bars). The solid and dashed
lines are added as a guide to the eye for the mean values (37, 67 and 97 mm
target to probe distance, respectively). (a) electron temperature, (b) floating
potential of probe, (c) plasma potential, and (d) current density of positive ions.
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and temperature is reduced, which is confirmed by the electron tem-
perature T,. This trend is reflected in further experimental work [46].

The floating potential ¢z shows the same behavior for all probe-to-
target distances (Fig. 9b). Yet, for a distance of 37 mm (black curve),
its values are more negative than for larger distances. This can be
attributed to a stronger magnetic field closer to the magnetron, resulting
in a larger amount of electrons being trapped in the plasma torus in front
of the target cathode. Similar results on the enormous influence of the
magnetron on film properties have already been shown by Zahari et al.
[47].

Furthermore, @ becomes less negative with increasing pressure for
all three probe-to-target distances. This behavior can qualitatively be
compared to the ion current density j;on in Fig. 8d. Since the ion density
increases with increasing gas pressure it is possible for more positive
ions to reach the probe (substrate) surface due to its negative bias
voltage.

The plasma potential ¢p; in Fig. 9c shows a much less pronounced
behavior and almost no dependence of the gas pressure. For a probe-to-
substrate distance of 37 mm, a change between 0.5 Pa and 1.5 Pa is
noticeable, but the values are still within the error margins. Thus, the
plasma potential ¢, can be correlated to the electron temperature T,
according to the Boltzmann relation [48]. Through the electron tem-
perature, valuable information regarding the kinetic energy of particles
is provided.

With increasing gas pressure, higher ion and electron densities are
expected due to higher collision rates with the gas atoms. Therefore, an
increasing ion current density is obtained, as seen in Fig. 9d. In sum-
mary, increasing pressure in the range studied results in more electrons
and ions being present in the plasma but with reduced kinetic energies.

Plasma properties like the electron temperature T, and the ion cur-
rent density ji,, are further correlated to morphological and electrical
film properties. The crystallinity and grain size shown in Fig. 6 decrease
with increasing gas pressure, similarly to the T, curve. As stated earlier,
the number of charged particles in a plasma increases with increasing
gas pressure, which is confirmed by the jion, trend. Yet, their kinetic
energies and temperatures are reduced due to the decreased mean free
path. The sputtered particles undergo an increased collision rate as well,
leading to lower kinetic energies and, consequently, to a lower adatom
mobility. A limited boundary migration is expected, which results in
smaller grain sizes and a lower crystallization rate. For small process
pressures, bombardment by fast neutrals becomes the significant
destructive process limiting the deposition of high quality NbN thin
films.

Since these crystallographic features have an influence on the elec-
trical film properties (e.g. critical temperature), it is possible to correlate
them to plasma properties [28,49]. For instance, the critical temperature
T, decreases with increasing gas pressures resembling the behavior for
the grain size and electron temperature T,. Grain size is therefore, an
indicator for the critical temperature (Fig. 5b).

3.2. Film and plasma properties versus target substrate distance

The influence of the target-substrate distance on the superconducting
properties is shown in Fig. 10. An increase in the distance leads to an
increase in the critical temperature, as depicted in the inset of Fig. 10,
while RRR displays no dependence on a change in the distance. Com-
parable observations were also reported by Iosad et al. [30], where a
modulation of the mean free path was achieved by adjusting the process
pressure, resulting in transition temperatures > 14 K for both an 80 mm
and a 40 mm separation. In contrast to the observations of the effect of
varying gas pressure, RRR does not appear to have any direct influence
on T, in this case. Although a semiconductor-like type is demonstrated
for the conduction flow, the RRR of all NbN samples is below 1 for all
target-substrate distances, indicating that the previous assumption of
superconducting grains in a non-superconducting matrix as limiting
factor is no longer valid. In the case of a distance variation, the electrical
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Fig. 10. RT-measurements for a variation in the distance (10 mm - 40 mm)
between substrate and target with a constant pressure of 0.5 Pa and power 50
W. Inset: Calculated T, (black) and RRR (red) for the measured RT-curves. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).

resistance does not seem to be largely determined by the size of the
grains. This absence of correlation between Tc and RRR could be due to
an increased bombardment at shorter distances. Due to the mean free
path of 33 mm between the neutrals in the gas phase at a pressure of 0.5
Pa, this effect would be stronger at smaller distances and lead to defects
formation [50].

An increase in crystallinity can be seen as the target-substrate dis-
tance rises (Fig. 11). For distances 30 mm < d <40 mm, a saturation
appears in the crystallinity. Although growth of larger grains can be
detected with increasing distance, this growth seems to have a different
dependence on the distance than the crystallinity. The increase in the
general crystallinity in the films also indicates a reduction in the defect
density.

Furthermore, the energy flux measured by the PTP can be compared
to the deposition rate during distance variation (Fig. 12). Due to the
different arrangement of the probe holder and the resulting anode ge-
ometry (Chapter 2.2), only a qualitative comparison can be made be-
tween the PTP measurements of the distance variation and the
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Fig. 11. GIXRD for a substrate-target distance between 10 mm and 40 mm for
constant pressure of 0.5 Pa and deposition power of 50 W. Inset: Crystallinity
(black) and Grain size (red) extracted from the GIXRD. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.).
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Fig. 12. Energy flux obtained from passive thermal probe (PTP) measurements
as a function of the distance d between target and substrate(black). The mean
values and the standard deviations are obtained from the two measurements for
each distance. The black dashed line shows a fit of the mean values. The
deposition rate for sputtered NbN thin films is determined by XRR (red). (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).

measurements of the pressure and power variation. The energy flux
decrease results from the increased collision rate of sputtered particles at
higher probe-to-target distances. Thus, a higher number of sputtered
atoms are slowed down and unable to reach the substrate. This leads to
thinner films and lower deposition rates.

The energy flux and consequently, the deposition rate show a
quadratic decrease with increasing distances, suggesting that the heat
intensity resembles that of a point-like source.

Here, the intensity decreases with increasing distance in a ratio of I
~1/d?, with I being the intensity and d the distance between the probe
and a point-like source. Since the distance d = 5 mm - 40 mm is very
small, we can no longer consider a close and comparably large plasma
plume as a whole point-source, but instead we need to consider every
point of it - especially beneath the race track - as a point-like source [21,
50].

3.3. Film and plasma properties versus sputtering power

When increasing the plasma power of the sputtering process from 20
W to 100 W, only slight variations on the superconducting properties of
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Fig. 13. RT-measurements for a variation in the deposition power (20 W - 100
W) with a constant pressure of 0.5 Pa and distance between target and sample
of 37 mm. Inset: Calculated T, (black) and RRR (red) for the measured RT-
curves. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.).
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the NDbN films can be observed (Fig. 13). Only a marginal increase in T¢
with increased sputtering power can be detected while RRR does not
display any significant changes. Despite the minimal change in transi-
tion temperature, there is a clear linear increase in the deposition rate as
a function of the increasing process power. Such an observation is sur-
prising since, according to previous assumptions, the growth of the
crystal layers of superconducting NbN is closely linked to the deposition
rate [8] (Fig. 15).

At a process pressure of 0.5 Pa and a distance of 37 mm, the structure
of the deposited NbN layers is independent of process power, as
demonstrated by the GIXRD spectrum (Fig. 14). Neither crystallinity nor
grain size show any dependence on sputtering power. This observation is
in agreement with the investigation of the influence of the process power
on the critical temperature, and confirms that the deposition rate cannot
be directly correlated to the transition temperature and crystallinity of
the NbN films.

A comparison between the energy flux and deposition rate for
increasing magnetron power is shown in Fig. 15. The mean energy flux
varies between 42 mW/cm? at a power of 20 W and 172 mW/cm? at 100
W. Moreover, the deposition rate increases from 15 nm/min at 20 W to
85 nm/min at 100 W. Both the energy flux and deposition rate show a
linear increase for increasing power.

The energy flux being understood as a power transfer from the
target/cathode to the substrate, a linear increase of the energy flux for
increasing magnetron power is expected [20].

At higher power, the target’s potential gets more negative compared
to the substrate. Due to a higher potential difference, the positive ions
accelerated towards the target obtain higher velocities and, thus, a
higher kinetic energy. After momentum transfer, more target atoms will
be sputtered resulting in a higher deposition rate.

Other plasma parameters like floating and plasma potential, electron
temperature, and ion current density are obtained for probe-to-target
distances of 37, 67, and 97 mm (Fig. 16).

The electron temperature shows an almost constant trend for d > 37
mm as seen in Fig. 16a. At higher probe-to-target distances, the electrons
collide with more particles, losing kinetic energy and consequently
reducing their temperature. As a result, the electron temperature at 67
mm and 97 mm is lower than at 37 mm.

Furthermore, the electron temperature increases from 2.2 eV at 20 W
to about 3.1 eV at the maximum power for a distance of 37 mm. This is
reflected by the plasma potential (Fig. 16¢) and can be related to the

z 40 Y2

£ 30 30 @

=8 B

*(7) 9./20 o

& 10 20-3

o en
i P TR [T B BT 10

1 2 3 4 5
p (Pa)

arb. units

20 (°)

Fig. 14. GIXRD curves for a power range from 20 W to 100 W with a constant
pressure of 0.5 Pa and distance between target and sample of 37 mm. Inset:
Crystallinity (black) and grain size (red) extracted from the GIXRD. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).
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Fig. 15. Energy flux obtained by passive thermal probe (PTP) measurements as
a function of deposition power (black). The mean values and the standard de-
viations are obtained from the two measurements for each deposition power.
The black dashed line shows fits of the mean values. The deposition rate for
sputtered NbN thin films is determined by XRR (red). (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.).

T T e p—

=67 mm
r —=- 97 mm -

gy

0 1 1 0 L L
20 40 60 80 100 20 40 60 80 100
P (W) P(W)

Fig. 16. Plasma parameters as a function of process power- the mean values
and the standard deviations obtained from the three measurement points for
each condition are depicted (squares with error bars). The solid and dashed
lines are added as a guide to the eye for the mean values (37, 67 and 97 mm
target to probe distance, respectively). (a) Electron temperature, (b) floating
potential of probe, (c) plasma potential, and (d) current density of positive ions.

strong presence of the magnetic field.

Since the field strength of the magnetron is stronger at short dis-
tances, the floating potential is more negative resulting in a higher
number of trapped electrons (Fig. 16b). With increasing magnetron
power, the plasma density increases, leading to a higher number of
electrons and ions. Yet, the floating potential of all three curves does not
show a pronounced behavior, which is inconsistent with previous work
on DC magnetron sputtering processes [51].

The plasma potential for distances of d > 37 mm behaves analogous
to the floating potential, while for a probe-to-target distance of 37 mm it
exhibits a total increase of 3.6 eV (1.6 eV to 5.2 eV) with increasing
power (Fig. 16¢). Here, the effect of the magnetic field is more pro-
nounced, leading to a higher number of electrons in the plasma torus
and, thus, a higher plasma density at a distance of 37 mm.

The current density of the positive ions is presented in Fig. 16d. With
increasing magnetron power, the velocity and kinetic energy of the ions
increases. As a result, a higher number of ions are accelerated towards
the probe (substrate) leading to a higher ion current density.
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At 37 mm the increase of the current density is steeper (from 2.5 A/
m?to 41.13 A/m?).

This can be attributed to smaller amounts of ions close to the
magnetron and its magnetic field.

4. Conclusions

In summary, we show in this work that the analysis of the plasma
parameters offers a comprehensive understanding of the effect of sput-
tering parameters on the layer growth of superconducting NbN. As the
characterization of the energy flux alone provides insufficient informa-
tion, further insight into the plasma parameters can be obtained by
means of Langmuir probe measurements. This shows an increase of
charged plasma particles with lower kinetic energies, resulting in a
strong degradation of the structural layer properties via grain size
reduction. This reduction in grain size is directly correlated to the
transition temperature of the superconducting thin film. In addition,
GIXRD and AFM structural analyses permitted film classification in
Thornton’s SZD, and demonstrating that the NbN film display the
highest crystallinity for a pressure of 1 Pa.

A change in the substrate-target distance lower than the mean free
path of the neutrals in the gas phase, induces an increase in the energy
flux and a decrease in the transition temperature. The absence of cor-
relation between RRR and T¢ and the increase in energy flux suggests a
higher defect density due to increased bombardment by neutrals.

The increase in plasma power shows a linear increase in deposition
rate and energy flux, which are very highly correlated. No influence on
the crystallinity and transition temperature of the layers could not be
demonstrated under the given conditions, which together with the
change in energy flux and sputtering rate can be explained by an
increased amount of target atoms with constant energies.
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The Von Ardenne CS400S cluster sputter device has four 4-inch targets arranged
perpendicularly above a rotatable substrate holder with a diameter of 200 mm. The
targets are tilted at a 45° angle towards the substrate holder. The PTP was moved
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along the axis of the substrate holder (measurement path) in steps of 10 mm. The
two targets P3 and P4 were investigated separately.

Motivation:

Copper (Cu) and nickel-titanium (NiTi) are commonly used metals in the semiconduc-
tor industry and for microelectrochemical systems (MEMS). Cu thin films can well be
used as electrical conductors or seed layers. NiTi on the other hand is widely used for
its shape memory effect. The studied sputter device deposits homogeneous coatings
on 200 mm wafers with dcMS by rotating the substrate holder during deposition.
However, the size of the substrate holder and the unusual arrangement of the tar-
gets gives rise to the question of whether the film properties are evenly distributed
over the substrate dimensions without rotating it. Sputter-deposited Cu layers usu-
ally have a crystalline structure while NiTi is initially deposited in an amorphous
state. As is commonly known the properties and intended functionality of thin films
vary with film structure, morphology and growth conditions. The energy balance at
the substrate surface serves as a valuable connection between the plasma and film
properties.

Main Results:

The energy flux density and deposition rate decrease with increasing probe-to-target
distance in a corresponding manner for all measurement points. The Cu thin films
show a qualitatively similar bulk growth behaviour over the entire measurement path.
A dense film with randomly orientated crystalline grains was measured with FIB
imaging. For a low deposition rate also the surface roughness is small. With an in-
creased deposition rate, the surface roughness reaches a plateau-like maximum. The
NiTi films’ cross-sectional analysis (SEM) shows, however, a significant dependence
of the morphology on the energy flux density and the angle of incidence of the film-
forming particles. With increasing target distance the films change from compact film
to columnar growth. Even the development of an increasing growth angle is visible.
The surface roughness exhibits a high dependency on the distance and reflects the
change in the growth behaviour. Rotating the substrate holder can homogenize the
deposition rate, but can not adjust the film structure change in the inner radii. This
can only be accomplished by added tools such as a heat supply.
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Keywords:
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Plasma-based processes are key applications in microsystems technology and are mainly used for the deposition
and modification of thin films. A strong dependence on used equipment and materials can easily affect plasma
processes and results in many differences of process characteristics like energy flow and deposition rates. For a
deeper understanding of inclined magnetron-deposited thin films, a passive thermal probe was used to investi-
gate the correlation between the film growth of two commonly used metallic target materials (Cu and Ni 46.8/Ti
53.2) and the energy flow from the plasma to the substrate. The special design of the sputtering system with a
fixed angle of 45° between targets and substrate allows homogeneous coating of 200mm wafers with 100mm
targets. The passive thermal probe measurements were performed radially across the substrate area for two
different magnetron positions. Complementary surface and cross-sectional analysis of the deposited layers by
atomic force microscopy, focused ion beam technique, and fracture edge analysis by scanning electron micro-
scopy were performed on thin film samples on silicon substrate to investigate the growth rate and structure of the
films. The films deposited in these experiments exhibit randomly oriented crystalline grains and heavily position-
dependent change in surface topography and morphology from compact films to columnar growth, for Cu and

NiTi respectively.

1. Introduction

Plasma-assisted techniques are widely used in microsystems and
semiconductor technology for the fabrication of functional films as well
as their structuring. Examples of the methods are plasma etching, ion
beam etching, reactive ion etching [1], plasma-enhanced chemical
vapor deposition (PECVD) [2], and physical vapor deposition (PVD). A
much used representative of PVD is magnetron sputtering [3], which is
used to deposit a variety of different functional layers on different
substrates such as silicon wafers. An important goal is to get as many
reliable units per wafer as possible per process run. This demand re-
quires ever larger substrates with a diameter of up to 200mm and more.
By using tilted smaller targets in combination with rotating substrates, it
is possible to homogeneously coat wafers with larger diameters [4,5].
This method offers companies, and, in particular, research institutions,
an advantage in the procurement of targets, their lower costs, a possi-
bility for co-deposition and combinatorial deposition.

The present study focuses on the diagnostic of an Ar plasma used for

* Corresponding author.
E-mail address: schlichting@physik.uni-kiel.de (F. Schlichting).

the fabrication of Cu and NiTi films by tilted DC magnetron sputtering.
The deposition experiments are carried out in an industrial cluster
sputter device Von Ardenne CS400S using 4 in. targets of the mentioned
materials. Thin films made of Cu have proven to be very versatile in their
functionality, serving as good electrical conductors or seed layers [6,7].
On the other hand, NiTi films are widely used for their shape memory
effect, first shown in [8]. While sputter-deposited Cu layers usually
exhibit a crystalline structure [9], Ti 53.2/Ni 46.8 films show an as-
deposited amorphous state [10,11]. In general, properties and acces-
sible functionality of thin films vary with film structure and growth
conditions which are directly dependent on the configuration of the
deposition tool as investigated here.

The energy balance at the substrate surface represents a good link
between the plasma and film properties. The total energy influx consists
of various contributions, such as plasma radiation, surface interactions,
kinetic energy of the particles, but also from loss processes as emitted
radiation, heat conduction and convection [12,13]. A versatile diag-
nostic tool to detect these contributions is the calorimetric probe,
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designed by Thornton in 1978 [14] and developed over the years in
different fields [15-17].

2. Experimental
2.1. Setup and sample preparation

The experiments were performed in a cluster physical vapor depo-
sition (PVD) system Von Ardenne CS400S. The deposition tool is
equipped with four 100mm balanced magnetron sources in an open field
configuration which can be operated by DC or RF, respectively. The
magnetron positions are at a fixed 45° angle to each other and to the
horizontal axis of the chamber lid (see Fig. 1). A homogeneous coating of
200mm wafers is possible, provided that all inhomogeneities caused by
the sputter geometry are compensated by rotation of the substrate
holder. However, the basic study presented in this paper aims to identify
the inhomogeneities in the plasma energy flow and film properties,
which are observed without rotation and therefore must be
compensated.

Two of the four target positions, namely P3 and P4, were investi-
gated for two different DC discharge powers of 100W (12.73mW,/mm?
at target) and 300W (38.19mW/mm? at target) with copper target and
NiTi target, respectively. Since the position P1 and P2 are symmetrical to
P3 and P4, an investigation was not carried for all target positions. As DC
source a Trumpf TruPlasma DC 3002 generator was used. During the
experiments the gas flow was set to 30 sccm Ar, the operational gas
pressure was 4.0-10 >mbar, whereas the base pressure of the evacuated
chamber was 2.10 "mbar. At the operating pressure the mean free path

1

)
\
itarget normal
\
1
1
h
\ chamber wall

Fig. 1. Construction section of the deposition chamber with three visible tilted
magnetron sources. The path of the calorimetric probe across the substrate
holder in respect to the two examined targets P3 and P4 is marked by the dotted
line. The centered target normals and their respective intersection points at the
substrate holder are indicated by straight lines.
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of the argon gas atoms is about 16mm. Hence, collisions between
sputtered particles and sputter gas atoms are expected. Therefore, a
potential broadening of the incident angle distribution at the substrate
surface due to the collisions must be considered. Except for the substrate
rotation, these parameters correspond to the deposition parameters
typically used in this chamber for thin film fabrication.

For the energy flux measurements a passive thermal probe (PTP) was
placed into the deposition chamber in the substrate region. The PTP was
mounted on a probe rod and guided over the horizontal center line of the
sample plate, where measurements were taken in 10mm lateral steps.
The measurement path is shown in Fig. 1. The vertical (h), horizontal (a)
and radial distance (r) from the target center to the center of the sub-
strate holder are the same for both targets, due to the radial symmetry of
the chamber. To complement the energy flux measurements, samples
were prepared for the examination of the thin layers, which have been
deposited in a deposition process without the PTP, but at the same
height and lateral position as chosen for the PTP. For the following film
investigations lithographically prepared silicon samples with native
oxide 5mm x 5mm and 10mm x 10mm were placed on the 200 mm
sample plate along the PTP measurement path in 10 mm steps. For the
deposition of the metal layers, the above mentioned parameters were
used. The deposition times were set at 1800 s for Cu and 3600 s for NiTi
at 300 W. For the 100 W depositions, the deposition times were twice.

After layer depositing and structuring by lift-off technique, the ob-
tained sharp layer edges were scanned by a surface profiler (Ambios
XP200 Profiler) to precisely determine the film thickness for the various
sample positions. The results were cross-checked by scanning electron
microscopy (SEM) (Zeiss Gemini Ultra55 Plus). Based on the deposition
times the film growth rates were calculated. For Cu and NiTi, four of the
10mm x 10mm samples were selected to further investigate the position
dependent film growth. Here, layers deposited by magnetron sputtering
at target position P4 were examined. The surface topography was
imaged using atomic force microscopy (AFM) (AJST-NT SmartSPM
1000) in scan areas of 5pm x 5pm for the Cu layers and 2pm x 2pm for
the NiTi layers. To additionally inspect the film structure, cross sectional
analysis for Cu and NiTi were carried out. The cross sections of Cu layers
were fabricated by focused ion beam (FIB) (FEI Helios NanoLab 600i
DualBeam) milling using 30 keV Ga ions. Imaging of the Cu cross sec-
tions was processed by rastering the focused ion beam and detecting
secondary electron emission. Due to the amorphous structure of sputter-
deposited NiTi films, the ion channeling effect is absent and a fracture
edge analysis by SEM was conducted for the cross-sectional layer
investigation of these samples.

2.2. Passive thermal probe

The concept of the passive thermal probe and the actual design used
in these experiments have been presented in much detail before
[18-20]. The probe consists of a substrate dummy made of a copper
plate with a diameter of 11mm and a thickness of 100 pm. The tem-
perature measurements used to determine the incoming integral energy
flux are obtained via a Type K thermocouple, which is spot-welded to the
back of the substrate dummy.

By measuring the change in temperature of the probe, a time and
energy integrated value of the energy flux density can be calculated.
This can be done by various methods. Here, we use the so-called kink
method [16]. The temperature evolution of the probe is divided into two
phases. If the magnetron source is on (i.e. during heating of the probe
substrate) the overall change in enthalpy Hj, of the probe is dominated
by the incoming power Pj,. This is mainly governed by charged and
neutral particles impinging on the surface, surface processes like film
formation, secondary electron emission or relaxation of meta stable
atoms or molecules and heat radiation from the target or chamber walls.
When the power source (magnetron plasma) is switched off, the sub-
strate is cooling and its change in enthalpy H, is now governed by the
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Fig. 2. Example for kink method evaluation of the temperature course,
measured for sputtering at target position P3 with Cu target at 300 W. Straight
lines indicate linear temperature fits around the thermal kinks.

power Py,  leaving the probe.

Hy = C,T) = Piy — Pouy @

Ho=CT.= —Pouc ®)

Here, C; is the heat capacity of the probe, which is determined by
calibration with an electron beam, as described in [19]. T, and T, are the
time derivatives of the temperature during the heating and cooling
phase, respectively. During our experiments we kept the heating phase
at 60 s and the cooling phase at 120 s.

For the evaluation method displayed in Fig. 2, we only examine short
time periods around the two kinks appearing in the temperature course
when the plasma source is switched on and off. Here, we can assume that
the outgoing power during the respective phases is the same. Therefore,
we can combine Egs. (1) and (2) to calculate the incoming power and,
consequently, the experimentally determined energy flux Jin exp

Piney _ s

Jin = T A_J (Th _Tc>7 3

where Ay is the probe surface area. For the kink method, as described in
[16], linear fits are made around the kinks to determine (Th - Tc>.

From these two kinks a mean value is obtained as the energy flux den-
sity. To compensate an eventual change in the heat capacity of the probe
during several deposition experiments due to film growth on the probe,
calibration was done before and after each measurement cycle. The first
calibration yielded a heat capacity of C; ; = 0.036 + 0.0006J/K. Cali-
bration after the experiments yielded Cs, 2 = 0.037 + 0.0006J/K. This
slight change did not have any affect on the evaluation of the mea-
surements. Therefore, all presented results were calculated with Cj, 1.

3. Theoretical considerations

In order to verify our measuring technique and to interpret the
contributions to the total energy flux, the individual contributions have
been calculated, supported by simple simulations.

For these considerations the film deposition coming from the Cu
target at position P3 was investigated in the centre of the substrate plate.
We assume that all arriving Cu particles are contributing to the film
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formation. A significant part of the energy flux is linked to the incoming
particle flux jy and, thus, also to the number of film forming particles N:

vV, .
New = Ny # = 5.57-10" particles 4

Cu

where V), = A, - dr denotes the volume of the film grown on the thermal
probe. This leads to a particle flux of:

1
L New _ 5564015
A, 8 cm?-s

JNcu = (5)
The values and constants used in Egs. (4) and (5) are summarized in
Table 1.
Using jn, cu, the expected energy flux related to the film formation
can be determined as follows:

. mW
Jeondheocu = jn.cAHy ¢y = 1.82 om? (©

with AHy, ¢, = 3.48eV being the heat of condensation per copper atom
[21].

To estimate the contribution due to the kinetic energy of the copper
atoms reaching the probe at the center of the substrate holder, this part
has been determined by simulations based on the SIMTRA code devel-
oped at Ghent University [22,23]. With this binary collision Monte Carlo
simulation, the experimental setup as seen in Fig. 1 was used to calculate
the energy of the incoming particles on the surface of the PTP. The
applied power of 300 W results in voltage of +350V at the target,
leading to a mean kinetic energy of a single sputtered Cu atom
impinging on the substrate of Exin, theo, cu = 5.1€V.

By multiplying Ekin, theo, cu With the calculated particle flux, jy, cy, @
total kinetic energy contribution results in:

. mW
Jkintheo.cu = Jn.cuEkin theo.cu = Z»GGE 7

Together with Jeond, theo, cu the energetic contributions can be added
together to a total energy influx of:

Jicu = 4487 ®)
cm

This calculated energy flux is lower than the value of Ji, e, = 7.39 [':T"f
measured with the passive thermal probe at the center of the substrate
holder under corresponding experimental conditions. However, the
total energy influx is a sum of different energetic contributions, with the
most important ones being the condensation energy and the kinetic
energy of the incoming sputtered target atoms [13]. In addition, the
recombination of charge carriers on the floating probe surface contrib-
utes minimally, since it results from a diminutive amount of argon ions,
which recombine on the surface. The rather small amount of recom-
bining ions is due to a minor ion flux far from the target region towards
to probe surface, considering that the gas ionization degree is very small
itself. Furthermore, the kinetic energy of the Ar ions may contribute, but
is negligible, because the probe is at floating potential [24]. Since the
theoretical value for the surface binding energy has been experimentally
well confirmed [21] and therefore been used to calculate the

Table 1
Values and constants used for the calculation of incoming particle
number for Cu deposition.

Physical data/constant Value

Probe surface A, 95mm?
Deposition time t 1800s

Film thickness dy 696nm
Molar mass of Cu Mc, 64 -5
mol
Bulk density of Cu pey 8.96 -
7 em?

Avogadro's constant Ny 6.022.10% L
. mol
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condensation energy Jeond, theo, Cu» it is very likely for the simulated ki-
netic energy to be the reason for the lower calculated energy flux
compared to our measured value. The complex geometry of the depo-
sition chamber could not be replicated precisely in SIMTRA, due to
limitations in the sketching of the chamber in the code.

In order to verify this assumption, the calculations are repeated for
the NiTi depositions on position P3 at the centre of the substrate plate,
corresponding to the conditions of the Cu depositions from above.

The nominal composition in atomic percentage of the NiTi is 46.8%
Ni and 53.2% Ti, which leads to a ratio of 1 Ni atom per 1.14 Ti atoms.
This proportion is to be considered in the calculation of the molar mass
Mpiri. Further on, the density of the NiTi target has to be considered for
the simulations based on the SIMTRA code. Since it does not allow to
simulate with a composite target, two simulations with pure Ni and pure
Ti targets were performed and a weighted mean was calculated from the
results.

Researching the density of different NiTi alloys has shown that the
total density increases with higher percentages of Ni. Hence, the density
of NiTi with a composition of 55% Ni and 45% Ti is py;,, 13, = 6.5 s for
NigoTiso the density increases up to py; 1, = 6.7 55 [25].

Accordingly, the weighted mean is likely higher than the actual
density of Nige gTis3.2. For our calculations we proceed from a mean
density of py;;; = 6.5 5 as a good approximation for the density of the
target.

On the other side, the heat of condensation could not be provided
through research, thus, a weighted mean has also been calculated using
the atomic percentages of Ni and Ti.

The physical parameters used for the calculations are represented in
Table 2. Other relevant values can be found in the above-mentioned
Table 1.

In analogy to the previous calculations for copper, the calculated
energy influx for NiTi towards the substrate is:

Vv W
Juveasir = 81810 =~ 131 25 ©

> =

s-cmr

The calculated particle flux jy, nii, the heat of condensation AHy, yir;
as well as the simulated kinetic energy Jkin, theo, niti Of the sputtered
particles leading to this energy influx can be found in the appendix in
Table 4.

The measured value for the same position, voltage and incidence
angle was 4.8 %, Again, this deviation from the theoretical value can be
attributed to the aforementioned reasons of the Cu simulations. More-
over, the weighted mean for the enthalpy of vaporization may not
correspond to the actual value of the NiTi film and the density of 6.5 &5
may be close to the expected density, but is still an approximation. The
exact value is probably smaller. The value for the mass density is also
relevant for the simulations and, thus, influences Jiin, theo, NiTi-

Yet, the calculations provide results, which are in a comparable
magnitude to the experimental ones. This way, we succeeded in devel-
oping a simple estimation based on our experimental measurement
technique - the passive thermal probe.

Table 2
Parameters of the NiTi depositions.
Physical data Value
Probe surface A, 95mm?
Deposition time t 3600s
Film thickness 414nm
Molar mass of NiTi My;r; 54 8
mol
Density of NiTi pyiri 6.5 g
cm?3

Surface & Coatings Technology 450 (2022) 129000

4. Results and discussion

All measurements were obtained for the same plasma conditions as
mentioned in Section 2.1. Both target materials were used at the two
positions (P3, P4) with different DC power (100 W, 300 W). In the
following, we will discuss at first the results of the PTP measurements
and film thickness measurements for the two target positions. In Section
4.3 we will go into more detail regarding the structure of the deposited
films.

4.1. Deposition rate and energy flux for target position P3

Fig. 3 shows again a sketch of the experimental setup in more detail
regarding target position P3.

For the PTP measurements the substrate holder was lowered, so that
the height h=100 mm of the dummy substrate equals the height of the Si
samples, which were subsequently coated for the materials investiga-
tion. The horizontal distance is a=145 mm. This amounts to a center of
target to center of PTP distance of r=176 mm. At the edges of the sub-
strate holder, e.g. radial positions +100 mm and —100 mm, the distance
between the probe and the target center is r + Arps = 202mm. So, the
distance from the probe to the target center changes significantly across

chamber wall

:measurement path

substrate holder

100 mm

Fig. 3. Sketch of experimental setup. The path of the PTP across the substrate
holder in respect to the two examined targets is marked by the dotted line.
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Fig. 4. PTP measurements for Cu target at position P3, obtained for 300 W (red
triangle) and 100 W (blue pentagram) magnetron discharge power. The cor-
responding deposition rates are depicted as well (black triangles and black
squares for 300 W and 100 W, respectively).
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Fig. 5. PTP measurements for NiTi target at position P3, obtained for 300 W
(red triangle) and 100 W (blue pentagram) magnetron discharge power,
respectively. The corresponding deposition rates are depicted as well.

the substrate region.

In Figs. 4 and 5 the PTP measurements alongside the deposition rate
taken for target position P3 for the Cu and NiTi target for both discharge
powers are shown. In all of the measurements we take the center of the
substrate holder as position 0 mm.

For both targets the energy flux to the probe shows a decrease to-
wards the edges of the substrate holder. This is expected since the dis-
tance between the probe and the targets and, therefore, to the plasma
plume increases. This decrease in energy flux coincides well with a
decrease in film thickness and deposition rate. In Table 5, which can be
found in the appendix, the deposition rate and corresponding film
thickness for Cu at 300 W and a deposition time of 1800 s are exem-
plarily shown.

For both measurements the energy flux density and the deposition
rate correlate well to each other. The 100 W measurements amount to
roughly a third in magnitude to the 300 W measurements, as expected.
Overall, the flux density and deposition rate for the Cu target are higher
than for the NiTi target. Current-voltage measurements at the targets
reveal that increasing the discharge power increases the current applied
to the target significantly, while the voltage stays relatively constant
compared to the increase in current, i.e. the kinetic energy of the Ar ions
impinging on the targets is almost unchanged, while the number of ions
striking the targets increases significantly with sputtering power. In
Fig. 11 of the appendix these measurements are shown for the two tar-
gets. The higher energy flux and deposition rate when comparing the Cu
to the NiTi target results from the significantly higher sputter yield of Cu
compared to Ni and, especially, Ti [26]. More sputtered particles deliver
more energy to the substrate surface. The significance of these different
fluxes and deposition rates in terms of impact on the film growth and
morphology will be discussed in Section 4.3.

As can be seen in Fig. 4 the energy flux and deposition rate on the
right side (0...4+100 mm) are slightly higher than on the left of the center
of the substrate holder (0...—100 mm). For example, at —75 mm the
deposition rate is roughly 0.25 nm/s and at +65 mm it is 0.35 nm/s. So,
there is a asymmetry of about 0.1 nm/s around the center position. This
difference in deposition rate, however, can be correlated to a different
energy flux at these two position. For the —80 mm position of the PTP we
have an energy flux density of 5.7 mW/cm? At the opposite end on
position 60 mm we measured 6.9 mW/cm?. Still, energy flux and
deposition rate behave in a comparable manner across the substrate
region. Hence, the energy influx is mainly governed by the arriving and
film-forming particles. The asymmetry of the two characteristics with
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regard to position 0 mm can be explained by the target at position P3
being tilted in a 30° angle towards the +100 mm side of the substrate
holder as is implied in the sketch of Fig. 3. This asymmetry does not
seem to appear for the NiTi target. The overall lower energy of the
incoming particles in comparison to copper seems to lead to less pro-
nounced geometrical factors.

4.2. Deposition rate and energy flux for target position P4

Seen in the previous section, the sputter yield and, therefore, the
energy flux at operating power of 100 W does barely exceed 1.5 mW/
cm? for NiTi at position 0 mm directly beneath the target P3. When
investigating target position P4, measurements at 100 W beyond the
center position, as seen from P4, were hardly possible due to the low
energy flux and, consequently, left out from this work. Therefore, the
following section focuses on sputter deposition at 300 W DC power.

When looking at Fig. 3 the target at position P4 is in direction, but
slightly off center of the movement of the PTP. The PTP is farthest away
from the target at position +100 mm on the substrate holder (target
center to PTP center distance: 260 mm) and closest to the target at —100
mm (target center to PTP center distance: 102 mm).

As expected the energy flux during deposition increases when mov-
ing the calorimetric probe towards the target. Fig. 6 shows the energy
flux density measured across the substrate region for the two targets
operated at 300 W, as well as the corresponding deposition rates.

The energy flux at the PTP reaches a maximum of 27 mW/cm? for Cu
and 17.5 mW/cm? for NiTi, respectively. The quadratic fit to the data
and the goodness of that fit suggests that we can assume magnetron
sputter source as a point source (i.e. I ~ }2).

Deposition rate and, consequently, the film thickness decrease in the
same manner as the energy flux, see Tables 6 and 7 in the appendix.
Assuming a constant film density, the energy per film-forming particle
for Cu amounts to the calculated value of 3.48 eV (see Section 3) which
is unchanged across the entire substrate position range. This is valid for
both targets and positions and favorable for film homogenization by
substrate plate rotation.

4.3. Film structure analysis and discussion
The mode of growth, topography and structure of the films is decisive

for their quality, function and further processability. Therefore, this
chapter focuses on the investigation of arising layer morphology

i Radial Variation, P4, both targets, Ar 300W DC 4
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Fig. 6. Energy flux measurements for target position P4 for Cu (red diamond)
and NiTi (blue cross) targets and associated deposition rates across the substrate
region at 300 W.
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observed for Cu and NiTi deposited from target position P4. In order to
cover a wide range of energy flux density, the samples of the target
position P4 were taken. Based on the results of the energy flux density
measurements for P3 and P4 in Figs. 4, 5 and 6, the P3 thin film samples
were not investigated since the P3 energy flux density interval is also
covered by the measurements of target position P4.

Detailed information regarding the deposition conditions and the
different analytical methods used to study the films are provided in
Section 3.1. The Cu film cross sections were prepared using the FIB
technique, while for the NiTi film cross sections a fracture edge analysis
was performed using SEM. The resulting cross sections are illustrated in
Fig. 7.

The studied samples of NiTi and Cu were selected at —90 mm, —70
mm, —30 mm and 10 mm positions on the sample plate. The angle of
incidence of the film-forming particles ranges from about 60° measured
from the horizontal line and at the —90 mm position to about 31° at the
10 mm position.

A strong contrast appears in the FIB images displayed in Fig. 7. This is
caused by the known ion channeling effect [27,28] and results from a
secondary electron yield variation due to a change of crystallographic
orientation within the irradiated sample volume. In the layer thickness
range investigated here, there is no evidence of a thickness dependence
of the average Cu grain size. Furthermore, a change in the grain orien-
tation can be observed in individual grains (marked positions), which

Pos.: -30 mm

Mag: 50.00 kx FIBimage Mag: 50.00 kx SEM image
HV:30.00 kv HV:5.00 kv
Curr: 9.0 pA 1 um

[——

Fig. 7. Combined view of selected images for thin film cross-section study at
different substrate positions for Cu (FIB, left) and NiTi (SEM, right). (Cu and
NiTi target at position P4, 300W). The area delimited by the white lines shows
the thin film under investigation. The areas of the copper samples marked in
black show a change in the grain orientation. For NiTi, a change in film growth
is observed over the range of sample positions. At sample positions —30 mm
and 10 mm tilted columns become apparent.
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runs through all samples.

When looking at the structure zone diagram (SZD) proposed by A.
Anders [29] different growth morphologies are divided into zones,
depending on a generalized temperature T* of the films and a normal-
ized energy flux E*, which are governed by the potential and the kinetic
energy of arriving and film forming particles, respectively. As seen in
Fig. 6 the energy flux across the substrate holder decreases by about 90%
for both targets. Since the Cu films show no change in their morphol-
ogies (zone 3, recrystallized grain structure, of the SZD, see Fig. 12 in the
appendix), it can be assumed, that there is no significant change in the
temperature due to the potential energy of the arriving particles and the
change in energy flux does not render a change in growth.

A contrast to the copper films are the resulting fracture edges of the
NiTi films shown in Fig. 7 on the right side. The fracture edges can be
divided in two different subcategories. The first one concerns the —90
mm and —70 mm positions. The film grows rather dense and shows a
smooth break edge. The sample at position —70 mm shows additional
structures in the fracture pattern, which may have a cause in the way the
fracture was produced. Secondly, looking at the positions —30 mm and
10 mm fractures, it can be seen that the fracture pattern differs
remarkably. Inclined columnar structures with a preferred growth di-
rection are formed, which become more refined as the deposition rate
reduces from 0.25 nm/s at —30 mm to 0.15 nm/s at 10mm. The incli-
nation of the columns increases from 6° to 11° as the deposition angle
develops from 40° to 31°. As NiTi grows amorphously the SZD cannot be
applied as it relates to crystal forming films. But the tilted columnar
structures are a well-known phenomenon occurring angled material
deposition with a high melting point and at low resulting surface
diffusion. The resulting growth angle depends on the angle of the
incoming film forming atoms and becomes larger with a reducing inci-
dent angle a (see Fig. 3) [3]. Recently, inclined columnar structures have
also been reported for reactively sputter-deposited TiO2 layers [30].
These observations support the assumption of a growth behavior of NiTi
dependent on the incident angle in this particular case.

In comparison, both materials differ in their bulk growth behavior as
seen in the cross sectional analysis in Fig. 7. Whereas copper shows no
qualitative changes, the growth behavior of NiTi varies significantly.
These differences must also be reflected in the surface topography and
roughness. The corresponding AFM images of the selected positions and
the determined roughness are shown in Fig. 8 and Table 3.

In the case of Cu, there are two types of surface topography which
differ remarkably from each other. In the first case the surface topog-
raphy of copper exhibits a valley structure with hillocks for samples
closer to the target (positions —90 mm and —70 mm). This can be
explained by the high deposition rate. Due to the high flux of film for-
mers, Cu grains grow in an obstructive manner and collide at the grain
boundaries. Without forming uniform large grains, they start to expand
along the grain boundaries and form a random stripe structure.

This pattern becomes less pronounced with increasing distance from
the deposition source and changes to the second type of surface topog-
raphy observed at sample position —30 mm and 10 mm. The strip
structure is absent, and the diameter of the hillocks decreases from about
100 nm at position —30 mm to 50 nm at position 10 mm (see Table 3).

As no other parameters were changed, the transition in surface
topography from first type to second type must be a result of the growth
rate becoming lower and the angle of incidence enlarging with
increasing substrate position. Summarizing all sample positions, the
surface topography changes to finer structures with increasing substrate
position. This is associated with a lowering of growth rate, total energy
flux, and film thickness.

On the other hand, NiTi shows a near consistent surface topography.
The surface structure in Fig. 8 shows a dominantly growing hillocks
structure with varying hillocks sizes for all NiTi samples (see Table 3).

As a measure of the surface roughness, root mean squares (RMS) of
height data were calculated from the atomic force microscopy images.
Considering the RMS values of AFM height data as a function of sample
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Fig. 8. Selected AFM images to study the thin film topography at different
substrate positions [Cu target (left, 1um scale) and NiTi (right, 500nm scale) at
position P4, 300 W.]

Table 3

AFM data for Cu and NiTi deposited at 300W power and target position P4: RMS
of height data and average hillocks diameter for 5pmx5pm (Cu) and 2pmx2pm
(NiTi) scans.

AFM values for Cu and NiTi 300 W power

Position/mm Roughness/nm Hillocks diameter/nm
Cu NiTi Cu NiTi
-90 8.2 0.6 - -
-70 7.3 0.8 - 35+8
-30 8.0 1.2 96+23 25+7
10 6.9 11 55417 18+3
50 4.7 1.0 53+11 23416
90 3.7 - 45+24 -

position, it is noticeable that the evolution of surface roughness with
deposition rate and angle of incidence is significantly different for NiTi
from that found for the Cu depositions.

A comparison of the Cu RMS data with the deposition rate, as seen in
Fig. 9, reveals that a plateau occurs in the surface roughness data at
about 7.5 nm for high rates above 0.4 nm/s. A possible reason for the
differences in roughness of the Cu layers is the phenomenon of statistical
roughness and self-shadowing [31]. The resulting roughness for speci-
mens with low surface energy cannot be compensated due to low surface
diffusion and increases with thickness to a point where deposition rate
and surface energy allows faster surface diffusion. This is indicated by a
smaller change in roughness for the samples closer to the target.

For the NiTi layers as displayed by the graph in Fig. 10, the thickest
layer exhibits lowest surface roughness of RMS=0.5 nm. Obviously, at
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Fig. 9. Deposition rate and RMS height values (Cu target at position P4,
300 W).
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Fig. 10. Deposition rate and RMS height values (NiTi target at position P4,
300 W).

position —90 mm the steep angle of incidence promotes smooth layer
growth shown in Fig. 7.

A possible explanation for this behavior is the low thermal conduc-
tivity of NiTi (Between 28 W/m-K and 18 W/m-K) [32] compared to Cu
(401 W/m-K) [33]. The low heat conduction ensures a growing film near
the source of an increasing surface temperature, since the surface energy
generated by the film forming atoms cannot be dissipated. This allows
the surface atoms to diffuse despite the high deposition rate. The direct
consequence is a low surface roughness and a more compact thin film.
This can be observed in the roughness values as well as in the cross-
section samples in Fig. 7 for the —90 mm as well as for the —70 mm
samples. Moving along the sample plate increases the deviation from
normal incidence resulting in rougher surfaces reaching a maximum of
RMS=1.2 nm under an angle of incidence equal to 40° at position —30
mm. In this substrate region the columnar growth of the film begins,
which becomes finer the lower the growth rate and energy flux are,
resulting in a slightly reduced roughness for the thinnest layer at sample
position 50 mm.
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5. Conclusion

The energy flux density from plasma to substrate was spatially
measured by a passive thermal probe and correlated to the thin film
growth in a tilted magnetron sputtering tool. Cu and Ni 46.8/Ti 53.2
were chosen as representative metallic materials growing crystalline and
amorphous, respectively. In general, the geometrical position of the
magnetrons in the deposition chamber results in varying conditions
across the substrate region. In particular, the variation in energy flux can
be well correlated to a change in deposition rate across the substrate.

The theoretically estimated energy fluxes originating from the
sputter targets are comparably well in alignment with the measured
energy flux at the examined positions. Despite the overestimation of
condensation energy (for NiTi) and the difficulty in determining the
kinetic energy of the particles via simulation, one can clearly state, that
energy flux density mainly is governed by the condensation heat and
kinetic energy from incoming particles, while contributions by radiation
and recombination on the surface can be neglected. Energy flux coming
from the Cu target is persistently higher than the energy flux from the
NiTi target mainly because of the higher sputter yield.

The cross sectional analysis of the Cu layers reveals a dense film
growth with randomly orientated crystalline grains across the entire
substrate plate. The forming surface topography of Cu exhibits a low
roughness value for thin samples at low deposition rates, which settles to
a constant roughness value for thick films with increasing rate and en-
ergy flux. In contrast, the position-dependent angle of incidence of the
film-forming particles leads to a significant change in the cross-sectional
morphology of the NiTi layers. The deposited NiTi films show an overall
change from compact films to columnar growth with the onset of a
growth angle as known from oblique angle sputter deposition. The
surface roughness of the samples increases with decreasing rate and
energy flow.

Based on the chamber and discharge geometry shown in Fig. 1 and
the measured fluxes of energy and film formers and deposition rates in
Fig. 6 for the static case, it is obvious that in order to homogenize the
energy flux and the resulting deposition rate, the substrate holder has to
be rotated around its own axis. Depending on the rotational speed and
the resulting change in orbital velocity, the deposition rate for the po-
sitions near the target will minimize and bring them closer to the values
around the axis of rotation. In the case of copper, which shows a qual-
itatively similar bulk growth behavior over the entire measuring dis-
tance, this approach appears promising. Since the surface topography is
mainly influenced by the deposition rate, it is expected that an equal-
ization of the rate will also lead to a homogenization of the film surface.

Appendix A
Table 4
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In contrast, NiTi shows two qualitatively different bulk growth behav-
iors depending on the sample position, energy flux, resulting deposition
rate, and deposition angle. To obtain a homogeneous deposition rate,
homogenization can be performed by rotating the substrate plate.
However, plate rotation cannot compensate for the film structure
change in the inner radii of the substrate plate. For this fact, further
mechanisms such as an active heat supply are necessary to positively
influence the material redistribution by diffusion. For this reason, in a
sputtering system with tilted magnetrons, it must be ensured that the
rotation of the substrates must not only contribute to homogenization of
the energy flux and layer thickness distribution, but also compensate for
different growth morphologies induced by a variation in the angle of
incidence.
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Table 5
Film thickness and deposition rate for Cu sputtering at 300 W at target position P3.

300 W power Cu target

Position/mm Film thickness/nm Deposition rate/nm/s
-95 346+11 0.19
-75 448+13 0.25
—55 549+10 0.31
-35 609+6 0.34
—-15 66217 0.37
5 696+7 0.39
25 694+4 0.39
45 685+2 0.38
65 629+16 0.35
85 585+3 0.33
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Fig. 11. Voltage and current at the Cu and NiTi target for different discharge powers, respectively.
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Table 6
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Film thickness and deposition rate for Cu target at 300 W at target position P4.

300 W power Cu target

Position/mm Film thickness/nm Deposition rate/nm/s
-85 2080+39 1.16
—65 1683+31 0.94
—45 1376+31 0.76
—-25 109624 0.61
-5 87515 0.49
15 680+17 0.38
35 53217 0.30
55 404+18 0.22
75 312426 0.17
95 268+8 0.15
Table 7

Film thickness and deposition rate for NiTi target at 300 W at target position P4.

300 W power NiTi target

Position/mm Film thickness/nm Deposition rate/nm/s
—100 2022426 0.56
-90 1834+14 0.51
-85 1721+6 0.48
—80 1603+19 0.45
-70 1431+£21 0.40
—65 1396+18 0.39
—60 1275+10 0.36
-50 1091+9 0.30
—45 1082+18 0.30
-30 899+88 0.25
-15 6231104 0.17
15 534+28 0.15
35 429+23 0.12
55 339+16 0.09
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6 Novel concept of a combined
plasma diagnostic using RFEA
and PTP

Following the previous measurements and also the works of others utilizing the PTP
for electrical measurements, the idea was developed to use it as the collector in an
RFEA system. By using it as a planar Langmuir probe [88, 101], it was already shown
that it is possible to make I-V measurements. The challenge now will be to put a grid
system before the PTP while maintaining its usage as a thermal probe. It should not
contact any surface since that would lead to unwanted thermal dissipation. But, still,
it has to be close to the grid system. Putting the PTP as the collector would make
possible the simultaneous measurement of ion energy distribution and the energy
flux density towards the collector depending on the scan grid voltage.

The following chapter will overview the first concept design for such a combined
diagnostic. It will detail the actual structure and issues that came with it. First mea-
surements in different discharge environments will be shown as proof of principle.
The challenges and obstacles will be discussed concerning the probe body’s heating
and the grids’ spacing and insulation. Also, two different electronics were used de-
pending on the plasma environment and ion energies therein. The electronics were
already available in the workgroup for ion beam experiments with very high energies.
But because it was designed for high voltages, an additional electronic was developed
to measure small ion energies as they appear in, for example, rf plasmas.

6.1 Electronics and Software

The electronics described in [92, 93] are used for the thermal probe measurements.
A circuit board is kept on the vacuum side and connected to a computer via a 9-pin
Sub-D feedthrough. On the outside, a coaxial cable can connect to the bias cable of
the PTP. For the RFEA measurements, four-channel electronics are used. The screen,
scan and SE repeller grid are fed through a 9-pin Sub-D plug. On the outside of the
chamber, coaxial cables are connected to the electronics. The PTP bias is connected
to the collector outlet. Figure 6.1 schematically shows all components’ wiring. Exem-
plarily shown is the experimental setup used for measurements in an rf plasma. The
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combined probe is embedded into the upper grounded electrode.

Collector — PTP—,

Grids

L

L I
RFEA | PTP

L

Data acquisition

= MB_@ & evaluation

Figure 6.1: Circuit diagram of the setup as used in the rf plasma chamber. The com-
bined diagnostic (purple) is embedded into the grounded electrode. The
bias cable of the PTP is connected to the collector output of the RFEA
electronics. Screen grid, scan grid and SE repelled are wired directly.

As pointed out earlier, one electronic was already available. With this, the scan grid
can be biased with up to 2 kV. The voltage source is built for high positive voltages
and measurements in ion beams. It is not very precise for voltages below 100 V. This
means that, for example, a voltage sweep from —20 V to 50 V would not be possible.
This range, however, is needed if one was to measure in an rf plasma where the ion
energies seldom exceed 50 eV. So a second electronic was developed using a passively
cooled operational amplifier for each channel. The screen grid and SE repeller always
have a constant voltage bias. A voltage sweep from —125 V to 125 V can be applied
to the scan grid. At the collector, the current measurements are done via four parallel
resistances, which can be patched individually depending on how much current flows.
The resistances are 10,100, 1000 and 10000 Q). Two National Instrument® USB-6009
devices are used for data acquisition, and an own LabView® program was written for
it. With it, a standard RFEA measurement and the step-wise sweep of the scan grid
needed for the combined measurements can be done. As previously discussed, the
PTP needs time for heating and cooling. So the temperature change is recorded for
static scan grid voltages while the plasma source is switched on (heating phase) and
off (cooling phase). The evaluation is done with a Matlab® script.
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6.2 First design

As previously stated, the method of the PTP has been developed and improved over
the years in our workgroup. It consists of a probe body with a 13 mm diameter and a
height of 30 mm. Figure 6.2 (Middle) details the design. The substrate platelet sticks
out from the cable duct that goes through the middle. A ceramic tube insulates the
cables (thermo couple and bias wire) from the stainless steel body. The protruding
substrate/platelet can be adjusted in height and then fixated with a retainer screw.
Figure 6.2 (Left) shows the grid holder. It is designed to be placed on the probe body
and replace the shield (green). The grids (blue in the figure) have an 11 mm diameter
and a latch going at a 90° angle to the sides. The cables are soldered to the latches
and led through the bottom outer shield’s base or side. The grids are separated from
each other by 0.3 mm thick Teflon rings. For better clarity, only one of them is shown
in 6.2 (Left).

Figure 6.2: (Left) The RFEA grids (blue) are placed on top of the grid holder (orange)
and separated by Teflon rings (yellow). The grids are fastened by the orifice
cap (brown). (Middle) The grid holder replaces the shield (green) of the
PTP. Picture taken from [87]. (Right) The combined grid system and PTP
are placed inside the bottom outer shield. Here cable feed-throughs are
accessible from the bottom or at a 90° angle.

Usually, the collector is also separated from the grid in front of it (SE repeller) by a
thin insulating material, enabling RFEAs with minimal dimensions. In the combined
case, the collector/PTP cannot have contact with any material, as was mentioned
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before. Therefore, the PTP is brought as close as possible to the inner lower edge of the
grid holder, getting the distance from the SE repeller to the collector to approximately
0.6 mm. Two Teflon rings are used to separate the grids to equalize the distance
between all grids and the collector/PTP.

An interchangeable orifice cap (steel) is screwed on the top and holds the grids.
The orifice width can be changed depending on the application. If a fourth grid is
used in front of the screen grid, it is grounded by contact with the lid. The bottom
outer shield (steel) mounts the probe on a cable feed-through. This can either be done
from the bottom or in a 90° angle, depending on the chamber geometry or desired
orientation of the probe. The orifice entrance is 1 mm thick which can significantly
alter the electric field in front of it. This can be compensated with a grounded grid in
front of the screen grid, but only to a certain extent.

As mentioned in section 3.2, a parallel setup of rf-powered and grounded elec-
trodes was built for the author’s master thesis[54] with recesses to mount a PTP and
an RFEA into it and have the probe surfaces aligned with the plasma-facing side of
the grounded electrode. The setup in figure 6.2 (Right) was designed to fit into the
grounded electrode. The orifice cap stands out at 5 mm from the upper edge of the
bottom outer shield. This way, the orifice surface aligns with the plasma-facing sur-
face of the grounded electrode.

Grid dimensions

The holes in the grids shown in figure 6.2 are not in scale. They are drawn larger
for better illustration. The grid transparency and the alignment of the grids play
an important role when designing an RFEA [104-108]. The hole diameter and grid
distance should not exceed the mean free path of the ions A, ¢, ;. In an rf plasma, this
usually ranges from 0.1 up to a few cm.

The first iteration of the grids were fine nickel mesh grids that were spot welded
onto the edge of stainless steel rings. The rings had an outer diameter of 11 mm and
an inner diameter of 9 mm. These grids had an optical transparency Ty; = 87 %.
In theory, when using three grids, total geometrical transparency T; would come to
T = T]\3] ; = 66% [109]. However, the alignment of the grids plays a crucial role, as
was found in [108]. In the case of the combined diagnostic, the misalignment and
the difficulty in spacing them evenly led to a substantial reduction in the collector
current. It was hardly distinguishable from the noise of the electronics and hindered
PTP measurement impossible. The same effect was encountered for grids with 0.1
mm diameter holes that were drilled into plane steel discs. The holes were hexag-
onally distributed with a centre-to-centre distance of 0.15 mm. This way, the grids
could be stacked on top of each other with a 120° angle to each other. This would,
theoretically, allow for an alignment of the holes. In practice, this was difficult to
achieve and did not sufficiently improve the measurements.
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The simulations regarding the align-
ment of the grids that were done by van
den Ven et al. [108], showed a con-
siderable reduction in the total geomet-
rical transparency for misaligned grids.
Therefore, a new approach was used.
Figure 6.3 shows the custom-made grids
used in the first measurements done
with the combined diagnostic. The holes
are hexagonally aligned and have a di-
ameter of 1.1 mm. The center-to-center
distance is 1.25 mm, bringing the opti-
cal transparency to Ty,ig = 57%. With
this design, a compromise was made between the hole dimension and grid distance
and the ability to align the grids and get an evaluable signal at the collector both with
respect to current and energy flux density.

Figure 6.3: Grid with hexagonally aligned
holes.

6.3 I-V characteristic and IED

After discussing the grids’ geometry a few theoretical considerations concerning the
determination of the ion energy distribution (IED) have to be made before showing
the first measurements.

If only single-charged ions with a minimal velocity v, can pass through the RFEA
grid system and are contributing to the current measured at the collector, the collector
current I~ can generally be written as [71]:

Ic = Aeg vaf(v)dv (6.1)

0

with A the area of the orifice entrance, e\ the elementary charge. f(v) is the ion
velocity distribution assuming a one-directional distribution parallel to the axis of
the RFEA grid system. v, is the minimum velocity of the incident ions which can
pass the potential of the applied scan grid voltage V. In terms of energy, it is the
minimum kinetic energy E( needed to overcome the potential. Using the relation
E =1/2m;v? = ¢,V and substituting it in equation 6.1 gives:

e
Ic = Ae J v V)dv (6.2)
c=Ac | v fY)
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with V| being the start scan grid voltage. By simply differentiating the collector
current the ion energy distribution f(V') depending on the scan grid voltage is ob-
tained:

m; dIC

f(V):_Ae(z)W

(6.3)

The reader will have noticed that only the ion energy distribution is mentioned in
this work. Whether one uses the ion velocity distribution or the ion energy distribu-
tion is at times argued about, since it can be argued that rescaling the scan grid voltage
(x-axis) with the relation v = v/2eV/m; would deliver the actual velocity distribution
and compress it compared to the energy distribution [70].

And since this work focuses on the feasibility of a combination of two diagnostics
and the new possibilities it brings regarding the investigation of the energy balance of
species in different plasma environments, a precise determination of the ion velocity
distribution is deliberately left out. This is also due to the measurement of energy
flux densities which are also done with respect to the scan grid voltage. Therefore,
a better comparison between the two is given if the ion energy distribution (IED) is
simply derived by differentiating the collector current, displayed in arbitrary units.
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6.4 Proof of principle

Figure 6.4 shows the first measurements of the combined diagnostic. The probe was
embedded into the grounded electrode of a parallel plate rf plasma and a 6 mm ori-
fice cap was used. The vacuum chamber and placing of the electrodes were detailed
in chapter 3.2 and schematically shown in figure 3.4. The plasma is excited with a
13.56 MHz radio-frequency voltage. The working gas is argon at a pressure of 5 Pa.
Additionally, a grounded grid was used in front of the screen grid. Previous tests with
smaller orifices resulted in a tiny current measured at the collector that could hardly
be distinguished from the noise. Therefore, the 6 mm orifice with an extra grounded
grid was used. The grounded grid was used to homogenise the electric field of the
plasma sheath in front of the probe. With these tests, the versatility of the modular
build probe could be verified.
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Figure 6.4: Measurements in an rf plasma. The working gas is Ar at 5 Pa. The dis-
charge is powered with 100 W. (Left) RFEA measurements with collector
current and IEDF. (Right) Collector current and energy flux density for
corresponding scan grid voltage.

Depending on the plasma environment and geometrical placing of the probe inside
the chamber, orifice width, grid spacing and grid arrangement can be customised ac-
cording to requirement. The grids are custom-made stainless steel with hexagonally
distributed holes (diameter: 1.1 mm, centre-to-centre: 1.25 mm).

On the left of figure 6.4, the standard RFEA measurement can be seen. Before dif-
ferentiating the collector current, it is smoothed using a Gaussian convolution with
a variable window length. The energy of the ions is mainly governed by the plasma
potential since the sheath is assumed to collapse at least once during an rf cycle [110].
Therefore, the floating potential can be neglected and the potential drop across the
sheath which accelerates the ions is roughly equal to the plasma potential. The plasma
potential was measured using an rf-compensated cylindrical Langmuir probe and dis-
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played in figure 6.4 on the left by a vertical line. The plasma potential is in good ac-
cordance with the peak of the IED, which confirms the RFEA functionality. The full
width at half maximum (FWHM) of the IED is = 7.6 V. It is a measure for the energy
resolution of the probe. Surely, this is not a very high resolution, but suffices for the
purpose of showing the working principle and feasibility of the combined diagnostic.
In another work of Edelberg et. al. [111] the energy resolution of a self-built compact
RFEA with a similar dimension was around 3 eV.

6.5 Combined measurements in a DC magnetron
sputter device

For another example, measurements are shown that were conducted in a large multi-
target magnetron sputter device. Two 6-inch targets were used. A MgLi target with
a Li mass fraction of 14% and a pure Mg target are utilized. These targets are part
of an extensive study revolving around the use of lithium in the medicinal therapy
of bipolar disorder and depression. A substrate plate was designed to embed the
combined diagnostic and a standard PTP separately. Three places at 13, 35 and 55
mm from the centre of the substrate were chosen. To discuss the entire measurement
campaign would go beyond the scope of this chapter. Its main goal was the use of
the PTP and the RFEA (without energy flux measurements) to determine a rough
spatial distribution of ion energy and total energy flux density across the substrate and
the difference between the two targets. At this point, only the combined diagnostic
measurements are shown which were taken at the outer position (55 mm).
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Figure 6.5: Measurements during sputtering using a Mg target. The working gas is
Ar at 0.4 Pa. The discharge is powered with 150 W DC. (Left) RFEA mea-
surements with collector current and IEDF. (Right) Collector current and
energy flux density for corresponding scan grid voltage.
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Figure 6.5 shows the measurements for the pure Mg target and figure 6.6 the mea-
surements for the MgLi target.
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Figure 6.6: Measurements during sputtering using a MgLi target. The working gas
is Ar at 0.4 Pa. The discharge is powered with 150 W DC. (Left) RFEA
measurements with collector current and IEDF. (Right) Collector current
and energy flux density for corresponding scan grid voltage.

As can be seen in figure 6.6 on the right, the error bars of the PTP measurements
can be quite large. The deviation comes from the evaluation of the PTP data using the
kink method mentioned in chapter 4.2. This evaluation technique always renders two
results for one temperature course. One for the heating kink and one for the cooling
kink. These two values should not differ too much and the mean value between the
two is taken as the energy flux density. In this case, however, these two values in
some instances lead to a substantial deviation in the measurements.

When looking at the energy flux density in figure 6.6 (on the right) for scan grid
voltages 10 V and 20 V, the difference between the two determined errors can not be
explained by changes in the discharge or other outside factors. This comes with the
resolution problems of the first design of the combined diagnostics which originates
in the alignment of the grids and their spacing. With these very small ion currents and
subsequent energy flux densities arriving at the collector, the evaluation of the PTP
data is easily prone to error. Another factor for these considerations is the heating of
the probe body which has an even bigger influence on the reproducibility and propri-
ety of the combined measurements. The fast heating of the body in this experimental
setup only allowed for one PTP measurement for each scan grid step value. Usually,
at least two or three PTP temperature courses are taken for each measurement point
to allow for a better averaging of the results and error determination. A detailed de-
scription of this problem and its implications for the measurements is given in the
next section.
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6.6 Heating of probe body

One of the main issues with the design of the combined diagnostics was that the
probe body heats up to such a degree that the PTP is heated whether or not the
plasma is turned on or off. This was especially the case when embedded into the
grounded electrode in the rf plasma chamber. The relatively thin stainless steel body
radiates enough heat so the PTP can barely detect a temperature difference when
the plasma is turned on. As can be seen in the previous section, the ion current is
in the range of yA and the measured energy flux densities are in the range of 0.1
mW/cm?. So if the PTP steadily heats up, the temperature change brought by the
energy of the impinging ions can hardly be separated from the noise or be detected
at all. Even if that heating process is somewhat linear and on much larger time scales
than the measurements themselves. Figure 6.7 shows the temperature course of the

PTP during the measurements that were discussed previously and shown in figure
6.4.
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Figure 6.7: Enlarged view (left) of the temperature course (right) of a whole measuring

cycle in a 100 W rf plasma for the combined diagnostic. The working gas
is Ar at 5 Pa pressure.

The steady rise in the base temperature is clearly visible on the right in figure
6.7. The vertical dashed lines indicate the separate measurements for each step in the
scan grid voltage. Three PTP measurements are done for each scan grid step. In other
words, the plasma was switched on and off three times for one scan grid measurement
point. This yields 6 results for the energy flux density, three each for the heating kink
and cooling kink, respectively. From the results, a mean is taken and the standard
deviation as an error appraisal. When the temperature change during the heating
phase is large enough for a clear distinction from the base temperature, this usually
results in high reproducibility of the measurements with only small errors.

During the measurements, however, the base temperature of the PTP rises from
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20°C to about 24°C. The actual temperature change by turning on the plasma is
seen on the left in an enlarged view of the first scan grid step 25 V. For each step the
plasma was turned on and off three times. Vertical lines indicate the event times. The
plasma was turned on for 30 seconds and the PTP only heats up for about 0.2°C.
To be able to accurately evaluate PTP measurements the temperature during the
cooling phase must reach the starting point it had before the heating phase. In other
words, it cools down completely after being heated by the examined energy source.
This is especially the case when the incoming energy flux density is very small. When
the incoming energy flux is very high and the PTP heats and cools very quickly, an
underlying rise in the base temperature could be ignored. However, this is not the case
here. In figure 6.7 it can be seen on the left that after the plasma is switched off, the
temperature drops only slightly and then starts to rise again. The actual measurement
can hardly be distinguished from the underlying rise in temperature which is coming
from the gradual heating of the grounded electrode and, subsequently, the probe body.

6.7 Summary

The first measurements in an rf plasma and a DC magnetron sputter system showed
the successful combination of the two diagnostics. The simultaneous measurement
of ion energy distribution and energy flux density opens up new possibilities in the
field of plasma diagnostics. A difficulty with standard PTP measurements is the inte-
gral energy flux density that is measured coming from all types of sources. Dividing
the total energy flux into individual contributions is a hard-won battle which often
requires the use of additional diagnostics or other equipment. With this probe, the
energy flux of the ions coming to the collector as well as fast neutrals can be deter-
mined directly. The shape and amplitude of the ion energy distribution greatly de-
pend on the plasma parameters such as pressure, plasma potential and sheath width.
The maximum of the IED reflects the plasma potential and with pressure change the
width of the distribution changes. This is due to the rise of collisions in the plasma
bulk and the sheath with rising pressure. According to [112] they can even be used
to determine the electron temperature.

To address the issues in this chapter, like grid spacing and alignment as well as the
heating of the probe body, a new design of the combined diagnostic is presented in
the next chapter.
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A retarding field thermal probe for combined plasma diagnostics

Authors: F. Schlichting, H. Kersten
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Technique: Electrical and energy flux measurements
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Experimental Setup:
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A new design of the combined diagnostic with a water-cooling system is deployed
in an ion beam experiment, magnetron sputter device and rf plasma discharge.

Motivation:

The principle of the combined diagnostic has already been proven to work in the
previous chapter. However, the first design came with a few challenges. The grid
installation and alignment were not easy to accomplish in a reproducible way. Also,
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the grids’ spacing and insulation were subject to reoccurring difficulties. The main
cause for the need for a new design, however, was the heating of the probe body
which affected the PTP measurements. Only under certain conditions was it possible
to fully make use of the simultaneous measurement with RFEA and PTP.

Main Results:

First, the water cooling system was tested and it was shown that the heating of the
PTP could be averted. The PTP can be cooled down sufficiently to measure the usu-
ally small energy flux density coming from the ions after passing through the RFEA
grid system. For the three discharge configurations that were studied, a correlation
between the measured ion current and the energy flux density was found. With de-
creasing ion current to the collector, also the energy flux density decreases. In the ion
beam experiments, the energy flux density could be separated into the contributions
coming from the ions and fast neutrals originating in charge exchange collisions. In
the magnetron and rf discharge, other collisions such as elastic collisions play a more
dominant role. So the model, as used in the ion beams, cannot be applied solely.
Still, the ratio of ion-to-neutral energy flux density can be determined and help, for
instance, in bringing together the examination of thin film properties and accompa-
nying simulations.
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Abstract

The wide variety and ever-growing applications of plasma processes, both in
research and industry, require an equally growing diversity and accessibility of
suitable plasma diagnostics. The plasma parameters and the tailoring thereof
strongly influence the outcome of thin film deposition, plasma etching, or surface
treatments, to only name a few. To further enhance the determination of
different fluxes of species, their energies, and behavior influencing a surface
process, a custom build combination of two commonly used diagnostics was
developed. With a retarding field analyzer, one can obtain the ion energy
distribution in a plasma by measuring the current at the collector depending on
the applied voltage at the scan grid. A passive thermal probe determines the
energy flux density coming from a process plasma by measuring the temperature
change of a dummy substrate. In this study, we present a retarding field analyzer
where the collector is substituted by a passive thermal probe. By doing so, we
can determine the energy distribution of the charged ions as well as their energy
flux density at a certain potential and the power deposited onto a substrate.
Another advantage is that the thermal probe can even measure the power
deposited by incoming (fast) neutrals and of the background gas when the ions
are kept away by the grids. Hence, combining these two powerful diagnostics
yields information neither of them can deliver on their own. The probe has been
tested in three different plasma environments: ion beam source, magnetron
sputtering and rf discharge plasma.

Keywords: plasma diagnostic; diagnostic combination; ion energy distribution;
energy flux density; energy balance

1 Introduction
In plasma diagnostics, one can rely on a vast variety of options depending on the
investigated discharge environment. The external parameters such as gas pressure,
gas flow, discharge geometry and applied power determine the internal parameters
of that environment. These include the potential and kinetic energies of the involved
particles (electrons, ions, neutrals and, possibly, precursor radicals) and the energy
these particles transfer to a surface and, furthermore, the potentials within the
plasma and the force the plasma exerts on a surface [1]. Plasma diagnostics such
as optical spectrometry [2], mass spectrometry [3], electrical probe diagnostics [4]
or sensitive mechanical probes [5] are commonly used to determine critical plasma
parameters.

The focus of this work is on electrical and thermal probes. Electrical probes
are commonly used to measure plasma parameters such as plasma potential, elec-
tron density and electron temperature, ion energy distribution and magnetic field
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strength. An important example of these diagnostics is the Langmuir Probe, which
despite its simple design, or maybe just because of it, can be used in many dif-
ferent plasma environments [6-8]. Another example is the hairpin probe, which
analyzes the amplitude and phase of the rf voltage and current in a resonant cir-
cuit [9]. Also, there are magnetic probes that measure the magnetic field strength
and direction in the plasma [10], and the retarding field analyzer to determine
the ion energy distribution [11]. Thermal probe diagnostics are useful for studying
plasma-surface interactions, plasma chemistry, and plasma processing. Examples
are bolometers, which are mostly used in confined fusion devices [12]. Additionally,
there exist various types of calorimetric probes using thermocouples and tempera-
ture measurements to determine energy fluxes onto surfaces in a plasma, based on
the principle introduced by Thornton [13]. They can be used to better understand
the plasma behaviour for applications such as plasma etching, thin film deposition,
and modification.

Recently, also novel and not state-of-the-art methods have been performed. For
example, there are thermionic probes, mainly used in magnetically confined fusion
devices [14], and optical probes using lasers as trapping systems [15] or Thompson
scattering [16], laser-induced fluorescence [17] or microwave interferometry [18].

Most of these diagnostics are invasive, meaning that they change or, at least, mini-
mally disrupt the plasma environment by introducing them. And on their own, they
often have limitations concerning the probe placement and obtained results. To get
a more comprehensive understanding, multiple diagnostics are often deployed sepa-
rately. The ever-growing complexity of the processes in which plasmas are used, calls
for more multilateral components, which can get results out of minimal invasion,

which led to the idea of combining existing diagnostics.

2 Plasma diagnostics

To better understand the abilities (but also shortcomings) of the suggested com-
bined probe techniques, the two diagnostics will be discussed separately. Since both
of these diagnostics are well-known and established, we will not go into too much
detail.

2.1 Retarding Field Energy Analyser

There are different routes to design a retarding field energy analyzer (RFEA) de-
pending on the requirements for the plasma process investigated. In principle, it
consists of a set of vertically aligned grids, acting as filters or lenses for an incoming
charged particle flux. As shown in fig. 1, the most commonly used is a three- to
four-grid system.

Grids G1, G2, and G3 are designated as the Screen Grid, Scan Grid, and Sec-
ondary Electron Repeller Grid (SE Repeller), respectively. Grid GO is optional.
Depending on the size of the Orifice Or, one may use an extra grounded Grid GO
to change the electrical field in front of the RFEA and prevent i.e. the bulk plasma
in a rf capacitively coupled plasma (rf-ccp) to spread into the probe. The voltages
applied to the different grids are schematically shown in fig. 2.

The negative bias at the Screen Grid prevents electrons from entering the RFEA.

Positive ions can pass the Scan Grid in proportion to the applied voltage ramp and
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Figure 1: Sketch of a four grid RFEA. Or: Orifice; GO: Grounded Grid; G1: Screen
Grid; G2: Scan Grid; G3: Secondary Electron Repeller; Coll: Collector Plate;
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Figure 2: The static voltages V1, V3 and V4 applied to the respective grids and
the voltage ramp barrier V2, as usually used by an RFEA.

the resulting current I is measured at the collector. Upon impact, the ions can
release secondary electrons (SE) from the collector and, consequently, distort the
measured current. Therefore, V3 must have a larger bias than the collector to repel
the SEs.

Measuring the voltage ramp and the resulting collector current yields the typical
I-V characteristic from which the ion energy distribution (IED) can be calculated by
differentiating the curve, as exemplary shown in fig. 3. The ion velocity distribution,
and therefore their kinetic energy, is related to the collector current I~ and the Scan
Grid voltage Ug [19, 20] like the following
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Figure 3: RFEA measurement in a capacitively-coupled rf plasma discharge in an

Argon gas environment with 2 Pa and 100 W at powered electrode

By simply differentiating the I-V characteristic, the obtained IED indicates how
many ions per unit of time and area are hitting the surface of the collector.

With the possibility of using a different number of grids and spacing them indi-
vidually, the RFEA is a widely used tool to investigate ion energy distribution in a
plasma [11, 21, 22]. But as soon as electrons, their energies, and velocities, neutrals,
or overall energy flux densities of species are of interest, additional diagnostics are

necessary.

2.2 Passive Thermal Probe

The passive thermal probe (PTP) and the actual design used in these experiments
have been presented elsewhere [23, 24]. The probe consists of a substrate dummy
with a diameter of 11 mm. Most commonly a 100 um thick copper plate is used as
substrate. One might use different materials with a greater or smaller heat capacity
depending on the incoming energy flux density. The temperature measurements
used to determine the incoming integral energy flux are obtained via a Type K
thermocouple, which is spot-welded to the back of the substrate dummy. A shielded
copper wire is additionally welded to the plate to bias the probe and perform current
measurements.

By measuring the temperature change of the probe set off by exposing it to a
plasma source, a time and energy-integrated value of the energy flux density can
be calculated. The evaluation procedure is described in detail in [25]. The typical
temperature evolution of the probe during plasma exposure is shown in fig. 4. It
can be divided into two phases, the heating phase and the cooling phase. During
the heating phase, the plasma source is on and the overall change in enthalpy Hj, of
the probe is dominated by the incoming power P;,. Charged and neutral particles
impinging on the substrate, surface processes like film formation, secondary electron
emission, or relaxation of metastable atoms or molecules as well as heat radiation
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from a target or chamber walls are the reason for the incoming power (energy
influx).
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Figure 4: Exemplary depiction of the two phases and the change in temperature of
the PTP over time in a magnetron sputter deposition chamber. This measurement
was done with a Cu target operated with 300 W DC.

When the plasma source is switched off, the substrate cools down and its change

in enthalpy H, is now solely governed by the outgoing power (cooling) P,yut,c. These
two phases can be written like this:

Hh :CsTh :Pin*Pout,h (2)

Hc = Cs Tc = _Pout,c (3)

C is the heat capacity of the probe, which can be determined by electron beam
calibration [24]. Py p is the outgoing power during heating. T, and T are the time
derivatives of the temperature during the heating and cooling phases, respectively.

We only examine short periods around the two kinks shown in fig. 4. Here, we can
assume that the outgoing power during the respective phases is always the same.

Therefore, we can combine equations 2 and 3 to calculate the incoming energy flux
density Jin,eap:

_ Pin,eacp _
Jin - -
As

i

(Th _ T) , (4)
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where Ay is the probe surface area. The linear fits are made around the kinks to
determine (7}, — T} for each of the kinks. From this difference, a mean is obtained
as the energy flux density.

2.3 Combination of both diagnostics: RFEA and PTP

The passive thermal probe has been used in a wide range of environments from low-
pressure process plasmas such as rf-ccp sources to high power impulse magnetron
sputtering (HiPIMS) systems and ion beam sources or atmospheric pressure plasmas
[26-29]. It has proven to be a versatile diagnostic and with the ability to bias the
probe it can even be used as a planar Langmuir probe, as shown in [27]. The
possibility to apply a bias voltage and to measure the current to the probe led to
the idea that this probe should also qualify to be used as a collector in an RFEA
system, where it simultaneously would allow to measure the incoming energy flux

density from a plasma source depending on the scan grid voltage of the RFEA.

grid holder (PEEK)
RFA grids
collector / PTP

thermocouple
& bias wire

PTP base

Figure 5: RFEA grid system on top of the PTP base.

For this purpose, the former PTP design [25] is modified to place the grid system
in front of the substrate plate, as shown in fig. 5. The grid holder is made from
a thermoplastic polymer (PEEK) and is fixed on top of the PTP base. PEEK is
thermostable up to around 340 °C and both electrically and thermally insulating. It
is also relatively cheap and can be easily processed with a CNC cutter, thus, making
it a very suitable material. An expanded and detailed view of the grid holder with
the individual grids is displayed in fig. 6. The secondary electron repeller grid is
positioned directly on top of the grid holder. Scan grid and screen grid are rotated
90° to each other. This way the protruding latches of the grids can be led to the
sides of the holder and connected to the electrical measurement system. Optionally,
a fourth grounded grid can be placed in front of the screen grid, as explained above
and shown in fig. 2.

The grids themselves have a thickness of 0.2 mm, the same as the grid cutout in
the placer. The placers have a thickness of 0.5 mm, which leads to a grid-to-grid
distance of 0.3 mm. In hexagonal order, the grid holes have a diameter of 0.4 mm
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Figure 6: Expanded view of the RFEA grid holder. The grids are fitted into the
grid cutouts of the individual placers.

and a 0.5 mm center-to-center distance, thus, creating a 58% optical transparency
for each grid. As a whole, the combined diagnostic will now be referenced in the
text as a retarding field thermal probe (RFTP).

To adapt the measurement principle of the two separate diagnostics and to be
able to combine them, one has to consider that a single RFEA scan may take only
a few seconds whereas, in contrast, the PTP measurement may take minutes. The
time for the required heating and cooling phases depends on the incoming energy
flux and the plasma conditions. With an ion current onto the PTP/collector of
only a few mA, which is reduced further with rising scan grid voltage, it can take
around 30 seconds to heat the PTP for a few degrees. The respective cooling phase
also depends on the environment. The cooling becomes significant considering the
housing of the RFTP.

To shield the latches of the grids and the attached wiring from the plasma, the
setup in fig. 5 is placed in a stainless steel housing. When exposed to plasma for
longer time periods the housing can heat up so much that the heat radiation affects
the PTP and thereupon acts as an unquantifiable energy source distorting the
measured temperatures. This would even lead to the heating of the probe during the
cooling phases. Therefore, the housing can be water-cooled as depicted in fig. 7. The
housing is 3D-printed stainless steel with a circular water conduit. Through the cable
duct, all wiring can be routed out of the vacuum chamber via a rotary feedthrough.
The orifice cap is screwed on top of the housing and serves, simultaneously, as the
ground connection to grid GO (fig. 1) if needed.

As mentioned in the previous chapter, different sizes and materials can be used
for the PTP substrate. The standard 11 mm copper platelet has a heat capacity
of around 0.03 J/K. When the incoming ion currents are relatively small, leading
only to a slight change in temperature of the probe (collector), experiments are
performed with a Tantal substrate of 5 mm diameter, resulting in a smaller heat
capacity of C's = 0.00758 £ 0.00017 J/K. This enables the probe to respond more
sensitively to small temperature changes.
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Figure 7: RFTP with water-cooled housing. The housing and orifice cap is made of
stainless steel.

3 Examples for experimental tests of the RFTP

The idea of the cooled housing is to stabilize the temperature inside the RFTP
and of the PTP substrate so that the outgoing power from the PTP during the
measurement is constant and that there are no external heating sources other than
the incoming ions or neutrals passing through the RFEA.

To demonstrate this effect, fig. 8 shows temperature courses with and without
water cooling, respectively. The RFTP was embedded in the grounded electrode
of a rf-ccp parallel plate discharge in an argon plasma. The powered electrode was
driven with 50 W and the plasma was ignited for 30 minutes and after another 10
min, the gas was turned off. During the measurements, there was no voltage applied
to the RFEA grids. Without cooling there is an almost linear increase in temper-
ature. After the plasma and even after the gas is turned off, the temperature still
rises. This is due to the disturbing effect of the heated housing on the temperature
measurements. In contrast, a cooled housing results only in a minimal temperature
change while the plasma is ignited and cools the probe afterward. Depending on the
water temperature, the probe will be cooled to the equivalent temperature. Since
this cooling factor stays constant throughout all measurements, it can be ignored
for the evaluation of the PTP temperature courses.

Coming back to the time duration of the two diagnostics mentioned in the previous
chapter, it is now possible to have sufficient time to cool the PTP and, therefore,
be able to determine the incoming energy flux of ions passing through the RFEA
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Figure 8: Temperature courses of the PTP substrate with and without water cooling

of the housing. Event times are indicated by vertical lines.

for a given grid voltage configuration. Hence, to obtain corresponding RFEA and
PTP data, first, a standard RFEA scan is performed, and then, subsequently, PTP
measurements are performed for fixed scan grid voltages in well-defined steps, while
the other grid voltages remain constant. Then, the ion current to the collector and
the energy flux density can be compared for the corresponding scanning range. In the
following, such measurements are shown for several different discharge conditions.

The electronic devices for temperature, voltage, and current measurements are
custom build. The PTP has its own electronic and vacuum lead-through. The addi-
tional BNC bias cable is separated from the temperature measurements and can be
connected to the collector output of the RFEA electronics. The RFEA electronic has
four BNC outputs for the three grids and the collector, with two outputs for fixed
voltages (screen grid and SE repeller) and two outputs with additional possibilities

of current measurements and sweeping bias voltages.

3.1 lon Beam

For a distinct and controlled environment in terms of ion energy and plasma density,
measurements were performed in an ion beam. Here, ions and electrons are produced
in an electron cyclotron resonance (ECR) discharge as described in [30]. With the
use of an anode ring around the discharge the ions can be accelerated up to Uypnode =
1200 V. Two different setups were used: the smaller vertically aligned source (VIB)
[31] and a larger horizontal ion beam (HIB) [32].

3.1.1 Vertical ion beam

Fig. 9 shows typical measurements in the vertical setup. Here, the distance of the
RFTP to the ion source cannot be changed due to geometrical limitations and is
about 0.2 m.
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Figure 9: RFEA (a) and RFTP (b) measurements in a vertical ECR ion beam.
The working gas is Argon at 2.6 - 1072 Pa. The anode voltage of the source is
Uanode =300 V.

The RTFP is placed in the center of the chamber facing the ion beam and the
orifice is changed to 4 mm diameter. The grounded grid is left out. Fig. 9a shows
the RFEA measurements in the same way as discussed in the previous chapter.
The maximum measured ion current is at roughly 30 uA, much higher than in an
rf plasma. The total energy of the ions is Fion = €(Ugnode + Uppt — Upp2) [32].
The sheath potential drop in the ion source is Upp1 = +(60 £ 10) V. The plasma
potential of the secondary plasma Uppz = +(15 £ 5) V in the chamber is highly
dependent on the working gas pressure and the anode voltage of the source [31].
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This can be seen in the RFEA measurements in fig. 9a, where the peak of the IED
is at approximately 360 V whereas the anode voltage is Uznode = 300 V. Of course,
not all ions and their potential energy are wholly affected, leading to the plateau in
the IED and the rather large width of the distribution.

The measured energy flux density (EFD), seen in fig. 9b, also drops at the same
voltage as the ion current. It amounts to roughly Jis maz = 1.45 mW /cm? (average
of measurement points of the PTP for scan grid voltage < 300 V). Looking at
fig. 9b the residual EFD above 375 V scan grid voltage is at around Jip min =
0.38 mW/em? (average of measurement points for scan grid > 360 V). This residual
energy flux density can be attributed to fast neutrals originating in charge exchange
collisions.

The charge exchange collisions of the ions in the beam with the background gas
atoms result in fast, energetic neutral atoms. For ions with energies F; > 100
eV the approximated net cross section for these collisions is 0., (F;) = 5.75 -
10719(E; /eV)~%1 m? [31] when using the energy dependent cross sections given
by Phelps [33]. For ions with an energy of E;,, = 360 eV and gas pressure of
2.6 - 1072 Pa, the mean free path for charge exchange collisions was determined to
Aczwib = 0.49 m.

Assuming that only ions and fast neutrals contribute to the total energy flux

density J;,,, the contribution of ions will be [31]

Jin,ions(z) _ 61’])(7

= 0.66 5
Jin,maac(z) cz,vib) ( )

for z = 0.2m. The proportion calculated with the measured energy flux density

from fig. 9b is

Jin,TrLa:L‘ - Jz

Jin,maz

n,min —0.74 (6)

which is in good accordance with the theoretical approximation. Hence, the energy
flux density due to the ions is Jip ions = 1.07 mW /cm?.

The proximity to the ion source did not allow for measurements above the afore-
mentioned anode voltage. For larger energies, the ion beam plume pushes too much
into the RFTP. The thereby growing space charge between the grids of the RFEA
can result in breakdowns between the Screen and Scan Grid.

3.1.2 Horizontal ion beam

To avoid this phenomenon, a second ion beam setup, mentioned earlier, was inves-
tigated. Here the ion source is oriented horizontally inside a larger vacuum vessel
with a length of 1.6 m and a diameter of 0.65 m [32]. At the opposite end of the ion
beam source, the RFTP can be placed in the center facing the ion beam. To alter
the distance a rod is used which also serves as the cable feedthrough. In this setup,
it was possible to apply up to 750 V to the anode. The distance of the RFTP to

the ion source was z = 0.9 m. The measurements are shown in fig. 10.
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Figure 10: RFEA (a) and RFTP (b) measurements in a horizontally orientated
ECR ion beam source. The working gas is Argon at 1.76 - 10~2 Pa. The anode grid
voltage of the source is 750 V.

The larger distance to the source allowed for higher ion energies to be investigated.
The ion beam, however, diverges in its diameter as it extends further into the
chamber. This can be observed in fig. 10a, where the collector current drops from
around 700 V until the scan grid voltage reaches 900 V. There are two peaks in the
IED at 750 V and 880 V and the plateau is much more pronounced than in the VIB
measurements. There is no reasonable explanation for this higher energy of the ions
in the beam. A thermionic cathode has been placed in front of the ion beam source
to prevent breakdowns inside the chamber. However, this could not fully be averted
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which leads to a distortion (small peaks) in the measured collector current, which
can be seen in the upper left corner of fig. 10a in the collector current. Measurements
taken for lower anode voltages reveal that the apparent high energy peak shifts to
higher scan grid voltages and gets more pronounced if the anode voltage is higher.
Fig. 11 shows the measured ion energy distributions for anode voltages of 300 V, 500
V, 600 V and 800 V. Additionally, the measured I-V characteristic for U,y,oqe = 800
V is displayed. Again, small peaks coming from breakdowns inside the chamber
can be observed, especially around scan grid voltages of 900 V, leading to this
pronounced peak in the corresponding IED. This also indicates some limitations of
the probe concerning the hole diameter of the grids and the grid distance in the
RFEA system.
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Figure 11: Measurements for different anode voltages showing the effect of break-

downs inside the chamber on the measured current and, subsequently, the IED

In the following the ion energy will be taken from the first peak in fig. 10a. In the
horizontal ion beam experiment, the plasma potential inside the source is Up,1 =
+(60£10) V, since this setup uses the same ECR plasma source as in the VIB. The
plasma potential in the chamber, however, is found to be Uype = +(40£10) V [32],
measured for an anode potential of Uyyoq. = 1200 V. Therefore, the total ion energy
in this setup would be expected to be around the anode potential. The energy flux
density taken from the PTP measurements in fig. 10b follows the collector current.
Here, in contrast to the vertical ion beam experiment, the residual EFD is still
significantly higher. For ions with an energy of 750 eV and gas pressure of 1.76-1072
Pa the mean free path for charge exchange collisions comes to Acz pipy = 0.79 m.

This results in a partial contribution of the ions to the energy flux density of

Jin.ions(z) z
—— = exp(— =0.32 7
Jin,mam(z) p( )\cz,hib) ( )
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for z = 0.9 m. The maximum EFD is around 8.8 mW /cm? (averaged over the first
7 measurement points for scan grid < 700 V) above the remaining 6.3 mW /cm?
(averaged over the 4 last measurement points for scan grid > 900 V). This results
in a measured ion contribution of

Jin,mam - ']7

Jin,maz

I ().28. (8)

The contribution of ions to the maximum energy flux density coming to the col-
lector is thereby Jin jons = 2.5 mW /cm?. Axial Faraday cup measurements in this
setup provide an ion beam current density of jpeam, ro = 1.2 pA/ mm? for z = 0.86
m and Ugpode = 800 V [34]. The orifice of the RFTP used in the HIB experiment
has a diameter of d,, = 6 mm. Taking the maximum ion current measured at
the collector of the RFTP from fig. 10 as Icoy,maz = 15 A, the ion current den-
sity measured at the collector is jeou = Icott,maz / Aor = 0.53 pA/mm?2. Since the
experimental conditions are comparable, the electrical transparency of the RFTP
approximately iS Jeou / jbeam,pc = 44 %. The transparency would be higher if we
take into account the smaller distance and higher anode voltage with which the

Faraday cup measurements were obtained.

3.2 Magnetron Discharge

Next, measurements are performed in a high-power impulse magnetron sputter
(HiPIMS) system [35]. The target cathode is operated with an 800 W DC power
supply. The measurement electronics are not equipped to deliver a time resolution
for a single pulse in such a system. A carbon target was used in an Argon atmosphere
at 0.36 Pa. The distance of the RFTP to the rectangular 10 x 30 cm carbon target
is 10 cm. A 6 mm orifice of the RFTP was used.

For all magnetron discharge configurations that are used in a wide variety of
scientific and industrial applications for processing substrate surfaces (e.g. thin film
deposition in microelectronics or hard coatings), the energy balance at the substrate
of arriving species (charged or neutral) is of utmost importance [36-39].

The film forming neutral atoms, which are ejected from the target surface, mainly
influence the properties of the desired films. The energy needed for surface diffusion
influencing the structure of the film [40] mainly comes from bombarding ions of
the inert working gas [41]. For these considerations, the RETP enables the user to
determine the energy balance between ions and neutrals at a specific location.

Examples of related measurements are shown in fig. 12. The ion current arriving
at the collector is comparable to that one in a rf plasma (next chapter) even though
the magnetron is operated at such a high power. This is due to the large area of the
target. The incoming energy flux density is much smaller though at a maximum of
roughly Jin.maz = 1.1 mW /cm? and only Jyp, min = 0.18 mW /cm? still above 25 V
Scan Grid voltage when all charged species are repelled by the probe. This results
in an ion-to-neutral ratio of

Jin,ma.r - ']z

Jin,maz

mmin (.83, (9)
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Figure 12: RFEA (a) and RFTP (b) measurements in a HIPIMS system. The work-
ing gas is Argon with 0.36 Pa with 55 sccm gas flow. The carbon target was operated
at 800 W DC.

When looking only at charge exchange collisions, as was done in the previous
chapter, the mean free path for charge exchange collisions is ¢z ms = 0.27 m. With
this estimation, the partial contribution of ions to the total energy flux density

would be

Jin,ions (Z) _ exp(—

Jin,max (Z) cx,ms

) = 0.69 (10)

for z = 0.1 m.
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The discrepancy in the ratios is expected, since other collisions, especially elastic
collisions, play an important role in magnetron discharges. In addition to low-energy
argon ions and neutral argon atoms impinging on the substrate (collector), other
species such as carbon ions or carbon clusters from the target may also be present
in the plasma and can arrive at the substrate. This, of course, is dependent on the

operating conditions of the magnetron discharge.

To estimate the contribution of each of these species to the energy balance at the
substrate (collector) one could resort to simulations using, for example, a binary
collision approximation Monte-Carlo method. Up to now, these kinds of simulations
are mostly used to discuss the thin film properties of ex-situ examined film deposited
under corresponding conditions [39, 42, 43]. Hence, the RETP can be used as a useful
link between simulations and ex-situ investigations, as it provides quantifiable and

localized measurements of ion and neutral energy flux densities.

3.3 RF Plasma

Last, measurements have been performed in a rf-ccp parallel plate discharge. The
RFTP is embedded into the grounded electrode. The RFTP orifice has a 6 mm
diameter and the grounded first grid GO is used to shield the bulk plasma from the
grid system. Grounded and powered electrodes are in a distance of 5 cm, and the
powered electrode is driven with a 13.56 MHz voltage at 100 W power. The working

gas is argon at a 2 Pa pressure.

Fig. 13 shows typical measurements for a scan grid sweep from 0 V - 50 V.
Fig. 13a shows the I-V characteristic, i.e. the collector current depending on scan
grid voltage. Also shown is the smoothed characteristic, resulting from a spline fit
method, and the ion energy distribution (IED). Fig. 13b shows the measured energy
flux density (EFD) together with the collector current. The energy flux arriving at
the collector decreases with the rising scan grid voltage. lons are steadily reflected at
the scan grid and the measured current drops. Simultaneously, the incoming energy
due to energetic ions drops with the ion current. However, unlike the collector
current, there is still a significant amount of energy flux Jiy, min = 5.75 mW/ cm?
measured above 40 V, even though the charge carriers are blocked from the collector.
The incoming EFD drops from roughly Jin maez = 7 mW/cm? to 5.75 mW /cm?.

Since the RFTP housing is at a constant temperature, additional heat radiation
from the holder can be ruled out. Of course, some heat radiation from the plasma
might reach the PTP, but the remaining EFD comes from fast neutrals of the plasma
bulk originating in charge exchange collisions and possibly a small percentage of
recombined ions. Measurements with a cylindrical Langmuir probe inside the plasma
bulk revealed a plasma potential of ®p; = 30 V and an electron density n. =
2.9-10'6 m~3. The plasma potential is a good indicator for the RFEA measurements
as the ions are accelerated, which is indicated in their energy distribution. Typically,
rf plasmas have relatively low ionization rates, shown by the rather small electron
density. This in turn confirms, however, why the remaining EFD should come from
neutrals passing through the RFEA grid system at such a high rate.
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Figure 13: RFEA (a) and RFTP (b) measurements in rf-ccp parallel plate discharge

Here, as was also discussed for the magnetron discharge, different types of en-
ergetic collisions are responsible for the remaining incoming energy flux Jip min-
Elastic collisions of ions with neutral gas molecules in the sheath can lead to energy
loss and broadening of the ion energy distribution.

Within the plasma itself, charge exchange collisions can lead to the formation of
fast neutrals. Overall, the EFD is much higher than in magnetron discharge as well
as the relationship between ion and neutral contribution, which is

Jin,ma;l: - Jz

Jin,maz

I ().18. (11)
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The influence of collisions is much more pronounced and the energy balance at

the grounded electrode is much more dominated by (fast) neutrals.

4 Conclusions

This newly designed plasma diagnostic (RFTP) presented here opens up new pos-
sibilities in the field of analyzing the energy spectrum of particles and flows in a
broad range of different plasma environments. Ion energy distribution functions can
be determined and correlated to their energy flux density. Additionally, the energy
flux density of (fast) neutrals originating from charge exchange collisions can be
determined.

In the case of ion beam experiments, where charge exchange collisions are impor-
tant, the measurements coincide with the theoretical model. For plasma environ-
ments where elastic and other collisions play a more dominant role, the individual
contributions of collisions to the overall energy balance at the collector are more
difficult to quantify by using only this probe. However, the RETP diagnostic pre-
sented here proves a valuable addition to the field of plasma probe diagnostics, since

it gives new insight into the energy balance of species in the plasma.
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8 Use of the RFTP in an HiPIMS
application

During a short stay at the laboratory for Surface Science & Coating Technologies at
Empa in Ditbendorf, Switzerland, the retarding field thermal probe was used to inves-
tigate a High Power Impulse Magnetron Sputter (HiPIMS) device. The experimental
chamber has 4 circularly aligned 10 x 30 cm targets perpendicular to the centre of
the vacuum chamber. A service flange can be used to replace one of the targets and
access the vacuum chamber. The schematic setup alongside a picture of the RFTP
inside the chamber is shown in figure 8.1. The additional PTP, also shown in figure
8.1, will be addressed later in this chapter.

RFTP
C target
orifice
vacuum
chamber additional PTP

Figure 8.1: (Left) Schematic drawing of the vacuum chamber with the RFTP opposite
the C target. (Right) Picture of the RFTP within the vacuum chamber with
an additional PTP placed alongside it.

The distance of the RFTP to the C target is 10 cm and is it located slightly above
the centre of the target. Various measurements in HiPIMS mode and DC mode were
made which will be addressed in the following sections. For all measurements, the
working gas is argon at 0.36 Pa with a 55 sccm gas flow. First, a power and pulse
length variation is presented, done in HiPIMS mode. During the course of the mea-
surement campaign, it was found that, due to the close proximity of the probe to the
target, the first grid (screen grid) could not fully prevent the plasma from entering the
grid system. This led to distortions in the collector current and a broadening of the
IED and was noticeable in HiPIMS mode. The problem could be solved by alternate
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wiring of the grids leading to a better energy resolution of the RFTP but also had a
negative effect in regard to the secondary electrons emitted from the collector. Last,
the measurements presented in the previous chapter for DC mode are discussed in
more detail and correlated to the additional PTP.

8.1 Voltage and pulse length variation

In the following, the ion energy distribution (IED) measurements are discussed that
were done in HiPIMS mode with the RFTP. The screen grid and collector are biased at
—60 V and the SE repelled grid at —70 V. The scan grid is sampled from 0 V to 25 V.
The standard pulse width was 3 ms (333 Hz frequency) with a 20 us high-power pulse
length. The custom-built RFTP electronics are not able to resolve such short pulses.
So, time-averaged measurements were done with a measurement length of 512 s per
scan. A standard scan over a 30 V span (from —5 V to 25 V scan grid voltage) would
then result in roughly 6500 data points and 3900 samples per setpoint.

The voltage variation measurements are shown in figure 8.2. The voltage is varied
from 700 V to 1 kV with the standard pulse width and high-power pulse length. In
this variation, the peak current at the target during the pulse increases from 18 A to
190 A.
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Figure 8.2: Measured IEDs for a target cathode power variation. The legend states
voltage and peak current. The collector current is left out for clarity.

The measured collector currents were deliberately left out from figure 8.2 for clar-
ity of the figure. But as expected the maximum collector current measured for scan
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grid voltages below 5 V increased with increasing target voltage. In table 8.1 these
maximum currents are listed alongside the corresponding target voltage for a few
selected voltages. As can be seen, the current roughly quadruples over the voltage
variation from 700 V to 1 kV, whereas the peak current measured at the target during
a pulse increases tenfold. An increase in target voltage has little to no effect on the
ion energy distribution. Only the ion flux is increased leading to more ions reaching
the collector.

target voltage (V) | peak target current (A) | max. collector current (#A)
700 18 0.43
800 70 0.88
900 125 1.35
1000 190 1.68

Table 8.1: Selected target voltage, peak target current and corresponding collector
current during the standard HiPIMS mode.

The RFEA measurements for the pulse length variation are shown in figure 8.3. The
high-power pulse was increased from 20 us (yellow) to 40 ps (blue), 50 ps (purple) and
70 us (green). The pulse width was held constant at 3 ms (333 Hz frequency) and the
target voltage was 750 V.
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Figure 8.3: High-power pulse length variation. Frequency is kept constant at 333 Hz.
Target voltage is 750 V.

An increase in pulse length has a stronger effect on the ion energy distribution
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than the target voltage. The peak of the IED shifts from 13 V to around 18 V. The
increase in collector current correlates to the increase in high-power pulse length.
However, the energy resolution of the grid system is strongly affected by the bulk
plasma entering the RFTP which leads to a full width at half maximum (FWHM) of 8
Vto1l0V.

8.2 Grid wiring and SE repeller grid bias variation

To address the problem of the plasma en-

Or _ -7 tering the grid system and distorting the

Gl m o ———— -— collector current, the grids are wired ac-
. ! ______ !_|| cording to figure 8.4. This was necessary
I I since a negative bias voltage at the first

@ i -t === iv_glég; ramp grid could be measured when opening
Coll = the shutter in front of the target. This
bl was true for both DC mode and HiPIMS

mode. Grid G1 is grounded. Grid G2
now serves as the screen grid and the
voltage scan is done at grid G3. With this
wiring, there is no grid serving as the secondary electron repeller. The screen grid
and collector are biased at —30 V and the scan grid is sampled from 0 V to 30 V. With
this setup a pressure and frequency variation was investigated. The results of which
are shown in figure 8.5 on the left and right, respectively.

Figure 8.4: Alternate wiring of the grids.
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Figure 8.5: (Left) pressure and (Right) frequency variation using the alternate wiring
of the grids in HiPIMS mode, 750 V, 45 A, working gas Argon.

As expected the increase in working gas pressure leads to a reduction in measured
collector current and a broadening of the IED due to increased collision rate in the
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bulk plasma. A higher pulse frequency increases the collector current but has seem-
ingly no effect on the peak of the ion energy distribution.

The IEDs shown in figure 8.5, however, exhibit an apparent difference with respect
to the ones from the previous section and the standard wiring of the grids. Their
FWHM is smaller but also their shape is changed. The FWHM for the pressure vari-
ation measurement is ~ 5 V. But there is a noticeable hump in the rising left flank of
all IEDs in figure 8.5. This comes from the missing secondary electron repeller grid.
The SEs that are emitted from the collector upon impact by the incoming ions are
not brought back to the collector. This leads to a distortion in the measured collector
current. To demonstrate this effect and emphasize the importance of the SE repeller
grid in an RFEA system, a stepwise reduction of the bias voltage and the resulting
IEDs is shown in figure 8.6. The target is operated in DC mode, with 800 W power
and 0.36 Pa Ar pressure. The screen grid and collector are biased at —60 V and the SE
repeller bias is reduced from —55 V to 0 V in steps of 5 V. The emergence of a second
peak and the steady broadening of the IED are clearly visible. The actual peak can
not be distinguished anymore.
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Figure 8.6: Stepwise reduction of the secondary electron repeller grid voltage in DC
mode, 800 W
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8.3 RFTP and additional PTP

In the previous chapter in publication 4, section 3.2, RFTP measurements were pre-
sented that were conducted in this device. The target is operated at 800 W DC power

and the working gas is Argon with 3.6-10~

2 Pa and 55 sccm gas flow. As a reminder

the presented results of the RFEA and RFTP measurements are shown in figure 8.7.
The grids are wired as described in the previous section 8.2.
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Figure 8.7: RFEA (left) and PTP (right) measurements during sputtering using a C
target, taken from submitted publication 4 (chapter 7 of this work).

From these measurements, the partial contribution of ions to the total measured

energy flux of the RFTP is 0.83.
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Figure 8.8: PTP bias variation in DC mode
with 800 W power and 0.36 Pa
Ar at 25 sccm gas flow.

The additional PTP, shown in figure
8.1, was used to investigate the ion con-
tribution to the energy flux density with-
out a grid system and to compare it with
the ion contribution measured with the
RFTP. A standard PTP was used, as de-
scribed in section 4.2, consisting of a
copper platelet with a 100 ym thickness
and an 11 mm diameter. The heat capac-
ity of the probe was calibrated to 0.0269
J/K. The probe was biased at —20 V, —40
V and —-60 V to gradually repel elec-
trons from the probe. The measurements
are shown in figure 8.8. With increasing
negative bias voltage, more electrons are
repelled from the probe, but ions are ac-
celerated towards it. Hence, the energy
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slowly increases as well. In figure 8.8 the 0 V bias voltage measurement was done
with a floating PTP substrate. Since it is not shielded in any way, the standard PTP
is exposed to all energy fluxes inside the chamber coming from energetic species,
radiation, combination on the surface, etc. At floating potential, there is a net zero
current to the probe. The PTP inside the RFTP is shielded from electrons, slow neu-
trals, heat radiation and, depending on the scan grid voltage, ions. The PTP/collector
in the RFTP is biased at —60 V.

Taking the energy flux density at 0 V bias J, = 23.44 mW/cm? and subtracting it
from the energy flux density at —60 V bias J_gy = 25.33 mW/cm? should leave an
ion contribution of J;,,, prp = 1.9 mW/ cm?. This rather simple subtraction should be
valid since the contribution of the kinetic energies of ions and electrons to the total
energy flux in a DC magnetron sputter source is small compared to the contribution
by sputtered particles [113]. Biasing the probe does not affect the sputtered particles,
so the contribution is the same for all measurements shown in figure 8.8. At floating
potential one expects the contribution of recombination to be higher than at a biased
probe. But still,

The ion contribution measured with the RFTP is J;,, gprp = 0.83 - 1.1 mW/cm? =
0.91 mW/cm?. In chapter 7 section 3.1.2 a comparison was made between the mea-
sured ion current density j.,;; at the collector and ion current density measurements
done with a Faraday cup, jyeqm rc. From the ratio, a statement could be made about
the actual electrical transparency of the grid system of the RFTP. The ratio between
the two current densities is

ool _ 0 44, (8.1)
Jbeam,EC

The ratio between the two ion contributions to energy flux density comes to

Jion,RETP

=0.48. (8.2)
]ion,PTP

To bring this together, two points can be made. First, the assumption that, at a
—60 V bias voltage, the energy flux density at the PTP increases with increasing ion
flux towards the probe can be confirmed and compared to the electrical transparency
of the grids established with Faraday cup measurements. Second, the agreement be-
tween the two ratios once more establishes the transparency of the used grid system
and the reproducibility of measurements done with the RFTP.






9 Conclusion and Outlook

The presented thesis has been dedicated to shedding light on the complexity of the
energy balance in plasma-surface interactions using thermal and electrical diagnostic
techniques and exploring the possibilities of simultaneous measurement and combi-
nation of these diagnostics. Through a well-structured exploration, this research has
made substantial contributions to the field of plasma physics, advancing our under-
standing regarding the energy balance of the involved species of technological plas-
mas and their potential applications.

The initial chapters laid the foundation with a concise yet comprehensive overview
of the underlying theory. This theoretical grounding paved the way for a deeper
exploration into the generation of plasmas, encompassing methodologies like radio-
frequency (rf) plasmas, ion beam technology and magnetron sputtering devices. A
broader context was established for understanding the subsequent experimental in-
vestigations.

The core of this research was anchored in the application of diagnostics in a va-
riety of different plasma environments. The Langmuir probe (LM), retarding field
energy analyzer (RFEA) and passive thermal probe (PTP) emerged as crucial tools
in the determination of plasma characteristics. These diagnostics bridged the gap
between theoretical concepts and empirical observations, enabling a more nuanced
understanding of plasma-surface interactions. The detailed analysis of plasma gener-
ation techniques and the different possibilities of characterization of plasma param-
eters and their effect on a surface has unveiled valuable insights into each method’s
specific features and characteristics, crucial for optimizing their applications.

The next phase of the thesis concentrated on conducting experiments in thin film
deposition setups, employing both PTP and LM probe diagnostic techniques. The
three publications from these experiments have demonstrated the importance of plasma
diagnostics in technological plasma processes, elucidating the connections between
plasma parameters and thin film properties. This contributed to improving the effi-
ciency and precision of these depositions, fostering their practical application.

In the first publication, a notable correlation emerged between plasma parameters
and the electrical behavior of memristive devices determined with PTP an LM probe.
Within the limits of the target race track the desired resistive switching of the active
NbO, layer is present. Under the race track and towards the edges of the substrate this
switching mechanism vanishes. A superimposition between the energy flux density
(impacting the film properties like stochiometry and morphology) and the plasma
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parameters (like plasma potential and electron temperature) is believed to facilitate
the desired properties of the NbO, layer in the devices.

The second publication presented a comprehensive study investigating the influ-
ence of pressure, power and distance variations on the critical temperature T and
residual resistivity ratio (RRR) of superconducting thin NbN films. Through the uti-
lization of the PTP and LM probe, this study showed the correlation between grain
size and crystallization (governed by ion and electron densities and energies) and T
and RRR. It helped to pave the way for establishing a reproducible and reliable way
of depositing superconducting NbN thin films.

The third publication showcased the utilization of the passive thermal probe to
correlate energy flux densities with thin film growth and morphology, particularly
within the context of Cu and NiTi films in a tilted magnetron sputter device. The
NiTi film’s change in morphology across the 200 mm substrate holder showed that
actually intended rotation of the substrate holder can homogenize the deposition rate,
but can not compensate for the film structure change apparent in the inner radii.

One of the major accomplishments of this research was the development of a novel
combined diagnostic approach, utilizing a combination of the RFEA and the PTP. The
synergistic effect of the combination provided a deeper insight into the complex ion
energy distribution and ion and neutral flux within the plasma, which was previously
unattainable through individual diagnostic techniques. The PTP, serving as the col-
lector of the RFEA grid system, can be used to measure the energy flux density of
incoming ions and neutrals depending on the scan grid voltage. This could be shown
in a proof of principle measurement in an rf plasma and in additional measurements
done in a DC magnetron sputter device. However, the first design had some issues
regarding the resolution of the grid system and the heating of the probe body which
were thoroughly addressed.

As a further development, building upon the success of the combined diagnostic,
the improved design with water cooling and a well-defined grid structure was intro-
duced. This enhancement further strengthened the diagnostic capabilities and un-
locked the diagnostics’ potential for measurements across multiple plasma environ-
ments. The water cooling improved the thermal stability inside the probe and allowed
for measurements of small temperature changes at the PTP/collector. The improved
grid system addressed prior concerns of resolution and reproducibility, paving the
way for more accurate and reliable measurements. The submitted publication has
highlighted the effectiveness of the upgraded diagnostic setup, showcasing its po-
tential as a valuable tool for advanced plasma diagnostics in rf plasmas, ion beam
experiments and magnetron sputter discharges. The ion current measured at the col-
lector correlates with the energy flux density. While the collector current disappears
there is still energy flux density coming from fast neutrals. This ratio of ion-to-neutral
energy flux can be used, for instance, to investigate the influence of charge exchange
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collisions in ion beam experiments. The simultaneous measurement of ion energy
distribution and the resulting energy flux density is a new way to gain insight into
the plasma-surface interaction.

The last chapter’s exploration of the combined RFEA and PTP diagnostic inside of
a High Power Impulse Magnetron Sputtering (HiPIMS) device further established the
reliability of the probe and its widespread usage. Variations in frequency and pulse
length revealed a few areas for improvement regarding the resolution of the probe but
also highlighted the significance of the secondary electron repeller grid, emphasizing
the complex interaction of diagnostic components and the challenging influence they
wield in determining plasma parameters. Finally, the additional measurements with
a standard PTP once again demonstrate the application possibility of the RFTP as an
additional diagnostic yielding results others can not.

In conclusion, this PhD thesis has made significant contributions to the field of
plasma physics, particularly in the area of technological plasmas and their applica-
tions in thin film deposition processes. The successful combination of RFEA and PTP
has proven to be a valuable approach for investigating the energy balance in plasma-
surface interactions. As technological plasmas continue to gain prominence in vari-
ous research and industries, the insights from this work provide implications for the
advancement of plasma-based technologies and their applications in materials sci-
ence, nanotechnology, and beyond.

As a final consideration, some thoughts are provided for future possibilities in the
advancement and application of the combined diagnostic:

« Energy resolution of the grid system can be advanced by using even smaller
grid holes and varying the grid distances. Simulations of the probe body and
the ion paths and electric field inside it could also provide valuable insights.

« The distance of the PTP/collector to the grids and its shielding inside the probe
body can be a point of advancement by minimizing the possibility of collisions
and influence from other heat/energy sources.

« The material used as PTP/collector can be varied to study its effect on the ion
energy distribution (keyword: Secondary electron repeller grid).

« Different PTP materials could also be used to study their individual secondary
electron emission in dependence on the incoming ion energy.

« With suitable electronics the probe could be embedded into the driven elec-
trode of a rf plasma and used to investigate the typical two-peaked ion energy
distribution and the effect it has on the energy flux density.
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