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A. Eigenständigkeitserklärung

153

B. Publications

155

C. Scientific contributions

157

D. Acknowledgments

159

iv

Abbreviations
symbol

explanation

A, A0
A, A+
a, q
Â
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1. Introduction
1.1. Motivation
The basic idea of plasma technology is to utilize a physical plasma as a tool. The
main feature of a plasma is its energetic active species which can initiate physical
and chemical processes which are hard to achieve by conventional methods. By
that, an optimized plasma source can lead to a process that is more efficient,
cost-effective or environment-friendly. For example, the sterilization of heatsensitive surfaces can be achieved by a plasma with the aim to replace toxic
chemicals and agents [1].
Plasma technology in general is referred to as a key technology that became
indispensable for other high technological developments. The possibility to etch
deep trenches with high aspect ratio for modern semiconductor fabrication [2] is
one example. Plasma technology enabled a lot of novel processes and products
that enrich our everyday life more or less directly. Most prominent might be
plasma TVs and plasma light sources. Inconspicuously, the technological plasmas are used broadly in the industry for mechanical engineering, environmental
applications and surface treatment. Especially the growing field of film deposition is dominated by plasma-based coating techniques that can create layers
with unique properties. Only some examples for well-established functional films
are hard coatings (TiN, TiC) [3, 4], solid lubricants (MoS2 ) [5], semiconductor
devices (GaAs, InP) [6, 7], X-ray and infrared reflectors [8, 9], but can also be
found in medicine [10].
There is a need for special coatings on artificial implants in biotechnology
and medicine. Aseptic loosening and infection of endoprotheses are serious
complications in orthopedic surgery. Despite aseptic surgical conditions and perioperative antibiotic prophylaxis, infection rates are reported to range between
0.5 and 2% after a primary total hip replacement [11, 12] and approximately 1
to 4% after a primary total knee replacement [12]. An early infection, which occurs up to 3 months after the operation, is usually acquired during the surgical
procedure and by implant-associated infections [13]. This circumstance motivates the development of a proper implant coating that overcomes the observed
medical complications.
A number of implant surface modification has been developed to inhibit a
bacterial colonization by the release of bactericidal agents. For example, titanium surfaces were doped by metal ions of Ag, Cu, Zn [14–19] or coupling of
antibiotics [20–22]. Copper represents one of the most promising metal ions for
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deposition applications because of its lower toxicity and higher cytocompatibility compared to Ag [23]. Furthermore, copper is a metabolizable agent [24]
whereas, e. g. silver tends to stay in the human body and increases the silver
serum levels [25], as it is mentioned in our work [26].
Because of that reason our research is motivated by a preparation of copper
rich intermetallic Ti-Cu thin films. The Ti-Cu phase diagram exhibits mutual solubilities of Ti in fcc Cu (up to 8 mol% [27]) and Cu in hcp Ti (about
1 mol% [28]) which predicts a possibility of copper release. The released copper serves as an antimicrobial agent while the role of titanium is to increase
the adhesion of human cells on the coated implant and by that to increase the
adhesion of the film [29].
The preparation of such films can be achieved by plasma-based evaporation
techniques. This approach allows to employ metals with an extremely high
melting point which can be evaporated and deposited without an additional
heating. Thin film components can be fabricated with a high degree of purity,
only limited by the quality of utilized ingredients and the leakage rate of the
vacuum system in the low pressure environment of such discharges. The use of
reactive gases and chemical precursors can be adjusted precisely and allows the
generation of compounds with a defined stoichiometry.
A broadly studied and well established plasma deposition technique is magnetron sputtering (MS) [30]. It is a well-known coating method for the deposition of atoms sputtered from a target onto a substrate [30–32]. A conventional
DC magnetron discharge is sustained mainly close to the target. The ionization
degree and ion flux rapidly decreases outwards from the cathode [33]. Since the
ionization of sputtered metal atoms in DC magnetron discharges is low (typically
< 1%), the majority of ions impinging on the substrate is represented by the
buffer gas ions (usually Ar). Furthermore, gas ions can be incorporated into the
film which decreases the film quality [34]. The microstructure and morphology
of films are significantly improved using metal ion deposition [35–38]. Hence,
it is generally desirable to increase the ionization level of sputtered particles
during the coating process.
It has been already demonstrated that different sputtering methods produce
metal particles and ions of different energies that can influence the crystallization process [39–43]. DC and mid-frequency pulsed discharges, working with
repetition frequencies in the order of 100 kHz [31], are characterized by a low
ionization degree and lower energy of ions [33, 44–46]. Higher ion flux and
energy flux are the main feature of high power impulse magnetron sputtering
(HiPIMS) operated with a low frequency (∼ 100 Hz) and short pulse width (duty
cycle . 1%) [32, 47–49]. By that, a high power pulse density (∼ kW/cm2 ) and
high plasma density, about 1018 – 1019 m−3 [39, 42, 43, 48–50], can be achieved
during the pulse. The measured ion energy distribution functions (IEDFs) for
Cr+ , Ti+ , Cu+ usually together with Ar+ ions at HiPIMS conditions are presented in several papers [48, 51–60]. It was reported in [61, 62] that HiPIMS
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discharges can be operated also at higher repetition frequencies (f & 1 kHz) with
longer pulse widths (Ta ≈ 100 – 400 µs).
However, the deposition rate in HiPIMS systems is usually lower because
metal ions are redirected back to the target [32, 49, 53] and deflected sideways [63]. Another disadvantage of HiPIMS is an unstable discharge operation at lower pressures (typical pressure condition for HiPIMS is about ∼ 1 Pa).
HiPIMS discharges, running at low pressure, need external assistance providing
ionized species which support the pulse ignition.
An alternative approach to create functional films is to form nanoparticles
in the gas phase and deposit them on a surface [64]. These particles can be
tailored by altering their growth conditions by different process parameters. By
that, metallic nanoparticles, so-called clusters, can be synthesized with different
properties. Metal clusters are aggregates of atoms in the nanometer size scale
(10 - 100 nm). They cover the size range between single atoms on one hand and
large amount of atoms that form a bulk material on the other hand. Therefore,
physical and chemical properties can vary between a discrete quantum character of atomic objects and the continuum behavior of a solid state body. It
strongly depends on the cluster size to which of these limiting cases the properties will tend to more. Clusters gain deserved interest [65] because of a possible
utilization in semiconductor, electronic, optic, biotechnological and medical applications [66–69]. Hence, the formation of different metal clusters, e. g. Pt [70],
Si [71], Ag [72–74], Co [75, 76], Au [77], as well as mentioned Cu [78–80] and
Ti [81–83], has been studied recently.
Their unique properties also originate from the clusters large surface-tovolume ratio that can result in a surface of deposited nanoparticles to be many
times larger compared to conventional thin films of the same area. It increases
the interaction area and causes an enhanced reactivity of such films. Hence,
clusters are used for various chemical [69, 84], optical [85, 86], electrical [81, 87]
and medical [88–90] applications. It was shown by some authors that deposited
nanoparticles, that are in contact with each other, form a porous film but
keep their crystallographic individuality even in a three-dimensional arrangement [91].
A more recent development to create innovative materials with novel properties is the incorporation of clusters into a host material. By that, mostly metal
nanoparticles are incorporated into a dielectric or polymer matrix that prevents
the clusters from merging and conserve their unique properties. The sensitivity
of physical and chemical properties on small changes of the film composition
(e. g. metal filling rate, nanoparticle size and shape) enables their utilization
as sensors or switches. These synthetic materials, also referred to as nanocomposites, find application in advanced electronics [92], optics [93, 94] and fields
like biotechnology and medicine [95, 96]. Nanocomposites consisting of metal
nanoparticles have been studied also in [66, 97–100].
The preparation of nanocomposites can be achieved by different methods
of nanoengineering. Apart from wet-chemical processes, like sol-gel [101] or
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colloid synthesis, the physical vapor deposition (PVD) provides a rather uncomplicated and solvent-free vapor phase deposition technique. The fabrication
of nanocomposite materials was done by thermal co-evaporation [101], hybrid
PVD/PECVD [97, 98], ion implantation [102], atom beam sputtering [94] and
mass selected ion beam deposition (MSIBD) [103]. For cluster formation, and
consequently for the production of nanocomposites, also magnetron sputtering
is commonly used.
The technique proposed by Haberland et al. [104] produces metal clusters
by a plasma-assisted gas aggregation. The cluster source combines magnetron
sputtering [105] with subsequent condensation of sputtered metal atoms (metal
vapor) in the gas phase. The energy of sputtered atoms is reduced/transferred
due to collisions with a buffer gas (typically Ar, He [72]). This process, the
so-called thermalization of sputtered atoms, results in an atom aggregation and
cluster formation. The energy transport and the temperature of the buffer gas
mostly determine the cluster growth process [79, 83]. Hence, the (high) pressure
in the aggregation region plays an important role and influences cluster growth
significantly [106]. For this reason, the influence of pressure on the cluster size
distribution was carefully studied during the experiments.
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1.2. Physical plasma
The term ”plasma” was first introduced by L. Tonks and I. Langmuir in 1928 [107].
It was later defined as a quasi-neutral gaseous or fluid-like mixture consisting
of charged and neutral particles. The plasma constituents are free electrons,
ions and usually also neutrals (atoms, molecules). An important property is the
collective behavior of the charged particles among each other. It is enabled by
the long range of the Coulomb force where, in the case of high electron density,
each charge carrier interacts simultaneously with many others. Further, macroscopic space charges can be formed in the frame of quasineutrality by external
influence.
When a charged test particle is inserted into a plasma, oppositely charged
particles will screen its electric field. As a result, the potential distribution of the
test particle in the plasma will be different from the vacuum case. The characteristic decay factor, or screening length, that attenuates the Coulomb potential,
is the Debye length λD which consists of an electron and ion component [109],
so that
s
0 kB Te,i
−2
−2
.
(1.1)
λ−2
D = λDe + λDi with λDe,i =
ne,i e2
Here, 0 denotes the electric field constant, kB the Boltzmann constant, e the
elementary charge, Te,i are electron and ion temperatures and ne,i the electron
and ion densities. For very dense plasmas, or when the electric field oscillates
too fast, the ions cannot follow and Eq. 1.1 reduces to the electron term. The
collective plasma behavior and Eq. 1.1 are only valid if:
• Debye screening is in effect for enough (ND  1) charged particles in the
space charge sheath, where ND = 4/3πne λ3D is the number of charged particles in a Debye-sphere with the radius λD .
• The charge density is high enough so that λD  l, where l is the dimension
of the plasma volume.
The quality of a plasma can be characterized by the ionization degree which
relates the concentration of neutrals to the charge carrier density. If only singly
and positively charged ions are considered, the ionization degree χ can be expressed as:
ne
≤ 1.
(1.2)
χ=
ne + nn
Here, nn is the neutral density and ne is the density of electrons that should be
equal to the ion density ni , due to quasineutrality ne ≈ ni . According to χ, two
limiting cases can be considered:
• weakly ionized plasma: χ  1
• fully ionized plasma: χ / 1
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Another possibility to categorize plasmas is according to the mean kinetic
energy of its main constituents. A measure for this is the temperature T that
allows classification of plasmas, as depicted in Table 1.1.
Table 1.1: Classification of plasmas according to temperature of particle species [110].

division
low temperature
plasma (LTP)

subdivision temperature
examples
4
thermal
Te ≈ Ti ≈ T . 2 × 10 K arc discharge at
normal pressure
nonthermal Ti ≈ T ≈ 300 K
glow discharge
Ti  Te . 105 K
at low pressure
high temperature
Ti ≈ Te & 107 K
fusion plasmas
plasma (HTP)
The utilized type of plasma is a nonthermal low temperature laboratory
plasma. They are usually powered electrically, where the electric field couples
efficiently power to the electrons. Because of their low mass and high mobility,
they gain a much higher kinetic energy compared to ions that results in Ti  Te .
This is also a reason why electrons play a major role for the ionization of gas
atoms. A simple setup for the generation of a low temperature discharge and
the corresponding current-voltage-diagram are illustrated in Fig. 1.1.
Here, we assume the dimensions for electrode area to be in the order of ∼ cm2 ,
a discharge gap of ∼ cm and a pressure of ∼ 400 Pa will cause breakdown at a
voltage of U0 ≈ 600 V. Initially, the discharge current is kept low by choosing
R = 1 MΩ. When R is reduced, the discharge voltage remains rather constant
about U ≈ U0 , while I increases until µA region. This regime is called Townsend
discharge and is characterized by U being independent on I without a visible
emission of plasma between the electrodes [109].
When R is further decreased, U reduces to a constant value in the range of
I ≈ 0.1 – 10 mA. This is the region of a subnormal glow discharge where a visible
glow covers a part of the cathode surface, the higher the chosen current, the
larger the glowing area becomes. In the moment of a fully developed luminous
effect over the whole cathodic area, the normal glow discharge is achieved.
To obtain higher discharge currents, the gap voltage U has to be increased.
This part of the current-voltage-characteristic is the anomalous glow discharge.
At currents of I & 1 A, the discharge will become unstable, indicated by the
dashed line in Fig. 1.1 b). The discharge will contract to a small channel with a
cross section of a small fraction of the cathode area. These channels are called
arcs, which name this regime arc discharge. It is characterized by a negative
differential resistance.
Most ionization of neutral gas atoms is achieved by electrons that gain enough
energy by an acceleration in the electric field between the electrodes. The efficiency of this process depends on the electron mean free path for ionization λi
that is related to the coefficient α = λ−1
i , introduced by Townsend. Therefore,
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a)

b) U (V)
anode

R

A

(1)
U0

600

(2)

+

A
A

(5) A

+

(4)
M

M

Townsend
discharge

400

+

(3)

anomalous
glow
subnormal
glow
normal
glow

200

cathode

arc

0
1nA

1µA

1mA

1A

I

Figure 1.1: a) parallel plate electrodes with applied voltage U0 and current limiting resistor R. More important elementary processes are (1) electron impact ionization, (2) electron
induced secondary electron emission, (3) ion induced secondary electron emission, (4) sputtering of cathode material and (5) loss of ions to chamber walls, where A/A+ represent gas
atoms/ions and M target atoms. b) shows qualitative trend of voltage U that drops across
the discharge gap, according to discharge current I, set by resistor R, after [109].

this elementary ionization process is also referred to as α-process and generates
a gas ion and an additional free electron, as illustrated by (1) in Fig. 1.1 a).
There are also processes that generate free electrons from the electrode by
particle impact. One is the electron induced secondary electron emission at the
anode (2). An impact of ions on the cathode leads to secondary electron emission
(3). Apart from properties of the incident ions, the ability to emit secondary
electrons depends on the cathode material. The secondary electron emission
coefficient γ is defined as the ratio of the emitted electron flux to the incoming
ion flux. Therefore, this process, causing the emission of secondary electrons
from the electrode, is often named γ-process. Apart from ionization and plasma
chemical processes, there is an effect that leads to a liberation of cathode atoms
from the bulk by ion impact, see (4) of Fig. 1.1 a). It is called sputtering and can
ultimately lead to cathode destruction. This effect can be desired and utilized
for low temperature material evaporation, as it will be discussed in the following
sections.
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1.3. Sputtering process
A physical sputtering becomes an option for the release of material that should
be subsequently deposited. The physical process that leads to an ejection of
electrode surface particles by energetic projectiles is called sputtering. Positively
charged ions can play this role in the low pressure environment of an inert gas
glow discharge. These ions are generated in the plasma and are accelerated by
an applied voltage towards the cathode. The cathode is equipped with a target
of a material to be evaporated by ion projectile bombardment. This process is
driven by a momentum exchange between the interacting particles which can
lead to an ion implantation, scattering and backscattering, depending on the ion
type, incident energy and target properties. In contrast to thermal evaporation
techniques, sputtering has the advantage of no need for a heating of the target
above its melting point. It can be a desired effect that finds application in
etching of semiconductor devices, but also an unwanted side effect, e. g. in fusion
reactors, where fast neutrons erode the plasma facing wall.
Projectile: atom or ion with kinetic energy
Atom, ion
Electrons
Surface

Figure 1.2: Principle of the sputtering process [111].

The parameter that describes the efficiency of a sputtering process is called
sputtering yield Y . It is defined as
Y =

number of ejected atoms
number of incident ions

(1.3)

and means the ratio of ejected target atoms per incident ion [115].
In frame of this work, magnetron sputtering is realized by positive argon (Ar)
discharge ions as projectiles that are accelerated towards the target. The dependence of Y on the ion incident energy E0 of Ar was simulated and compared
to the experimental data. This was also done for different projectile types and
target elements by [116]. Graphs of Y for materials that are of interest for this
work are taken from [116] and illustrated in Fig. 1.3.
At low projectile energies of E . 10−1 eV, the particles are more likely to
stick to the target material. This is the regime of chemisorption and condensation. High energetic projectiles in keV range lead to a particle implantation.
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Figure 1.3: Dependence of the sputtering yield Y on different Ar+ ion incident energies
E0 . Data points from experiments and simulations are summarized by autors [116] that also
provide calculations from an empirical formula (black line).

With further increasing energy less particles get released. Sputtering takes place
preferentially in the energy regime between these limiting cases, indicated by a
maximum of Y , as it can be found also for Ti and Cu, mainly employed in this
work (see Fig. 1.3).
At higher projectile energies E the relative amount of backscattered particles decreases but the total energy transferred to target atoms increases. This
leads to more projectile-in compared to projectile-out events. Under this conditions, secondary knock-on processes dominate and lead to sputtering induced
by collision cascades.
Here, the energy E0 of Ar+ ions can be roughly estimated from the sputtering
source cathode voltage V that drives the discharge in front of the target by the
acceleration of charged particles. With V = 300 – 1000 V, one can estimate the
energy of impinging Ar+ particles to be in the range of E0 = 300 – 1000 eV. For
E0 ∼ 500 eV, we assume sputtering yields of YCu = 2.0 and YTi = 0.4. One has to
consider that sputtering of Ti is less efficient compared to Cu under the same
conditions.
The sputtering rate S defines the number of ejected target particles per time
unit. It is proportional to the amount of incoming projectiles per time unit
(which corresponds to the Ar+ ion current I) and Y :
S ∝ I · Y (E0 ).

(1.4)

For low V one can consider Y (E0 ) to be linearly dependent on E0 ∝ V , so that
S ∝ I · V = P.

(1.5)
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The sputtering rate is then proportional to the discharge power P [117].
The energy of sputtered atoms follows a Thompson energy distribution
f (E) ∝

E
,
(E + EB )3

(1.6)

that specifies the probability f (E) that a neutral is emitted with an energy value
E [118]. A neutral needs to exceed a certain threshold energy to escape from
the target material, which is given by the binding energy EB . The distribution
has a maximum at EB /2 and decreases according to E −2 for high values of E,
see Fig. 1.4.
5
T h o m p s o n d is tr ib u tio n

f(E ) [a . u .]
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k in e tic e n e r g y E [e V ]
Figure 1.4: Example of a Thompson energy distribution f (E) of sputtered atoms at a
binding energy EB = 6 eV.

For sputtered charged particles, the energy distribution alters because of the
complex interaction with the plasma, especially with the electric and magnetic
fields close to boundaries. Depending on gas pressure, their energy distribution
will thermalize, resulting in an energy reduction and adjustment. Therefore,
the energy distribution of the sputtered ions depends on the target-substratedistance and the type of sputtering source that makes them still subject a of
research in science and technology, attributed to their important role during
film formation. Because of that, the discharge ions will be studied carefully in
the frame of plasma diagnostic investigation on the here presented deposition
system.
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1.4. Magnetron
Plasma sources with an electrode configuration can use the sputtering effect for
film deposition. Physical vapor deposition (PVD), utilizing the ion sputtering
effect, is one of the most often used plasma assisted deposition methods [119].
The first concepts to realize a nonthermal physical vapor deposition were based
on diode sputtering, as illustrated in Fig. 1.1 a). By ignition of a glow discharge
in the low pressure volume between two electrodes, a plasma with free charge
carriers is created. The positive ions are accelerated towards the negative electrode where they can release cathode material atoms by sputtering. The target
is in electric contact with the cathode and facing the discharge.
An advancement regarding the sputtering rate could be attained by an improvement of the electron confinement in front of the cathode. This was achieved
by placing magnets behind the cathode, so that a region with perpendicular
~ and magnetic field (B)
~ is developed in front of the tarcrossing electric (E)
get [120, 121]. In addition to the gyration motion of electrons in the plane
~ the electrons are affected by an E
~ ×B
~ drift which causes
perpendicular to B,
an extra force, perpendicular to both fields. As a result, the trajectories of electrons are cycloidal which cause a closed electron drift path in a torus-like region
above the target [122–124], as illustrated in Fig. 1.5. Due to their relatively large
mass, the positive ions are not affected by the magnetic field and move along the
electric field lines towards the cathode. The combination of involved magnetic
and electric effects names this type of sputtering source magnetron. However,
there is no exact definition of the term and one has to avoid a confusion with
magnetrons that are based on the working principle of cavity resonance for an
effective generation of microwaves.
electron trap region

B

E

electron drift path
target
erosion rill

photo of Cu discharge
(target diameter 50 mm)

outer
magnet

S

N

S

N

S

N

water
cooling

inner
magnet

cathode
insulator

photo of Cu target
(diameter 50 mm)

Figure 1.5: Scheme of a circular planar magnetron. The photo of the discharge (left) shows a
bright torus-like region of enhanced electron ionization. The cathode region below is exposed
to more intensive ion bombardment, as can be seen by an erosion on the photo of a Cu target
(right).

The electron trapping above the cathode leads to an increased ionization
of gas atoms in this zone and causes a higher flux of sputtering ions toward
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the target. By that, the discharge current density is about 10 – 100 mA/cm2
which corresponds to a power density of . 10 W/cm2 , while plasma densities
of ne ∼ 1015 m−3 at ∼ 1 Pa can be obtained by DC magnetron sputtering [125].
The results are an about 10 times increased ionization degree, sputtering rate
and also deposition rate [126], compared to simple diode sputtering. This effect
can be directly observed as an erosion rill or sputtering trench on the target
surface after a sufficiently long magnetron operation.
Although an intensified discharge is generated by standard DC magnetron in
front of the target, the plasma density and ion flux drops rapidly with increasing
axial distance to the cathode. Also the fraction of sputtered ions with < 1% is
low, while the majority of ions impinging on the substrate are buffer gas Ar+
ions [127]. Ar with its atomic mass of mAr ≈ 40 amu is widely used for magnetron
sputtering because it is an inert gas and is readily available.
Generally, higher energetic sputtered particles are desired, since their energy
has a major impact on the properties of deposited thin films [128]. A higher
energy of deposits leads to a kinetic energy induced diffusion of these particles
onto the topmost layer. The higher mobility of these particles allow their placement in energetic favorable positions [129]. The energy of sputtered target ions
can be increased additionally by applying a negative bias voltage to the substrate. In general, more energetic target particles lead to a higher film quality by
suppressing Ar+ ion subplantation. As a result, the films show smaller residual
stress, less lattice defects and a better adhesion [130, 131]. The ion flux (mainly
consisting of Ar+ ) towards the substrate reaches up to ∼ 1 mA/cm2 . It is limited because a further increase of discharge current leads to target overheating,
melting or to instabilities due to the transition to an arc discharge.
To overcome these problems, a higher particle energy and metal ion fraction
is needed. Several efforts were made to upgrade magnetron sputtering to an
efficient IPVD process, e. g. by an additional electric RF field [132], microwave
heating [133] or magnetically enhanced plasma confinement [134]. The most
promising technique is called high power impulse magnetron sputtering (HiPIMS), invented by V. Kouznetsov [135]. The concept is to run the magnetron
discharge in a pulsed mode with a low repetition frequency of f = 50 – 1000 Hz
and a small active pulse length, according to a duty cycle of 0.5 – 20% [136].
Although the mean discharge current Im and mean power P for a pulse period
Tp are comparable to DC magnetron conditions (see Eq. 1.7), the instantaneous
current can peak up to I(t) ∼ 100 A.
1
Im =
Tp

Z

Tp

I(t)dt

(1.7)

0

During the active part of the pulse, high discharge currents are driven with
peak power densities of up to 10 kW/cm2 [62]. The highly dissipated power
causes plasma densities in order of ne ∼ 1018 m−3 [49]. The result is a significantly increased flux of metal ions where a content of 70% ions out of sputtered
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metal particles can be achieved routinely [137]. For metal atom ionization of
> 50%, one considers the associated process as ionized physical vapor deposition
(IPVD), which became essential for the high performance semiconductor fabrication [2]. Up to now, there is no official definition of HiPIMS. In general, pulse
magnetron discharges that exceed 1.0 kW/cm2 pulse power density are considered as HiPIMS [32]. HiPIMS can be differentiated into groups according to the
pulse duration: regular (50 – 200 µs), short (1 – 20 µs), large (200 – 400 µs) and
extra large (400 – 4000 µs) pulse widths. Long pulse widths leads to transition
of the discharge into the metal phase. In this phase, the discharge is sustained
by self-sputtering, i. e. the sputtering is mostly provided by metal ions and, in
principle, the discharge is stable even without sputtering by Ar+ ions.
In parallel, the development of magnetrons continued to fulfill industrial requirements. Here, it is often necessary to deposit multiple materials during a
vacuum process. Therefore, first dual DC magnetron configurations were invented with an independent operation of two sputtering sources, dating back
to the early times of magnetron sputtering [138, 139]. Later, systems were designed with closer interaction of deposition sources by combining their magnetic
fields which leads to a plasma enhancement and also to different film properties [140, 141].
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1.5. Cluster formation
Functional film/coatings can also be achieved by the deposition of nanoparticles.
The first step is to synthesize metal nanoparticles in the laboratory. Although
clusters can be made by wet-chemical processes, their generation from a physical
vapor by gas condensation is utilized in frame of this work and will be therefore
exclusively discussed in the following.
At the beginning, the metal has to be transferred into the gas phase to provide
a metallic vapor. This can be done by thermal evaporation using Joule heating, laser vaporization or plasma assisted sputtering [68]. Among the plasma
based methods, different types of discharges are utilized for nanoparticle generation, like arc discharges [142], hollow cathodes [78] and magnetron sources. For
here presented experiments, the latter technique finds application in a cluster
source of Haberland type [143, 144]. It combines magnetron sputtering with a
subsequent gas condensation in the plasma afterglow [145].
The growth of nanoparticles takes place in two basic steps. The primary process is the nucleation, followed by further condensation. In general, nucleation
describes the process that leads to very localized development of a thermodynamical phase. A nucleus is formed that acts as the center for further expansion
of the new phase. For generation of metal clusters a supersaturated vapor of
sputtered metal atoms is needed first. It is achieved by a combination of efficient
magnetron sputtering and a high pressure environment. A nearly fully enclosed
volume is used, where the particle formation takes place. Here, the pressure of
discharge gas and sputtered species typically ranges from pcs ∼ 10 – 300 Pa and
is, by that, elevated of about at least one order of magnitude above conventional
magnetron operation pressure.
The development of a condensation nuclei can be induced chemically by reaction with gaseous precursors. When a certain purity degree is needed, or the
use of an additional precursors is not possible, nucleation can be initiated also
in physical way by the condensation of a supersaturated vapor. In a threebody collision, two metal atoms (M) and a buffer gas atom (A) react to form a
diatomic molecule, a dimer (M2 ), according to reaction Eq. 1.8 [146].
2M + A → M2 + A

(1.8)

The kinetic energy of metal atoms is reduced, so that M2 can be formed while
the collision partner A takes away the excess energy. The rate constant for nucleation of Cu atoms is K and provided in Table. 1.2. K is very small, compared to
other rate constants involved in the cluster formation, that makes the nucleation
a slow process because three particles have to interact simultaneously. Then,
the dimer can be a condensation nuclei for the further cluster growth [147].
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Table 1.2: Physical properties of Cu: atomic mass mCu , Wigner-Seitz radius rW , nucleation
rate constant K, reduced rate constant k0 for atom attachment.

chem. element
Cu

mCu [amu]
63.55

rW [Å]
1.47

K [cm6 s−1 ]
k0 [cm3 s−1 ]
3 × 10−33 [148] 4.2 × 10−11 [147]

From now, condensation can occur where further growth of clusters take
place in pair processes. According to the liquid drop model, different growth
mechanisms can be identified that are described by the following processes:
atom attachment, coagulation, coalescence and aggregation.
The atom attachment describes the process where single metal atoms join a
dimer or larger cluster. The underlying elementary reaction follows the scheme
M + Mn → Mn+1 with n ≥ 2,

(1.9)

where n represents the number of cluster building atoms.
The attachment of an atom depends on the cluster cross section σ which
depends on the cluster size, according to σ = πr2 [145]. The expression is valid
only for large clusters with a small atomic force interaction range compared to
the cluster radius r. The rate constant for atom attachment kn depends on
the cluster size (number of clusters n) and on a reduced rate constant k0 that
accounts for experimental conditions and material properties [149].
kn = k0 n2/3

(1.10)

For Cu the reduced rate constant k0 is specified in Table. 1.2, as well.
The next growth mechanism to be discussed is the cluster coagulation. It
describes the emergence of greater clusters from the contact of two initial cluster
droplets. The process requires two clusters, comprising of n and m atoms, that
join to a single larger cluster, as denoted by following reaction Eq. 1.11.
Mn + Mm → Mn+m with n, m ≥ 2

(1.11)

The high pressure region has an exit orifice to utilize the developed nanoparticles. The clusters are extracted by a gas flow that is caused by the pressure
gradient between the formation/aggregation region and the subsequent low pressure deposition and analyzation volume. For clusters reaching the exit orifice,
the drift velocity decreases while the density of clusters increases. This leads to
an increased coagulation rate caused by the violation of drift velocity equilibrium between buffer gas atoms and much heavier clusters [150].
From statistical point of view, the coagulation process consumes two clusters
and generates a new cluster with much higher mass as the sum of the individual
cluster masses. Therefore, the cluster size distribution f (r) will be broadened
and shifted towards larger cluster radii r. If one assumes a Gaussian function for
f (r), with cluster masses distributed equally around the expectation value, resulting only from atom attachment, one would expect an increasing asymmetry
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of f (r) towards higher cluster masses by taking cluster coagulation into account.
Regarding the final cluster shape, one should consider that the participation of
two solid clusters tend to create porous clusters instead of compact ones, evolving from single atom attachment. In addition, coagulation leads to a charge
recombination and oppositely charged clusters are more likely to join. For all
here mentioned attachment processes, the conservation of mass and electrical
charge is presumed.
Clusters can also be electrically charged during their formation. This influences their mass distribution. Small nm-objects, like clusters, are considered as
neutral or singly charged in the kinetic regime [151], while larger particles, such
as µm-fine dust, can accumulate > 104 elementary charges. The condition for
a kinetic regime is fulfilled by a cluster radius r much smaller compared to the
mean free path λ of atoms in the gas. As it will be shown later, the majority of
here obtained clusters has a size of r < 100 nm, while λ is at least three orders of
magnitude higher at considered room temperature of T = 300 K. Clusters stay
neutral or singly charged as long as their potential energy exceeds the thermal
energy of plasma electrons and ions [152] by far. In our case, this energy relation is fulfilled by a rather low temperature (Ti = 300 K) of ions due to their
thermalization with the background/buffer gas in the aggregation volume.

a)

d)

b)

c)

e)

Figure 1.6: Different cluster formation processes involving Ar (blue) and Cu (orange) atoms:
(a) nucleation (three-body collision), (b) atom attachment, (c) cluster coagulation, (d) coalescence and (e) aggregation.

Another cluster size affecting process is the coalescence, also referred to as
Ostwald ripening. Not all atoms of a cluster are fully surrounded by neighboring atoms, which makes surface atoms energetic less stable. Since every
thermodynamic system is anxious to lower its overall energy, unstable atoms
can detach from the surface. This happens when the cluster radius is below a
certain threshold value rc , for which the curvature of a cluster surface is too
high. Considering many clusters in the system where each can release multiple
atoms, the vapor inside the cluster source can become supersaturated. At this
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moment, atom attachment, according to Eq. 1.9, can occur especially on large
clusters with r > rc .
The critical radius depends on the degree of supersaturation, the interphase
tension, the atomic volume of Cu atoms, their saturation concentration and the
temperature [153]. The radius r (also the critical radius rc ) of a cluster can be
expressed via the number of its building atoms n (or nc ) and the Wigner-Seitz
radius rW :
r = n1/3 rW .

(1.12)

The Wigner-Seitz radius describes the average volume of a sphere, occupied by
a single atom in a solid. Its value for Cu is also listed in Table. 1.2.
Theoretical, smaller clusters will vanish while all atoms are bound to a large
final cluster in the long term. In reality, sputtering sources are dynamic systems.
New metal atoms are permanently generated by sputtering while the buffer gas
flow removes clusters from the system simultaneously, i. e. all clusters stay in
the formation region for a finite time. This residence time tr is preset by the
length of the aggregation tube.
As already mentioned for similar process of coagulation, a characteristic size
distribution is assumed. A log-normal distribution function exhibits features
like asymmetric bell shape and a tail towards higher particle sizes. Such a dependence is in good agreement with the experimental data, published in many
works [79, 154, 155], and can be explained by a central limit theorem based
statistical growth model, applicable to coalescence [156]. The log-normal distribution has the form


(ln(r) − µ)2
1
exp −
with r > 0,
(1.13)
fLN (r) = √
2σs2
2πσs r
where µ is the mean value and σs the standard deviation of cluster radii r.
The final growth process to be mentioned is the aggregation (or agglomeration) of clusters. It is similar to coagulation, but considers the two colliding
clusters to be rather solid than liquid. This leads to an, at least partial, conservation of their form and a chemical bond between them at the contact points.
As this process continues, small fractal aggregates can grow [157]. They can
join each other and form larger ones. These fractal structures are friable and
their density decreases with size [147]. Although the theoretical formation of
fractal clusters is extensively studied since several decades [158, 159], it is difficult to study them in the gas phase. Some authors report fractal structures
after the deposition from a cluster beam [156, 160], or after thermal sample
treatment [101] while some others did not observe any trace of them [72].
Initially, atoms tend to get lost to the walls in the low pressure environment of
a magnetron discharge due to their relatively large diffusion coefficient D. Once
clusters are formed, their diffusion coefficient reduces with size and their dis-
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√
placement x = 4Dtr during the residence time tr decreases, so that an efficient
transport of clusters becomes possible [149]. It favors the extraction of clusters
in the buffer gas flow and lowers their loss rate towards the formation chamber
wall. The generated clusters are dragged by a slow buffer gas flow from their
aggregation region towards the exit orifice of the cluster source. The clusters
and buffer gas atoms drift velocities are considered to be in an equilibrium
inside
p
the cluster source. They move at speed of thermal velocity of v̄ = 8kB T /πm.
Lightweight Ar atoms become more accelerated than clusters when approaching
the exit orifice, which works as a nozzle, so that the velocity equilibrium becomes
violated. By that, clusters can be further accelerated towards the outside of the
cluster source by collisions with Ar atoms and other clusters inside the cluster
beam. The velocity of emitted Cu clusters was measured under comparable
conditions to be in the order of ∼ 100 m/s [155].
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The correlation between process parameters and film properties is studied in this
thesis. For the deposition of intermetallic Cu-Ti thin films and nanocomposites,
two independent advanced co-sputtering setups are developed and characterized.
The properties of particles in the gas phase and their impact on film formation
are studied by a broad range of plasma and thin film diagnostics. By that, the
discharge is characterized extensively and the obtained plasma parameters are
related to the observed film properties. In particular, the aims of this thesis are:
1) Dual-hybrid-HiPIMS setup for deposition of Ti-Cu based thin films
for implant coatings
a) The deposition of intermetallic Cu-Ti films makes the development of a deposition system necessary that employs two magnetron sources for adjustable
sputtering of different metals. At the same time, the system should be able
to work in a DC pulse-modulated mode where the pulse and discharge parameters can be varied in wide range. This allows an individual adaption of the
sputtering rate for Ti and Cu which have different sputtering yields. Further,
the discharge mode could be changed from classical DC magnetron sputtering (MS) to DC-pulsed MS with pulse parameters that allows the operation in
the HiPIMS regime. The pulsed magnetrons are extended by a superposition
of a mid-frequency excitation for the support of a pulse re-ignition by a preionization effect and therefore a further pressure reduction.
b) A detailed investigation of the plasma parameters: Partially temporal and
spacial resolved plasma diagnostics are applied to get a complete picture of the
discharge processes. For that, the experimental parameters, like process pressure and mean discharge current, are varied in a broad range. Further, the
different magnetron operation modes are characterized and compared with each
other with respect to the plasma parameters. Electron properties, like mean energy, energy distribution and plasma density, are attained from Langmuir probe
measurements. Insights into atom excitation and ionization processes are gained
from optical emission spectroscopy, while optical emission imaging provides spatiotemporal information on the excited plasma species. Finally, the ion current
towards the substrate is directly measured via a retarding field energy analyzer
to investigate an important role of energetic particles on the film formation.
c) Films are deposited under selected conditions that are already investigated
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by plasma diagnostics. The depositions are examined by several X-ray based
surface analyzation techniques. Thereby, the elemental composition, deposition
rates, density and chemical structure of the films are investigated. This allows
to draw conclusions on how certain plasma parameters affect the film properties. Further, the impact of different discharge modes on the film formation
is studied. By that, advantageous process conditions and discharge operation
modes can be pointed out, depending on the desired film properties.
2) Nanocluster co-deposition setup for particle analysis and nanocomposite material synthesis
a) A nanocluster source is designed and constructed with the possibility to deliver the discharge/buffer gas in controllable pulses in order to study the pressure
dependency on cluster growth. For the particle diagnostic, a quadrupole mass
filter (QMF) is installed in the cluster beam line of sight. The QMF electronics
are enhanced to enable time-resolved cluster mass analysis during dynamic pressure conditions in the cluster source. Cu clusters are embedded into a dielectric
TiO2 matrix for the synthesis of nanocomposite material. For this purpose,
the existing setup is extended by a conventional DC magnetron for reactive Ti
sputtering in an argon/oxygen plasma.
b) A QMF is used to characterize the synthesize clusters. The discharge/buffer
gas is introduced in pulses to study the influence of the aggregation pressure on
cluster growth. For this reason, the cluster mass is measured time-resolved and
studied with respect to the momentary pressure in the aggregation region. Pressure pulse parameters are varied and effects of it on characteristic values of the
cluster mass distributions studied. The cluster source performance is estimated
for different gas pulsing frequencies from cluster flux quantities, calculated according to a simple model. Deposited clusters are analyzed by a complementary
technique, the atomic force microscopy (AFM), with the aim to verify pressure
pulse related effects on cluster mass/size obtained by QMF.
c) Nanocomposites are created by incorporating Cu clusters into TiO2 in a
co-deposition process. At first, separate depositions of Cu clusters and TiO2
are studied by means of different surface analyzation techniques before also the
”combined” composite film is analyzed. The further research is focused on observed chemical peculiarities during the formation of a composite film in contrast
to the separate cluster depositions.
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There is a discrepancy between the broad technological application and the
understanding of underlying physical phenomena of the introduced deposition
processes in general. The diagnostic investigation of physical and chemical process and film quantities is essential to identify the cause and effect of chosen
experimental parameters. Therefore, the plasma and nanoparticle properties
have to be characterized, as well as the resulting films. This calls for diagnostics that are able to probe particles in a plasma or gas phase on one hand, and
also techniques that allow the probing of deposited films on the other hand.
It will be dealt with these two groups of measurement tools in the following
sections.

3.1. Plasma diagnostics
A plasma, as a tool for film deposition, consists of a variety of energetic particles,
e. g. electrons, ions, neutrals, excited species, etc. Each particle type plays his
own role during the plasma generation, collective interaction and interplay with
boundaries/surfaces. Hence, it is important to characterize the plasma and
its different components in order to understand the plasma properties and to
conclude effects on sputtering and film formation. This cannot be achieved
by a single analyzer, but rather by a variety of devices that are specialized on
the characterization of certain plasma parameters based on completely different
physical principles. Here utilized techniques are described below.

3.1.1. Langmuir probe
One of the oldest and most applied plasma diagnostics is the Langmuir probe,
developed by I. Langmuir and H. M. Mott-Smith [161, 162] in the nineteentwenties. Its rather simple design and working principle allows a convenient
spatially and temporally resolved attainment of basic plasma parameters. These
are electron density ne , ion density ni , plasma potential Vpl , floating potential
Vfl and the derivation of the electron energy distribution function (EEDF) and
the electron temperature Te .
The probe consists of a thin metal wire of radius rp that is immersed into
the discharge. It is connected to a controllable power supply. A voltage Vp
is applied to the probe and is swept from a certain negative up to a positive
value. As a result, a current Ip is measured between two electrodes; the probe
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and the grounded vessel. The current, drawn from the plasma, composes of a
component Ie from negative charge carriers (mainly electrons), as well as of a
component Ii from positive ions, so that Ip =Ie + Ii . The signal Ip , as a function
of Vp , is called probe characteristic and allows a further determination of the
plasma properties. Ie and Ii can be obtained from the measured probe current
Ip by suitable data processing.
Some assumptions are made for the following discussion: To neglect local
influence of the probe on plasma, rp should be small compared to the electron
mean free path λe .
rp  λe
(3.1)
λe describes the average distance between collisions of electrons with other
plasma constituents and is therefore another characteristic quantity of a discharge. Further, the length lp of the probe tip should be much larger compared
to rp in order to suppress unwanted and hard-to-handle boundary effects. With
help of rp and lp , the geometrical sampling area Ap that represents the surface
of a cylindrical Langmuir probe exposed to the discharge can be calculated:
Ap = πrp (rp + lp ). The spatial resolution of the probe measurements is limited
by the Debye length λD . This characteristic plasma parameter accounts for the
screening length of local excess charges in a plasma. Consequently, the quasineutrality of a plasma can only be expected on scales much larger than the
Debye length, i. e.
λe  λD .
(3.2)
With validity of Eq. 3.1, Eq. 3.2, as well as rp  λD , the plasma parameters can
be obtained in frame of the orbital motion limited (OML) theory [107, 108].
When these effects are taken into account, the measurement can be performed
and the probe characteristic interpreted. A characteristic can be divided in
three regions, as summarized in Table 3.1. These depend on the applied probe
potential Vp and consequently on the working regime of the probe. In the
following, the terms positive and negative voltages are used with respect to the
plasma potential Vpl . An example of a Langmuir probe characteristic is shown
in Fig. 3.1.
In region (i), the applied probe voltage is negative. Here, positive ions are
accelerated towards the probe while electrons are unable to overcome the potential barrier. A positive space charge is formed, hindering more ions to reach

Table 3.1: Regions of a Langmuir probe characteristic depending on the applied probe
voltage Vp and the plasma potential Vpl .

region
i
ii
iii
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region name
ion saturation region
electron retardation region
electron saturation region

definition
Vp < 0
0 < Vp < Vpl
Vp > Vpl
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Figure 3.1: Current-voltage-characteristic measured by a Langmuir probe in an argon discharge at 4 Pa.

the probes surface. With further negative Vp , the ion current increases and the
sheath around the probe extends.
In region (ii) for an increasing probe voltage Vp , a significant electron component adds up even though Vp is still negative. This effect can be explained
by the higher energy of electrons compared to those of ions. The usually electrically driven low temperature discharges are coupling energy mainly to the
electrons, giving them a higher mean velocity and energy in contrast to the ion
component. With decreasing negative voltage, more electrons with sufficient energy contribute to the signal, leading to a considerably increase of the measured
current. This increase depends on the electrons velocity distribution function.
For an ideal plasma with all electrons in thermal equilibrium, this region shows
a characteristic linear trend in semi-logarithmic scale ln(Ie (Vp )). Within this
region, a voltage exists at which electron and ion current are equal. The net
current measured by the probe is zero. The corresponding potential is the same
for every object floating electrically isolated in the plasma and is therefore called
floating potential Vfl . For some volts above Vfl , the electron current Ie is already
dominant and Ii can be neglected. At further increased probe voltage, a specific
potential above Vfl is reached with no sheath around the probe at all. Here
neither electrons nor ions face a potential barrier. The measured current I(Vpl )
results only from the difference between the electron and ion diffusion current
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towards the probe. Since the probe voltage here is the same as the potential of
the plasma, this potential is called plasma potential Vpl .
For region (iii), the probe voltage is now larger, i. e. positive with respect
to Vpl . Electrons are accelerated towards the probe while ions are repelled. A
negative sheath around the probe is created. The ion current can be neglected
because of their low energy. The evolving sheath has a decelerating character
which causes the current profile to differ before and after the plasma potential.
Thus, Vpl can be associated with the inflexion point of the probe characteristic.
Hence, a method to obtain Vpl is to calculate the root from second derivative of
Ip (V ).
In general, the electron current and positive ion current follow the same
physical principles. For electrons, the current Ie depends on the collecting area
Ap , the elementary charge e, the density of electrons ne and their mean velocity
hvi. For one dimension we then obtain:
Ie =

1
hvi ene Ap
4

(3.3)

The calculation of a mean velocity implies an application of a function f (v) that
describes the velocity distribution. By the conversion from velocity to energy
f (v)dv = dn = f ()d a dependency on f () is obtained, the electron energy
distribution function (EEDF).
r
Z ∞
√
1
2
f () ( − eV )d
Ie = ene Ap
(3.4)
4
me eV
The electron energy is  = me v2 /2 and the voltage between the probe and the
plasma potential is V = Vp - Vpl . With the method proposed by Druyvesteyn [163],
an expression for f () is obtained by calculating the second derivative of measured Ie with respect to V :
r
4
me √ d2 Ie
 2
(3.5)
f () = 3
e Ap
2
dV
From the electron energy distribution function (EEDF), the electron energy
probability function (EEPF) can be calculated according to
r
me d2 Ie
4
−1/2
.
(3.6)
F () = 
f () = 3
e Ap
2 dV 2
In the ideal case, when electrons are in thermal equilibrium and collisions with
other plasma species are negligible, the absolute value of the electron velocity
can be described by a Maxwell-Boltzmann distribution:
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fmaxwell (~v ) =

me
2πkB Te

3/2



1
2
exp − me~v /kB Te
2

(3.7)

Assuming fmaxwell (~v ), the electron current from Eq. 3.3 yields

Ie (Vp ) = ene Ap

kB Te
2πme

1/2



e(Vp − Vpl )
exp −
.
kB Te

(3.8)

The exponential dependence of Ie on Te becomes a linear trend when presented
as ln(Ie (Vp )) against Vp . From this plot, Te can be conveniently derived as the
inverted slope.

−1
d
e
lnIe (Vp )
(3.9)
Te =
kB dVp
By formal definition of an expectation value, one can easily calculate the mean
electron energy Em from EEDF:
Z
1 ∞
f ()d
(3.10)
Em = hi =
ne 0
With help of the equipartition theorem, an effective electron temperature Teff =
2
E can be calculated. Only for a Maxwellian distribution it is reasonable to
3kB m
characterize the electrons by an uniform electron temperature, so that Teff = Te .
The normalization of Eq. 3.10 is given by the electron density.
Z ∞
ne =
f ()d
(3.11)
0

With f () obtained by the Druyvesteyn method, one can calculate ne . However,
one should keep in mind that the expected computational error can be high,
since f () ∝ d2 Ie /dVp2 , especially when the measured probe characteristic Ie (Vp )
is already affected by
p signal noise. An alternative to obtain ne is making use
of dependence ie ∝ Vp , where ie is the ion corrected electron current in the
electron acceleration regime. From the slope of i2e against V plot, one can
determine n2e :
2A2p e3 2
∆i2e
= 2 ne
(3.12)
∆V
π me
The benefit of this method is that the electron temperature Te is not required
at all and deriving a slope from a linear function is easier than locating a point
(at Vpl ). Further advantage is the insensitivity of the electron acceleration region
on a probe surface contamination and even on the EEDF [164, 165].
The temporal resolution of a Langmuir probe measurement is limited by the
ion plasma frequency which characterizes the time-scale of most inert plasma
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component. A probe characteristic can be distorted by fluctuations, oscillations and waves in a plasma. Especially high applied absolute probe voltages
can cause electrons to be reflected from the probes surface. Thereby, also secondary electron emission can be induced, causing an unwanted transport of
electrons off the probe. Especially in discharges used for sputtering or deposition purposes (e. g. magnetron discharge), the probe tip can get unintentionally
coated. A metallic film on the tip can result in calculation errors due to a larger
growing probe area Ap . In reactive discharge environments Langmuir probe
measurements are usually impossible. The metal tip can become an electrical
nonconductive surface during the discharge process.
The Langmuir probe system used for studies in this work is commercially
available (ALP systemT M , Impedans Ltd., Dublin, Ireland). The measurement
equipment comprises of the probe itself, a voltage feedthrough with an electrical
filter box and a control unit. The latter is connected via USB to a computer for
measurement control and data acquisition with a provided software interface.
For time-resolved measurements, the analyzers control unit is equipped with a
”boxcar” integrator. This feature allows to measure short or transient periodic
signals with improved signal-to-noise-ratio. This is needed for our experiments,
working at a repetition frequency of up to f = 100 kHz and µs-short discharge
pulses. The concept of this data acquisition method lies in the averaging of data
points over multiple signal periods at a fixed pulse time t with respect to signal
period Tp . The idea is to increase the number of measurements per time interval
to reduce the statistic error and consequently obtain a more reliable signal. By
automatic sweeping of t, the duty cycle (t/Tp · 100 [%]) varies from 0 – 100% to
sample over the full signal period. The duty cycle increment defines the time
resolution of the final characteristic.
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3.1.2. Retarding field ion energy analyzer
The retarding field analyzer (RFA) can probe a plasma or a charged particle
beam and characterize its particles according to the charge sign, current density
and energy. A three-gridded retarding field analyzer was used for measurements
of the ion velocity distribution functions (IVDF) of positive ions [166–168].
Briefly, the probe has a flat, cylindrical shape with a diameter of 60 mm and an
over-all height of just 3 mm. Inside, a staggered arrangement of micrometer fine
nickel grid electrodes is aligned perpendicular to the beam of plasma particles.
They enter the sensor via an array of 38 small entrance orifices, situated in
the central front part of the disc-like probe with an over-all sampling area of
A0 = 18.8 mm2 , see Fig 3.2.
The first grid G0 , with spacings below the Debye length, is placed right behind the orifices to prevent the plasma from entering the probe interior. It is
electrically connected to the housing and can be biased by an external voltage
Vb or natively when placed on a plasma generating RF electrode (self bias).
The second grid G1 is biased with a suppression voltage Vs to select whether
positively or negatively charged particles will be measured. A third grid’s (G2 )
retarding voltage Vd is swept from a low to high absolute values with an increment voltage Vstep to successively discriminate the charged particles according
to their kinetic energy until even the fastest ions are repelled. Finally, a collector
plate measures the transmitted current Icoll with respect to Vd . This plate can
also be biased for more efficient ion collecting or secondary electron suppression. The aforementioned voltages are summarized in Table 3.2 together with
standard measurement values.
The measured current Icoll (Vd ) consists of the sampled particles from the
plasma, which are able to overcome the previous three grids. This I-V -characteristic, also called analyzer response function, is recorded by the measurement
electronics. The derivation of Icoll , with respect to Vd , is proportional to the ion
velocity distribution function f (v). Because of the small spacings between the
grids, the active measurement part of the RFA between sampling orifice and
collector is just 0.6 mm in length. This intentional small distance is below the
ions mean free path up to working pressures of roughly 10 Pa [169]. Since all
experiments were performed at lower pressures, one can assume the processes
between the grids inside the RFA to be collisionless. Nevertheless, not all particles will pass through a single grid due to collisions with the finite sized grid
Table 3.2: RFA voltages with symbols and standard values from measurements.

quantity
suppression voltage
discrimination voltage
collector grid bias
increment of swept Vd

symbol
Vs
Vd
Vcoll
Vstep

typical values
-60 V
-10 ... +50 V
-10 V
0.24 V
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Figure 3.2: Photo of the applied commercial RFA probe (left) together with a schematic
cut view of the sensor interior (right) and qualitative potentials applied to the analyzer grids
(below).

wires. The losses of such repelled or trapped particles are about 50% for each
grid and are characterized by the grid transparency/transmission T0 = 0.5. For
the total geometrical transparency Tg it is then obtained Tg = T03 = 0.125. However, the influence of the grids, their transparencies and the resulting collector
currents are studied in more detail elsewhere [170].
From the I-V -characteristic one can also get information about the ion saturation current. It is the time-averaged current that arrives at the collector
electrode while no retarding voltage is applied (Vd = 0 V).
In general, a current I passing through an area A with a current density j
can be expressed as follows.
~
d(dI) = d~jdA
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The current density can further be given by the number dn of elementary charges
e, passing through A at a velocity ~v .
~
d(dI) = e~v dndA

(3.14)

One can use the expression of dn = fv (~r, ~v )d3 v with fv (~r, ~v ) as the velocity distribution function. A homogeneous ion flux with a constant transmission prob~ simplifies the integration of dA
~ to a constant factor A. The
ability across A
main current loss is considered by the transmission factor Tg .
dI = Tg Aevfv (v)d3 v

(3.15)

The geometrical design of the analyzer ensures a sufficiently low beam divergence
of incident plasma particles, so that the velocity distribution function can be
treated as a one-dimensional problem. The positive ion current measured on
+
the collector Icoll
is then:
+
Icoll

Z+∞
vfv (v)dv.

= Tg Ae

(3.16)

v(Vd )

Via the relation dE = Mi vdv, the ion mass Mi and energy E can be introduced,
where E can be further replaced by dE = eVd to embed the varied discrimination
voltage Vd .
+
Icoll

Tg Ae2
=
Mi

Z+∞
vfv (v)dVd

(3.17)

Vd

If the previous equation with respect to E is derived and transposed with respect
to fv (v), one gets:
fv (v) =

+
Mi dIcoll
.
Tg Ae2 dVd

(3.18)

The last term of Eq. 3.18 is obtained by deriving the measured I-V characteristic
with respect to Vd . At this point, all quantities are known and the ion velocity
distribution function (IVDF) can be calculated.
One should be aware of the fact that the ion distributions, measured by the
RFA, do not characterize the free space ions in the discharge volume at the
plasma potential, but their properties after passing the presheath and sheath
in front of the entrance orifice. Mostly collision processes inside the presheath
prevent any derivation of information from the ion distribution function, measured by the analyzer, compared to the ”true” ion distribution function inside
the plasma bulk. Anyway, for deposition experiments the direct measurements
by the analyzer are of interest, since measured IDFs additionally contain the
information of the plasma-sheath-surface interaction. According to the litera-
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ture, there is some ambiguity whether the ion distribution function measured by
RFA is an ion energy distribution function (IEDF) or an ion velocity distribution function (IVDF). Ellmer et al. state that RFAs, as well as energy resolved
mass spectrometers, measure IVDFs. He could also show that for isotropic distribution functions the IEDF can be calculated from the measured IVDF via a
rather simple relation [171].
The advantage of the here used commercial device (SemionT M , Impedans
Ltd., Dublin, Ireland) lies in its compact design. A disadvantage of this analyzer type is its invasive character, since it is a large object inserted into the
plasma. On the other hand if placed in substrate position the analyzer mimics
the substrate and therefore ideally characterizes properties of impinging plasma
particles with respect to substrate under realistic conditions. A drawback of
the RFA compared to more sophisticated plasma diagnostics is that no mass
discrimination is possible. Like the Langmuir probe system, the RFA control
unit supports time-resolved measurements by ”boxcar” integration method.
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3.1.3. Optical emission spectroscopy and imaging
The optical emission spectroscopy (OES) is a widely applied technique to investigate different types of discharges. With OES one can analyze the optical
spectrum of a light emitting source like a plasma. This technique allows to identify chemical elements by their characteristic emission lines of excited atoms and
ions. The advantage of this method is the noninvasive probing character since
no sensor has to be inserted directly into the plasma volume. Instead, light is
coupled out via a distant optical fiber and guided towards a spectrograph.
Generally, light is emitted by induced or spontaneous emission by excited
atoms, ions and molecules. According to quantum physics, atoms and molecules
only have discrete energy levels. When an electron relaxes from an upper state
with an energy E2 to a lower state with E1 a photon with defined energy hν21
is emitted.
E2 − E1 = hν21

(3.19)

Here, h is the Planck constant and ν21 the frequency of emitted photon. The
practical finite number of transitions in a bound-bound system is typical for a
quantum system. As a result, one obtains a characteristic line spectrum for each
chemical element according to its electron configuration. Nevertheless, also freebound and free-free transitions are possible if at least one state has its energy
level in the continuum. The intensity I21 of a spectral line of a spontaneous
bound-bound transition (see Eq. 3.19) can be determined by
I21 ∝ A21 n2 hν21 ,

(3.20)

where A21 is the spontaneous emission probability of a photon with an energy
of hν21 and n2 the number density of the excited energy state E2 .
The device used in the frame of this work is a Czerny-Turner spectrometer
Shamrock SR500D (focal length 500 mm). It is equipped with an intensified
charge-coupled device (iCCD) detector (iStar DH740I, Andor Technology). An
optical fiber is situated 55 mm in front of discharge electrode and coupled directly via a feedthrough at the experimental chamber to the spectrometers entrance slit. Narrowing the slit allows decrease of the optical line width to a
certain degree by increasing the localization of entering light beam. The beam
is then guided towards a diffraction grating that spatially disperses the light
depending on the wavelength λ. Actually, a turret of three gratings is available
(300, 1200 and 2400 lines/mm) with a spectral resolution up to ∼ 0.1 nm. The
expanded beam is then directed to the sensor of the iCCD camera. Triggering
the camera control according to discharge pulses allows time-resolved measurements.
Optical emission imaging (OEI) is a method for a spatiotemporal characterization of a discharge. A camera is exposed to the discharge. In between, only
a lens (Pentax 75 mm/F1.4) and the vacuum chamber window is situated. By
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Figure 3.3: Schematic of the optical emission spectroscopy (OES) setup. The spectrograph
system consists of at least an optical fiber input, a wavelength selective element (here a
grating) and a detection element (here iCCD camera) for wavelength dependent intensity
measurement.

that, spectrally integrated images of emitted light intensity can be taken from
the magnetron discharge. The sensor exposure time was 500 ns at a time resolution of 1 µs for HiPIMS and 100 ns for the mid-frequency (MF) discharge.
During time-resolved OEI, the cameras automatic gain adjustment (iCCD gain:
G = 0 – 255) was activated. For measurements of particular emission lines of
λAr+ = 480 nm and λTi+ = 350 nm, filters with an optical width of ∼ 8 nm were
used. The OEI setup is illustrated in Fig. 4.1 on page 46 where the experimental
setup is described.
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3.1.4. Quadrupole mass filter
A diagnostic tool to analyze large particles that are much heavier than single
atoms, like nanoparticles, is a quadrupole mass filter (QMF). The device is able
to filter charged particles according to their mass-to-charge ratio depending
on the applied electric fields. Like in most common designs, the ions have to
pass through the center of an arrangement of four cylindrical electrodes, see
Fig. 3.4. The electrode diameter d and their spacing r0 from the center axis
(also named beam axis or z-axis) have major impact on the QMF transmission
characteristics.
Detector

-(U + Vcos2πft)

U + Vcos2πft

Cluster Ions

Figure 3.4: Schematic of a QMF with applied voltages (left) and a photograph of the used
device, provided by the manufacturer [173].

All electrodes have the same distance from beam axis. The opposing rods
are electrically connected and both pairs are biased with same but 180◦ phase
shifted voltage signals. This configuration causes an electric quadrupole field
perpendicular to the beam axis. Each voltage signal consists of a DC (U ) and
AC (with amplitude V ) component. The DC voltage alone leads to a deflection
of charged particles off axis, so that ideally no particle would reach the detector.
With additional AC component V cos(ωt), some ions can pass the analyzer by
an oscillating trajectory. For a sinusoidal AC voltage, the equations of motion
are
e
(U + V cos(ωt)) x = 0
M r02
e
(U + V cos(ωt)) y = 0
ÿ −
M r02
z̈ = 0,

ẍ +

(3.21)
(3.22)
(3.23)

where e is the elementary charge, M the particle mass and fQMF the quadrupole
RF frequency that implies ω = 2πfQMF [172]. Introducing the following parameters
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4eU
M ω 2 r02
2eV
qx = −qy =
M ω 2 r02
ωt
ξ =
2

ax = −ay =

(3.24)
(3.25)
(3.26)

allows to summarize the equations of motion in a single equation, the Mathieu
equation, in canonical form:
d2 u
+ (au − 2qu cos(2ξ))u = 0, with u = x, y.
dξ 2

(3.27)

The solution for particle motion in z-direction is simply ż = vz = const. because
of their force-free motion. For the other directions the motion is nontrivial and
depends on the parameters a and q. The set of stable solutions of the Mathieu
equation is illustrated in Fig. 3.5 as the area below the black curve.
0.35
0.3
a = 0.2367
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Figure 3.5: QMF stability diagram with region of stable charged particle trajectories below
the black curve defined by a and q. The load lines (red) for operation at a maximal resolution
(straight) and here the used measurements (dashed) are shown as well.

The QMF works as a band-pass. Masses, not in the area of stability, have no
stable trajectories and will not be detected. The straight red load line represents
the ratio of a and 2q for which the highest resolution is achieved. A correspond-
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ing ratio of U /V = 0.16784 will minimize the mass interval in which the QMF
can still distinguish between two different masses, as described by Eq. 3.29. A
high resolution inherently reduces the current of charged particles that can pass
the filter. A compromise between a high resolution and a sufficient particle flux
has to be made. Therefore, the voltage ratio was chosen to be U /V = 0.1 for
these experiments to keep the measured cluster current in nA-range for a broad
range of varied experimental parameters. The corresponding resolution is acceptable because the subject of our investigation is a continuous mass spectrum
with no need to resolve discrete cluster masses.
The maximal M and the theoretical resolution ∆Mxy of QMF is [173]:
kV
2
d2 fQMF
= 7.936(0.16784 − (U/V ))M .

M = 7 · 107
∆Mxy

(3.28)
(3.29)

The quadrupole mass filter (QMF), used in here presented studies, is a commercial device (QMF200, Oxford Applied Research). The mechanical properties are
fixed (d = 25.4 mm), but the mass range and resolution can be adjusted via the
parameters V , U and fQMF of electric signal during the measurements. With
the present device, the AC amplitude can be tuned in range V = 1 – 250 V and
the QMF frequency between fQMF = 3 – 100 kHz. This allows the measurement
of masses in a range of M ∼ 30 – 3 × 106 amu.
While the theoretical resolution ∆Mxy should be able to resolve a particular cluster mass, in reality other effects reduce the filter precision. These are
mostly of mechanical nature (tolerances in spacings, rod diameter and length
L = 250 mm) but also the particles initial energy Vz , summarized within the
quantity ∆Mz .
∆Mz = 4 · 109

Vz
2
fQMF L2

(3.30)

Then the total mass resolution ∆M can be calculated from the two independent
lateral and axial contributions.
q
2 + ∆M 2
∆M = ∆Mxy
(3.31)
z
Since the QMF resolution depends on the cluster mass, all measurements were
performed with a constant ratio of U/V = 0.1 that results in a relative mass
resolution of ∆M/M = 0.54.
For an improved parameter control, time-resolved measurement capability
and a data acquisition, the commercial QMF was extended and controlled by
user-made software interface. Further details are provided in the description of
the corresponding experimental setup in section 4.2.2 on page 56.
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3.2. Thin film diagnostics
Nanostructured films require sophisticated surface analyzation techniques to
characterize their quality. Especially when it comes to resolve nm-fine structures and to obtain atomic material properties, one has to resort to atomic
probing techniques and X-ray based methods. The diagnostics utilized to analyze deposited films in frame of this work will be introduced in the following.

3.2.1. Atomic force microscopy
The atomic force microscope (AFM) is a subtype of scanning probe microscopes
and describes a surface probing method used to obtain material properties like
topography, friction, elasticity, hardness etc. It was invented by Binning, Quate
and Gerber in 1986 [174]. Today, it is one of the most common tools for probing,
imaging and manipulation of small structures in field of nanoscience and nanotechnology. Its resolution can be three orders of magnitude higher compared
to optical microscopes that are restricted by the Abbe diffraction limit.
The AFM technique is based on moving a small mechanical cantilever with a
probing tip above the sample, see Fig. 3.6. The very fine tip end ideally consists
of few atoms and is manufactured by standardized etch processes. The cantilever
deflects because of the mostly repulsive electrostatic interaction force between
the tip and the sample. The resulting deflection amplitude is a measure for the
interaction force and also for the probe-sample distance. It is measured by a
sensitive optical arrangement where a laser beam is reflected by the cantilevers
back side onto a four-segmented photodiode. It registers horizontal and vertical
beam deflections as variations in the photocurrent with respect to the case of
an idle cantilever. The positioning of the cantilever system in relation to the
sample is achieved by a three dimensional piezoscanner. With its help the
sample can be moved in x, y (lateral) and z (vertical) direction below the fixed
cantilever assembly. The scan range in x and y direction is up to 100 µm and for
z it is 5 µm. The voltage, applied to the piezo elements, allows nm-fine lateral
positioning and a vertical motion in the order of Å.
Performing these measurements in lateral directions allows to map the sample
topography for large areas (mm2 ). The geometrical extension of the tip defines
the measurement resolution. Features up to sub-nm size can be resolved with
sufficiently fine tips. The following remarks focus on AFM imaging since it was
used for the characterization of produced nanostructured films. Despite the
often used contact and non-contact operation mode, the intermediate mode,
called AFM tapping mode, will be described in the following. This operation
mode excels at probing soft samples or structures with a pronounced topography
like in our case. Here, the tip periodically comes in contact with the sample for
a shorter moment in contrast to the other modes.
The working principle of this intermittent mode is based on the dynamic excitation of the cantilever with a constant excitation amplitude and a constant
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Figure 3.6: Schematic of an atomic force microscope (AFM) with its main components
(left) and a TEM image of the cantilever model with fine tip (right) as it was utilized in the
presented work.

frequency ω near its resonance frequency ω0 . For small oscillation amplitudes,
the interaction force f (z) can be linearized. The tip position z(t) can be described by a model of excited damped harmonic oscillator.
!
dz(t)
df
d2 z(t)
z(t) = F0 cos(ωt)
(3.32)
+β
+ ks +
m
dt2
dt
dz z0 +z(t)
Here, m denotes the cantilever mass, β the attenuation coefficient and ks the
spring constant. The probe-sample distance is z0 in the case of absent external
force (F0 = 0). The solution of 3.32 is given by
z(t) = Â cos(ωt + ϕ),

(3.33)

where the amplitude Â is
F

Â =

r
m

(ω 2 −

2
ω0∗2 )

+



ω0∗ ω
Q

2 .

(3.34)

The phase is described by
tan ϕ =

ωω0
.
Q(ω02 − ω 2 )

(3.35)

The cantilevers quality factor Q is
mω0
Q=
, with ω0 =
β

r

ks
m

(3.36)

and is a measure for the attenuation of the mechanical system. In the nonexcited case the cantilevers eigenfrequency is
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s
ω0∗

=

ks + df
dz
.
m

(3.37)

From comparing Eq. 3.36 with Eq. 3.37, one can see that the systems resonance
frequency shifts from ω0 to ω0∗ by the interaction force affecting the tip. This fact
is used in the AFM tapping mode by operating close to its resonance frequency.
By that, the system becomes sensitive to small changes in the interaction force
which induce changes in the amplitude and phase. These quantities are readout
in real-time by an operation amplifier. For this purpose, usually cantilevers
with high Q factor are chosen. With this method more sensitive samples can
be analyzed because of low interaction forces in range of 1 – 10 pN instead of
1 – 10 nN in the conventional AFM contact mode. The reason for that is the
oscillating ”tapping” motion of the probing tip which reduces lateral friction.
The AFM device utilized for analysis of samples in here presented work is a
DI Multimode AFM with Nanoscope IIIa Controller (Santa Babara, CA, USA).
The control software NanoScope (R) IIIa (v. 5.31, Digital Instruments) was
used for measurements. The AFM piezo scanner was calibrated with calibration
gratings TGZ01 (rectangular 26 nm SiO2 steps on silicon wafer from manufacturer: MicroMash, Tallin, ET) and PG (checkerboard like pattern on silicon,
100 nm depth and 1 µm pitch; manufacturer: Digital Instruments, Santa Barbara, CA). Standard air cantilever models OMCL-AC160TS (Olympus, Hamburg, Germany) were used. They are made of silicon with a spring constant of
ks = 42 N/m and a quality factor of Q = 100 – 200 in air. The cantilevers resonance frequency was measured for each cantilever and before each measurement
to be ω0 ≈ 300 kHz. Before usage, the cantilevers were tested with a Nioprobe
self-imaging sample (Aurora Nanodevices, Canada) and with a gold cluster sample (cluster radii < 15 nm, synthesized according to [175]). Only cantilevers with
a tip radius < 10 nm are used for the imaging.
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3.2.2. X-ray photoelectron spectroscopy
The X-ray photoelectron spectroscopy (XPS) is a surface-sensitive material analyzation technique. It identifies chemical elements or compounds and their
concentration in a sample and is therefore also known as ESCA (electron spectroscopy for chemical analyzation). The advantage of XPS is the simultaneous
and nondestructive diagnosis of the element composition and chemical state
together with a detection limit of about 0.1 – 1%. Soft X-ray radiation is generated by an X-ray gun that illuminates the sample surface. Characteristic Mg
Kα radiation from a non monochromatic anode (Twin Anode, VG Microtech,
W. Sussex, UK) with X-ray photon energy hν = 1253.6 eV is utilized. With a
sufficient photon energy the emission of electrons from the atoms can be induced
by the photoelectric effect. The emitted electrons are therefore called photoelectrons. As a result of energy conservation, the kinetic energy Ekin of ejected
electrons cannot be higher than the X-ray photon energy hν, reduced by the
photoelectrons binding energy Eb from emerging atom. It is
Ekin = hν − Eb − φ0 ,

(3.38)

where φ0 denotes the analyzers work function [176]. The kinetic energy of
emitted photoelectrons is measured by a sensitive hemispherical photoelectron
analyzer CLAM-2 (VG Microtech, W. Sussex, UK) with a channeltron detector.
It allows fine energy increments of 0.05 eV, for detailed peak profile scans, and
of 0.5 eV during survey scans at a constant pass energy of 50 eV. Their binding
energies are obtained from pronounced photoelectron peaks in recorded spectra.
Photoelectrons that reach the detector collisionless make up the typical photoelectron peaks. Electrons that undergo collisions inside the sample contribute to
the signal background of recorded spectra. The background level depends on the
sample material, the X-ray source and the detector’s transmission characteristic.
In a second process, an outer electron can fall in the inner orbital vacancy
that was caused by the emission of a photoelectron. The energy gain from the
relaxing electron can lead to a radiationless energy transfer to another electron,
the Auger electron, that will be instantaneously emitted. Photoelectron and
photoelectron

Auger electron

atomic states

photoelectron

2p or L2,3
2s or L1
photon

photon
1s or K

Figure 3.7: Processes in an atom that generate a photoelectron (left) and further an Auger
electron (right) from an incident X-ray photon.
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Auger processes occur simultaneously. The sum of respective electron energies
cannot exceed the X-ray photon energy, see Fig. 3.7.
Since no two elements have the same electron configuration and therefore not
the same set of binding energies, XPS can identify chemical elements by analyzing the kinetic energy spectrum of the photoelectrons. The binding energy can
be interpreted as the energy difference between initial and final states when the
photoelectron has left the atom. The Fermi level is in accordance with binding
energy Eb = 0 eV by definition. In the energy range from the Fermi level down
to strongest bound electrons, different emission lines with different intensities,
according to the probability of the final states, can be found. Upon the ionization of the p, d and f levels, a separation of corresponding photoelectron line
into two lines can be observed because of the spin-orbit splitting, as they form
nicely visible doublets for Cu 2p and Ti 2p peaks.
Another advantage of the XPS technique is the possibility to derive the chemical state from variations in the binding energy, according to Eq. 3.38. This effect,
further referred to as chemical shift, results from an altered atomic structure of
an element in a compound compared to the same element in its pure form. To
observe this effect, the two elements need to have different electronegativities.
As a result, photoelectron lines can be found at different binding energies Eb in
a certain range around the position of the original lines, as shown in Table 3.3.
Table 3.3: Elements of interest with their most prominent photoelectron lines, atomic sensitivity factors, as well as possible compounds with corresponding binding energy region of
respective photoelectron line.

element
Ti

orbital
2p

ASF
2.001

Cu

2p

5.321

C
O
Si

1s
1s
2p

0.296
0.711
0.339

compounds
Ti
TiO
TiO2
Cu
Cu2 O
CuO
C
metal oxides
Si
SiO2

binding energy Eb [eV]
453.7 ... 454.2
454.6 ... 455.9
458.3 ... 459.2
932.5 ... 932.9
932.3 ... 932.9
933.5 ... 934.0
284.2 ... 285.1
528.1 ... 531.1
98.8 ... 99.5
103.2 ... 103.9

The energy variation due to a chemical shift depends on the characteristic
atomic configuration of the element and is theoretically hard to predict. In some
cases the chemical shift can be higher than 10 eV, but in disadvantageous cases
close to zero, which makes a line separation impossible. In case of additional
element compounds, usually a mathematical line separation is performed by
deconvolution of the element photoelectron line, as illustrated in Fig. 3.8. With
the help of a free software package (XPSpeak4.1) the signal background, as well
as the peak profile, is fitted. For background approximation, a model according
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to Shirley [176] is applied, while the peak signal is fitted by Gaussian functions
with a constrained FWHM . 2.5 eV.
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Figure 3.8: Example for the chemical shift for silicon. While the pure Si 2p photoelectron
line is found at Eb = 99.3 eV, Si in a compound of SiO2 is located at Eb = 103.2 eV.

The maximum depth d, where information can be gained from within the
sample, is not limited by incident X-rays, but mainly by the mean free path λe
of emerging photoelectrons. While X-rays can penetrate a solid state body up
to 1 – 10 µm the information depth is substantially lower and generally depends
on the photoelectrons energy and the sample material. The photoelectron signal intensity I, obtained through a film with thickness x, is described by the
exponential relation
x

I = I0 e− λe ,

(3.39)

where I0 denotes the maximum intensity at x = 0. One can estimate d by assuming that 95% of signal intensity originates from atoms within the layer of
thickness d, so that d ≈ 3 λe which can be up to 10 nm at maximum.
For a quantitative analysis, the intensity (or better area A) of the most
prominent photoelectron line of an element in the sample has to be determined.
Contribution from side peaks caused by the chemical shift has to be taken
into account. The total area Ai of each representative line of element i has
to be weighted with its specific atomic sensitivity factor (ASFi ) then. These
empirical factors account for all effects that make an estimation of the element
concentration from as-measured spectra impossible. If a number j of elements
is considered, the concentration ci of a certain element i is then obtained by
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Ai /ASFi
.
ci = P
j Aj /ASFj

(3.40)

For the elements relevant in these experiments that information is provided in
Table 3.3. Listed are chemical elements, important compounds, ASF values, the
orbital used for quantification and the binding energy of respective photoelectron
line according to the analyzer handbook [176] and NIST online database [177].
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3.2.3. X-ray diffractometry and X-ray reflectometry
The X-ray diffraction (XRD) allows the study the structure of solid matter and is
a standard method in material science, analytic chemistry and crystallography.
Properties like chemical composition, crystalline structure, lattice parameter
and grain size of a thin sample can be obtained. The sample is exposed to
a monochromatic electromagnetic radiation with a wavelength in the order of
atomic dimensions (X-rays). The X-rays interact with sample electrons, get
diffracted and their intensity is measured angle-resolved. The condition for a
material to cause an X-ray reflex is described by Bragg’s law
∆ = nλ = dhkl cos(θ).

(3.41)

Here, ∆ denotes the optical path difference as a multiple n of wavelength λ
in case of constructive interference of X-ray photons under incidence angle θ.
The layer distance dhkl of a crystalline material is defined by the crystal lattice
with Miller indices h, k and l. Samples without crystalline structures cause no
reflexes in the XRD pattern and are called X-ray amorphous. From the position
of the reflexes, the lattice parameters can be obtained. The number of possible
reflexes is defined by the crystal space group. The intensity of a diffraction peak
depends on the electron density distribution of a crystal which is determined by
the spatial arrangement of its atoms (structure). The structure is determined
by the crystal lattice, symmetry, type of atoms and their location parameters
x, y and z. All these dependencies contribute to the structure factor Fhkl .
X
fj exp (2πi(hxj + kyj + lzj ))
(3.42)
Fhkl =
j

fj denotes the atomic scattering factor which is the Fourier transform of the
electron density ρ. These factors are tabulated for all elements [178, 179]. From
the complex quantity Fhkl , the intensity I of a reflex is obtained by
I ∝ |Fhkl |2 = ρ2 .

(3.43)

By that, the diffraction pattern of the potential element and its structure can be
simulated by an evaluation software and compared with the experimental data.
In the classical Bragg-Brentano geometry the sample is turned by an angle θ
against the X-ray source while the detector arm moves twice this angle. The detector arm includes a beam parallelizing unit (Soller collimator, to inhibit stray
radiation), a monochromator and the scintillation detector. This configuration
is known as the θ/2θ case which offers an information depth of up to 1 mm. For
very thin films, the analyzer can be changed to work in an asymmetric Bragg
case to increase the interaction volume between X-rays and sample atoms. Special modification attachment allows a non-focusing arrangement with grazing
incidence of the primary beam, naming the method grazing incidence X-ray
diffraction (GIXD), which was used for present work, see Fig. 3.9 (a). Here,
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Figure 3.9: Measurement principle of grazing incidence X-ray diffraction GIXD (a) and
X-ray reflectometry XR (b), after [110].

the incidence angle ωGIXD is kept at small (ωGIXD ≈ 0.3 – 3◦ ) and constant value,
while the detector arm rotates with 2θ. Here presented results were measured
with ωGIXD = 0.5 ◦ , an angular increment of 0.02 ◦ and a dwell time of 5 s. This
method excels at a probing depth of 10 – 200 nm and was therefore used for our
investigations.
X-ray reflectometry (XR) can provide information on layer thickness, surface and interface roughness, and mass density [180]. The technique is independent from crystallinity of film material and also applicable to multilayers.
In principle, such measurements can be performed with any Bragg-Brentano
diffractometer, as long as the beam divergence is sufficiently low. The beam is
directed toward the sample under an extremely low angle θ. In our case, the
starting value of θ is chosen to be below the critical angle θc of total refection.
X-rays are reflected at the surface but also at interfaces between layers, e. g. the
layer-substrate transition, as depicted in Fig. 3.9 (b). With sufficiently smooth
surfaces, the reflected rays can superimpose and cause an interference pattern
during a θ/2θ scan. Its intensity maxima are called Kiessig fringes and their
θ-spacings directly yield the layer thickness d [110].
From the critical angle of total reflection θc , the mass density ρ of the deposited film can be determined [181]:
s
P
√
NA r0 i (Zi + fi )
P
λ.
(3.44)
θc = 2δ, with δ =
2π i Ai
NA is the Avogadro constant, r0 the classical electron radius, (Zi + fi ) the
scattering factor of an atom i, and Ai the atomic weight.
The analyzer used for all measurements is a commercially available θ/2θ
diffractometer (D 5000, Siemens) with accessories for GIXD and XR operation.
The X-ray source was operated with a 40 kV anode high voltage and a 40 mA
emission current. Free software (PowderCell 2.3, BAM, Berlin) was used for
GIXD modeling and a home-made program for Fourier analysis for grain size
identification.
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The setup used for experimental investigations will be introduced in this chapter.
Referring to the aims of the thesis, two setups were developed which will be
described in the following.

4.1. Hybrid-dual-HiPIMS system
For the deposition of Ti-Cu intermetallic films and along going discharge characterization this setup was constructed. Two magnetrons are built into a vacuum
facility and are employed in a special combined manner with power and switching electronics to put different pulsed discharge modes into effect. The main
features of the setup will be described in the following subsections.

4.1.1. Vacuum facility
The deposition setup mainly consists of a stainless steel high vacuum chamber
with several flanges for the installation of pumps, magnetrons, substrate table,
shutter, pressure sensor, quartz windows and feedthroughs for the gas inlet,
electrical connections and other diagnostics. The chamber is pumped by a
turbomolecular pump (TMP)(520 l/s, TMU 521, Pfeiffer Vacuum) that is backed
by a membrane pump. The chamber pressure was measured with a PiraniPenning full range vacuum gauge (PKR 251, Pfeiffer Vacuum). A base pressure
of 10−6 Pa was reached. Argon (purity 99.999%) was used as working gas.
It is introduced directly into the chamber by a mass flow controller (50 sccm,
MKS), operated by a control unit (4 Channel Readout, type 247, MKS). The
working pressure was mainly p = 3.0 Pa and can be set by the amount of Ar,
introduced via a mass flow controller, and also by a controllable butterfly valve
(PM-3, VAT), that separates the TMP from the main volume. Four identical
conventional balanced planar 2−inch magnetrons (SW 50, Gencoa Ltd.) are
mounted on the top flange. It allows to work with up to four different target
materials. Nevertheless, only two adjacent magnetrons were simultaneously
driven during the experiments. One was equipped with a copper target (purity
99.99%), the other one with titanium (purity 99.99%). Both targets are of
identical flat cylindrical shape with a thickness of 5 mm.
The two magnet systems of the magnetrons were installed with opposing
orientation with respect to each other. As a result, a closed magnetic field is
established between both cathodes. This leads to a trapping effect of electrons
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in the discharge volume, and consequently to a more homogeneous plasma at
substrate position [182, 183]. The substrates are placed about 5 cm below the
center point, between both cathodes on a rotary table. The table is installed
from the bottom of the vacuum chamber with a rotary feedthrough that allows
the rotation of the table during deposition experiments. A small electric motor,
powered by a constant DC voltage, ensures a uniform table rotation. The substrates are placed at same radial distance from table rotation axis to be exposed
to both magnetrons in similar way, see Fig. 4.1.
Pieces from p-doped silicon(100) wafers with 3 inch diameter served as substrates for deposition. Their polished surface has a low roughness that is needed
for further XR, SEM and AFM investigations.

Figure 4.1: Technical drawing of vacuum chamber (left) with magnetrons and substrate
table. Next to the reactor, the setup for optical emission imaging (OEI) with (from left to
right) focusing lens, holder for optical filters and iCCD camera is mounted. Details regarding
the OEI setup can be found in diagnostics chapter 3.1.3.

The electrical power for the magnetrons was provided by two identical DC
power supplies (Pinnacle 3000, Advanced Energy), providing cathode voltages
down to -1 kV. Both were driven in current regulation mode. This means the
unit automatically adapts the discharge voltage to maintain a set mean discharge
current.
The electrical configuration of the magnetrons can be altered to realize different magnetron operation modes. Investigations in frame of this work are
focused on a comparative study of these modes with respect to the plasma and
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thin film properties. In the following, the discharge modes and their standard
parameters are specified and explained in detail:
• DC-MS: direct current magnetron sputtering
• dual-MS: dual magnetron sputtering
• dual-HiPIMS: dual high power impulse magnetron sputtering
• hybrid-dual-HiPIMS: hybrid dual high power impulse magnetron sputtering (or shortly hybrid mode)
In conventional DC-MS mode, each magnetron is supplied independently with
a direct current by its own power supply. By that, each cathode is biased with
its individual negative voltage to maintain the individually set mean discharge
currents. The grounded vacuum chamber serves as common anode.
Details on the other discharge modes will be provided in the following sections.
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4.1.2. Pulsing unit - HiPIMS
To operate magnetron discharges in pulsed mode, a switchable and energy storing electrical unit is needed, further referred to as power switch. In this case,
the magnetron is not directly connected to its DC power supply but to the
power switch in between, see Fig. 4.2. Such a power switch was built specifically
for intended experiments. The device consists of large parallel input capacitors
(CH ) that gets charged by already mentioned DC power supply during the idle
time of external trigger signal. The power is switched by insulated gate bipolar
transistors (IGBTs) that are gated by an external trigger signal. A rectangular
TTL trigger signal is provided by a conventional function generator that allows
to set the pulsing frequency and duty cycle. In the active pulse part, the stored
energy is released and drives a magnetron discharge for the duration defined by
the set duty cycle.
DC power supply
(Pinnacle 3000, AE)

power switch
(capacitors)

resistor
(R = 5.6 Ω)

magnetron
cathode

V
oscilloscope
(TDS 1012, Tektronix)

function generator
(Model 9518, QC)

oscilloscope
(TDS 520A, Tektronix)

V
discharge

Figure 4.2: Scheme of electronic devices needed to employ pulsed magnetron discharge (e. g.
HiPIMS). The power switch is charged by a conventional DC power source. Triggering the
power switch by function generator initiates magnetron sputtering for duration of chosen
active duty cycle. Measurement of voltage drop by oscilloscope on a series resistor allows to
derive the discharge current.

The power switch has a ballast resistor (R = 5.6 Ω), installed in series with the
discharge path, in order to stabilize the discharge current and to avoid arcing.
Also, an instantaneous discharge current can be attained by measurement of
the voltage drop by oscilloscope probe and by applying Ohm’s law.
High temporal discharge currents can be achieved with this system: If one
considers a constant mean discharge current of 100 mA during DC magnetron
sputtering, a high average peak discharge current of 10 A can be expected when
1% duty cycle is chosen at same mean discharge current.
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4.1.3. Dual-MS
In dual-MS, the Cu and Ti magnetron are supplied with its own combination
of DC power supply and power switch to operate in pulses. Furthermore, the
magnetrons are not operated independently but in a way that they are powered
against each other (dual configuration, see Fig. 4.3).

VDC

RH

CH

RH

Ti
L1

+

RH

RH

-

CH

Cu

VDC

L2
+

Figure 4.3: Electrical configuration of dual-MS and dual-HiPIMS system. The combination
of DC power supplies and power switches create two loops L1 and L2 with both magnetrons
in each current path. One magnetron serves as the anode while the other one is the cathode
during a single pulse. Consecutive discharge pulses employ both magnetrons with inverted
polarity, where the magnetron, serving as cathode, defines the material to be sputtered, e. g.
Ti pulse for L1 powered.

During triggering of a power switch, one magnetron serves as a cathode
while the other one is the anode. The voltage between both magnetrons is
V = |φTi − φCu |, where φTi and φCu are the electrode/target potentials with
respect to ground. Here, the potential of the electrode, working as anode, is
close to ground potential φanode ≈ 0 V. The magnetron roles are inverted when
the other power switch becomes active. In each way, a loop is built, consisting
of a DC power supply, a corresponding power switch and both magnetrons with
a burning discharge in between. The complete electrical circuit, a parallel arrangement of two identical loops (L1 and L2), is fully floating, i. e. isolated from
ground. The advantage of this system is that the common pulsing frequency
fdual , each active pulse length Ta (or duty cycle) and the delay between both
pulses tD can be set freely by an external multi-channel pulse delay generator
(Model 9518, Quantum composers Inc.). Moreover, the mean discharge currents
Im,Ti and Im,Cu of each magnetron can be set separately by the respective DC
power supplies to control the sputtering rates. These are the main features of
the developed dual-pulse system which are essential for deposition of stoichiometric multicomponent films. For dual-MS, the discharge repetition frequency
was chosen to be in typical mid-frequency (MF) range with fdual = 4.65 kHz to
obtain an active pulse length Ta = 100 µs while the duty cycle was 47%. For
symmetrical pulse sequence a pulse delay of tD = 15 µs was set.
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4.1.4. Dual-HiPIMS
In dual-HiPIMS, the electrical configuration is equal to that of dual-MS. Both
magnetrons are powered alternatingly against each other by two pulsed power
loops L1 and L2, see Fig. 4.3. The difference is in the selection of special pulse
parameters of the discharge. To work in HiPIMS regime, a low repetition frequency and a small duty cycle is needed. Therefore, fHiPIMS = 100 Hz and a duty
cycle of 1% was chosen. For better comparison of experiments at different pulsing modes, the active pulse length and pulse delay during HiPIMS were chosen
to be identical to dual-MS mode with Ta = 100 µs and tD = 15 µs. The trigger
signals are compared in Fig. 4.4.
tD = 15 µs

f = 4.65 kHz
on

Ti

Cu

dual-MS

off
f = 100 Hz
on
dual-HiPIMS

100 µs 100 µs
off
0

230 µs

10 ms

time

Figure 4.4: Depicted are TTL trigger signals for power switch control in dual-MS
(above) and dual-HiPIMS (below). Dual-HiPIMS requires low discharge repetition frequency fHiPIMS = 100 Hz with signal period THiPIMS = 10 ms, whereas dual-MS is driven
at fdual = 4.65 kHz (signal period Tdual = 230 µs) to achieve same active pulse lengths
(Ta = 100 µs) and pulse delay (tD = 15 µs) between Ti and consecutive Cu discharge pulse.

For dual-MS, one can recognize alternating Ti and Cu discharge pulses with
equal delays of tD = 15 µs in between. In contrast, after first series of Ti pulse,
tD and Cu pulse follows a rather long inactive part in dual-HiPIMS. This is
attributed to the low duty cycle of 1% that results in 9.9 ms charging time for
each power switch, which is more than 75 times longer compared to dual-MS.
For that reason, a higher peak current and power density are expected in dualHiPIMS.
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4.1.5. Hybrid-dual-HiPIMS
Hybrid-dual-HiPIMS (or just hybrid mode) combines the advantages from midfrequency (MF) discharge with those from HiPIMS discharge. For this, an alternating MF voltage is superimposed to a dual-HiPIMS discharge. It is achieved
by inductive coupling of a MF power supply (AC-PMP1, Advanced Converters now Huttinger Elektronik) to both magnetrons in parallel to the existing
dual-HiPIMS setup, as illustrated in Fig. 4.5.

VMF pulsed
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VTi
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VCu
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RH
RH

Ti
L1

+

Rs

RH

VDC
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CH

Cu

VDC
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Figure 4.5: Electrical configuration scheme of hybrid-dual-HiPIMS system. An additional
MF power supply is installed in parallel and coupled by a transformer to existing dual circuit.
A ballasting resistors of known impedance allow measurement of MF voltage and current
component.

The MF power supply, as a part of the primary MF circuit, couples power by a
4:1 winding ratio step-down transformer to secondary circuit which comprises of
both magnetrons and the discharge path in between. The transformer protects
the MF source from penetration of DC voltages, e. g. HiPIMS pulses. The
capacitor CP further suppresses the DC voltage component from the MF power
source. Resistors RS are ballasting resistors with a minimum inductance and
RS = 25 Ω. The mid-frequency was set to be fMF = 94 kHz (a non decimal value)
to avoid resonances with dual-HiPIMS. The active MF pulse length was 3 µs.
HiPIMS pulses in hybrid mode are identical to those of dual-HiPIMS. All timeresolved current and voltage measurements were performed via an oscilloscope
(TDS3054C, Tektronix) with voltage and current probes. A photograph of the
experimental setup is shown in Fig. 4.6.
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Figure 4.6: Photograph of experimental setup. The magnetrons installed in vacuum vessel
(left) are connected to their power and switching electronics mounted in a rack. There are
also installed a gas flow control unit, pressure valve control and pressure sensor control units.
Oscilloscopes were used to monitor and measure the discharge voltages and currents. Different
diagnostics were installed and measurements controlled by a PC.
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4.2. Nanocluster source setup
In addition to magnetron discharges, a nanocluster source was employed for
study of Cu nanoparticles. For that reason, a separate setup was designed and
built for synthesis, characterization and (co)deposition of Cu nanoparticles. Its
essential vacuum components and measurement equipment will be introduced
here.

4.2.1. Deposition chamber
The setup consists of a stainless steel high vacuum chamber pumped by a TMP
(TMU 1000, 880 l/s, Pfeiffer Vacuum) backed by an oil rotary pump. The
chamber volume and pumps are separated by a gate valve. It can be moved
with 1000 increment steps by an adaptive pressure controller (PM-5, VAT). The
adjustment of working pressure is possible together with a gas flow controller
(multi gas controller 647C, MKS). The chamber pressure pch is measured by
Penning-Pirani full range vacuum gauge (PKR 251, Pfeiffer Vacuum) that reads
a base pressure of down to pb,ch = 10−6 mbar.
The homemade vertical movable gas aggregation type nanocluster source is
mounted from below, as depicted in Fig. 4.7. The cluster source was designed
according to concept of Haberland [65]. It combines magnetron sputtering for
liberation of metal atoms with a high pressure gas aggregation volume for particle condensation. The employed magnetron is a commercial planar magnetron
(Vtech 75 UHV, Gencoa Ltd.), operated in balanced mode. It is driven in
voltage regulation mode to maintain a constant discharge current. As the target/cathode serves a circular Cu disc with a 3-inch diameter and 6 mm thickness.
The magnetron is water-cooled to prevent target melting by ion bombardment
during the discharge. The subsequent home-made aggregation tube is of cylindrical shape, 20 cm long, 10 cm in diameter with a small exit orifice (3 mm diameter) at its end. It is made of stainless steel with a spiral tube, for water-cooling
of the tubes inner wall, welded to the outer surface. A short and partially flexible tube is welded to the cluster source and connected via a vacuum feedthrough
to a pressure sensor (PKR 251, Pfeiffer Vacuum) outside the chamber, in order
to measure the pressure in cluster source pg . Due to the small exit orifice, the
pumping efficiency of the cluster source volume is inherently low, so that its
basic pressure is just pb,g = 10−4 mbar.
From the top of the chamber, the QMF stage is mounted which has its own
pumping system, comprising of a TMP (TMU 261, 210 l/s Pfeiffer Vacuum),
backed by a membrane pump. This ensures proper QMF working conditions
during experiments with the QMF volume pressure below the device limit of
pQMF < 10−3 mbar and base a pressure of down to pb,QMF = 10−8 mbar, measured
by a Penning vacuum gauge. The QMF line-of-sight axis is identical to the
cluster source beam axis which allows probing of emitted nanoparticles by the
QMF.
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Figure 4.7: The setup for cluster analysis and deposition consists of: vacuum vessel (1),
cluster source with aggregation tube (2) and Cu magnetron (3), quadrupole mass filter (4),
movable and turnable sample holder with substrate (5), mechanical shutter (6), oxygen gas
inlet (7), Ti magnetron (8) and front view port (9).
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Argon, as a discharge gas for the cluster source, is introduced directly above
the Cu target, streaming radially inward. Ar can be delivered by two different
ways that allow the cluster source to be operated in two distinct modes:
• Continuous mode: Gas is introduced at constant flow rate by mass flow
controller.
• Pulsed mode: Ar is injected directly via a vacuum tight solenoid valve at
high primary pressure (4 bar).
In pulsed buffer gas mode the mount of Ar is adjusted by setting the repetition
frequency fg and opening time ta of the valves control unit (Iota one pulse driver,
General Valve Corp.) by external trigger signal from multi-channel pulse delay
generator (Model 9518, Quantum composers Inc.).
Perpendicular to the cluster source vertical beam axis, a separate magnetron
is installed horizontally for co-deposition of TiO2 . The Ti magnetron is a 2-inch
balanced planar magnetron equipped with a Ti target and has its own water
cooling and power supply (MDX 500, Advanced Energy). In contrast to the
cluster source magnetron, this one has no innate working gas supply, but is able
to operate by Ar emitted from the cluster source. The additional reactive gas
oxygen can be introduced into the chamber volume by an auxiliary gas inlet
ending in front of the magnetrons cathode region. Its constant flow rate is
controlled by the same 4-channel mass flow controller. A higher pressure in the
cluster source, with respect to adjacent vacuum chamber volume, is caused by
introduced Ar that is only pumped out via the small exit orifice. It guarantees
a high pressure needed for cluster formation and prevents oxygen to enter the
cluster source and to contaminate the Cu magnetron target.
Both particle sources (Cu nanocluster source and Ti magnetron) are aligned
perpendicular with respect to each other and face the center of the spherical
vacuum chamber. A mechanical handler unit arm from neighboring chamber
allows the placement of a substrate in the central vacuum vessel position where
beams from TiO2 and Cu clusters intersect. The handler unit further enables
sample transfer to the XPS chamber without breaking vacuum conditions. Tilting of the substrate holder allows the deposition from both sources with same
incidence angle of 45◦ . The substrate can be shielded from both sources by a
common shutter.
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4.2.2. Cluster mass measurement equipment
The measurement setup for the analysis of metal nanoclusters consists of several
electronic components, as schematized in Fig. 4.8. The commercial quadrupole
mass filter is connected to its control unit (QMF200, Oxford Applied Research)
which in this case only serves as the power supply for QMF AC and DC voltages.
The QMF control unit is operated externally by a PC with user-written Labview
(version 8.5, National Instruments) software interface and a measurement card
(ME-3000, Meilhaus). The cluster ion current is usually very low and requires
a current resolution of at least 10−12 A. For this reason, instead of the QMF
control units internal current sensor, an external picoamperemeter (Model 6487,
Keithley Instruments Inc.) was utilized. It communicates with the same PC
via GPIB protocol and allows time-resolved measurements when connected to
a common triggering unit.
pulse generator

picoammeter

4

PC
1
2

QMF control unit/
power supply

3

oscilloscope
5

pulse driver

S

6

Figure 4.8: The main setup components for pulsed gas cluster aggregation are: vacuum
vessel (1), cluster source with aggregation tube (2) and Cu magnetron (3), quadrupole mass
filter (4), pressure gauge (5) and solenoid valve (6). The electrical scheme of devices used for
time-resolved cluster mass diagnostic is provided as well.

For time-averaged measurements, the QMF AC voltage amplitude V (and
thereby filtered cluster mass m) is varied in steps not higher than 1 V in range
of 1 – 250 V. The relation between V and m was already described by Eq. 3.28
in chapter of diagnostics on page 35. For each voltage value, the cluster current
was averaged for at least 0.5 s. The measurement time was chosen to be as
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short as possible to avoid cluster current drifting effects, caused by temperature
variations. For that reason, a compromise was found between voltage increment
and current averaging time by above mentioned values. The details of the
measurements electronics and the software interface are provided by the author
in [184].
For time-resolved measurements during pulsed gas operation, the electronic
equipment was extended and the measurement procedure designed in different
way. The pulse generator, that is timing the gas valve, also triggers the picoamperemeter and oscilloscope. This allows the picoamperemeter to measure
currents on a defined timeline over multiple periods with respect to the gas
injection pulses. During time-resolved current measurements, the QMF control unit is set to filter mode, i. e. a fixed AC voltage amplitude is set and by
that, only a particular cluster mass is analyzed over time. The measurement
procedure can be repeated for other masses, so that finally, also in pulsed gas
operation mode a cluster mass distribution can be derived. The oscilloscope
allows the supervision of experiment by visualizing the trigger pulse form, pulse
driver output voltage and the trend of pressure inside cluster source.
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In this part the experimental results are presented and discussed. The first
two sections deal with the studies at the hybrid-dual-HiPIMS setup while the
last two summarize results from the nanocluster setup. All publications that
emanated from the research are presented in the appendix B on page 155.

5.1. Time-resolved plasma diagnostics at
hybrid-dual-HiPIMS setup
The results from time-resolved plasma diagnostics at the hybrid-dual-HiPIMS
facility are presented here. The discharge is characterized by obtained plasma
parameters that are compared to results from different pulsed discharge modes.
After that, depositions from dual-MS, dual-HiPIMS and hybrid-dual-HiPIMS
will be studied by different thin film analyzation techniques and the findings
will be associated with the discharge properties.

5.1.1. Discharge voltage and current characteristics
The standard working pressure in the vacuum chamber was set to p = 3.0 Pa
during the experiments. At this point one should keep in mind, that at such
pressure it is easier to obtain a stable plasma in an unpulsed discharge. As
soon as the discharge is pulsed, and especially for small duty cycles, the plasma
needs to be reignited permanently. This fact limits the lowest possible working
pressure. But usually, higher plasma ion energies and a cleaner deposition process are favored. This requires low working pressures. The results discussed in
this chapter show that some of these problems can be overcome by an advanced
sputtering system, developed in the frame of this work.
In first experiments, the discharge modes of dual-MS and dual-HiPIMS were
characterized by the measurement of voltage and current profiles. To compensate different sputtering yields (Y ) of Ti and Cu, the mean discharge currents
were set to Im,Ti = 400 mA and Im,Cu = 100 mA in terms of further deposition
experiments. The sputtering yield of Ti is roughly four times lower compared
to Cu, with YTi = 0.4 and YCu = 2.0 for Ar+ energies of ∼ 500 eV [116].
Both pulsed modes have the same active pulse length of Ta = 100 µs for
Ti and Cu discharge with a common pulse delay of tD = 15 µs between subsequent pulses. The main differences are the pulse repetition frequencies of
fdual = 4.65 kHz and fHiPIMS = 100 Hz and the consequently unequal duty cycles
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Figure 5.1: Time evolution of cathode voltage and discharge current for dual-MS and dualHiPIMS discharges. Mean discharge currents were set to Im,Ti = 400 mA and Im,Cu = 100 mA
at p = 3.0 Pa working pressure. Ti and Cu have same active discharge pulse length of
Ta = 100 µs separated by a delay of tD = 15 µs.

of 47% and 1% respectively. The voltages of each discharge mode show distinct differences, see Fig. 5.1a. In general, voltage profiles are of rectangular
shape and the voltage value decreases to zero at pulse end. In dual-MS voltage
profiles of both pulses have very similar shape with cathode voltages of -300 V
during active phases. In dual-HiPIMS, the voltage of first Ti magnetron pulse
peaks up to -900 V until discharge ignition and then quickly saturates to a stable
plateau of -400 V within 10 µs. The following Cu pulse after tD = 15 µs is more
rectangular-like and has smaller transient behavior at pulse onset with a variation of +/-50 V around -500 V saturation value. The general higher discharge
voltage during dual-HiPIMS pulses can be explained by a longer recharging
time of power switch capacitors during idle part of the pulse period. Due to low
fHiPIMS , the idle time between the last Cu pulse and next Ti pulse is 9.785 ms.
By that, the idle pulse phase in dual-HiPIMS is about 650 times longer compared to the next Ti pulse in dual-MS, following 15 µs after previous Cu pulse.
This also explains the reduced ignition voltage for the second (Cu) HiPIMS pulse
because of the shortly foregoing Ti HiPIMS pulse that promotes re-ignition at
t = 115 µs.
As a result, larger temporary currents can be driven in dual-HiPIMS compared to dual-MS, as can be seen in Fig. 5.1b. This is the main feature of HiPIMS. Like the discharge voltage, the discharge current rises with the triggering
pulse almost instantly. In dual-MS, the current peaks immediately to Ip = 2 A
which equates a pulse discharge power density of Pp ≈ 23 W/cm2 and then decreases linearly. While ITi > 0 A at pulse end, ICu = 0 A is reached already after
about 40 µs of Cu pulse onset. This effect can be explained by a four times
lower mean discharge current of Im,Cu = 100 mA compared to Im,Ti = 400 mA.
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Figure 5.2: (a) Mid-frequency (MF) discharge voltage and current signals at a mean MF
discharge current IMF = 250 mA. The MF discharge is superimposed with HiPIMS discharge
where characteristics of resulting hybrid-dual-HiPIMS mode is shown in figure (b). It is presented time evolution of cathode voltage (upper panel) and discharge current (lower panel)
with Im,Ti = 400 mA and Im,Cu = 300 mA at p = 3.0 Pa working pressure. HiPIMS pulse timings are identical to those in dual-HiPIMS mode.

The Ti magnetron discharge current peaks up to Ip,Ti(HiPIMS) ≈ 58 A in dualHiPIMS and drops just about 7 A until the pulse end. Such a pulse current
corresponds to a current density of jp,Ti(HiPIMS) ≈ 3.0 A/cm2 and a power density
of Pp,Ti(HiPIMS) ≈ 1.2 kW/cm2 . The Cu HiPIMS pulse reaches discharge current
of Ip,Cu(HiPIMS) ≈ 9 A that corresponds to jp,Cu(HiPIMS) ≈ 0.5 A/cm2 and a power
density of Pp,Cu(HiPIMS) ≈ 0.24 kW/cm2 . The current decreases till half of maximum value at a higher rate compared to previous Ti pulse. That observation
is similar to dual-MS current trends and most probably also attributed to a
smaller accumulated charge by four times lower set mean Cu discharge current.
In a next step a mid-frequency discharge (Fig. 5.2a) is superimposed to described dual-HiPIMS discharge. The MF discharge has a higher repetition frequency of fMF = 94 kHz, a pulse length of Ta = 3 µs and a delay of td = 7 µs
between the MF pulses. In between HiPIMS pulses, one can identify the
MF discharge component, as shown in Fig. 5.2b. Even though the HiPIMS
pulses (of hybrid mode) were driven with different mean discharge currents,
(Im,Ti = 400 mA and Im,Cu = 300 mA) one can see the advantages of the hybrid
system compared to dual-MS and dual-HiPIMS: At first, the working pressure
in hybrid mode can be decreased below the dual-HiPIMS and even dual-MS
operation limit. This is achieved by the additional MF discharge that provides
more power for plasma generation compared to non-hybrid modes. According to
discharge characteristics, the currents reach their maxima faster in hybrid mode
which points towards a faster plasma ignition. This is caused by the supportive
character of MF discharge that is sustaining the discharge in absence of HiPIMS
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pulses. This statement will be further supported by a discussion of additional
plasma diagnostic results.
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5.1.2. Electron density and temperature
In low temperature laboratory plasmas the electrons are the main plasma heating component. They follow external electric and magnetic fields almost instantly because of their small mass compared to ions. By that, electrons are
effectively driven by external power supplies and gain a lot of energy that can
be used to ignite and sustain a discharge. Due to their central role for plasma
excitation their study is of great value.
Time-resolved electron density ne was measured in the range of active pulses.
The rotary table was removed and a Langmuir probe was placed 55 mm below
the magnetrons in substrate position. From measurements calculated electron
densities are presented for dual-MS and dual-HiPIMS together in Fig. 5.3.
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Figure 5.3: Time-resolved electron density of dual-HiPIMS (left scale) and dual-MS (right
scale). The Ta = 100 µs pulses of Ti and Cu are separated by a delay time of tD = 15 µs. Mean
discharge currents are Im,Ti = 400 mA and Im,Cu = 100 mA.

The electron density reaches its maximum of ne,Ti(HiPIMS) ≈ 8 × 1018 m−3 during first (Ti) HiPIMS pulse. Its evolution is similar to the trend of discharge
current. The increase of ne at pulse onset is very fast and decreases rapidly
at the end of the active pulse at 100 µs. After pulse delay of tD = 15 µs the
Cu magnetron pulse follows and comes along with instant, but small increase
of ne,Cu(HiPIMS) . After this second peak the electron density decreases fast to a
value of ne < 1 × 1018 m−3 already within Cu pulse. Here low ne is attributed
to lower current density during Cu sputtering compared to Ti. Even though
the peak in electron density in Cu dual-HiPIMS seems to be inconsiderable, the
effect was verified by repeated measurements and can be explained by relatively
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high pre-ionization of Cu pulse by aforegoing Ti pulse. This effect is very important, because by change of the pulse delay one can easily influence discharge
properties during deposition process. The effect was studied extensively in [185].
The electron density in dual-MS is about three orders of magnitude lower
compared to dual-HiPIMS. Here maximum values of only ne(MS) ≈ 5 × 1015 m−3
are reached. Lower electron density can be explained by lower pulse discharge
currents in dual-MS compared to dual-HiPIMS, as mentioned before. Maximum
value of ne is reached shortly after pulse onset for Ti and Cu pulses in pulse
middle. Nonetheless, both pulses have comparable shape with same amplitude
of electron density oscillation. They vary in range of ne(MS) ≈ 2 – 5 × 1015 m−3
over entire plasma pulse period. This trend is expected since measured voltage
and current pulse profiles are also of similar magnitude and shape, see Fig. 5.1.
Because of higher pulsing frequency and duty cycle in dual-MS, each magnetron
pulse is followed symmetrically by another one with tD = 15 µs that provides a
pre-ionization benefit for both pulses. This effect, and the role of diffusing ions
in cathode vicinity, explain similar plasma densities ne(MS) during Ti and Cu
pulse and will be described more carefully in the following sections.
Mean electron energies for dual-MS and dual-HiPIMS increase to values of
Em ≈ 3.1 eV after 15 µs of Ti pulse triggering (not presented). Then Em quickly
decreases by exponential trend after maximum was reached. Its decrease at
such an early stage of discharge pulse is attributed to main ionization process
exciting plasma species: By electron impact ionization, the electrons transfer
their energy to argon and sputtered metal atoms by collisions in plasma volume.
Same qualitative behavior of Em was observed for following Cu pulse.
Further evaluation of Langmuir probe data enables investigation of timeresolved electron energy probability function (EEPF), see Fig. 5.4. At first look,
all EEPFs differ from a pure Maxwellian distribution that should appear as a
linear function in semi-log plot. Highest electron energies of up to 9 eV are measured at beginning of Ti HiPIMS pulse. The EEPF shifts toward smaller energies
as discharge pulse progresses. At t = 100 µs a short cooling phase follows, as long
as the discharge is not actively powered. Cooling times of 15 µs were measured
in dual-MS while it took about 70 µs in dual-HiPIMS for electrons to lose half
of their mean kinetic energy Em . This is a proof of a pre-ionization effect that
causes energetic electrons from a discharge pulse to be present in the volume
at the beginning of the subsequent pulse. Electron energies of up to 7 eV are
revealed at 20 µs after the Cu HiPIMS trigger pulse at t = 135 µs. The electrons
in Cu pulse reach lower energies compared to Ti pulse, as it is the same trend
for the average pulse currents.
The EEPFs, measured in idle time of magnetron pulses, are closest to Maxwellian distributions with a linear trend at higher energies. During the active
magnetron operation, the distributions alter and point towards a bi-modal form.
It seems like different energetic electron populations evolve during the discharge
pulsing that make it difficult to describe the electrons by a common temperature. Nevertheless, from EEPF slope it can be seen that the effective electron
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Figure 5.4: Electron energy probability functions measured at certain times in range of HiPIMS pulses for dual-MS and dual-HiPIMS mode. Mean discharge currents are Im,Ti = 400 mA
and Im,Cu = 100 mA.

temperature is higher during the first (Ti) pulse compared to a following Cu
pulse for both discharge modes. Further, temperatures measured in HiPIMS
are higher in contrast to dual-MS mode. Different energetic groups of electrons
have already been observed in Ar discharges at low pressures [186].
In a separate set of measurements, dual-HiPIMS was compared with hybriddual-HiPIMS mode. For these experiments different mean discharge currents
were chosen with Im,Ti = 400 mA and Im,Cu = 300 mA. The hybrid mode allows
the reduction of working pressure, and so experiments were partially performed
at lower pressure of p = 0.4 Pa. Here, interesting and advantageous effects can be
observed in comparison to not MF-supported dual-HiPIMS and will be discussed
in the following.
The temporal behavior of electron density ne in the area of HiPIMS pulses
is presented in Fig. 5.5a. In dual-HiPIMS, the electron density increases nearly
linearly up to ne ≈ 3 × 1018 m−3 until Ti pulse end. For hybrid-dual-HiPIMS
ne reaches its maximum much earlier during the pulse at t = 50 µs and is always higher than in non-hybrid mode at same pressure. This earlier increase
of electron density is a direct consequence of the additional MF discharge that
supports ionization at ignition of HiPIMS pulses. At p = 0.4 Pa, the electron
density is lowest with ne ≈ 7 × 1017 m−3 . This is caused by a ten times lower
Ar concentration. Nevertheless, the ionization degree is expected to be even
higher than in dual-HiPIMS due to larger mean free path at p = 0.4 Pa. The
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Figure 5.5: Time-resolved Langmuir probe measurements comparing dual-HiPIMS and
hybrid-dual-HiPIMS. Mean discharge currents are Im,Ti = 400 mA, Im,Cu = 300 mA and
IMF = 250 mA at p = 4.0 Pa and p = 0.4 Pa working pressure.

fast rise of ne within 50 µs until saturation is even more remarkable. In contrast,
ne increases in both discharge modes at higher pressure (p = 4.0 Pa) until pulse
end. The delay to subsequent HiPIMS pulse is short (tD = 15 µs) compared to
time of ion diffusion. As a result, Cu discharge ignites in an already ionized environment and ne increases much faster compared to Ti pulse at the beginning
of pulse onset. This observation can be made for all discharge modes.
The energy of electrons is crucial for atom ionization and excitation. These
processes can only be induced by electrons with an energy that exceeds the
respective energy thresholds, e. g. the ionization potential of discharge gas atoms.
Fig. 5.5b shows the mean electron energy Em that was measured during different
HiPIMS based sputtering modes and at different pressures. At first look, the
curves exhibit the same trend dominated by HiPIMS pulse related effects. Em
peaks within t . 25 µs after beginning of HiPIMS pulse. At the same rate, the
mean electron energy decreases, caused by energy loss during electron impact
ionization of neutrals, as also observed by authors in [187]. After about first
25 µs, a significant amount of metal atoms is sputtered from the target and
exposed to energetic electrons in the plasma volume. The metal atoms are
preferentially ionized because of their lower ionization potential (Cu+ = 7.73 eV,
Ti+ = 6.82 eV) [188] compared to argon (Ar+ = 15.75 eV) [188]. An ionization
degree of about 90% is another feature for HiPIMS discharges [48, 49].
The mean electron energy is in particular influenced by the pressure inside the
deposition chamber. At p = 0.4 Pa, Em is highest at all times, independent from
influence of mid-frequency discharge. Em peaks up to about 8 eV for both pulses
in hybrid mode. In contrast, at higher pressure (p = 4.0 Pa), both sputtering
modes differ only sightly with respect to Em . Here, the mean electron energy
reaches a maximum value of about 6 eV only, because of higher elastic and non-
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elastic collision probability at elevated pressure. In the idle phase of HiPIMS
pulses, i. e. from t & 250 µs on, the mean electron energy becomes stationary
for all pressures and discharge modes. While in dual-HiPIMS Em drops down
to . 1 eV, the hybrid mode maintains a mean electron energy of Em ≈ 2.5 eV,
regardless of pressure. This value corresponds well with measurements exclusive
in the MF discharge (HiPIMS off). This effect is attributed to MF discharge
that sustains a plasma in the idle part of HiPIMS pulses. Due to MF support,
Em rises faster at the beginning of the Ti pulse (t ≈ 0 µs) compared to dualHiPIMS mode where Em is lower of about at least 1 eV. The same effect of
enhanced discharge pulse ignition in hybrid mode was already proved during
the previous discussion of the electron density ne evolution.
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Figure 5.6: Measurements of electron energy probability function (EEPF) in hybrid mode.
Mean discharge currents are Im,Ti = 400 mA, Im,Cu = 300 mA and IMF = 250 mA.

A much more detailed insight into the electron energy distribution can be
gained from evaluation of the EEPF. Time-resolved data of hybrid-dual-HiPIMS
is presented in Fig. 5.6a. All characteristic discharge phases are represented by
typical EEPFs, as there are Ti HiPIMS pulse, pulse delay time, Cu HiPIMS
pulse and finally MF pulsing. The measurement of EEPF at Ti pulse on-set
is very difficult because of transient behavior of discharge ignition where high
pulse voltages can occur, as indicated by Fig. 5.2a. Therefore, EEPF of Ti
HiPIMS pulse is measured at t = 30 µs first when plasma of pulsed discharge is
stabilized. Here, a distribution is obtained with high-energy tail of up to 16 eV.
With advancing pulse time, EEPF becomes narrower and shifts toward smaller
energies. The energy loss is due to the ionization of neutrals by electrons, as
was already explained in previous paragraph. At 100 – 115 µs, the pulse delay
leads to a cooling of electrons which lose half of their mean kinetic energy
within typically 50 µs. The following Cu HiPIMS pulse has the same qualitative
trend like previous Ti pulse, but with lower electron energies in general, peaking
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at 5 eV. The differences in EEPFs between Ti and Cu HiPIMS pulses can be
explained by following statements:
• (I) Ti and Cu have different sputtering yields at same ion impact energies.
This causes an about three times higher amount of sputtered Cu atoms
in the discharge volume. Thus, their collisions with electrons will be more
likely and EEPF will comprise of lower energetic electrons compared to
Ti HiPIMS discharge.
• (II) The difference of ionization potential between Ti and Cu atoms is
small (< 1 eV) and has minor impact on electron energies.
• (III) The secondary electron emission coefficients of Ti (γTi = 0.116) and
Cu (γCu = 0.096) vary about 17% [189]. With γTi > γCu , it favors more
electrons to be ejected from the strongly negative Ti cathode into plasma
volume and therefore, contribute to higher energies in EEPF.
After HiPIMS pulses, EEPF cools down and becomes stationary at t > 300 µs.
Here, the mean electron energy is ≈ 2 eV with EEPF maximum at 3.5 eV. These
values are typical for the hybrid discharge where MF pulsing of magnetrons sustains the plasma even in the idle part of HiPIMS pulses. In contrast, the energy
of electrons in dual-HiPIMS decreases in the phase of afterglow (t > 215 µs)
down to zero.
The measurements at p = 4.0 Pa and p = 0.4 Pa were performed to study the
influence of pressure on electrons energy distribution. EEPFs were measured
at t = 30 µs when the Ti HiPIMS discharge has already reached stable conditions. Significant differences can be observed, as it is shown in Fig. 5.6b. At low
pressure, the EEPF is much broader with a high-energy tail of electrons with
. 16 eV. At high pressure, the mean free path of electrons is reduced and more
frequent collisions with argon atoms result in narrower EEPF. At p = 4.0 Pa,
the sputtering method seems to have minor influence on electrons energy distribution. However, the maximum electron energies in hybrid-dual-HiPIMS are
2 eV higher compared to dual-HiPIMS mode. It can be explained by a faster
increase of electron energy during the first (Ti) HiPIMS pulse in MF-supported
discharge, due to the pre-ionization effect. That is the reason why the EEPF
tail in hybrid-dual-HiPIMS is more pronounced at such an early stage of the Ti
pulse.
The shape of the distribution, measured at low pressure, deviates from a
Maxwellian one. From semi-log plot one can derive a bi-Maxwellian distribution
with two different slopes, representing different temperatures of corresponding
groups of electrons. These were also observed at ∼ 1 Pa by authors [190]. Usually
the bi-Maxwellian character of a distribution vanishes with increasing pressure.
Different energetic electron groups become gradually indistinguishable because
of the proceeding thermalization and diffusion. Interestingly, one can guess
to find these different groups also at an increased pressure of p = 4.0 Pa at a
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sufficiently early stage (t = 30 µs), with respect to Ti pulse onset. Shortly after,
different electron populations merge and a single distribution is formed (not
presented). This effect in HiPIMS discharges was mentioned in the literature
by other authors [191] and is studied in more detail in [136].
From Langmuir probe measurements, one can clearly see the beneficial features of HiPIMS discharges (fHiPIMS = 100 Hz) compared to dual-MS (fdual =
4.65 kHz). There are higher electron densities of ne > 1018 m−3 , broader EEPFs
and peaking Em during pulses. Further, it could be proved that the superposition of a mid-frequency discharge leads to an improvement of ne rise time, higher
Em and faster electrons (EEPF). The enhancement of plasma parameters are
attributed to a pre-ionization effect that facilitates the HiPIMS pulse ignition.
As an advantage, the pressure can be reduced to p = 0.4 Pa which is not possible in conventional HiPIMS setups. Lower working pressure is accompanied
by a reduced cathode ignition voltage, faster rise of ne , highest Em and EEPFs
with a maximum value up to 16 eV. With such differences in electron properties
for different discharge modes, one suspects different consequences also for the
plasma ions.
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5.1.3. Excitation and ionization of sputtered species
The analysis of emitted light from a discharge allows to draw a conclusion on
the presence of excited species in the plasma. Optical emission spectroscopy
measurements were, therefore, performed for different discharge modes and pressures.
At first, a time-averaged measurement of the emitted fluorescent light was
performed to get an overview of excited species in the discharge. The spectra
for dual-MS and dual-HiPIMS were recorded in a range of λ = 300 – 675 nm
(Fig. 5.7). As expected, the spectra comprise of emission lines from elements
Cu, Ti and Ar. The data for λ > 675 nm is excluded because of very high
emission intensities of typical Ar lines. The emission lines from neutral atoms
dominate the spectrum in dual-MS with a discharge repetition frequency of
fdual = 4.65 kHz and duty cycle ≈ 50%. OES of dual-HiPIMS (fHiPIMS = 100 Hz,
duty cycle 1%) shows mostly a higher contribution by same characteristic lines
but also additional lines from Ti+ and Cu+ .
Cu
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Figure 5.7: Normalized time-averaged optical emission spectra of dual-MS and dual-HiPIMS.
First (Ti) discharge pulse lasts Ta = 100 µs and second (Cu) pulse of same duration follows after
tD = 15 µs pulse delay. Experiments were performed at p = 3 Pa, 20 sccm Ar, Im,Ti = 400 mA
and Im,Cu = 100 mA.

The enhanced emission from neutrals can be explained by the several orders
of magnitude higher plasma densities that are achieved in HiPIMS. Higher ne
makes the electron impact ionization and excitation processes of metal atoms
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more likely. In addition, the emission from metal ions (Ti+ , Cu+ ) is more
prominent in HiPIMS since higher electron temperatures are observed in dualHiPIMS. A larger population of electrons in HiPIMS has higher energies compared to those in dual-MS, as can be seen from EEPF results (Fig. 5.4). Especially in terms of metal ionization potentials (Cu+ = 7.73 eV, Ti+ = 6.82 eV),
the EEPF becomes crucial: While in dual-HiPIMS a fraction of electrons has
evidently greater energies than 7 eV (during Cu pulse) and 8 eV (during Ti
pulse), the lower ionization energy of Ti+ = 6.82 eV is barely reached in dualMS. However, there are weak signs of Cu+ features in OES of dual-MS that
point towards sufficient energetic electrons. These can be provided by the high
energetic electron group from pulse onset [136]. Unfortunately, in our case electron energies cannot be measured at the pulse beginning because of the transient
discharge behavior. The aforementioned assumptions regarding electron properties were confirmed on basis of Langmuir probe measurements, discussed in
previous chapter.
To study the temporal evolution of metal particle excitation and ionization
in the plasma, time-resolved OES of particular transition lines was performed.
Following lines were selected exemplarily to represent the behavior of respective
plasma species: Ti (λTi = 453.3 nm), Cu (λCu = 324.7 nm), Ti+ (λTi+ = 334.9 nm)
and Cu+ (λCu+ = 615.4 nm). Trends of emission spectra of dual-MS and dualHiPIMS are presented in Fig. 5.8.
In both magnetron sputtering modes, Ti pulse comes first and the second
HiPIMS pulse of Cu (each Ta = 100 µs) follows after a delay of tD = 15 µs. During the first pulse of dual-HiPIMS, the emission intensity of Ti increases at low
rate until ≈ 50 µs, and then at a much higher rate until maximum is reached at
t ≈ 90 µs. At the end of pulse delay, the Ti signal decreases, but stays above zero
at 10% of its maximum. Interestingly, the Ti signal increases again (up to 30%)
when Cu magnetron is powered. This effect can be explained by Ti atoms that
are still located in the plasma volume due to smaller diffusion rate compared to
much more mobile electrons. The diffusion constants of Ti and Cu in argon at
1 Pa are DTi(Ar) = 1.24 × 104 cm2 s−1 and DCu(Ar) = 1.92 × 104 cm2 s−1 [192]. The
velocity of diffusing particles can be estimated to be 0.01 – 0.05 cm µs−1 [39]
which gives a time, together with geometrical dimension of experimental arrangement (∼ 10 cm), that corresponds to t = 15 µs.
It proves that a reasonable amount of sputtered metal atoms is not lost to
the substrate or chamber walls in between the pulses. Another explanation,
that supports the Ti emission during Cu pulse, implies the discharge electrons.
When the Cu magnetron is powered (cathode), the Ti magnetron serves as an
anode with a voltage close to the ground potential. Electrons are repelled from
the Cu cathode and move toward the anode along the magnetic field lines, generated by closed magnetic field configuration of dual-magnetron configuration.
On their way, the excitation and ionization of remaining Ti atoms in plasma
volume become possible, as can be seen in Fig. 5.8 (upper panel) at t > 130 µs.
In summary, this effect is enabled by the combined electrical and magnetic con-
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Figure 5.8: Normalized, time-resolved optical emission spectra of particular emission lines
for dual-MS (lower panel) and dual-HiPIMS (upper panel). Metal atoms and ions are represented by lines Ti (λTi = 453.3 nm), Cu (λCu = 324.7 nm), Ti+ (λTi+ = 334.9 nm) and Cu+
(λCu+ = 615.4 nm). Experiments were performed at p = 3 Pa, 20 sccm Ar, Im,Ti = 400 mA and
Im,Cu = 100 mA at standard pulse timings.

~ and their magnet
finement of electrons by fields of magnetron electrodes (E)
~ respectively [140, 193].
system (B),
Cu atom excitation in the Cu HiPIMS pulse starts earlier and with a higher
rate compared to the previous Ti pulse. The Cu pulse ignition is supported
by already mentioned pre-ionization effect. Here, the charged particles are still
present in the afterglow from previous (Ti) HiPIMS pulse. Thereby, the intensity
plateau is reached much earlier, and so optical emission curves for Cu and Cu+
have much broader FWHM compared to Ti HiPIMS pulse.
In dual-MS the pre-ionization effect becomes even more apparent. Here, each
Ti pulse follows 15 µs after the last Cu pulse, and vice versa, because of high
pulsing frequency fdual = 4.65 kHz and duty cycle 47%. Therefore, the intensity
characteristics of Ti and Cu atom emission are very similar and comparable
to the Cu HiPIMS signal. The intensities increase within 50 µs to a maximum
which is nearly fully maintained until the pulse ends. In dual-HiPIMS the metal
ion emission follows 5 – 10 µs after an increase of corresponding atom line. On
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the contrary, Ti+ and Cu+ show no time dependency in dual-MS at all and the
signal can be interpreted as noise. A pronounced metal ion emission is typical
for HiPIMS discharges that are characterized by high peak discharge currents,
high plasma densities and particle energies.
The hybrid mode enables a reduction of the operation pressure. Therefore,
experiments were performed not only at p = 3.0 Pa but also at much lower pressure of p = 0.3 Pa as well, see Fig. 5.9.
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Figure 5.9: Time-averaged optical emission spectra of hybrid-dual-HiPIMS at p = 3.0 Pa
(lower panel) and p = 0.3 Pa (upper panel). The experiments were performed at mean discharge currents Im,Ti = 400 mA, Im,Cu = 300 mA and IMF = 250 mA at standard pulse parameters.

The optical emission spectrum is dominated by metal ion and atom lines, and
for Ar lines at λ > 700 nm for both pressures. Some emission from bands of N2
can be observed at p = 3.0 Pa, pointing toward residual impurities in the chamber. One of the main features of HiPIMS discharges is a high ionization degree
during metal sputtering. At low pressure, metal ion lines become more pronounced. The reduced pressure hinders a thermalization of the plasma species.
Higher electron energies lead to a higher ionization probability of atoms. EEPFs
with strongly increased electron energies at low pressure were already verified
by Langmuir probe measurements, as can be seen in Fig. 5.6b. The energy of
discharge ions is studied in detail by RFA measurements and will be discussed
in one of the following chapters.
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To explain the advantages of hybrid mode, similar experiments were performed to compare dual-HiPIMS and hybrid-dual-HiPIMS. Time-resolved optical emission spectroscopy of Ar (λAr = 811.5 nm) was performed first, as shown
in Fig. 5.10. The most obvious effect is an increased emission in the idle part
(t > 250 µs) of HiPIMS pulses in hybrid mode. The lower background in dualHiPIMS can be interpreted as optical noise, but in hybrid mode the emission
signal is induced by MF discharge. Its trend is constant in time because of high
MF-repetition frequency of fMF = 94 kHz. It is also the reason for the immediate increase of emission intensity at the Ti pulse onset at t = 0 µs, where the
HiPIMS discharge finds an already ionized medium. The signal then rises until
Ti pulse end at t = 100 µs for both discharge modes. From here on, the intensity
decreases fast within the pulse delay time of tD = 15 µs down to background
value. The optical emission signal increases at a much higher rate at Cu pulse
onset caused by pre-ionization effect from previous Ti pulse. Also here, the
trend of both discharge modes is qualitatively the same. The difference in maximum emission intensities is larger during HiPIMS pulses compared to off-time
part. This effect is caused by combined MF and HiPIMS discharges that lead
to a non-linear plasma enhancement.
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Figure 5.10: Time-resolved optical emission spectra of Ar (λAr = 811.5 nm) in dual-HiPIMS
and hybrid mode. The mean discharge currents are Im,Ti = 400 mA, Im,Cu = 300 mA and
IMF = 250 mA at p = 3.0 Pa.
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Apart from effects related to working gas Ar, the mid-frequency discharge has
an impact on the sputtering process too. For detailed studies, optical emission
from metal atoms was measured time-resolved, as presented in Fig. 5.11. Here,
the pre-ionization effect of MF discharge can be seen. The emission intensity at
both HiPIMS pulse onsets increases with a faster rate in hybrid-dual-HiPIMS
compared to dual-HiPIMS mode. This is most noticeable for Ti pulse. In dualHiPIMS, the intensity increases linearly first by a small slope (t = 0 – 40 µs) and
then with a higher slope until a maximum at t = 65 µs. On the contrary, twice
as high maximum is reached 10 µs earlier in hybrid mode. In both discharge
modes, the intensity after maximum value decreases about . 20% until HiPIMS
pulse end. In subsequent 15 µs the emission intensity drops down to background
level.
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Figure 5.11: Time-resolved optical emission spectra of Ti (λTi = 453.3 nm) and Cu
(λCu = 327.4 nm) in dual-HiPIMS and hybrid mode.
Mean discharge currents are
Im,Ti = 400 mA, Im,Cu = 300 mA and IMF = 250 mA at p = 3.0 Pa. The cameras iCCD gain
G was kept constant for all OES measurements.

Another interesting result is the additional emission of Ti during the Cu pulse
(115 – 215 µs). The whole effect is unexpected, since in that time slice only Cu
magnetron is biased with strongly negative voltage for sputtering. Fig. 5.11
shows the emission at λTi = 453.3 nm atom line that starts together with Cu
HiPIMS pulse. Here, in both discharge modes, the Ti intensity increases fast until t = 130 µs and nearly 50% of respective global emission maximum is reached.
Then, a phase of exponential decrease follows that saturates even before the Cu
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HiPIMS pulse ends at t = 215 µs. Ti maximum during Cu pulse is reached first,
before the Cu HiPIMS maximum. The same phenomenon can be observed for
Cu during the Ti HiPIMS pulse, but the effect is less pronounced there.
A possible explanation for the existence of excited anode material atoms
during sputtering of cathode is the contamination by neighbor target material.
Electrons are moved in the electric field from cathode to anode during HiPIMS,
supported by magnetic field lines. To maintain charge neutrality, the ions are
dragged together with the electrons up to the anodes sheath edge. That way, a
small part of cathode metal ions condenses on the anode and by that reduces
the substrate deposition rate.
For example, Ti atoms and ions from the discharge can diffuse toward the Cu
magnetron and coat it to a certain extent. During the subsequent Cu magnetron
pulse, a layer of Ti is sputtered first before cathode material is evaporated. This
effect can be observed on both magnetrons (Fig. 5.11) but is more pronounced
during the Cu HiPIMS pulse. In hybrid mode, the Cu emission during Ti
HiPIMS is relatively low compared to dual-HiPIMS. This effect is caused by
MF discharge, that ”cleans” the Ti target during much longer idle part after
Cu HiPIMS pulse. On the contrary, the delay between Ti and Cu pulses is only
15 µs. That means a comparatively thicker Ti layer coating the Cu magnetron
just before Cu HiPIMS pulse.
Another possible explanation for optical emission of both target materials at
the same time is due to finite atom diffusion time in the plasma volume. It can
result in an excitation of sputtered atoms from anode material in vicinity of the
powered cathode, as already mentioned earlier.
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5.1.4. Optical emission imaging
To get a more detailed insight into the discharge dynamics, a spatial resolution of excited species would be valuable. For that reason, the spectrograph’s
iCCD camera was employed directly for spatial and time-resolved imaging of
discharge modes. The spectrally integrated optical emission was measured to
study the spatial and temporal behavior of excited discharge species in dualHiPIMS. These atoms and ions are mainly Ar, Ar+ , Ti, Ti+ , Cu and Cu+ . For
that purpose, both magnetrons were monitored simultaneously in the temporal
range of HiPIMS pulses. Fig. 5.12 shows both, Ti (left panel) and Cu (right
panel) HiPIMS pulses.
A voltage of ϕTi ≈ -800 V is applied to the Ti magnetron at t = 0 µs. A strong
emission at the cathode is immediately registered, but also in front of the Cu
magnetron (anode), a weak intensity can be identified a few µs later. At this
early phase of HiPIMS pulse, the emission is mainly caused by excited Ar atoms
and later on also by Ar+ ions. The excitation in front of the anode is attributed
to energetic electrons that are developed by strong electric field between the
powered electrodes and along the magnetic field lines. This effect of electron
confinement can be seen best on image taken at t = 25 µs where region of light
emission connects both magnetron electrodes. At this time, the electron density has already reached its maximum (8 × 1018 m−3 ) and the discharge is fully
developed.
In the following images (t > 25 µs), it looks like the emission cloud between
the magnetrons has vanished. This is not true. It is a measurement effect
caused by automatic intensity adjustment by iCCD camera. The camera automatically adapts its gain (G = 0 – 255) to normalize the intensity (represented
by color) with respect to highest registered emission of taken image. Highest
light intensity is observed systematically in the cathode vicinity. Strong emission in cathode region for t > 25 µs is most probably caused by Ti atoms and
Ti+ ions. At that time, sputtering becomes the dominant process after sufficient
amount of Ar+ ions is generated. The concentration of Ti species is usually very
high in HiPIMS. Atomic emission is confirmed by time-resolved spectroscopic
measurements of Ti line at λTi = 453.3 nm in the previous chapter.
Since t = 50 µs, one can see a nearly circular shaped emission cloud close to
the cathode. It moves down and reaches the substrate position at the end of
HiPIMS pulse. This emission is attributed to Ar+ and Ti+ , as it was confirmed
by optical filters for λAr+ = 480 nm and λTi+ = 350 nm (spectral filter widths
∼ 8 nm). In contrast to electrons, energetic ions are not significantly affected by
magnetic fields of the sputtering sources. With the expanding discharge they
can move due to ambipolar diffusion toward the substrate. From propagation
of the emitting cloud, one can estimate the ion velocity, which is in the order of
10 – 100 m/s.
The Ti HiPIMS pulse ends at t = 100 µs. While electrons vanish almost instantly from the discharge by wall recombination, the ions persist a longer time.
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Figure 5.12: Time-resolved optical emission imaging of dual-HiPIMS discharge. Left panel
illustrates first 100 µs when Ti magnetron acts as the cathode. The right panel shows optical emission during subsequent second pulse, when Cu magnetron works as cathode starting at t = 215 µs. Experiments were performed at mean discharge currents Im,Ti = 400 mA,
Im,Cu = 100 mA at p = 3.0 Pa and standard pulse parameters. The cameras iCCD gain was
set to automatic adjustment to visualize emission intensity in a broader range.
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This effect was already confirmed by time-resolved analysis of ion emission lines
in the previous chapter. Here, the intensity does not decrease immediately after
HiPIMS pulse but at a finite rate in the plasma afterglow phase.
After a delay of tD = 15 µs, the Cu pulse starts at t = 115 µs. Again, also in
front of the anode (now Ti magnetron) emission can be observed. Its intensity
is much higher compared to same phenomenon of previous HiPIMS pulse. The
reason is that the second (Cu) HiPIMS pulse ignites in an already pre-ionized
medium. The pre-ionization effect enhances the discharge development of the
second pulse. Since the Ti magnetron was running just 15 µs before, remaining
particles in gas phase in front of the Ti target are easier excited during the Cu
pulse. It looks like the light emitting structure between both electrodes is not
present during Cu HiPIMS. This is not true, and can again be explained by
the cameras automatic gain adjustment. Thereby, the signal is dominated by
a very high intensity near the cathode that suppresses much weaker emission
elsewhere. Qualitatively, the emission during the Cu pulse corresponds with the
behavior of previous Ti pulse. Also here a cloud of ions, mainly Ar+ and Cu+ ,
can be seen. It propagates downward from the Cu magnetron to the substrate.
For hybrid-dual-HiPIMS, optical emission imaging investigations were performed as well. Also here, the iCCD camera was set to automatic gain adjustment. It helps to measure the whole emission intensity range, especially when
the peak intensity strongly varies in time. Fig. 5.13 shows images at times that
represent different phases during hybrid-dual-HiPIMS.
Subfigure A) shows optical emission at t = 13 µs where the discharge voltage
is already stable and the discharge current has reached its maximum. Most
intensive emission is detected on the Ti magnetron that works as a cathode
for first 100 µs. It was confirmed by optical filters and OES, that mostly Ar is
excited and dominates the emission intensity. Here, in vicinity of cathode, main
gas excitation and ionization takes place that results in a production of Ar+
ions which are the primary sputtering particles. Like in dual-HiPIMS mode,
an emission also originates from the volume between both electrodes where the
magnetic flux density is strongest. Here, discharge electrons are trapped on
the magnetic field lines and in between alternating electrodes. They cause an
increased probability of ionization and excitation events in this region.
At t = 64 µs subfigure B) illustrates the emission during the progress of a Ti
HiPIMS pulse. It seems that the emission between the magnetrons has vanished,
but this is just a measurement effect: Due to advanced sputtering, more Ti
particles enter the gas phase and are excited by electrons. The lower ionization
potentials of metals lead to gradually increasing emission by Ti and consequently
to an increased peak intensity of spectrally integrated signal. The cameras iCCD
chip automatically adapts its gain to a lower value (G = 31) because strong peak
intensity needs less amplification. Thereby, regions of slight emission shift to
”colder” colors in the intensity plot and may become incognizable. Like in
dual-HiPIMS, a cloud of Ar and Ti (and partially Ti+ and Ar+ ) can be seen
which propagates from the Ti cathode vertically downward to substrate position.
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Figure 5.13: Time-resolved optical emission imaging of hybrid-dual-HiPIMS discharge. The
experiments were performed at mean discharge currents Im,Ti = 400 mA, Im,Cu = 300 mA and
IMF = 250 mA at p = 0.3 Pa and standard pulse parameters. The cameras iCCD gain was set
to auto-adjustment to visualize the emission intensity in a broader range.
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Meanwhile, emission from Ti+ and Ar+ is strongest close to the Ti target.
Analog to dual-HiPIMS experiment, one can estimate the sputtered particle
speed from evaluation of the OEI results. It looks like the cloud of excited
plasma constituents moves at 2 – 3 mm/µs, which is consistent with the diffusion
velocity calculations of Ti in Ar at 300 K according to [194]. It corresponds to
velocities of metal particles in HiPIMS, found by authors [195]. This diffusion
velocity is about one order of magnitude higher compared to those measured in
dual-HiPIMS, but can be understood by a 10 times reduced pressure in hybrid
mode experiments.
After the Ti pulse, a 15 µs lasting period follows where HiPIMS is idle. In
contrast to dual-HiPIMS, the plasma is partially maintained by a permanently
superimposed MF voltage in hybrid mode. Subfigure C) clearly shows optical
emission at t = 109 µs. Since Ti HiPIMS is off now, the cloud of sputtered and
excited Ti and Ar particles becomes the brightest region of the discharge volume.
That is why the camera gain automatically increases to a maximum value of
G = 255. At the same time, a weak emission from Cu magnetron is visible even
though Cu HiPIMS pulse is not active yet. This excitation comes from the
MF discharge pulses that are visible in the current and voltage characteristics
during the HiPIMS pulse delay (Fig. 5.2). The mid-frequency discharge not only
assists as a pre-ionizing mechanism for ignition of the next HiPIMS pulse. It
also constricts target contamination by impurities in the absence of HiPIMS.
At t = 123 µs the Cu HiPIMS discharge is active for only 8 µs, but increasing optical emission on the Cu cathode can be seen by a reduced camera gain
(G = 240). A further increase in density of excited plasma species during advancing Cu HiPIMS pulse is indicated by a continued decrease of camera gain
down to G = 180 at t = 171 µs, as can be seen in subfigures D). Like in dualHiPIMS, one can find emission in the anode (now Cu magnetron) vicinity. Electrons, that are repelled and accelerated by the strongly negative Ti cathode, are
guided along the magnetic field lines toward the Cu target. On their way to the
anode, Ar is preferentially excited as discussed in paragraph describing subfigure A). However, a large enough fraction of electrons reaches the Cu magnetron
where they cause weak but noticeable excitation. It is strongest in the target
center on magnetron axis where the electrons arrive. This is where the magnetic
flux density has its maximum and is perpendicular to the target surface. That
is in contrast to electrons at cathode which are trapped in toroidal ring structure in front of the targets race track where electric and magnetic field lines are
perpendicular.
Subfigure E) shows the emission at t = 276 µs when second HiPIMS pulse is
off, long enough so that the discharge behavior is only defined by MF voltage.
This frame captures the moment when the Ti magnetron is powered by short
Ta = 3 µs MF pulse. Here, emissions between the electrodes and on the anode
side are visible. Most emission originates from Ar (confirmed by OES), and its
intensity during MF discharge is low, as can be seen by maximum auto-adjusted
camera gain of G = 255.
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Subfigure F) illustrates the consecutive MF pulse of the Cu magnetron that
lasts for Ta = 3 µs as well. Same features as during previous Ti MF pulse can be
observed here too, just with switched role of the electrodes. The MF discharge
current, plasma density and electron energy are comparatively low because of
µs-short pulses and the high repetition frequency of fMF = 100 kHz. The MF
discharge can not compete with HiPIMS conditions by far and consequently
optical emission intensity in the MF phase is of low intensity as expected. It
shows that the here used pulsed MF discharge is not efficient for metal ion
generation, but can become a supportive feature in the dual-HiPIMS discharge,
as demonstrated by our hybrid-dual-HiPIMS system.
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5.1.5. Ion velocity distribution function
Thin film properties are strongly influenced by the energy of ions (Ei ) impinging
on the substrate. It can result in an increased film density and homogeneity [35].
This is another feature of HiPIMS plasmas: This kind of discharge is characterized by a high fraction of metal ions [53] that can be accelerated even more by a
negative substrate bias. With help of a retarding field analyzer (RFA) one can
measure the ion velocity distribution function (IVDF), from which the kinetic
energy of positive ions in a discharge can be estimated. For that purpose, a
compact commercial RFA was placed below both magnetrons on the deposition
table in substrate position. The RFA was placed in position of Si substrate and
its housing was grounded to simulate circumstances of subsequent deposition
experiments.
At the beginning, time-averaged IVDFs were measured for different magnetron operation modes. The results are presented in Fig. 5.14.
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Figure 5.14: IVDFs measured for different magnetron operation modes: DC-MS, dualMS and dual-HiPIMS. In all modes the mean discharge currents of Im,Ti = 400 mA and
Im,Cu = 200 mA were kept constant. Experiments were performed at p = 3.0 Pa and with
standard pulse parameters.

From these measurements three main conclusions can be drawn:
• In dual-HiPIMS the IVDF has the highest intensity.
• Intensities measured during DC-MS and dual-MS are comparable.
• Pulsed discharges (dual-MS and dual-HiPIMS) show a double peak structure in IVDFs.
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Higher intensity in IVDF of dual-HiPIMS can be explained by a larger fraction of ions, generated in HiPIMS discharges. In general, ionization is more
efficient in HiPIMS compared to the other discharge modes, assuming same
amount of electrical energy is consumed [196]. HiPIMS is characterized by high
peak discharge power densities in order of ∼ 1 kW/cm2 . A mean power density
of ∼ 10 W/cm2 results from a duty cycle of 1% that is still above values reached
in DC-MS or dual-MS at same mean discharge current [197]. Not only sputtering is more efficient at higher discharge powers, but also the creation of ions
by electron impact ionization is strongly enhanced. These properties result in a
higher ion flux towards the substrate in pulsed discharges (especially HiPIMS)
compared to DC-MS. Especially metal atoms become ionized because of their
lower ionization potential (Cu: 7.73 eV and Ti: 6.82 eV) compared to working
gas argon (Ar: 15.76 eV). That means a larger fraction of electrons has the energy to cause an ionization event for a metal atom in contrast to Ar, assuming
same EEPF.
In dual-MS, the duty cycle is ∼ 47% which is far away from a value that evokes
HiPIMS conditions (duty cycle ∼ 1%). Accordingly, peak discharge current and
electron density are lower in dual-MS compared to dual-HiPIMS. Thereby, the
ionization degree is expected to be closer to DC-MS than to dual-HiPIMS, as
can be seen by peak intensity in Fig. 5.14. Nevertheless, a larger fraction of ions
in dual-MS and dual-HiPIMS have higher energies than in DC-MS.
For pulsed discharges double peak IVDFs can be observed. The low energy
ion population (Ei ∼ 1 eV) comes from the afterglow plasma of the idle part
for pulsed discharges [60]. The population of higher energetic ions of Ei ∼ 8 eV
originates from the active part of pulse where the generated ions are getting
accelerated by a high plasma potential. It is caused by increased discharge
voltages in pulsed discharges that are highest for smaller duty cycles. Higher
cathode voltages are responsible for higher kinetic energy of electrons, as well as
for ions in the discharge. Another reason for a higher energetic ion population
can be found in doubly ionized metal atoms (Cu++ and Ti++ ). They are accelerated from the plasma by twice as high Coulomb force with respect to plasma
potential. Their low concentration in dual-MS, and especially in DC-MS, leads
to a small contribution, despite their double charge.
A more detailed insight into the ion energies during HiPIMS pulses can be
obtained from time-resolved RFA measurements. Fig. 5.15 shows a temporal
evolution of IVDF in dual-HiPIMS mode. The Ti magnetron is powered at
t = 0 µs and after a short delay of about 25 µs an increasing signal is detected
by the RFA sensor. The signal delay time, and the distance between the sputtering sources and sensor position, correspond to an ion speed of ∼ 2 – 3 mm/µs,
like it was estimated from the optical emission imaging (OEI) measurements
in previous section. The plasma expands and charged particles move from the
sputtering region towards the substrate due to ambipolar diffusion while neutrals are not affected by magnetic or electric fields and are considered to move at
a lower speed of ∼ 0.5 mm/µs [192]. With the advancing Ti pulse, IVDFs grad-
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Figure 5.15: Time-resolved IVDF measurements of dual-HiPIMS discharge (upper panel)
and its 2D projection (lower panel). The first 300 µs cover most important phases during
pulsed sputtering. The mean discharge currents of Im,Ti = 400 mA and Im,Cu = 200 mA as
well as the working pressure of p = 3.0 Pa were kept constant.
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ually increase and reach highest energies in the second half of Ti HiPIMS. This
trend corresponds with ion generation and their subsequent diffusion towards
the substrate, observed by OEI in the previous section.
Ions, generated during Ti pulse, exhibit a single peak in IVDF around a mean
ion energy of Ei ∼ 9 eV. One can observe a gradual increase of ion energy during
Ti HiPIMS until pulse end, where IVDF is broadest with FWHM ≈ 5 eV and
maximum energies are achieved. The assumption from measured time-averaged
IVDFs confirms that the ”second” peak (Fig. 5.14) originates from high energetic
ions in the active part of pulsed discharges.
One can see a clear drop of ion energies during the delay between the HiPIMS pulses from t = 100 – 115 µs. Here, a significant amount of ions covers the
range of Ei = 0 – 5 eV that was only populated sparsely during Ti HiPIMS. At
t = 140 µs, Cu HiPIMS conditions are represented by IVDFs that show a single
peak structure like the Ti pulse but at lower ion energies. The mean ion energy
is Ei ∼ 5 eV and FWHM ≈ 4 eV that are maintained until the Cu pulse end. A
lower mean ion energy of Cu in contrast to Ti during HiPIMS was found even
for other experiments where the mean Cu discharge current was increased to
Im,Cu = 400 mA, so that both magnetrons are driven at same Im . The reason
for that is the coppers four times higher sputtering yield that causes a larger
amount of sputtered Cu atoms. These are getting ionized preferentially because
of the lower ionization potential of Cu, with respect to Ar. As a result, the
effective electron temperature Teff and plasma potential decrease and lead to a
reduced energy of positive ions. This effect of reduced Teff during HiPIMS was
already observed, e. g. in [39].
After the HiPIMS pulses (t > 240 µs), the ion energy and intensity decrease
to zero in the afterglow of the discharge. The low energies here correspond to
values, gained from IVDF of DC-MS during time-averaged RFA measurements.
They represent the low energy component of ions that is present in experiments
for all discharge modes. Since the distance between the cathodes and sensor is
50 mm, a weak signal is explained by the absence of ions in the RFA vicinity.
Furthermore, the discharge current of one magnetron was varied to study its
influence on ion current for the different discharge modes. The ion saturation
currents were derived from measured time-averaged I-V -characteristics. The
obtained values were related to the effective RFA sensor sampling area and are
presented as an ion current density ji against the mean Cu discharge current
Im,Cu in Fig. 5.16.
All curves show an exponential increase of the ion current density with respect
to the increasing Cu discharge current. In DC-MS, the values are lowest and
reach up just to ji = 0.5 µA/cm2 at Im,Cu = 400 mA. Here, the ion current is
supposed to consist of only Ar+ ions and no metal ions in the RFA position. It
is well known for DC magnetron sputtering that a flux of metal particles towards
the substrate comprises only of neutrals. In dual-MS, ji is higher compared to
DC-MS and increases at a faster rate. The maximum ion current densities
are reached in dual-HiPIMS. Even at lowest Im,Cu , the value of ji is about one
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order of magnitude higher compared to highest ion current density reached at
maximum current of Im,Cu = 400 mA in DC-MS.
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Figure 5.16: Time-averaged ion saturation current density measured for DC-MS, dual-MS
and dual-HiPIMS at p = 3.0 Pa.

For Im,Cu > 100 mA, the ion current density strongly increases for dual-MS,
especially for dual-HiPIMS. This is caused by an increasing amount of sputtered
Cu atoms that get ionized while Im,Cu is increased. Since the mean Ti discharge
current is kept constant during these experiments, the remarkable increase in
ji has to be attributed to Cu whose sputtering yield is about four times higher
compared to the one of Ti. A dominant fraction of ji is made up by Cu+
ions that are formed preferentially in pulsed discharges and in particular in
(dual-)HiPIMS.
During these time-averaged measurements, also double charged ions are sampled. Each registered Cu++ particle causes a current at the sensor twice as high
as a single Cu+ ion. Unfortunately, the RFA does not provide any mass discrimination so that the exact composition of possible positive ions (Ar+ , Ar++ ,
Ti+ , Ti++ , Cu+ , Cu++ ) cannot be measured. However, the contribution from
double charged metal ions is expected to be low, even in HiPIMS, since the
ionization potentials (Ti++ : 13.58 eV and Cu++ : 20.29 eV) are quite large compared to highest electron energies of EEPF, measured by the Langmuir probe
(see Fig. 5.4 on page 65).
For comparison, same kind of time-resolved experiments were performed in
hybrid mode as well. With regard to future deposition experiments, the mean
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Figure 5.17: Time-resolved IVDF measurements of hybrid-dual-HiPIMS discharge (upper panel) and its 2D projection (lower panel). The RFA measurements are presented for
first 400 µs of the discharge pulse period. The mean discharge currents of Im,Ti = 400 mA,
Im,Cu = 300 mA and IMF = 250 mA as well as the working pressure of p = 3.0 Pa were kept
constant.
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Cu discharge current was set to Im,Cu = 300 mA. However, the results between
dual- and hybrid-dual-HiPIMS can be compared qualitatively.
Again, most probable energies obtained during Ti HiPIMS (12 – 13 eV) are
higher compared to those measured in the Cu pulse (8 – 9 eV), see Fig. 5.17. This
is due to maximum power densities, achieved during Ti HiPIMS that are caused
by a higher mean discharge current and result in peak ion energies of up to 16 eV.
The IVDF behavior during both HiPIMS pulses in hybrid mode is qualitatively
the same compared to dual-HiPIMS. But after the second HiPIMS pulse the
ion energy and intensity decrease, but do not diminish to zero. This effect is
caused by the superimposed MF discharge that also runs when HiPIMS is idle.
The supportive MF voltage is responsible for about 3 – 4 eV higher temporal ion
energies in hybrid mode in contrast to dual-HiPIMS (compare with Fig. 5.15).
To study the influence of MF discharge on the HiPIMS afterglow, an extra
experiment was performed. The Cu magnetron was switched off by setting
Im,Cu = 0 mA, so that its electrode potential is φCu = 0 V. Thus, sputtering only
takes place during the Ti pulse and IVDF evolution can be analyzed directly
after HiPIMS. Fig. 5.18 shows the time-resolved IVDF of single Ti HiPIMS pulse.
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Figure 5.18: Time-resolved IVDF measurements of the hybrid-dual-HiPIMS discharge with
only the Ti magnetron active. The discharge parameters are Im,Ti = 400 mA, Im,Cu = 0 mA
and IMF = 250 mA at p = 3.0 Pa.

The IVDF structure caused by Ti HiPIMS pulse in range of t = 0 – 115 µs is of
similar shape compared to hybrid-dual-HiPIMS, when both cathodes are active.
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Yet, after t = 115 µs some high energetic ions (≈ 13 eV) still arrive at the sensor
until t = 150 µs, but dominant fraction of IVDF is already attributed to ions
with low energy from HiPIMS afterglow then. The energy of latter ions decreases
exponentially and saturates to a value of ≈ 2 – 3 eV after 220 µs. This weak signal
of low ion energy is maintained by the MF discharge that can be confirmed by
temporal oscillations of IVDF intensity. Its interval of occurrence of ≈ 10 µs
corresponds to the period of exciting mid-frequency (fMF = 94 kHz) discharge
voltage and current. Ti+ ions are the major contribution to the ion current
at RFA position during HiPIMS. Shortly after end of intensive sputtering, the
metal ions are diffused out of the plasma bulk and the ion current, measured by
RFA, becomes dominated by Ar+ .
The influence of working pressure on ion energy is illustrated in Fig. 5.19.
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Figure 5.19: Time-averaged IVDF measurements at different working pressures p in
the hybrid-dual-HiPIMS discharge. The mean discharge currents are Im,Ti = 400 mA,
Im,Cu = 300 mA and IMF = 250 mA.

For that reason, the pressure was varied about one order of magnitude from
p = 0.5 – 5.0 Pa. At this point, one should point out that a pressure reduction
below 1 Pa cannot be achieved in dual-HiPIMS, but is a feature of hybrid-dualHiPIMS. One observation is that the ion current increases while the pressure
decreases. It means that even though the Ar concentration decreases with pressure, an increasing ji is registered by RFA. This is because of a more efficient
metal ionization by electrons at low pressure, as already concluded from OES
measurements (see Fig. 5.9).
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A higher ion current is also brought forward by reduced collisionality of ions
on their way towards the sensor. The other way around, with increasing pressure
the plasma particles become more thermalized. Higher collisionality leads to
more frequent elastic and inelastic collisions. Their equal particle velocities
narrow the IVDF and lead to a reduction of the mean ion energy, as can be seen
clearly in Fig. 5.19.
Further, a double peak IVDF structure is apparent, like it was already measured in the other pulsed magnetron operation modes (Fig. 5.14). Evidently,
this double peak is a feature of pulsed magnetron sputtering. High energetic
ions are created within the intensive HiPIMS pulses by increased plasma potential. Low energy ions originate from less energetic processes, e. g. HiPIMS
afterglow or during the MF excitation [59]. While at p = 0.5 Pa these two ion
populations can be identified easily, they merge together at p = 3.0 Pa due to
an enhanced thermalization. At p = 5.0 Pa, the measured IVDF comprises of
lowest ion energies and the energetic ion groups are difficult to distinguish. But
still one can see the intensity of higher energetic ions to be smaller compared to
the low ion energy group.
From these results, a strong influence of magnetron operation mode on electrons and consequently on ions can be concluded. The working pressure is a
main parameter that defines the energy of ions produced in the discharge. These
correlations are important for deposition processes where the properties of impinging plasma particles on the substrate define the nature of the thin film. For
this reason, depositions were made under same conditions as the plasma diagnostic experiments. The following chapter will characterize the film properties
and discuss them with respect to the discharge parameters.
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5.2. Investigation of intermetallic Ti-Cu thin films
Functional intermetallic Ti-Cu thin films were synthesized by plasma enhanced
physical vapor deposition at the hybrid-dual-HiPIMS setup. While the discharge
properties were discussed in detail in the previous part, this section draws attention to the impact of plasma parameters on the deposited films. For this
reason, several surface analyzation techniques were applied to obtain physical
properties like elemental composition, chemical structure, mass density, etc.

5.2.1. Element composition

n o r m a liz e d c o n te n t o f T i a n d C u e le m e n ts [% ]

The chemical composition of Ti-Cu thin films, prepared by different discharge
pulsing modes, was analyzed by XPS. In first experiments, the concentrations
of Ti and Cu in the film were measured while the mean Cu discharge current
was varied in range of Im,Cu = 10 – 400 mA. Meanwhile, the average Ti discharge
current was kept constant (Im,Ti = 400 mA) at a pressure of p = 3.0 Pa in the
deposition chamber.
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Figure 5.20: XPS analysis of Ti-Cu films prepared by DC-MS, dual-MS and dual-HiPIMS.
The element concentration is normalized to 100% content of Ti and Cu. Impurities were
excluded for sake of simplicity. The mean Cu discharge current was varied in a range of
Im,Cu = 10 – 400 mA while Im,Ti = 400 mA at p = 3.0 Pa.

Fig. 5.20 illustrates the element concentration that was normalized to 100%
of Ti and Cu. Impurities, like C and O from ambient air during sample transfer,
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are neglected. Another possible origin of impurities is the metal target surface
oxidation that occurs during venting of the vacuum system. To reduce this
contamination effect, a cleaning procedure was performed before each deposition
by pre-sputtering of magnetrons for at least 15 min, while the closed shutter
prevented sample deposition. Hence, other elements were not evaluated any
further in order to focus on sputtered and deposited metals from the magnetrons.
The Ti and Cu element concentrations were derived from the Ti 2p and Cu 2p
peak profiles. In some cases, slight deviations from pure metallic 2p peaks
occurred, caused by a chemical shift. That points towards the formation of
metal oxides TiOx and CuO on the sample surface. These deviations have no
influence on the metal concentration since the complete 2p peak region is taken
into account during the peak profile analysis.
From the graph, one can see that the influence of different Im,Cu is strongest
in DC-MS. Here, a fraction of Cu in the film can be tuned in wide range of
∼ 5 – 90%. In dual-MS, this interval narrows to ∼ 20 – 85%. In dual-HiPIMS,
it becomes drastically smaller since fraction of Cu becomes ∼ 88 – 95%. That
means there is a dominant contribution of Cu in all films, nearly independent
of Im,Cu . The high Cu content is quite remarkable in dual-HiPIMS, especially
because of the high Cu fraction (> 85%) at low mean Cu discharge current of
Im,Cu = 10 mA. Further experiments were performed to understand this unexpected behavior.
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5.2.2. Deposition rates and film density
To confirm the high Cu element concentration in the thin films, the effective
deposition rate aeff was measured by XR. For that reason, samples were made
by combined (Ti-Cu) and separate (Ti, Cu) depositions for each magnetron
operation mode. The mean discharge currents were chosen to be Im,Ti = 400 mA
and Im,Cu = 100 mA, in case the magnetrons are powered (else Im = 0 mA). The
results are summarized in Table 5.1.
Table 5.1: Effective deposition rates aeff derived from XR measurements. First row: separate
Ti depositions at mean discharge currents of Im,Ti = 400 mA and Im,Cu = 0 mA. Second row:
separate Cu depositions at mean discharge currents of Im,Ti = 0 mA and Im,Cu = 100 mA.
Third row: combined Ti-Cu depositions at mean discharge currents of Im,Ti = 400 mA and
Im,Cu = 100 mA.

sputt. material/mode
Ti
Cu
Ti-Cu

DC-MS
[nm/min]
2.0
2.5
6.0

dual-MS
[nm/min]
0.8
1.4
1.8

dual-HiPIMS
[nm/min]
0.3
1.8
2.2

The ratio of effective deposition rates for Im,Ti = 400 mA and Im,Cu = 100 mA
of Ti and Cu (aeff,Cu /aeff,Ti ) somewhat correspond to the element concentrations,
obtained by XPS. Deviations are within the acceptable measurement error of
XR. The main reason for the strong Cu contribution is the higher peak power
density during HiPIMS pulses that leads to an intensive sputtering and effective
ionization of metal atoms. Generally, the deposition rate depends nearly linearly
on the mean discharge power/current density [30]. By this assumption, one
can estimate the effective deposition rate of DC-MS for Im,Cu < 100 mA to be
∼ 0.25 nm/min, that is in agreement with XPS results. Further, one should be
aware that the element ratio of Ti and Cu clearly favors Cu because of its higher
sputtering yield compared to Ti (YTi = 0.4 and YCu = 2.0) [116].
For dual-MS the mean power density at Im,Cu = 10 mA is higher compared to
that in DC-MS. It causes a higher amount of sputtered Cu that leads to a 60:40
(Cu:Ti) element ratio (by XPS), even at such a low Im,Cu . This proportion is in
agreement with the ratio of deposition rates gained from XR diagnostic.
Toward the discharge modes with lower duty cycle, the ratio of effective deposition rates indicate stronger differences between the Cu and Ti concentration.
For dual-HiPIMS, it means aeff,Cu /aeff,Ti ≈ 6 which nearly reflects the element
ratios, obtained by XPS. Deviations result from measurement errors of XPS and
XR technique. The high Cu content at low Im,Cu = 10 mA is a surprising effect
and is most probably caused by the high power density in HiPIMS discharges
that is more than one order of magnitude higher compared to DC-MS.
Another effect known from HiPIMS discharges is a decrease of the deposition
rate because of re-direction of ions. The highly negative cathode potential during
the active pulse phase causes not only an increased plasma density, and thus
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a larger amount of Ar+ sputtering particles, but also an increased energy by
stronger electric fields. As a drawback, successfully sputtered metal ions can
get attracted back to the cathode and their contribution to the ion flux forward
the substrate is lost. By that, the deposition rate is reduced [32, 57]. This effect,
together with a smaller duty cycle, is responsible for a decreasing aeff at more
distinct pulsed discharge modes. It can be seen best for separate Ti deposition
at high mean discharge current Im,Ti = 400 mA (Table 5.1). The higher power
density results in a temporally more effective sputtering and increased ionization
of Ti species. In contrast to sputtered neutral metal atoms, the ion fraction can
suffer from a re-direction effect.
These findings are supported by the measurement of the film densities ρ. XR
measurement allows to derive the film mass density from the critical angle of
total reflection Θc [181, 198, 199].
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Figure 5.21: XR measurements of films, deposited in dual-MS at different mean Cu discharge
currents Im,Cu . From the critical angle of total reflection Θc , a change in the mass density ρ
can be observed.

In Fig. 5.21, results of experiments are shown that were performed in dual-MS
mode. The mean Cu discharge current was varied between Im,Cu = 10 – 400 mA
while Im,Ti = 400 mA and a working pressure of p = 3.0 Pa were kept constant.
The critical angle of total reflection Θc increases clearly with higher Im,Cu . That
means, the films reveal a higher mass density ρ with increasing Cu content. This
result becomes self-explanatory when the bulk densities of Ti (ρTi = 4.5 g/cm3 )
and Cu (ρCu = 8.9 g/cm3 ) from literature are considered. With a higher Cu
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discharge current, more Cu is deposited with respect to Ti, and ρ shifts towards
a higher mass density since ρTi < ρCu .
The mass density values, obtained in different magnetron operation modes,
are presented as well in Fig. 5.22.
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Figure 5.22: Mass densities ρ derived from XR measurements of films prepared by different
magnetron sputtering modes. In part A) results from Ti-Cu depositions are shown with
Im,Cu = 10 – 400 mA and Im,Ti = 400 mA. Part B) adds results from pure Cu films prepared
at Im,Cu = 100 mA and Im,Ti = 0 mA. The pressure was always p = 3.0 Pa. The bulk densities
from literature are ρTi = 4.5 g/cm3 and ρCu = 8.9 g/cm3 .

With respect to results from XPS (Fig. 5.20) analysis, one can see that
in DC-MS for low Im,Cu = 10 mA the concentration of Ti is dominant with
∼ 94%. Therefore, the corresponding ρ should reflect a bulk density value of
ρTi = 4.5 g/cm3 . This is, indeed, the case and also applicable to the opposing
situation. In dual-HiPIMS at high Im,Cu = 400 mA, the element concentration of
Cu was measured to be highest with ∼ 95%. The film density, measured for this
particular conditions approaches literature value of ρCu . Both theoretical density values are not achieved exactly but represent an upper limit. Slightly lower
experimental values of ρ can be explained by film defects during the deposition
process, like voids or lattice imperfections.
Between these extrema, the film mass density can be varied continuously
by the mean Cu discharge current. Increasing Im,Cu leads to thin films with
higher ρ. As already indicated by XPS results, the density can be varied in
broadest range in DC-MS. On the other hand, highest ρ is achieved during
dual-HiPIMS. It can be explained by the higher metal ion fraction in HiPIMS
discharges that lead to more dense films during ion-bombardment. Ions have
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a higher momentum/energy due to ambipolar diffusion from plasma bulk in
contrast to neutrals. Anyhow, we consider this to be a minor effect compared
to effects, changing the chemical composition of the thin films.
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5.2.3. Chemical structure and layer thickness
The samples were analyzed by X-ray diffraction (here GIXD), to get information
about the chemical structure of deposited thin films. Fig. 5.23 shows X-ray
patterns of films deposited in dual-MS where the Ti discharge current was kept
constant (Im,Ti = 400 mA) and the Cu current was varied in range of Im,Cu = 10 –
400 mA.
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Figure 5.23: X-ray patters of dual-MS films prepared at fixed Im,Ti = 400 mA while the Cu
discharge current was changed (Im,Cu = 10 – 400 mA). A high peak signal indicates an increased
crystallinity of the corresponding chemical phase. The pressure during the deposition was
p = 3.0 Pa.

One finds noticeable peaks of metallic fcc Cu, but interestingly, no sign of
hcp Ti or any other Ti compounds. With increasing Im,Cu , the Cu(111) peak
intensities increase. This points towards a higher amount of Cu in the films
that leads to the growth of larger Cu crystallites and therefore more intensive
Cu reflexes. The same qualitative trend was observed for the other magnetron
deposition modes as well. For DC-MS and dual-MS at Im,Cu ≤ 100 mA, the peak
intensities are too low to consider crystalline Cu. In contrast, polycrystalline
metallic Cu can be found in dual-HiPIMS for all values of Im,Cu . It can be
explained by the high Cu element concentration that was found by XPS. Even
at Im,Cu = 10 mA, large amount of Cu (∼ 90%) composes the Ti-Cu film and
enables the growth of Cu crystallites.
The influence of different magnetron operation modes on film chemical structure was analyzed as well. Fig. 5.24 shows X-ray pattern of films, deposited in
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DC-MS, dual-MS and dual-HiPIMS mode under same conditions. For easier
comparison identical Im were chosen.
Metallic fcc Cu can be found, independent from the deposition method, while
no signal for Ti reflexes is registered at all. A comparison of Cu features reveal
higher peak intensities in pulsed discharge modes, especially in dual-HiPIMS
that indicate a higher concentration of Cu crystallinity. The width of peak
profiles contains information on size of the domains that is also highest in dualHiPIMS. In summary, the Cu element concentration is highest in dual-HiPIMS,
as predetermined by XPS. The responsible mechanism is that metal species,
arriving on the substrate, have a higher mobility and can easier access favorable
energetic positions on crystal surfaces because of their higher energies in HiPIMS
mode. This causes the preferential formation of larger domains compared to
dual-MS and especially to DC-MS.
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Figure 5.24:
X-ray patterns of films prepared by DC-MS, dual-MS and dualHiPIMS at a constant discharge parameters. The mean discharge currents were set to
Im,Ti = Im,Cu = 400 mA at a working pressure of p = 3.0 Pa.

The mean domain sizes are calculated for a broad range of experimental
conditions and are presented in Table 5.2. For Im,Cu < 100 mA, no diffraction
reflexes can be found in DC-MS and dual-MS. The amount or energy of Cu atoms
or ions arriving at the film are insufficient to form detectable Cu crystallites.
For higher Im,Cu , the domain size increases constantly up to 50 Å in DC-MS
and 55 Å in dual-MS. Relatively large Cu domains (44 Å) are formed at already
Im,Cu = 10 mA in dual-HiPIMS. In general this mode generates highest values
which saturate at Im,Cu ≈ 200 mA with 79 Å.
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Table 5.2: Cu domain sizes [Å] are calculated from Fourier transforms of the pure physical line profile for different magnetron sputtering methods at different mean Cu discharge
currents. Symbol * denotes conditions where no Cu line profile could be measured.

method/Cu current
DC-MS
dual-MS
dual-HiPIMS

10 mA
*
*
44

50 mA
*
*
44

100 mA
22
22
71

200 mA
27
28
79

400 mA
50
55
79

The domain size increases with Im,Cu in all discharge modes. This trend is
slightly more pronounced in dual-MS compared to DC-MS. In dual-HiPIMS,
the growth of crystallites can be found at all conditions with sizes always larger
compared to the other modes at corresponding Im,Cu . Therefore, dual-HiPIMS
is the deposition mode of choice, if large Cu crystals in the film are desired.
Further, the lattice parameters were calculated from the experiment which
compares different magnetron sputtering modes at common Im = 400 mA. The
results are presented in Fig. 5.25.
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Figure 5.25: The lattice parameters of fcc Cu calculated from the experiment, comparing different discharge modes. The mean discharge currents are Im,Ti = Im,Cu = 400 mA at a
working pressure of p = 3.0 Pa.

The fcc Cu lattice parameter, obtained in dual-HiPIMS, is similar to the literature value of pure fcc Cu [200]. Values, calculated for DC-MS and dual-MS,
are clearly higher than the ones of dual-HiPIMS. Their lattice parameters correspond to results obtained for Cu0.92 Ti0.08 [27]. These findings can be explained
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CuO

by the generally higher content of Cu in dual-HiPIMS films, as it was proved by
XPS. The other modes show an increased Ti content for a wide range of Im,Cu .
According to Vegards law, the lattice parameter of measured film increases with
increasing Ti content because the atomic volume of Ti (10.6 cm3 /mol) is higher
compared to Cu (7.1 cm3 /mol).
The most noticeable finding during XRD measurements is the absence of Ti
reflexes in all samples. Even for DC-MS at low Im,Cu = 10 mA and anyway high
Im,Ti = 400 mA, no Ti signal is obtained, although the concentration of Ti was
determined to be highest by XPS. Therefore, we assume Ti particles to be in an
X-ray amorphous state within the Ti-Cu film, so that they elude the detection
by XRD. Different growth mechanisms lead to the generation of crystalline Cu
phases on one hand and amorphous Ti as a kind of solid solution on the other
hand. The films are therefore considered as Ti-Cu intermetallic films instead of
a metal compound. To prove the still presence of Ti in the films, extra annealing
experiments were performed.
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Figure 5.26: GIXD patterns of annealed samples prepared at Im,Cu = 100 mA and
Im,Ti = 400 mA at p = 3.0 Pa. The samples of different deposition modes were post-treated
at atmospheric conditions at 730 ◦ C for 7 h (DC-MS, dual-MS) and for 32 h (dual-HiPIMS).

The idea is to form crystalline Ti structures by a subsequent annealing of
samples after the film deposition. For Ti one expects phases from titanium
dioxide (TiO2 ), like rutile or anatase, while at the same time Cu could form
copper oxides, e. g. CuO or Cu2 O. After annealing, the existence of Ti can
be proved by a repeated XRD analysis. For that reason, samples prepared at
Im,Cu = 100 mA and Im,Cu = 200 mA with constant Im,Ti = 400 mA got a post-
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deposition heat treatment under atmospheric conditions. Results are depicted
in Fig. 5.26.
The obtained X-ray patterns verify the formation of crystalline TiO2 and
CuO after the annealing process. Cu is fully transformed to CuO, as can be
seen in a comparison with Fig. 5.23 and Fig. 5.24. Lines of TiO2 phases prove
the existence of Ti in the Ti-Cu films. Films, deposited with Im,Cu = 100 mA,
display rutile and anatase phase of TiO2 while for Im,Cu = 200 mA only rutile
can be found. This result was found for all deposition modes.
Nevertheless, there are differences between the deposition modes regarding
the oxidation and crystallite growth. While in DC-MS and dual-MS titanium
dioxide is detected after 7 h, it needs 32 h to be formed in dual-HiPIMS. Owing
to the lower fraction of Ti in dual-HiPIMS with regard to the other modes,
this finding becomes reasonable. The consequence is a prolonged crystallization
process in dual-HiPIMS that leads to a growth of largest crystallites that cannot
be achieved in the other discharge modes.
In hybrid-dual-HiPIMS, the X-ray patterns of Ti-Cu films show similar results: While no reflexes from Ti (or Ti compounds) can be found, the presence
of metallic fcc Cu is without any doubt. As an advantage of the hybrid mode, a
stable discharge can be operated at reduced working pressure of p = 0.3 Pa. The
X-ray diffraction pattern of hybrid-dual-HiPIMS is therefore measured also at
low p and compared with conventional dual-HiPIMS mode in Fig. 5.27.
The measurements show metallic fcc Cu in preferred (111) orientation. The
corresponding X-ray reflex has its maximum in dual-HiPIMS, pointing towards
a higher particle size. In hybrid mode, the diffraction peak intensity is lower and
peak profiles broaden, especially for p = 0.3 Pa. This means a decreasing size
of crystalline domains but can also indicate more defects in crystallites. XRD
results and findings from XR analysis are summarized in Table 5.3.
Table 5.3: Results from X-ray analyses of Ti-Cu thin films. The samples were prepared by
dual-HiPIMS and hybrid-dual-HiPIMS at a working pressure of p = 3.0 Pa and additionally of
p = 0.3 Pa in hybrid mode.

deposition mode

thickness
[nm]
49

mean film
density ρ
[g/cm3 ]
8.7

lattice parameter of
fcc Cu [Å]
3.60

domain
size of fcc
Cu [Å]
57

dual-HiPIMS
p = 3.0 Pa
hybrid-dual-HiPIMS
p = 3.0 Pa
hybrid-dual-HiPIMS
p = 0.3 Pa

72

7.6

3.62

22

≈ 140

7.2

3.70

15

The film thickness increases from dual-HiPIMS to hybrid-dual-HiPIMS at
same conditions. This can be explained by the additional MF discharge. In
hybrid mode, sputtering is enhanced and prolonged by additional MF power
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Figure 5.27: X-ray diffraction patterns of Ti-Cu thin films prepared in dual-HiPIMS and
hybrid-dual-HiPIMS at working pressures p = 3.0 Pa and p = 0.3 Pa. The mean discharge
currents were set to Im,Ti =400 mA, Im,Cu = 300 mA and IMF = 250 mA.

source that couples energy into the plasma during the idle part of HiPIMS. This
causes a deposition rate that is increased by nearly 50%. Highest film thickness
is observed for samples deposited by hybrid-dual-HiPIMS at p = 0.3 Pa. The ion
energy and flux are clearly increased at low pressure, as measured by RFA (see
Fig. 5.19). Due to decreased plasma collisionality, the transport of metal species
from the cathode to substrate is improved. This is displayed by a deposition
rate, twice as high compared to the p = 3.0 Pa case.
The mean film densities are lower in hybrid mode and correlate with smaller
size of Cu crystallites. This is a consequence of larger Ti ratio in the films,
especially at reduced pressure (p = 0.3 Pa). Small Ti particles seem to inhibit
a further growth of Cu crystallites. Ti itself is not crystalline but in an X-ray
amorphous state that prohibits its detection by diffraction experiments.
The film thickness and mean density ρ were derived from XR measurements
that are presented in Fig. 5.28. The spectra show the characteristic Kiessig
fringes for prepared films. Additionally, the signal has a two orders of magnitude increased XR intensity at 2Θ = 3 ◦ at p = 0.3 Pa in hybrid mode. This
data is unique among all deposition modes and indicates a new quality of thin
films. These results point towards the (though not perfect) formation of a mul-
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Figure 5.28: XR measurements of Ti-Cu thin films prepared by dual-HiPIMS and hybriddual-HiPIMS at working pressures p = 3.0 Pa and p = 0.3 Pa. Mean discharge currents were
set to Im,Ti =400 mA, Im,Cu = 300 mA and IMF = 250 mA.

tilayer [201]. The film growth mechanism in hybrid mode at low pressure is not
fully understood yet and needs further exploration.
In summary, intermetallic Ti-Cu thin films can be prepared by different magnetron deposition techniques. The system allows to set individual mean discharge currents for each magnetron and by that adapted deposition rates for
different sputtering yields. Apart from DC-MS, power switching units allow
DC-pulsed magnetron operation with adjustable pulsing lengths and pulse delay. By that, HiPIMS conditions can be achieved that are characterized by a
low duty cycle (∼ 1%) at a repetition frequency of f = 100 Hz.
The different discharge modes were analyzed by different diagnostics with
respect to the plasma parameters and spatiotemporal discharge behavior. Electron and ion characteristics of different discharge modes were compared and
related to properties of deposited thin films. It was found that the film properties strongly depend on flux, energy and ionization degree of the metal particles, impinging on the substrate. Generally, a higher plasma ionization degree is
achieved in pulsed discharge modes, especially in HiPIMS. HiPIMS is characterized by a high peak power density, high electron density and thus, a higher metal
ion energy and flux towards the substrate. This is associated with a higher film
quality because ions are more accelerated towards the substrate, resulting in less
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defects, higher density and improved crystallinity. Also the ratio of elements
Ti and Cu changes, depending on operation mode. In pulsed discharges, and
especially in dual-HiPIMS, the Cu concentration dominates the intermetallic
films already at a low mean Cu discharge current.
In frame of this thesis, the dual-magnetron setup was extended by an additional mid-frequency power source. The plasma diagnostic of this hybriddual-HiPIMS system shows several improvements regarding the electron and
ion properties. The superimposed MF discharge causes a pre-ionization effect
that supports HiPIMS re-ignition. Further, sputtering is enabled in the idle part
of HiPIMS and by that, a cleaning effect is provided that hinders target contamination by opposing electrode material. Another benefit is that the working
pressure can be reduced about nearly one order of magnitude. Deposition at
low pressure is generally desired because flux, energy and ionization of metal
species are enhanced by a reduced number of collisions with working gas particles. This has direct impact on the thin film formation, as shown by X-ray
analyses. One can find an increased deposition rate and lattice parameter in
hybrid mode, especially at reduced process pressure, compared to conventional
dual-HiPIMS.
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5.3. Cu clusters formed in a pulsed gas
aggregation system
Another fundamental approach to obtain nanostructured films is the formation
of nanoparticles in the gas phase and their subsequent deposition. This method
is used in nanocluster sources which can produce nanoparticles consisting of a
few, up to millions of atoms. In our case, a Haberland type gas aggregation
nanocluster source was used to produce nanostructured Ti-Cu films by an alternative approach. In first subsection, investigations are focused on the formation
of Cu clusters with respect to pressure in the aggregation tube. Afterward, Cu
clusters are deposited in a co-deposition process together with DC-magnetron
sputtered Ti for the creation of a nanocomposite material.

5.3.1. Mass characterization of Cu clusters
There have been different approaches to control the cluster size by different experimental parameters, e. g. buffer gas composition [75] and pressure [106], type
of plasma source [78, 142] and variation of its discharge parameters [79]. Cluster
sources are operated usually at a constant pressure [64, 202]. It means that the
working/buffer gas is introduced into the aggregation volume at a constant rate,
apart from pressure gradients, in the mostly differentially pumped complete systems. A lot of investigations on cluster particles, generated by similar sources
of Haberland type, were performed at constant pressure conditions [72, 203].
From experiments with statically varied cluster source gas pressure pg , one already knows the strong influence of pg on cluster size and mass.
In this work the cluster source pressure will be varied dynamically in order
to study the time-dependent cluster growth. Exemplary results of time-resolved
cluster masses are shown in Fig. 5.29.
Here, the time evolution of heavier clusters is measured with respect to oscillating pressure pg in the aggregation tube volume. The mass intensity is
represented by the cluster current Ic . Although the obtained net current is the
sum of positive and negative particles, only negative signals have been measured
by the QMF for all investigated conditions. We therefore assume the major fraction of clusters arriving at the detector to be singly negatively charged. Hence,
all net cluster currents are treated as absolute values in the following.
Different stages of cluster growth can be identified from the trend of cluster
current. The first stage (I) presents the pumping process. Even though Ar is
injected at t = 0 s, it takes about 50 ms to fill the volume and by that to increase
pg . This effect is most probably caused by the finite gas expansion speed inside
the source and can be considered as a time-constant. One can even observe that
the pressure increase is noticed by cluster particles first and ∼ 10 ms later by the
pressure sensor. Here, the tubing between pressure gauge and cluster source, as
well as the reaction time of the gauge, might be responsible.
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Figure 5.29: Absolute cluster current (Ic ) evolution during pulsed buffer gas injection into
aggregation tube. The current of a particular cluster mass m = 1.04 × 106 amu changes during
a pulsing period of 1 s (fg = 1 Hz). The mean pressure is pavg = 80 Pa and the mean Cu
discharge current is I = 500 mA.

In stage (II), the amount of produced clusters increases rapidly with pressure
pg . Nanoparticles are formed by sputtered Cu atoms inside the cluster source.
Then, they are dragged by a buffer gas stream toward the QMF detector due
to a pressure gradient in the differentially pumped system. The speed of particles inside the cluster source is considered to be determined by diffusion with
clusters reaching thermal drift velocity of kB T /m ∼ 1 – 10 m/s. According to a
theoretical model [149], there is an equilibrium between the drift velocities of
Ar and Cu particles inside the cluster source. Then, Ar atoms are accelerated
in the vicinity of the orifice that works as a jet nozzle. In this region, the velocity equilibrium is not valid anymore since the interaction volume is small and
the difference between masses of Cu clusters and Ar is too big. The result is
a cluster velocity vc , lower than the Ar gas streaming velocity. The velocity
distribution of cluster ions was measured directly in [203], where the speed of
clusters with m ∼ 104 amu was determined to be in order of vc ∼ 100 m/s. Here
produced clusters are heavier, so their velocity will be lower but in the same
order of magnitude. With a maximum distance between magnetron cathode
and the QMF detector of about 0.5 m, we can consider the produced clusters
to be registered within ∼ 1 – 10 ms. Therefore, the QMF measurements map
sufficiently the processes within the cluster source with respect to time.
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The steep increase of Ic ends with a local maximum at t = 160 ms while the
pressure still rises. This effect can be explained by a group of primary formed
clusters that leave the cluster source. A sudden intensity reduction in second
stage can be understood by considering the cluster coagulation process. This
phenomenon will be described in more detail later when more comprehensive
data will be discussed.
The third stage (III) shows a continuing increase of pg and Ic , while their
slopes decrease progressively. The cluster current follows the pressure trend
and reaches its maximum with pg that culminates at t = 470 ms. It is well
known that clusters are formed preferentially at higher pressures. Here, particle
condensation is enhanced by more efficient cooling by increased number of collisions of metal particles with buffer gas atoms. By that, the kinetic energy of
Cu particles is reduced by energy transfer to Ar atoms. When approaching the
maximum pressure, the cluster production stagnates, as can be seen by lower
slope of Ic compared to stage (II). At elevated pressure, magnetron sputtering
becomes less effective and the rate of evaporated Cu atoms declines.
Stage (IV) displays the ongoing decrease of cluster current together with
pressure. Here, the inverted process takes place with respect to stages (II) and
(III). The pressure pg reduces and leads to a decreasing cooling effect for Cu
particles by buffer gas collisions. Less clusters are formed until next gas pulse
is injected. At the end of the pressure pulse period at t = 1 s, the procedure of
stages (I) – (IV) repeats.
In principle, these phases can also be observed for other cluster masses, as
shown in Fig. 5.30. For mk . 4 × 105 amu the cluster current is less affected by
the pressure variation compared to heavier nanoparticles. The cluster current
shows no culmination in accordance with pressure but the intensity drops as it
can be observed for all other cluster masses between phases I and II.
If one measures the characteristic of cluster current against QMF voltage
for many (k) different cluster masses mk , the full time-resolved evolution of
the cluster mass distribution can be obtained. A mass distribution represents
the dependence Ic (m) at a point in time. Fig. 5.31 shows Ic (m) as a function
of time for particular experimental conditions, or by other words a mass- and
time-resolved cluster current Ic (m, t).
In first stage, the pumping of previous pulse is still in progress. Here, pressure
pg is lowest and smaller clusters are formed preferentially. This can be seen best
from mass information in region (I).
In second stage, pg and Ic but also cluster mass m increases as soon as
the gas pulse leads to pressure increase in the cluster source. With outflowing
gas stream, the Cu clusters are drifting toward the QMF detector. Within
milliseconds, the mass distributions broaden toward larger masses. The intensity
maxima of the distributions shift partially beyond the QMF mass limit before
they reappear in last stage. This means a dramatic increase of mean cluster
sizes, especially when the pressure peaks.
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Figure 5.30: Evolution of the cluster current with respect to advancing pulse time measured
for different cluster masses mk . The buffer gas is pulsed at fg = 1 Hz at an average aggregation
pressure pavg = 80 Pa and a mean Cu discharge current of I = 500 mA.

During the pressure increase (t = 0.05 – 0.5 s), a decrease in cluster current at a
constant mass can be found, as already observed in Fig. 5.29. This behavior can
be seen best for smaller clusters, e. g. with m = 3 × 105 amu, from t = 0.2 – 0.4 s.
While the majority of cluster masses exceed the QMF mass limit (m > 106 amu),
the intensity of smaller clusters decreases at the same time. This is where cluster
coagulation can be directly observed. Smaller clusters are consumed by the
formation of larger particles which subsequently contribute to current of heavy
clusters. This process generates cluster masses that are hard to achieve by
adatom attachment at same pg . Hence, the highest cluster masses are assumed
to be produced at t ≈ 0.3 s when the consumption of small particles is most
efficient. This point seems to correspond to the pressure maximum, since a
certain detection delay of pressure sensor is likely, as initially discussed.
For t > 0.5 s, the trend of mass distributions when pressure in aggregation
chamber decreases, is shown. Here, the cluster current decreases with advancing
pulse time for all masses. As already pointed out, the cluster generation becomes
less efficient at lower pressure. This can be seen also from mass distributions
whose intensity maximum decreases to QMF mass range and can be recognized
again since t & 0.65 s. This means a preferential growth of smaller clusters. The
intensity maximum decreases exponentially like pg after its culmination. This
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Figure 5.31: Cluster mass m and cluster current Ic are presented together with pressure
(black line), as a function of time t. Ic represents the cluster production and is depicted by a
false color diagram. Different stages (I) – (IV) of cluster formation are presented as well, like
in previous graph Fig. 5.29. The mean discharge current is I = 500 mA and the mean pressure
is pavg = 80 Pa.

trend of decreasing cluster masses and intensity continues until the next pressure
pulse reaches the cluster aggregation volume.
One can recognize a fast and strong reaction of nanoparticles on the dynamic
pressure changes. While the amount and mass of clusters increase with pressure, the trend reverses after pressure culmination. The entire cluster mass
distribution changes with pressure. For higher pressure, the distribution broadens toward higher masses, indicating the production of larger clusters.
For studying the nanoparticle growth for different pressure amplitudes and
for characterization of the cluster source performance with respect to mass of
emitted clusters, the influence of gas pulsing repetition frequency fg was studied.
For that reason the duty cycle of the injected gas was adapted to keep the same
average source pressure of pavg = 80 Pa. For a better overview all pressure profiles
were measured and are depicted together in Fig. 5.32.
A pressure pulse period can be divided into two parts. First part comprises
of stages (II) and (III) and describes the predominant filling process of the
aggregation chamber. The pressure trend can be specified mathematically by
pg (t) = ppri (1 − e−αf t ),

(5.1)

where ppri = 3 bar is the primary pressure in front of the solenoid valve and αf
is the filling rate, depending on length and diameter of the gas inlet tubing.
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Figure 5.32: Time-resolved pressure pg profiles measured in the aggregation tube of the
cluster source for different gas pulsing repetition frequencies fg . The valves active pulse
width was adapted in range of ta ≈ 1 – 30 ms to keep a constant average pressure pavg = 82 Pa.

The second part of a gas pulse period involves stages (IV) and (I), where
pg decreases by pumping. The pressure in the cluster source volume follows an
exponential decay law.
pg (t) = p0 e−t/τ

(5.2)

p0 is the maximum pressure reached at the end of previous filling phase and τ
denotes the characteristic pumping time τ = Vcs /Seff . Symbol Vcs is the cluster
source volume and Seff is the characteristic pumping speed that accounts for
the performance of applied pump and impedance effects, e. g. from the orifice.
As can be seen from the previous exponential equation, the orifice diameter has
crucial impact on the cluster source performance. A too small orifice results in a
high value of τ and by that inhibits fast pumping. On the other hand, a too big
orifice limits the maximum achievable pressure p0 since pumping is enhanced.
As a consequence, the pressure pulses cannot be shaped at will.
In any case, a certain background pressure level is established that corresponds to the minimal pg on which the pressure pulses are modulated. A
compromise was found experimentally with an orifice diameter of 3 mm and
τ = 1.4 l/s. It allows the cluster source operation in a reasonable range for repetition frequency fg and a variation of the mean pressure pavg like in unpulsed
experiments.
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With decreasing fg , the gas injection time ta has to be increased to maintain
a constant pavg , as described by relation 5.3. The result is a higher pressure
amplitude that causes a variation of pg in a wider range during the cluster
formation. When fg is increased the gas pulses have to be shortened to maintain
pavg . These pressure pulses will have a lower oscillation amplitude, as can be
seen in Fig. 5.32. For fg ≥ 4 Hz, the pumping time of the cluster source becomes
too small and pressure pulses flatten.
pavg ∝ fg · ta

(5.3)

The corresponding luster mass measurements of varied gas pulsing frequency fg
are presented in Fig. 5.33. These results hold information on the time-resolved
cluster mass and particle intensity.
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Figure 5.33: Time-resolved cluster mass distributions measured for different gas pulse repetition frequencies fg , see panels A – E. The cluster current is color coded and normalized for
sake of clarity. The highest cluster current is represented by a red color while a blue color
indicates signal noise (Ic ≈ 0 pA). The gas pulse length ta is adapted to maintain the same
average pressure of pavg = 50 Pa at a mean discharge current I = 500 mA.

The cluster production intensity and mass correlate strongly with the pressure (compare with Fig. 5.32). The amount of produced nanoparticles and their
mass oscillate in accordance with pressure. When pg reaches its maximum, most
and largest clusters are produced. Even at low fg = 4 Hz, when the pressure os-
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cillations are rather unpronounced, the cluster properties are considerably modulated. This underlines the sensitivity of cluster growth processes on pressure
in the aggregation volume. At fg & 8 Hz, the valve operation is too fast to cause
a pressure variation effect in the cluster source at all. This can be seen clearly
by a stationary mass distributions in the panel E of Fig. 5.33.
The time-averaged cluster mass distributions can be calculated to compare
the mass and amount of produced clusters at different fg . For that reason,
cluster currents for each cluster mass were accumulated and divided by the
measurement period. The result is a diagram of time-average cluster current I¯c
against the cluster mass m that allows a direct comparison of mass distributions.
Fig. 5.34 shows the influence of fg on cluster properties.
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Figure 5.34: Time-averaged cluster mass distributions obtained for different gas pulsing
frequencies fg . The data points, calculated from measurements, were fitted by log-normal
functions. The mean pressure was pavg = 50 Pa and the mean discharge current I = 500 mA.

The measured data can be approximated quite well by log-normal functions
that are typical for cluster mass distributions [79, 117]. Application of this
functions to our measured values allows the extrapolation of cluster masses that
are beyond the QMF mass limit (m > 106 amu). Log-normal functions describe
the cluster mass distributions quite well, as it was verified for conditions, where
the whole mass spectrum could be registered by the QMF. In older experiments we could even show that a log-normal function is a better approximation
than a Gaussian function for cluster mass distributions from a similar cluster
source [79]. In the literature, results from computer simulations [204] point
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towards log-normal distributions, as expected from statistical theory of coalescence [156].
At low fg , the distribution is significantly broadened and shifted toward larger
masses. We know that largest clusters are developed under high pressure conditions. This effect is caused by a more pronounced pressure pulse that leads to
higher peak pressures p0 and goes along with an increased atom thermalization.
Such high values of p0 and large masses cannot be achieved in conventional unpulsed operation at same average pressure pavg . That is the main advantage of
a pulsed gas aggregation system.
An increasing of fg leads to a narrowing of mass distribution and preferential
formation of smaller clusters. It can be seen best by the distribution maximum
that shifts towards smaller masses and has an increased peak intensity. With
increasing fg the mass distributions converge to a form that corresponds to the
case of a conventional unpulsed cluster source operation. The curve for fg = 8 Hz
of Fig. 5.34 shows conditions where pressure pulsing is already ineffective and
clusters grow at a constant pressure.
There are several mutually interacting effects that cause an enhanced cluster
formation at high pressure. First one is the cooling effect of sputtered particles by energy transfer during collisions with the buffer gas atoms. Gas atoms
are usually at room temperature (300 K) and by that cooler compared to sputtered species that have energies according to Thompson distribution of a few
eV [205, 206]. Because of that, the attachment processes, like adatom adsorption and cluster coagulation,S are enhanced [152]. A second effect accounts
for the reduced cluster velocities v inside the cluster source at higher pressure
because of the aforementioned high collisionality. The relation v ∼ 1/pg [152]
causes a prolonged residence time of clusters inside the aggregation region and
results in v in the order of units m/s [106]. In the meantime, larger clusters can
be formed. The third effect of enhanced cluster growth is related to the cluster
size itself. With increasing nanoparticle size, the geometrical cross section σ for
adatom adsorption, or coagulation, increases. The geometrical cross section is
related to the cluster radius in a quadratic manner σ ∼ r2 .
For further evaluation of cluster mass distribution, the most probable mass
mp and the full width at half maximum (FWHM) were derived. To account for
the full statistics within the cluster mass distribution, the mean cluster mass
hmi was calculated as follows:
R
mI¯c (m)dm
.
(5.4)
hmi = R ¯
Ic (m)dm
Here, I¯c (m) denotes the time-averaged cluster mass distribution that is represented by the measured cluster current I¯c per second, depending on cluster mass
m. The dependence of physical quantities mp and hmi on fg are summarized in
Fig. 5.35.
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Figure 5.35: Most probable mass mp and FWHM (both left axis), together with mean
cluster mass value hmi (right axis) of cluster mass distributions, are presented against gas
pulsing frequency fg .

The most probable mass mp (Ic,max ) is the mass for which the highest cluster current Ic,max is measured from a time-averaged mass spectrum. With it a
fast estimation of the cluster main mass population is possible. It shows the
same trend as hmi, that increases exponentially about four times, approaching
fg = 0.5 Hz. Here, largest clusters are formed. On the contrary, both characteristic mass values remain minimal and unchanged for fg & 4 Hz. For all
experiments the relation mp < hmi was attained. It is reasoned by the cluster
mass spectrum which follows a log-normal-like function where a considerable
fraction of clusters contributes from the distribution tail with bigger masses.
For high fg , a favored formation of smaller clusters is also indicated by a
lower FWHM. The distribution narrows and Ic,max increases until it saturates
at fg & 2 Hz. When fg is decreased, the mass distribution broadens with a
FWHM twice as high compared to the high fg limiting case.
The cluster coagulation effect can also be observed directly from FWHM
data. With decreasing fg , the minimum FWHM value shifts towards bigger
cluster masses. It proves the formation of large clusters by the joining of smaller
clusters. Because pavg is the same for all experiments with different fg , the
differences in mass spectra must therefore lie within the temporal evolution of
pg . Apart from very large clusters, one would also expect an increasing amount
of smaller clusters at lower fg . Since pg reaches not only highest peak pressure
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p0 , but also lowest background pressure (see Fig. 5.32), a reasonable amount of
small-sized clusters is anticipated. The FWHM minimum value shows the exact
opposite which means an enhanced conversion from small to large clusters, just
by a higher peak pressure p0 . This effect is most apparent at fg = 0.5 Hz for min
FWHM(mp ) in Fig. 5.35.
To characterize the total performance of the cluster source, one has to derive
the total mass mT of emitted clusters. The calculation of mT holds the following
assumptions. The mass of each cluster mk is a multiple k of copper atomic mass
mCu = 63.546 amu.
mk = k · mCu

(5.5)

The integer k therefore implies the number of Cu atoms per cluster. Then, the
total mass is determined by
mT =

∞
X

mk n(mk ),

(5.6)

k=1

where n(mk ) describes the frequency of occurrence of each cluster mass mk in
the mass spectrum and can be estimated from the measured cluster current Ic :
en(mk )
.
(5.7)
t
The symbol e is the elementary charge. At this point, the assumption is made
that all Cu clusters are single negatively charged. Then, the total cluster mass
can be calculated, using Eq. 5.6 and Eq. 5.7:
Ic =

∞

1X
mk Ic (mk )t
mT =
e k=1

(5.8)

Finally, the cluster mass flux MF is introduced for an easier comparison of
masses that are produced per time unit at different repetition frequencies fg .
It represents a meaningful quantity to characterize a pulsed gas aggregation
system that produces clusters, intended for deposition purposes.
MF = mT /t

(5.9)

The calculated mass flux MF , emitted by the cluster source towards the substrate, is shown in Fig. 5.36. The dependence of MF on fg is similar compared to
the other mass related quantities mp and hmi. With decreasing fg , the mass flux
increases up to four times compared to high repetition frequency. For fg & 4 Hz,
the cluster mass flux saturates at a threshold value of MFcw ≈ 5 × 1020 amu/s
which is known from the unpulsed operation of used cluster source. At such
high frequencies, the pressure equilibrates inside the cluster source and cluster
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mass flux MF towards the curve of MFcw is reasonable at high fg .
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Figure 5.36: Cluster mass flux MF (right axis) and total cluster current I¯F (left axis) are
presented, depending on the gas pulsing frequency fg . The mass flux threshold value of
MFcw ≈ 5 × 1020 amu/s for an unpulsed operation is displayed as well.

The phenomenon of a higher mass flux at a lower gas pulsing frequency is not
attributed to different sputtering rates. The sputtering rate is usually proportional to the discharge power P at a moderately constant discharge voltage [117].
For that reason, P was calculated from the recorded signals of discharge voltage
V and discharge current I that were measured directly at the Cu cathode. Only
minor power variations were found for different fg . Consequently, the effect of
different sputtering rates, depending on P for different fg , can be neglected.
To anyhow explain the effect of fg on MF , the number of ejected clusters per
time unit was calculated. The particle flux can be derived from the measured
total cluster current per second by following expression:
I¯F =

∞
X

I¯c (mk ).

(5.10)

k=1

Here, the currents I¯c (mk ), registered for each cluster mass, are summarized
over the whole mass spectrum. The resulting total current per second I¯F is
proportional to the cluster particle flux.
The total cluster current per second I¯F is presented in Fig. 5.36 as well. One
can see that I¯F decreases only slightly with increasing fg . This is connected
to buffer gas flow dynamics and the formation of a cluster beam at the orifice.
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At low fg , the pressure peaks and the pressure gradient between the cluster
source and subsequent vacuum chamber are highest. From this follows that
the cluster streaming velocity is increased and the nanoparticles get a higher
forward momentum by collisions with faster buffer gas atoms. By that, sidewall
losses are reduced and more clusters exit the source, as detected by QMF.
Generally, one can summarize that the cluster mass related values mp , hmi
and MF strongly depend on the gas pulsing frequency. Toward low fg , pressure
oscillations become more pronounced with a higher peak pressure p0 achieved at
a constant mean pressure pavg . Since the cluster formation is strongly pressure
dependent, the mass distributions broaden significantly and shift towards higher
masses. The calculated characteristic mass values increase exponentially with
decreasing fg . On the other hand, with higher fg the pressure equilibrates
and clusters are produced like in conventional system with constant buffer gas
flow. From these results one can conclude that although the mean pressure
was constant, the cluster formation strongly depends on the temporal pressure
evolution.
In conclusion, from derived total cluster current per second (I¯F ) the trend of
nanoparticle flux, emitted by the cluster source, can be deduced. Interestingly,
I¯F changes only marginally while the cluster mass flux is more sensitive with
respect to fg . Therefore, it is reasoned that for here presented approach of
pulsed gas aggregation, mainly the nanoparticle size/mass is affected while the
number of emitted clusters stays constant within a certain range.
The effects on nanocluster synthesis were studied during gas pulsing of a
Haberland type gas aggregation system. The measurements show an almost
instant reaction of cluster growth on pressure variations inside the aggregation
volume. With increasing pressure, the cluster mass and current increase. This
trend inverts for decreasing pressure. A lower gas pulse repetition frequency
leads to more pronounced pressure pulses at the same average pressure in the
cluster forming chamber. A broadening of underlying mass spectra is observed
with peak masses beyond QMF measurement capability (> 106 amu). The responsible key mechanism is the cluster coagulation process that can be directly
identified from mass- and time-resolved cluster current measurements. The effect of gas pulsing on mass distribution characteristics was studied. Here, a
simple analytical model allows to draw further conclusions on total mass and
particle flux of single negatively charged clusters, emitted by the particle source.
It was found that for a low gas pulsing repetition frequency a higher mass
throughput is achieved. The enhanced mass flux is caused rather by an increase of nanoparticle size than by an increase of the total amount of particles
extracted from the source.
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5.3.2. AFM investigation of deposited Cu clusters
The deposition of nanoparticles allows individual clusters to be analyzed by
AFM technique. The aim is to qualitatively verify the performed QMF measurements by a complementary technique. The Cu clusters were deposited on
Si wafers in the vacuum system. Afterward, the samples were locked out and
transferred to the AFM measurement setup at ambient air conditions. The deposition times tdep were adapted for each sample to obtain a surface coverage of
less than a monolayer of nanoparticles, so that individual clusters can be optimally probed by the AFM tip. Sampling by AFM was performed in the center
of the cluster beam deposition region.
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Figure 5.37: AFM tapping mode images of Cu clusters prepared by a) continuous gas flow
with tdep = 10 s and b) pulsed mode (f = 1 Hz) with tdep = 3 s. Both samples were prepared at
the same mean discharge current I = 500 mA and a mean pressure of pavg = 80 Pa in cluster
source.

Fig. 5.37 shows AFM images of clusters produced in pulsed and unpulsed
mode. One can see single nanoparticles with sufficiently high spacing between
each other on the flat Si substrate. It is evident that larger nanoparticles are
produced by a pulsed buffer gas system. Clusters, produced in a constant buffer
gas flow, appear more homogeneous in size.
Multiple 2D surface scans, that cover 1 µm × 1 µm areas, were performed in
the cluster beam deposition center, so that an overall area of at least 5 µm2
was evaluated. The surface profiles contain the height (hc ) information of each
distinguishable cluster particle. The local height maxima were gained by a
homemade software script. When the number of clusters is depicted against
certain cluster size/height intervals, one obtains a histogram that represents the
cluster size spectrum.
The AFM cluster size distributions are presented in Fig. 5.38, based on samples illustrated in Fig. 5.37. The statistics comprise of at least 1200 probed
clusters per histogram. The difference in the number of probed clusters by a
factor of ∼ 2 is mainly attributed to unequal deposition times tdep .
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Figure 5.38: Cluster size/height distribution of samples prepared by pulsed and unpulsed
buffer gas injection into the cluster source aggregation chamber. The statistics are based on
the samples illustrated in Fig. 5.37.

The height histograms qualitatively agree with findings from QMF investigations. The attained size distributions can be approximated by a log-normal
function. Both spectra have an intensity peak that corresponds to a maximum
likelihood of ∼ 5 nm clusters. In conventional (unpulsed) mode quite monodisperse clusters with FWHM ≈ 3 nm are formed. The slight raise at ∼ 14 nm can
be caused by clusters lying upon each other. Although surface coverage was
kept low, it is possible that incident clusters impinge on a location that is already occupied by one or more other clusters. The phenomenon of a second
layer, growing far before the first layer was completed, was already observed
in [73, 83]. When the buffer gas is supplied in pulses, the distribution broadens
significantly which clearly proves the formation of larger nanoparticles. The
corresponding histogram has a larger statistical error because of less sampled
clusters due to the reduced tdep .
For further comparison of cluster formation methods, the particle flux and
mass flux were calculated. The particle flux γ is derived from the number of
clusters found per area unit during a second. It means γ = Γ /tdep , where Γ
represents the number of clusters per unit area. By that, the particle fluxes for
unpulsed (γcw ) and pulsed (γp ) pressure operation are obtained.
The AFM measurements show no general deviation of clusters from a spherical geometry. With an assumed Cu bulk density of ρ = 8.92 g/cm3 , one can
calculate the cluster mass from measured particle height hc , according m = ρ Vc .
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Table 5.4: Calculated cluster source characteristics based on data from AFM measurements.
Compared are continuous pressure operation and pulsed pressure mode at 1 Hz.

buffer gas supply
continuous
pulsed (1 Hz)

sampled
clusters
2277
1271

deposition
time tdep [s]
10
3

particle flux
[1/µm2 /s]
41
85

mass flux φ
[kg/µm2 /s]
1.5 × 10−19
1.2 × 10−18

Here, Vc is the cluster volume that depends on the sphere diameter which is
associated with the cluster height.
1
m = πρh3c
(5.11)
6
Then, the mass flux φ is obtained by multiplying the particle flux γ with mass
m of clusters: φ = γm. The benefit of a gas-pulsed cluster source becomes
obvious when mass fluxes of an unpulsed (φcw ) and pulsed (φp ) device operation
are compared: It is φp /φcw ≈ 8. This ratio is higher compared to the QMF
results but underlines the same trend that pressure pulsing leads to a higher
mass throughput. The same observation is valid for the cluster particle flux.
While the QMF measured 20% more particles emitted in pulsed mode, the AFM
indicates twice as much (γp /γcw ∼ 2) with respect to unpulsed mode particle flux.
The mentioned quantities are summarized in Table 5.4.
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Figure 5.39: Comparison of mass spectra obtained by QMF and AFM. The conditions for
both experiments were identical with a continuous cluster source pressure of pg = 80 Pa and
a mean discharge current of I = 500 mA.
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The systematically higher particle and mass flux ratios in AFM experiments
compared to QMF results can be explained by basic properties of the applied diagnostics. While the QMF only measures charged clusters, the AFM probes the
neutral nanoparticle component as well. In general, the formation and growth
of neutral clusters are more probable. This is because the repelling electrostatic Coulomb force can be neglected and attachment processes are more likely
to happen between uncharged particles. Generation of neutrals during pressure
pulsing seems to be more efficient compared to negatively charged clusters. This
can be concluded from an increased particle flux ratio (γp /γcw ) and mass flux
ratio (φp /φcw ) between the pulsed and continuous pressure operation, according
to AFM measurements.
The results, gained from two completely different diagnostics of QMF and
AFM applied for cluster mass/size characterization, are compared directly in
Fig. 5.39. A part of the mass distribution of charged clusters within a particle
beam are measured directly by the QMF. The cluster size histogram obtained
from AFM measurements is recalculated to a mass spectrum, according Eq. 5.11.
Both methods show a good qualitative agreement for the here chosen experimental conditions. The mass spectra have their maxima at similar position of
m ≈ 5 × 105 amu and can be approximated by a log-normal distribution functions.
Now that the cluster growth and the cluster source performance is studied,
the aim is to create nanostructured thin films by cluster deposition. In particular
the nanoparticles shall become the main component of a nanocomposite material
that will be synthesized in a co-deposition process.
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5.4. Cu cluster based nanocomposites
To use the special properties of clusters for certain applications, the nanoparticles have to be embedded on or into a host material. The idea is to transfer
the clusters unique features to a bulk medium and by that, create a so-called
nanocomposites. A prominent example is the composition of metallic nanoparticles, surrounded by a dielectric material with structures that can excite surface plasmons by electromagnetic irradiation. This effect originates from photons that couple to conduction electrons of metals. By variation of the filling
factor (metal nanoparticles with respect to matrix material), nanoparticle size
and layer thickness one can tailor the absorption band to attain e. g. total absorbance. These nanomaterials revolutionized optics within the last decades and
enabled sub-diffraction optoelectronic devices [207].
In our experiments, Cu clusters were embedded into a TiO2 surrounding during a co-deposition process. Both deposition sources, Cu cluster source and Ti
magnetron, were operated for target cleaning and achieving stationary temperature conditions for at least 15 min, while the common shutter was closed. The
cluster source was operated in conventional way with a constant Ar buffer gas
flow. The substrate was placed in a defined position in a 45◦ angle toward both
sources. During the deposition of films, the shutter was opened for a duration
time tdep and closed to end the process.
To gain the properties of nanocomposite Cu cluster/TiO2 film, first both
film components were deposited and investigated separately. For that reason,
films of Cu clusters were deposited as well as TiO2 in separate processes but
for same duration. The properties of both individual films are compared to the
nanocomposite film that consists of Cu clusters embedded into a TiO2 matrix.
Thus, the different types of experiments were performed and are named as
follows:
• Separate Cu cluster deposition: Only the Cu cluster source was powered
for exclusive deposition of Cu nanoparticles.
• Separate TiO2 deposition: Only the Ti magnetron with its own O2 gas
inlet was operated for TiO2 deposition.
• Combined deposition (co-deposition) process with both sources active:
Synthesis of nanocomposite thin film with Cu clusters embedded into
TiO2 .
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5.4.1. Separate Cu cluster and TiO2 film characterization
Samples of pure Cu clusters were deposited and studied. The aforementioned
cluster source was operated at a constant pressure. The corresponding in-situ
XPS survey spectrum is presented in Fig. 5.40.
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Figure 5.40: X-ray photoelectron spectroscopy (XPS) survey spectra for deposited Cu
nanoparticles. Only Cu features can be found in the spectrum. The deposition time was
tdep = 30 min, the mean discharge current I = 500 mA and the pressure in aggregation volume
pg = 50 Pa (40 sccm Ar).

A long deposition time of tdep = 30 min was chosen to obtain a thick layer of
nanoparticles. It was done to ensure that XPS will sample only the clusters
and not the underlying substrate. Experiences from previous AFM studies
and the inspection with naked eye, that reveals a clearly visible dark spot,
guarantee a film thickness of > 100 nm. Also from the comparison with the
survey spectrum of the substrates, one can see that the substrate is fully covered
by Cu nanoclusters: The features, typical for the substrate, are peaks from
silicon (Si) and carbon (C). The latter originates from impurities due to contact
with the ambient atmosphere prior to substrate lock in. These features are
not visible after nanoparticle deposition because they are fully covered by a Cu
cluster film and kept inside the clean UHV environment.
The Cu spectrum comprises of most prominent Cu 2p peak which is actually a
doublet split into Cu 2p1/2 and Cu 2p3/2 because of spin-orbit coupling. Further,
bonds of Cu 3s, Cu 3p and Cu 3d can be identified. Apart from photoelectron
lines, Auger lines appear at anticipated binding energies for the used Mg anode.
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In general, a strong Cu signal is obtained with no significant contamination from
other elements, like it is usually found in ex-situ XPS measurements [154].
The second set of experiments studied the reactive Ti deposition for the
creation of TiO2 host material. The same type of substrate was exposed for
tdep = 30 min to Ti magnetron sputtering while, in addition to 40 sccm Ar, oxygen (20 sccm O2 ) was introduced via a separate inlet in front of the Ti cathode.
The respective in-situ XPS spectrum is shown in Fig. 5.41.
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Figure 5.41: XPS survey spectra for reactive Ti magnetron sputtering in a mixed Ar/O2
atmosphere. The deposition time was tdep = 30 min, the mean discharge current ITi = 500 mA
and the pressure in chamber volume pch = 0.6 Pa (40 sccm Ar and 20 sccm O2 ).

The survey spectrum proves the presence of elements Ti and O, as expected.
From most prominent element peaks (Ti 2p and O 1s), high resolution XPS
profiles were measured to derive the element concentrations. The peak profile
evaluation states 29% Ti and 71% O. From detailed peak scans, more information on chemical bonds can be attained, according to binding energy Eb .
Fig. 5.42 shows most prominent photoelectron lines of Ti and O. The position of Ti 2p3/2 peak at Eb = 458.8 eV proves Ti to be in compound of TiO2
(titanium(IV) oxide). This is further supported by an energy difference of
∆E = 5.67 eV between the Ti 2p1/2 and Ti 2p3/2 line. Here, ∆E is closer to the
literature value ∆E = 5.54 eV than the value for metallic Ti with ∆E = 6.17 eV
[176]. Further, it can be assumed that Ti is fully oxidized since no additional
Ti 2p3/2 peak can be found at Eb = 454.1 eV, see Fig. 5.42a position C, that

125

5. Results and discussion

2500

2 0 0 0

T i 2 p

1 5 0 0

A ) T iO

2

T i 2 p

B
A

C

TiO

3 /2

p e a k p o s itio n s :

3 /2
2

B ) T iO
C ) T i

1 0 0 0

d e p o s itio n

photoelectron intensity [cps]

p h o to e le c tr o n in te n s ity [c p s ]

T iO

T i 2 p

1 /2

5 0 0

0

∆E

4 7 2

4 7 0

4 6 8

4 6 6

4 6 4

= 5 .6 7 e V
4 6 2

4 6 0

b in d in g e n e r g y E
b

4 5 8

4 5 6

4 5 4

4 5 2

[e V ]

(a) Ti 2p doublet with labeled Ti 2p3/2 peak
positions depending on bonding partner.

2

deposition

O 1s peak

2000

E

b

= 529.9 eV

1500
1000
500
0

538

536

534

532

530

528

binding energy E

b

526

524

[eV]

(b) O 1s peak profile.

Figure 5.42: XPS high resolution peak profiles of most prominent photoelectron lines of
same sample, as illustrated in Fig. 5.41.

corresponds to metallic Ti. Also compounds of TiO (titanium(II) oxide) and
Ti2 O3 (titanium(III) oxide) can be excluded. At position B), which corresponds
to Ti in TiO at Eb = 455.1 eV, no photoelectron peak can be found. There is
also no indication of Ti2 O3 since it would cause a Ti 2p3/2 peak to appear at
Eb = 456.8 eV [208]. From this we can conclude, that all Ti is bound to O in
form of TiO2 . Further, the stoichiometry allows a residual fraction of O that
can be part of impurities or be incorporated into the film surface.
X-ray diffraction measurements were performed to get more information on
the chemical structure. The XRD pattern of separately deposited Cu clusters is
shown in Fig. 5.43. The measurements confirm the formation of polycrystalline
fcc Cu nanoparticles by magnetron sputtering inside the cluster source and by
subsequent condensation in the aggregation volume. The clusters keep this
property when they are deposited on the Si substrate and come in contact with
ambient air before the XRD analysis. This can be concluded from Cu(200) and
much more pronounced Cu(111) diffraction peaks. In contrast to XPS analysis,
XRD can verify the existence of Cu2 O among metallic Cu. Even though no
oxygen was introduced during the experiment, cuprous oxide can be confirmed
by a small Cu2 O(111) peak. The oxygen might originate from the impurities
in cluster source or from contact of the sample with the ambient air during
XRD analysis. The mass concentration of involved crystalline structures was
determined to be 86% for Cu and 14% for Cu2 O.
In contrast, the separate TiO2 sample exhibits no Bragg reflexes at all. Therefore, it can be assumed as X-ray amorphous without any indication of crystalline
TiO2 phases like rutile, anatase or brookite.
For a direct visualization of structures in sub-µm regime, SEM measurements
were carried out. The surface topography of the maximum coated region by
separately deposited Cu clusters is shown in Fig. 5.44. The SEM images indicate
nm-fine structures that are distributed rather equally in the image section. They
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Figure 5.43: GIXD pattern of separately deposited Cu nanoparticles. Beside measured data
(black line) are shown fits for fcc Cu (red line), Cu2 O (blue line), the resulting total fit (gray
line) and the signal background (green line).

are small enough to enable quantum related effects and a significant enlargement
of the film surface. The higher surface-to-volume-ratio is responsible for many
of the unique film properties, like enhanced chemical and physical reactivity.
The left part of the sample was covered to prevent the deposition by Cu
clusters in order to have a clear contrast between the substrate and the coating. Later, a 1 µm × 7 µm rectangular structure was etched into the film by an
energetic Ga focused ion beam gun to expose the subjacent Si substrate (left
panel). A proper etching depth was achieved by alternating ion etching with
subsequent energy dispersive X-ray spectroscopy (EDX) for element analysis of
the trench region until no Cu could be detected anymore. The average height
in the film center could be estimated to be ∼ 250 nm during SEM.
A closer look at the cross section (Fig. 5.44, right panel) reveals a columnar
growth of nanostructures. The nanoparticles arrange preferentially on top of
each other and form small upright rods that are covering densely the substrate.
Nevertheless, small porosities remain that allow the identification of columnar
structures and cause enhancement of the film surface. Further, one can observe
a predominant growth direction of these columns which can be explained by a
non-perpendicular alignment between the substrate and the cluster beam.
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Figure 5.44: Secondary electron micrograph (SEM) in the center region of separately deposited Cu clusters. In the middle of the image (left panel) the etched trench can be seen.
From its lateral view one can analyze the microstructure and estimate the Cu cluster film
thickness as depicted in separately taken image at higher magnification (right panel).

The columns are tilted about 35◦ from the normal to the substrate surface.
It was already reported that similar columnar structure is preferentially formed
during magnetron sputtering deposition with a tilted substrate at oblique angles. Magnetron deposition at oblique angle, occasionally also called GLAD
(glancing angle deposition), has been already reported for different deposited
materials [209, 210]. The growth of a GLAD structure is usually explained by a
shadowing effect of grown nuclei in the area opposite to the incoming flux [211].
According to a substrate tilt angle, which seems to play a main role, different types of microstructure can be attained [212]. Because the substrate was
tilted about 45◦ with respect to the cluster source orifice, we assume the same
mechanism of the column growth.
The chemical composition of the sample region in the vicinity of the etched
trench was analyzed by EDX and is shown in Fig. 5.45. The Cu intensity map
shows the absence of Cu in the etched trench, as it was intended, while the
surrounding untreated area exhibits high Cu content, originating from built
nanostructures. C and O can be found in a higher concentration on the sample
surface and with lower intensity underneath the film. Both elements represent
the most common impurities since they were not intentionally added during
the deposition process. Their presence can be explained by the exposure of the
substrate and sample to the ambient air during transfer.
In contrast, the Si concentration is higher inside the trench, as can be seen
by a brighter green color in the lower left panel of Fig. 5.45. This result is
evident because characteristic Si Kα1 radiation can reach the X-ray detector
unhindered due to the removed Cu film. However, a well noticeable Si intensity
is also registered in the trench surrounding area. It can be explained by the
porosities inside the Cu nanostructures that allow high energetic electrons in
kV range, focused onto the sample, to reach the substrate. In contrast to XPS
analyses where ejected photoelectrons limit the information depth to few nm,
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Figure 5.45: Energy dispersive X-ray spectroscopy (EDX) of separately deposited Cu clusters. A brighter color means a higher intensity of characteristic X-ray line of respective labeled
element. The upper left panel shows the corresponding SEM survey image of analyzed region at lower magnification. The marked sub-regions (I) and (II) are used for quantitative
concentration measurements, presented in Table 5.5.

here, the X-rays are subject of measurement which have a much higher mean
free path in a solid state body. Finally, also Ga atoms can be found inside
the sputtering trench. They are residues of the Ga ion beam etching process
and represent the Ga fraction that is not sputtered, but incorporated into the
bottom of the trench.
The highlighted regions in the upper left panel of Fig. 5.45 represent the deposition areas of Cu nanoparticles (I) and the substrate (II). The element concentrations are averaged within these areas of comparable size and are specified
in Table 5.5.
Apparently, the effective information depth of EDX is larger than the layer
thickness of ∼ 250 nm because half of detected X-ray photons originate from
Si, even though Cu nanostructures cover the substrate in region (I). Ion beam
etching significantly removes Cu and O with the same rate which proves that
most O is bound to Cu. Their element ratio corresponds to the concentration
of Cu2 O, as determined by XRD, see Fig. 5.43. At the same time, more Si is
uncovered. The concentration of C is not much effected and traces of Ga ions
can be found in region (II).

Table 5.5: Element concentrations obtained by EDX [atom%] in the region of Cu cluster
based nanostructures (I) and the etched trench (II).

region/element
(I)
(II)

C
8.8
6.9

O
3.8
0.8

Si
52.0
84.2

Cu
35.4
7.2

Ga
0.0
0.9
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To get information on the layer thicknesses and film density, the films were
examined by X-ray reflectometry (XR). The XR patterns of all three types of
samples are summarized in Fig. 5.46.
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Figure 5.46: XR patterns are presented for separately deposited Cu clusters (black color),
pure TiO2 film (red color) and nanocomposite film (green color). The derived film thicknesses
are indicated below the curves. For separately deposited Cu cluster film it is not possible to
calculate the thickness.

An estimation of Cu nanoparticle film thickness fails because of a too inhomogeneous deposition. As already discussed, the particle beam, emitted by the
cluster source, leads to a spot-like deposition with a decreasing film thickness,
radial outwards from the beam center. Since the X-ray beam is sampling over
a width of ∼ 1 cm, which is given by the analytical device, the reflected X-ray
intensity is averaged along this length. If the thickness within this width varies
too much, the detection of typical Kiessig fringes fails, as it is the case here
(black curve in Fig. 5.46). The low value of the critical angle of total reflection
θc supports the assumption of Cu films attended with voids. The film density is
clearly smaller than the density of the dense bulk copper. A crude estimation
of the column diameter corresponds, at least in the order of magnitude, with
the cluster size, see Fig. 5.44 (right panel) from SEM.
TiO2 film thickness was measured without difficulties and was calculated to
be 28.0 nm. From the deposition time tdep = 30 min one can calculate the deposition rate to be ∼ 0.9 nm/min. Since depositions by magnetron sputtering
are more uniform in general, one can consider them as true layers with constant
height in frame of the analyzed area. The dimension of the sputtering discharge
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causes a comparatively large angular velocity distribution. This is a main difference in contrast to cluster sources where an exit orifice focuses the buffer gas
flow and, by that, the carried nanoparticles within.
For the nanocomposite film, a simple overlap of both deposition types is
assumed. The thickness was therefore measured in peripheral position C) where
no deposition is visible, but a small content of Cu was determined by XPS,
compare Fig. 5.48. The intensity of Kiessig fringes is, indeed, attenuated by
nonuniform Cu deposits in contrast to separately deposited TiO2 . Nevertheless,
a thickness of 34.1 nm can be obtained for the nanocomposite film in position C)
which is about 6 nm thicker than the pure TiO2 layer, attributed to additional
Cu nanoparticles. The value of θc for the nanocomposite film is markedly larger
compared to the separately deposited Cu cluster film. This points toward an
increased film density with voids in the Cu cluster film, most probably filled by
TiO2 . One can conclude that there is a compact embedding of Cu nanoparticles
into TiO2 matrix. The density of the nanocomposite film is thereby similar to
the pure TiO2 film density, as can be seen by almost identical curves around θc
in Fig. 5.46.
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5.4.2. Nanocomposite (Cu-TiO2 ) film investigation
After the analysis of separately deposited Cu cluster and TiO2 samples in previous section, the synthesized nanocomposite film from the co-deposition process
will be characterized in the following. For best comparability, the experimental
parameters were chosen to be identical to the settings during preparation of the
separate samples. One has to consider the inherent property of a beam like
(cluster) particle source to cause a spot-like deposition profile. Therefore, the
concentration of Cu clusters is assumed to differ, depending on the radial distance from the deposition center. For that reason, EDX and XPS measurements
were performed at different locations on the nanocomposite sample to examine
lateral variations in the film composition.
The EDX measurements of Cu-TiO2 film are presented in Fig. 5.47.
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Figure 5.47: EDX spectra from different locations on the nanocomposite thin film. Different
intensities of the characteristic X-ray peaks, with respect to the bremsstrahlung background,
indicate a change in element concentrations, depending on radial distance from the Cu cluster
deposition center.

Position A) corresponds to the deposition center where highest film thickness
is expected. One can see characteristic X-radiation peaks originating from Cu,
Ti and Si. Attention is only paid to these elements since they are the main
ingredients of nanocomposite film. The X-ray photon energy of highlighted
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Table 5.6: Characteristic X-ray lines observed for Cu, Ti and Si. The corresponding Xray energy values from database [213] are provided, as well as the transitions in IUPAC
(International Union of Pure and Applied Chemistry) and Siegbahn notation.

element
Cu

Ti

Si

X-ray energy [eV] IUPAC
930 / 949
L3 – M4,M5 / L2 – M4
8028 / 8048
K – L2 / K – L3
8906
K – M2,M3
529
L1 – M2,M3
4505 / 4511
K – L2 / K – L3
4933
K – M2,M3
1740
K – L2,L3

Siegbahn
Lα2 , Lα1 / Lβ1
Kα2 / Kα1
Kβ3 , Kβ1
Kβ5 , Kβ4
Kα2 / Kα1
Kβ3 , Kβ1
Kα2 , Kα1

peaks and their notation are provided in Table 5.6. The pronounced peaks from
Cu Kα lines prove highest content of nanoclusters in the center region, causing
the substrate to be covered efficiently, as can be seen by a relatively small Si Kα
peak. A weak presence of Ti can be confirmed by a low intensity of Ti Lβ line.
Position B) is 9 mm away from A) where deposition becomes invisible for
the naked eye. In EDX spectrum of B), a pronounced background, caused by
bremsstrahlung, is noticeable on which the characteristic peaks are distributed.
The amount of Cu is strongly reduced and the intensity of Ti peak increases,
since TiO2 gets less diluted by Cu nanoparticles in the composite film in this
distance to the cluster beam axis. The lower deposition rate of Cu clusters in
this transition region leads to reduction of the local film thickness, as indicated
by a larger intensity of the Si Kα line.
Position C) is about 20 mm away from position A). Here, no significant
amount of Cu is expected. Only a vague Cu Lα peak can be discerned while
usually strong Cu Kα and Kβ lines are beyond recognition. The Ti and Si
content is comparable to position B). The character of the nanocomposite film
at peripheral positions B) and C) is close to that of pure TiO2 , whereas Ti gets
significantly dominated by Cu in deposition center at A).
Similar results of the radial element distribution of the nanocomposite thin
film is obtained by XPS. Survey spectra measured at positions A) and B) are
summarized in Fig. 5.48. From direct comparison of both survey scans, one can
see more pronounced Cu features in the film center with respect to its periphery.
The concentrations of the involved elements were derived from high resolution
peak profiles and are provided next to the graph.
All peaks, observed for separately deposited Cu and TiO2 films, appear in
the nanocomposite spectrum, too: Cu 2p, Ti 2p, Ti 2s and O 1s. Their detail
analyses enable the determination of the chemical composition. The film consists of 5% Cu, 26% Ti, 69% O in the film periphery and a 24% Cu, 16% Ti,
60% O composition is obtained in the center, while all impurities are neglected.
They confirm the assumption that most Cu nanoparticles are found where the
cluster beam axis meets the substrate. From there, Cu clusters get diluted ra-
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dially outwards in the TiO2 host material. From another perspective, also the
O/Ti ratio varies radially. Including only Ti and O species into the calculation,
strongly over- stoichiometric films deposited in the center (O/Ti = 3.76) change
the chemical composition towards the periphery (O/Ti = 2.66). The O/Ti ratio measured in the film periphery indicates that copper nanoparticles do not
disturb the chemical composition of the TiO2 matrix significantly. This can be
deduced from ratio O/Ti = 2.48 for separately deposited TiO2 which is nearly
approached by O/Ti = 2.66 in the nanocomposite film periphery. However, the
situation is different in the film center where one can assume a significant amount
of oxygen to be contributed by oxidized copper.
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Figure 5.48: XPS survey spectra of the nanocomposite film measured at different positions:
Cu cluster deposition center (position A) and 9 mm away periphery (position B). The curve
A) was shifted by +500 cps for better distinguishability. Element concentrations derived from
high resolution peak analysis are provided as well, right next to the graph. Both magnetrons
were driven in DC mode with I = 500 mA, deposition time was tdep = 30 min with a cluster
source pressure of pg = 50 Pa (by 40 sccm Ar) and a chamber volume pressure of pch = 0.6 Pa
(with additionally introduced 20 sccm O2 for reactive Ti deposition).

For the sake of clarity, high resolution XPS measurements of Cu 2p photoelectron lines of separately deposited Cu film and nanocomposite Cu-TiO2 were
performed to investigate the copper oxidation. The findings are presented in
Fig. 5.49 where both peak profiles are compared.
The photoelectron lines, measured for separate clusters, are comparatively
narrow (FWHM ≈ 1.8 eV) and have a high intensity. They correspond to metallic Cu or compound Cu2 O (cuprous oxide or copper(I) oxide). XPS cannot dis-
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Figure 5.49: High resolution XPS Cu 2p peak measurements of separately deposited Cu
clusters (red color) and nanocomposite film (black color) in the center of deposition. Individual
intensity scalings are used to pronounce differences in the obtained spectra.

tinguish between these bonds because of a too small chemical shift of ∆E . 0.1 eV.
A complete different profile shape is found for the Cu-TiO2 film. The Cu 2p1/2
and Cu 2p3/2 peak intensities are reduced about a factor ∼ 6 which can be partially explained by four times lower concentration of Cu clusters in a TiO2 surrounding compared to a pure Cu nanoparticle film. Further, the photoelectron
lines seem to be shifted toward higher Eb and are too broad (FWHM ≈ 3.5 eV)
to be approximated by a single Gaussian peak function, as can be seen best for
the Cu 2p3/2 peak [214]. A second peak component can be attributed to CuO
(cupric oxide or copper(II) oxide). Another indication for CuO is the appearance of strong satellite peaks. Here, the center of the satellite peak is shifted by
∆E = 8.8 eV toward a higher binding energy with respect to the corresponding
Cu 2p3/2 peak, as it is reported in literature [215]. This explains the high oxygen
ratio in nanocomposite film center, since large fraction of Cu is oxidized in form
of CuO with a stoichiometry (Cu:O = 1:1) favoring more oxygen to be bound
compared to assumed Cu2 O (Cu:O = 2:1) of separate Cu cluster deposition.
To gain knowledge of the chemical structure of Cu in the nanocomposite
sample, the film was further analyzed by XRD. The diffraction pattern of the
Cu-TiO2 sample is very different from the separately deposited clusters, as depicted in Fig. 5.50. While for separate Cu nanoclusters a pronounced peak of
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Figure 5.50: XRD pattern of nanocomposite Cu-TiO2 . In this case delivered molecular O2
was dissociated and excited in Ti magnetron discharge employed for the deposition of TiO2
film. The fitting function that belongs to CuO (dark green line) and the background (green
line) are shown, too.

Cu(111) was found, the nanocomposite sample shows no peak at 2θ = 43.4◦ at
all (compare Fig. 5.43). Instead, a very broad peak structure is found at about
2θ = 37◦ . Following the indications from XPS analysis, indeed, the pattern can
be approximated best by CuO with a double peak of CuO(-111) at 2θ = 35.4◦
and CuO(111) at 2θ = 38.1◦ [216].
To explain the formation of different Cu oxides during separate Cu cluster
and nanocomposite film deposition, one has to consider the different process
conditions: For separately deposited Cu cluster films the metal is only exposed
to adventitious oxygen and molecular oxygen of ambient air during the sample
transfer. In contrast, oxygen is introduced at a high flow rate in the deposition
volume during reactive Ti sputtering for the nanocomposite film synthesis. Here,
oxygen is part of the magnetron discharge and plasma induced processes have
to be taken into account.
The different copper oxides, found in the separate Cu and Cu-TiO2 depositions, motivated us to identify and characterize the responsible oxidation mechanism. For that reason, another type of experiment was performed. The separate
Cu cluster deposition experiment was repeated but with molecular oxygen O2
introduced into the deposition chamber. Experiments were carried out using
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different flow rates of O2 from 1 sccm up to 20 sccm. The reaction (deposition)
time was 30 minutes again. The XRD pattern of a film deposition with a flow
rate of 1 sccm oxygen is shown in Fig. 5.51.
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Figure 5.51: XRD pattern obtained for separately deposited Cu cluster film synthesized
with 1 sccm molecular oxygen introduced additionally into the deposition chamber. Beside
the measured data, fits are shown for fcc Cu (red line), Cu2 O (blue line), the signal background
(green line) and the resulting total fit (gray line).

Simulated X-ray patterns [216] reveal a mass composition of Cu2 O at 70%
while the mass amount of Cu is expected to be 30%. No other reflections can be
observed. A further increase of oxygen flow up to 20 sccm does not significantly
influence the X-ray patterns of the deposited films. This means a saturation
of oxidation at an already small oxygen flow rate of ∼ 1 sccm. In principle, the
pattern is similar to the separate Cu cluster deposition (without additional O2
admixture), compare Fig. 5.43, since it contains the same peak components. The
main differences are attributed to the peak ratios: The peak intensity of metallic
Cu(111) at 2θ = 43.4◦ is decreased while the neighboring peak of Cu2 O(111) at
2θ = 37.0◦ is increased.
Most importantly, only Cu2 O and no CuO was detected, as can be seen best
by comparing Cu 2p3/2 peaks from XPS, see Fig. 5.49. The separately deposited
Cu cluster films retain a metallic component even if they are exposed to a very
high oxygen flow rate. The cluster surface is assumed to consist of Cu2 O while
the core remains metallic Cu. In contrast, the presence of a reactive oxygen
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plasma with O+ ions, e. g. during Cu-TiO2 co-deposition, leads to complete
transformation of Cu to CuO. This proves the formation of CuO to be dependent
on the presence of (plasma activated) reactive oxygen instead of the amount of
molecular O2 during the deposition process.
At this point, again, it is worth to note the difference between the deposition
process of oxidized copper, discussed in the previous paragraphs, and the deposition of nanocomposite Cu-TiO2 . The previously reported experiment was
carried out using molecular oxygen O2 delivered inside the deposition chamber.
In case of the nanocomposite Cu-TiO2 deposition the oxygen was delivered into
the reactive Ar/O2 plasma bulk of the Ti magnetron discharge. It is well known
that numerous plasma-chemical reactions occur in reactive oxygen discharges,
such as dissociation, ionization, excitation and others, including the creation of
oxygen ions [217, 218].
From previously presented results it is evident that copper oxidation is not
a straightforward mechanism but depends on the experimental conditions. The
experimental findings can be summarized as follows.
(1) Formation of Cu2 O: copper nanoparticles preferentially form Cu2 O if they
are deposited and crystallize in an ambient reactive atmosphere with a molecular
O2 admixture. By comparison of the integral X-ray reflection intensities, we
have found two different degrees of oxidation. The Cu2 O formation stops at
a mass ratio of Cu2 O/Cu = 1/6 for separately deposited Cu clusters without a
presence of O2 in the deposition chamber. A ratio of 1/(0.4) was found for Cu
cluster depositions in oxygen atmosphere using O2 flows from 1 to 20 sccm.
The reaction rate of gaseous phases with solids is determined by (i) the mass
transport through the gaseous phase, (ii) the diffusion through the (porous)
reaction zone in the solid and (iii) by the chemical reaction at the grain boundaries. Obviously, the Cu2 O formation process is only partially influenced by a
mass transport in the gaseous phase in our case, since higher O2 flow rates have
no effect. Hence, the other two mentioned mechanisms seem to be more crucial
for the Cu2 O formation. The deposited film effective area, i. e. the geometry
of deposited film nanostructure, distinguishes between oxidation mechanisms
pointed out in (i) and (ii). It strongly depends on whether the oxidation process starts on a smooth and flat surface or on a spherically shaped Cu cluster.
The well known Gibbs-equation (Eq. 5.12) shows that a chemical potential µ of
a solid phase depends on its surface:
dµ = +V dp − sdT + RT dlna + σdA.

(5.12)

V represents volume, p pressure, s entropy, T temperature, R gas constant, a
chemical activity, σ surface tension and A is the surface area of the particles.
It indicates that the Cu nanostructured film, formed from deposited clusters,
exhibit a higher reactivity during the oxidation/deposition process than a flat
homogeneous film surface. Therefore, one can expect that the diffusion controlled mechanism prevails during oxidation of already deposited Cu film at
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open atmosphere. On the other hand, Cu2 O formed inside the chamber during
the deposition is most probable caused by a reactive controlled process.
(2) Formation of CuO: copper(II) oxide (CuO) preferentially occurs if the discharge activates oxygen species. A presence of a plasma seems to be a necessary
for the conversion of fcc Cu into CuO. Chemical reactions, responsible for CuO
formation, can occur in the plasma volume or directly on the substrate surface.
Unfortunately, the exact chemical reactions are not well known yet [219] because
of their difficult direct verification. However, it is expected that the solid Cu
compound arrives on the surface in form of nanoparticles/clusters. It is hard to
say in which state the reactive oxygen occurs. It was already mentioned that O+
and O− ions, among O2 molecules and O atoms, are available in reactive oxygen
discharges [218, 220]. Here the CuO formation is ascribed to the presence of ion
and atomic oxygen particles due to nucleation and growth of CuO domains on
the surface of relatively large Cu clusters that can eventually lead to a porous
film consisting of small CuO domains. Such process might result in a rough film
surface which was observed by GIXD, XR and SEM measurements.
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An advanced dual-magnetron sputtering setup was developed in the frame of
this thesis. It includes the mechanical and electrical installation of at least two
magnetron sputtering sources. Home-made power switches enable conventional
DC power supplies to be pulsed. A magnetron was operated in different pulsing
regimes. The physical discharge properties were characterized to compare the
plasma parameters and point out peculiarities. The system is intended for the
deposition of Ti-Cu intermetallic thin films for a potential biomedical application as implant coatings. The plasma parameters were measured by multiple
diagnostics and related to thin film properties, obtained from various surface
and thin film analyzation techniques.
The setup consists of two magnetrons with a closed magnetic field configuration between both targets. Both are powered against each other by two independent electrical loops, fully floating from ground. Two externally triggered power
switching units are charged by DC power supplies and allow a discharge pulsing,
where both magnetrons work alternatingly as a cathode. The mean discharge
currents and pulse lengths can be set individually to influence the ratio of sputtered Ti and Cu. Two basic modes are compared: dual-MS (fdual ≈ 5 kHz, duty
cycle of 47%) and dual-HiPIMS (fHiPIMS = 100 Hz, duty cycle of 1%). The setup
was extended by an additional mid-frequency (fMF ≈ 100 kHz) power source that
couples inductively to the existing circuitry. It results in a permanent superposition of a mid-frequency excitation to the existing HiPIMS discharge and is
called hybrid-dual-HiPIMS. One main feature of the hybrid mode is the possibility to reduce the typical process pressure during HiPIMS about one order of
magnitude.
Higher temporal voltages and consequently higher currents are revealed during common 100 µs discharge pulses in dual-HiPIMS, compared to dual-MS by
electric probing. In the hybrid discharge, the additional MF voltage and current
component can be seen especially during the pulse delay and the idle part of
HiPIMS.
The electron density was measured time-resolved and is partially three orders
of magnitude higher in dual-HiPIMS compared to dual-MS which explains the
higher temporal discharge currents. Further, the second pulse (Cu) benefits from
a pre-ionized plasma environment caused by the first Ti pulse. The calculated
EEPFs show a maximum electron energy of up to 9 eV shortly after onset of Ti
HiPIMS and decreases until the Cu pulse of lower mean electron energy follows.
In dual-MS, electrons with less energy are more likely, but the qualitative trend
of a mean electron energy increase during the power pulses is also observed. The
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hybrid mode causes the electron density to increase earlier, faster and to peak
to a higher value. EEPFs are systematically broadened in hybrid-dual-HiPIMS,
attributed to the MF discharge support.
A stronger excitation and ionization of metal species is indicated by optical
emission spectroscopy (OES) in dual-HiPIMS whereas argon ions are preferentially ionized in dual-MS. Time-resolved OES shows metal atom excitation to
happen prior to ionization which proves ions to be generated in the plasma after
being sputtered as neutrals. In hybrid mode, Ar emission is intensified and also
observed during the idle part of HiPIMS. The superimposed MF discharge also
provides a cleaning effect, noticeable by a reduced OES anode material signal
during cathode sputtering.
The spatiotemporal discharge behavior was studied for HiPIMS discharges
by optical emission imaging (OEI). Apart from expected strong emission at the
cathode during HiPIMS, an emission in the anode region is observed, caused by
fast electrons that are trapped along the closed magnetic field lines between both
magnetrons. In the following microseconds, Ar becomes more excited along this
region. After at least half of the HiPIMS pulse, a spherical cloud-like volume
with increased optical emission can be seen moving away from the cathode.
Optical filters verify the emission to be partially from metal ions that diffuse
toward the substrate position and allow an estimation of the ion velocity. With
a microsecond time-resolution, the MF pulse excitation can be observed during
the pulse delay and for an advanced time when HiPIMS is idle.
The ion current toward the substrate has major impact on the film formation and was characterized time-resolved on the µs scale. The detection delay,
with respect to HiPIMS onset, gives a rough estimate on ion velocity, that fits
to values estimated from OEI. A higher mean ion energy during Ti HiPIMS
compared to Cu HiPIMS was measured. A large Cu ion fraction was found by
varying the mean Cu discharge current. In hybrid-dual-HiPIMS, the ion energies increase about several eV and the ion current is sustained for longer time
after the HiPIMS pulses. It could be clearly demonstrated that the pressure
has a major influence on ion energies. At low pressure, the energy distribution
broadens significantly and metal ions with an increased energy are expected,
even in the substrate vicinity.
The Ti-Cu intermetallic thin film composition can be easily controlled by a
variation of the mean Cu discharge current. While the Cu ratio can be altered
in wide range in DC-MS, the Cu content dominates in pulsed discharges, especially in HiPIMS. The sum of deposition rates, measured for each metal by
single magnetron operation, agrees well with rates when both magnetrons are
active. This was found for all operation modes. Further, the mass density was
determined to be in range between values of bulk Ti and Cu, depending on the
element composition which can be controlled by the Cu discharge current.
The size of Cu crystal domains was found to be increased with the mean Cu
discharge current. In DC-MS and dual-MS, the size of domains are quite similar
and can be measured only above a minimum Cu discharge current threshold.
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Conclusion
Dual-HiPIMS films always exhibit Cu crystallites with larger domains, compared
to the other modes. The lattice parameter of fcc Cu increases from dual-HiPIMS
over dual-MS to DC-MS because of an increasing Ti content that has a bigger
atomic volume compared to Cu.
The sputtering rate in hybrid-dual-HiPIMS is increased by the superimposed
MF discharge. It leads to a significantly higher deposition rate, especially at
reduced pressure which is inaccessible in the other discharge modes. At the
same time, a decreasing film density is observed that correlates with a smaller
mean size of Cu crystallites.
Generally, the chemical structure of the films is characterized by crystalline
Cu found preferentially in pulsed modes but mainly in HiPIMS. Ti is X-ray
amorphous but could be proved in form of TiO2 by post-deposition rapid thermal annealing. Ti particles enwrap Cu crystallites or represent part of a solid
solution.
Nanostructures can be built also from deposition of clusters that are formed
in the gas phase. For that reason, a nanoparticle source was designed, built and
used for cluster particle studies. As a unique feature, the system allows to inject
buffer gas in controllable pulses. The novel approach is to dynamically influence
the cluster growth conditions by pulsing the injected buffer gas. A quadrupole
mass filter was enhanced to a system that allows time-resolved measurements of
the cluster mass distributions. By that, different growth phases can be identified
during a pulse period where the cluster coagulation process can be observed
directly. It was found that clusters respond almost instantly to pressure changes.
The largest nanoparticles are formed at highest pressure in the aggregation
volume.
The variation of gas pulse repetition frequency allows a significant change of
the nanoparticle mass distribution. This is attributed to higher peak pressures,
achieved during a lower pulsing frequency while the mean pressure was kept
constant. To compare the cluster source performance at different gas pulsing
frequencies, the time-averaged mass distributions were calculated. They can
be approximated properly by a log-normal function from which characteristics
like full-width-at-half-maximum (FWHM), most probable mass, mean mass and
total mass can be calculated.
These quantities indicate the formation of largest clusters with a decreasing
gas pulsing frequency, as the temporal pressure reaches increasing peak values.
Thereby, the mass distribution broadens and shifts toward larger masses while
the mean and total mass increases. On the other hand, an increasing repetition
frequency inhibits an effective pressure oscillation in the cluster source, so that
ultimately continuous gas operation conditions are achieved. By considering
the total emitted cluster current, it could be shown that a larger mass flux at
a lower gas pulsing frequency is caused rather by an increased cluster size than
by the amount of emitted clusters per time unit.
As a complementary technique, atomic force microscopy was used to study
the deposited clusters. It qualitatively confirms the formation of larger clusters
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during pronounced buffer gas pulsing. The calculated particle and mass flux increase stronger with decreasing gas pulsing frequency, most probably caused by
a contribution from neutral particles that are not registered by the quadrupole
mass filter.
Buffer gas pulsing turns out to be an easy and effective method to influence
the mass distribution of nanoparticles produced by a Haberland type gas aggregation nanocluster source. Larger clusters, compared to those in a conventional
continuous gas operation, can be obtained due to higher peak pressures at the
same average pressure in the cluster source.
In order to create a novel nanocomposite material, metallic Cu clusters have
been deposited into a dielectric TiO2 matrix. This type of films were realized
by a co-deposition of the clusters and Ti, sputtered in an additional installed
magnetron in a reactive oxygen atmosphere.
Separately deposited Cu cluster and TiO2 samples were analyzed by various
X-ray-based surface and thin film diagnostics. The nanocluster film shows Cu in
a polycrystalline fcc phase with a slight oxidation in form of Cu2 O. A columnar
structure of Cu deposits, with an orientation according to the angle between
the cluster beam axis and the substrate surface normal, is revealed by scanning
electron microscopy (SEM). An X-ray-based film thickness measurement fails
for Cu cluster depositions due to inherent film inhomogeneity, but could be
estimated from SEM imaging after focused ion beam etching.
Ti magnetron deposition in a reactive O2 atmosphere composes amorphous
TiO2 . Other Ti oxides could be excluded by high resolution X-ray photoelectron
spectroscopy investigations. The films are homogeneous and grown at a rate of
about 1 nm/min.
The combined nanocomposite film was deposited and analyzed then. While
structure of TiO2 is unchanged, metallic Cu and Cu2 O (copper(I) oxide) have
vanished surprisingly. Instead, all Cu is present as CuO (copper(II) oxide).
Additional experiments reveal two different oxidation pathways: A fraction of
Cu2 O is formed by a diffusion limited process and saturates at an already small
oxygen flow rate in case of separate Cu cluster deposition. In contrast, CuO is
formed in a plasma chemical process with the presence of discharge activated
oxygen particles during co-deposition for nanocomposite film synthesis.
The here presented work shows different approaches of how Cu-Ti based
nanostructured films can be synthesized. It was shown that the film properties
are strongly dependent on the gas phase particle characteristics, e. g. electron
and ion properties in an advanced sputtering system or cluster size/mass in
a nanoparticle source. A pulsing of the discharge current or of the buffer gas
allows a variation of gas phase particle parameters, and by that, an influence
on the properties of the deposited films. In both cases the pressure is proved as
a key parameter that influences the elementary plasma chemical processes and
consequently the depositions.
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[98] K. L. Kolipaka, V. Brüser, R. Schlueter, A. Quade, J. Schaefer, H. Wulff, T. Strunskus and F. Faupel,
Surface & Coatings Technology 207, (2012) 565 – 570.
[99] O. Polonskyi, P. Solar, O. Kylian, M. Drabik, A. Artemenko, J. Kousal, J. Hanus, J. Pesicka, I. Matolinova, E. Kolibalova, D. Slavinska and H. Biederman, Thin Solid Films 520, (2012) 4155.

147

Bibliography

[100] L. Rosenthal, A. Filinov, M. Bonitz, V. Zaporojtchenko and F. Faupel, Contrib. Plasma Phys. 51, (2011)
971.
[101] S. Szu, C.-L. Cheng, Materials Research Bulletin 43, (2008) 2687 – 2696.
[102] O. Cintora-Gonzalez, D. Muller, C. Estournes, et al., Nucl. Instrum. Methods B 178, (2001) 144 – 147.
[103] H. Zutz, D. Lyzwa, C. Ronning, M. Seibt, H. Hofsäss, Nuclear Instruments and Methods in Physics
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