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R. Lorenz Introduction

1. INTRODUCTION

Thin film technology is considered as a current key material technology and the
increasing number of thin film products are strong economic drivers within our
economy, including microelectronics, photovoltaics, optical components and flat panel
displays. With a broad range of advanced physical, chemical or electrical properties, the

deposited thin films represent an important part of surface engineering [1,2].

Multifunctional thin films based on molybdenum (Mo) and Mo alloys have undergone
an intense development during the recent years. Particularly, the versatile range of
properties approved Mo as a suitable material for a large number of different
applications. With its low electrical resistivity and high thermal stability it is used as back
contact layer for Cu(In,Ga)Sez (CIGS) solar cells [3—6]. In microelectronics and the
manufacturing of thin film transistor-liquid crystal displays (TFT-LCD), Mo thin films act
as diffusion barriers between Cu and Si, preventing the formation of the CusSi phase.
Due to its high melting point, Mo is characterised by a low diffusivity. Further, Mo thin
films show a good line patterning by dry or wet etching, a key step in TFT manufacturing
[5,7-9]. Moreover, Mo thin films are widely used as gate and source/drain signal lines
and interconnect material in data bus lines for TFT-LCD or touch screen panels, again
because of the low electrical resistivity, the easy patterning and the strong adhesion to
glass [3,5,6,8,9]. By alloying of Mo with elements like Al, Ti, Nb or others, a further
improvement of the oxidation and corrosion resistance of the thin films can be achieved

[3,9,10].

Another promising class of materials in the field of thin films are niobium oxides (NbOy).
Within the complex Nb-O system, as a result of the Nb charge states of 2+, 4+ and 5+,
three different stable oxides are existing, namely niobium monoxide NbO, niobium
dioxide NbO; and niobium pentoxide Nb,Os. Besides, several stoichiometric and non-
stoichiometric (metastable) phases and polymorphs are known in the Nb-O system [11].
NbO, which is a metallic material, shows superconductive properties at temperatures
< 1.38 K, while NbO; is a blue coloured oxide, showing a semiconductor-metal transition
at elevated temperatures [11,12]. Nb;Os is the thermodynamically most stable phase,

covering several temperature dependent polymorphs, like the TT-, T-, M- and H-phases,
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but can also exist in an amorphous state. The amorphous, dielectric Nb2Os is transparent
in the visible light range with a high refractive index, making it usable for optical thin
film applications like optical interference filters [11-15]. In addition to these optical
applications, NbOy are applied as capacitors, oxygen sensors, corrosion resistant

materials and biocompatible coatings [14-16].

To deposit the above mentioned Mo-based and NbOy thin films, physical vapour
deposition, or more precisely d.c. magnetron sputtering, is often the technique of
choice. With film thicknesses ranging from a few nm up to um and substrate sizes up to
large glass panels used for architectural glass, magnetron sputtering is a multifarious
thin film process. The films deposited can be single-element or alloyed metallic films, if
the deposition is carried out in an inert atmosphere, as well as compound films in case
of a reactive deposition. Here, compounds (like oxides) are formed by the reaction of
the sputtered elements with the reactive gas atmosphere [17]. Alloying of films during
deposition can be performed by co-sputtering of single-element targets. There, two or
more single-element targets are sputtered simultaneously, leading to a mixture of the
sputtered atoms and the formation of a homogenous, alloyed film [18]. Alternatively,
alloying can also be performed by sputtering from an alloyed or a compound target,
consisting of two or more elements within one target. During sputtering, a flux of atoms
is ejected from the target surface with a composition identical to the target composition,

forming again a homogenous, alloyed film [18].

The manufacturing of such alloyed or compound targets can be carried out by cold gas
spraying (CGS), a novel thermal spray technique. There, a dense and solid thick coating
is deposited by accelerating a metallic powder or powder mixture in a high velocity gas
jet. The powder particles are not getting melted or thermally softened prior to the
impact onto the substrate. Deposition only occurs by the plastic deformation of solid
particles. Due to the high kinetic energy of the powder particles and respective low gas
temperature of a maximum of 1000°C, the oxygen content within the coatings is low,
since no oxidation or phase transformation occurs during spraying. Thus, thick CGS

coatings are a potential candidate for the use as sputter targets [19-22].

Within the present work, CGS was used for the manufacturing of laboratory-scale planar

as well as industrial-scale cylindrical rotatable sputter targets. The chemical

2
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compositions of the cold sprayed targets cover both, single-element targets made of Nb
and multi-element compound targets made of MoAl, MoAITi and MoNb. Investigations
were carried out on the preparation of multicomponent targets by CGS, the influence of
sputtering parameters like the Ar gas pressure on the chemical composition of the
alloyed films due to changes occurring during the gas phase transport from the target
to the substrate and differences in the element specific gas phase scattering. In addition,
the evolution of thin film microstructure and properties, in particular electrical
resistivity, oxidation resistance and wet etching behaviour, has been analysed. Further,
a comparison between the sputter behaviour of Nb CGS targets and commercially

available, sintered Nb targets during reactive magnetron sputtering was established.
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2. SPUTTER DEPOSITION

Magnetron sputter deposition represents a typical thin film deposition technique within
the group of physical vapour deposition (PVD) methods. Physical sputtering is the non-
thermal vaporization of a target material, followed by the transport of the vapour from
the target towards a substrate and finally the condensation of the vapour on the
substrate [1,17]. With the high variety of materials possible to be deposited by
magnetron sputter deposition, it is an established process of choice in many different
applications. Examples are optical coatings used for mirrors or architectural glazing,
wear-, erosion-resistant or tribological coatings for cutting tools, corrosion-resistant
coatings and functional thin films used in flat panel displays and microelectronics

[17,23,24].

2.1. Physical basics

Sputter deposition is one of the most frequently used techniques for deposition of thin
films onto a substrate. Sputtering itself is based on the bombardment of a target surface
by energetic charged particles, which are accelerated by an electric field, leading to a
number of processes on the target surface, as shown in Figure 1. Some of the energetic
particles, usually ions originating from a gas discharge, penetrate the target surface
region (depending on their initial energy to depths between 1.5 and 15 nm [18]),
creating a collision cascade, where some of the momentum is transferred to the surface
atoms. These atoms may be ejected (“sputtered”) from the surface and may condense
on a substrate as thin film. Other ions bombarding the surface can be neutralized and
reflected or implanted into the near surface region, as can be seen for the squared
symbols in Figure 1. To describe the efficiency of the sputtering process, the sputter
yield can be used. The sputter yield corresponds to the number of ejected atoms per
incident ion. It depends on the energy of the incident ions, their mass, the mass of the
target atoms as well as the surface binding energy of the target atoms. The most
common form of sputtering is the plasma assisted sputtering, where positive ions, like
Ar*, are accelerated towards the target, which is at negative potential with respect to

the plasma. The ionization of the Ar atoms takes place by inelastic collision with

5
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electrons. Secondary electrons, generated by the Ar* bombardment of the target

surface, are able to further increase the ionization of the Ar atoms [1,2,17,18].
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Figure 1: Interaction of energetic particles bombarding a surface [17].

2.2. Direct current diode sputtering

The principle of sputtering, as described in section 2.1., can essentially be applied using
a d.c. diode sputtering system, which represents the basis of other sputtering systems
like d.c. magnetron sputtering. The sputtering system, evacuated to pressures in the
high or ultra-high vacuum range (103 — 10”7 mbar), consists of two planar electrodes.
The cathode, which acts as the target, is connected to a negative voltage of several
thousand volts, whereas the substrate holder represents the anode. In the simplest
case, the anode is grounded. By applying an Ar gas pressure of > 1.3 Pa (> 10 mTorr [17]),
which acts as the working gas, and a d.c. voltage of -2 to -3 kV to the cathode [23], the
gas discharge can be initiated. Electrons are accelerated away from the cathode,
bombarding the substrate and the surface of the vacuum chamber, resulting in
undesired heating, whereas a few electrons collide with Ar atoms to create additional
ions by inelastic collisions. The cathode material is limited to electrically conductive

materials, since for an insulating material a positive surface charge develops, preventing
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further ion bombardment. Due to several limitations like the low ion current density and
thus low sputtering rate plus the effect of substrate heating, d.c. diode sputtering is

nowadays very rarely employed in production environments [17,18,23,25].

2.3. Magnetron sputtering

A schematic representation of a planar magnetron sputtering system is displayed in
Figure 2, with one permanent magnet positioned in the target centre and a ring of
magnets on the outer edge of the target [18]. The installation of the magnets on the
target reverse side applies a magnetic field B parallel to the target surface. This magnetic
field forces the secondary electrons, emitted during ion bombardment of the target, to
stay on a circulating closed path near the target surface. This leads to a high flux of
electrons, increasing the ionization efficiency of Ar atoms, creating a high density
plasma. The region of the most intense plasma can be named as the so-called
“racetrack”, where the electric field E and the magnetic field B are perpendicular to each
other and thus form a maximum of the Lorentz force, providing an effective confinement
for electrons [1,17,18,25]. With the now higher sputtering rate, the deposition rate at
the substrate is also increased, whereas at the same time undesired heating of the
substrates by electron bombardment is significantly reduced. Additionally, the higher
ionization efficiency enables a sputtering process performed at lower target voltage as
well as lower Ar gas pressure, preventing scattering and thermalization of the sputtered

atoms during the gas phase transport towards the substrate [23,25].
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Figure 2: Schematic representation of a planar magnetron with the indication of the
magnetic field lines, the most intense plasma region as well as the formation of the
target racetrack [18].

A possible disadvantage of this conventional “balanced” arrangement of the
magnetrons is, that the plasma is limited to an area near the target, making it
unavailable to activate reactive gases in the plasma near the substrate to perform
reactive magnetron sputtering [17,25]. By strengthening the inner pole relatively to the
outer pole (type 1) or the outer pole relatively to the inner pole (type 2), unbalanced
magnetron sputtering can be established, as can be seen in Figure 3. In both cases the
magnetic field lines are not closed. For type 2 unbalanced magnetron sputtering, which
is the commonly used design, some magnetic field lines are directed towards the
substrate which limits the plasma not only to the near target region. Additionally it has
been mentioned, that with the type 2 configuration the substrate ion current density
can be roughly an order of magnitude higher than in the balanced configuration. The
changed shape of the magnetic field lines allows electrons to escape the magnetic trap
and follow the field lines towards the substrate. The increased electron flux and thereby
the also increased ion flux deliver more energy to the substrate, which can support thin

film growth [1,17,23,25].
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Figure 3: Configuration of a conventional balanced planar magnetron plus the
configuration of type 1 and type 2 unbalanced planar magnetrons [23].

2.4. Cylindrical rotatable targets

The formation of a racetrack on the surface of a planar target leads to an
inhomogeneous material removal and to the formation of sputter erosion tracks. Within
this erosion track the targets thins out, while areas beside stay largely untouched. As a
consequence the target material utilization is only between 30 and 40 % [24,26]. One
way to improve the target utilization was the development of rotatable cylindrical
targetsin the early 1980’s and their industrial use since the 1990’s [24,27,28]. There, the
sputter target, displayed in Figure 4, is a cylindrical tube rotating around a stationary
magnetron configuration with a magnetic field line design similar to planar magnetrons
[1,24]. Due to the rotation, continously new target surface gets exposed to the plasma,
leading to uniform sputter erosion and significantly increased target utilization, reaching
75 — 90 % without the localized formation of erosion tracks. The uniform erosion also
results in a continuous and homogeneous change of the effective magnetic field at the
target surface over target lifetime [1,24,27,28]. Because of the more efficient cooling by
the water inside the target tube (see Figure 4), higher power densities can be used for
cylindrical rotatable targets compared to planar targets. The increased sputter power
results in an increased deposition rate and consequently decreased process time
[24,28]. The more complex target design and the more elaborate fabrication are the

drawbacks of cylindrical rotatable targets, limiting the availability of target materials or
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necessitating alternative manufacturing routes, like thermal spray techniques such as
cold gas spraying, described in section 4 [1,27]. Nevertheless, cylindrical rotatable
targets find a wide field of applications, mainly in large area depositions like web
coatings, flat panel displays, photovoltaic solar cells and architectural glass coatings

[28,29].

Water outlet

Target

- s Water inlet
Body

Magnet set

Figure 4: Cross-section of a cylindrical rotatable magnetron sputter system [24].

2.5. Reactive magnetron sputtering

By sputtering from a pure metallic target with the presence of a reactive gas, reactive
magnetron sputtering can be performed. Typically reactive gases, which are added to
the inert Ar working gas, are O3, N2, CHs or CF4, as well as mixtures of the named gases.
Therefore, a large number of different compound films can be deposited like oxides,
nitrides, oxy-nitrides, carbides and fluorides, which are found in a large number of
applications (e.g. hard coatings for cutting tools, optical films, decorative coatings, thin
films for micro-electromechanical systems or transparent conductive oxides)
[2,18,30,31]. A characteristic of reactive magnetron sputtering is the existence of two
different sputtering modes: (i) the metallic mode at low reactive gas partial pressures

and (ii) the poisoned mode at high reactive gas partial pressures. These two modes are
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separated by a transition region which shows a hysteresis behaviour, as indicated by
Figure 5. In the area A to B, the reactive gas is gettered by the sputtered atoms, yielding
a constant reactive gas partial pressure. Without the presence of a discharge, the
reactive gas partial pressure would increase linearly, as shown by the dashed line in
Figure 5 (b). At point B, the number of reactive gas atoms is equal to the number of
sputtered atoms gettering them. The further increase of the reactive gas flow leads to
the formation of a compound on the (metallic) target surface freshly exposed to the
reactive gas, significantly decreasing the sputter rate of the metal atoms from the target.
Therefore, a lower flux of metal atoms is available at the substrate to react with the
reactive gas, drastically decreasing the deposition rate. During this poisoned mode (area
Cto D), where the whole target surface is covered by the compound, the deposition rate
stays constant at low values with an at the same time linearly increasing reactive gas
partial pressure. In the subsequent decrease of the reactive gas flow (D to E), the return
to the metallic mode is delayed until all of the compound is removed from the target
surface and only metal atoms are sputtered again (F), completing the hysteresis

[2,18,30].

(a)

A Metallic mode F __ s B
® Region of
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Figure 5: Outline of (a) the deposition rate and (b) the reactive gas partial pressure as a
function of the reactive gas flow during reactive magnetron sputtering, redrawn after
[2,30].
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2.6. Sputter deposition of multicomponent films

A number of scientific contributions covering different aspects of the deposition of
multicomponent films grown by sputtering from multicomponent sputter targets have
been published. Examples include material systems like W-Ti [32-34], Ti-B [35], Zr-B
[36], Al-Cu [32] and Mo-Al [37]. A similarity of these films is the deviation of the chemical

composition of the films with respect to the chemical composition of the targets.

During sputtering of a virgin multicomponent target, where bulk diffusion within the
target can be neglected due to the low target temperature, surface atoms possessing a
high sputter yield are initially preferentially sputtered. This leads to a depletion of the
high sputter yield elements on the target surface and to a decrease of their sputter rate,
while the sputter rate of low sputter yield elements increases. This balance between the
two element types continues until a steady-state is reached; then the composition of
the flux of sputtered atoms leaving the target surface is identical to the composition of
the target. Steady-state can be typically achieved within the first 100 - 200 atom layers
sputtered, depending on sputter rate and Ar ion energy, which usually occurs within the

first few seconds of sputtering [2,18].

During the transport phase from the target to the substrate, collisions between the
sputtered atoms and gas atoms occur. In case of a multicomponent system, in particular
with a pronounced mass difference between the sputtered species, element specific
scattering can lead to a shift in the chemical composition of the flux with respect to the
target. Lighter elements are scattered more efficiently and undergo a more efficient
thermalization during collision with the Ar background gas, which can be expressed by

the energy transfer coefficient € [1,18,32,34,35].

4mm,
€= (1)
(my +my)
If a collision occurs, the sputtered atom shares its momentum with the gas atom and
loses a certain amount of energy and gets deflected at a certain angle. g, and therefore

the energy loss, gets maximized when the mass of the gas atom (mj1) is similar to the

12
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mass of the sputtered atom (m;). Heavy elements loose only a small fraction of their
kinetic energy and deflect only slightly, retaining their initial direction towards the
substrate, whereas lighter elements scatter through a large angle. Additionally, heavy

elements need a higher number of collisions until they are finally thermalized [18].

The influence of the background gas pressure on the gas phase transport of alloys has
been described by Rossnagel et at. [32] and Bundaleski et al. [34]. There, the gas phase
transport is characterised by three different regimes. At low pressure conditions hardly
any collisions between sputtered atoms and gas atoms appear, which leads to a film
composition similar to the target composition. This regime is called the ballistic regime.
An increase of the pressure causes a shift towards the intermediate regime. There, in
case of a mass difference of the sputtered elements, the lighter ones are now scattered
more rapidly. The film composition with respect to the sputter target shifts towards the
heavier element. With a further rise of the pressure, the gas phase transport becomes
more diffusive. In this so called diffusive regime the heavier elements are also slowed
down and scattered effectively, which should lead to a rise of the fraction of lighter

elements, approaching again the original target composition.

Apart from that, condensation and diffusion effects occurring on the surface of the
growing film are also able to influence the chemical composition of a multicomponent
film. Condensation is on the one hand governed by differences in the sticking coefficient
of the individual species, on the other hand by preferential re-sputtering due to
energetic particles, like energetic neutrals or ions [33,35]. Differences in the sputter
yield and the energy transfer coeffcient (see Eq. (1)) during re-sputtering can cause a
shift in the chemical compostion of multicomponent films. The diffusion of atoms
depends on their surface mobility, which gets increased by the atom energy and thermal
energy originating from the substrate temperature. Differences in the diffusivity may
cause self-shadowing effects and the formation of lower density films (see also section

3.2) [18].

13
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3. THIN FILM GROWTH

Thin film deposition and growth usually takes place far from thermodynamic
equilibrium. Low temperatures during deposition of 0.2-0.3 Tr,, where Tn, is the melting
point of the deposited material in Kelvin, enables formation of metastable phases as
well as the evolving of a microstructure in a competitive fashion [38]. The growth
process is typically characterised by different stages such as nucleation, island growth,
coalescence of islands, formation of polycrystalline islands, the development of a

continuous structure and finally film growth [1,39].

3.1. Nucleation and island growth

The initial stage of thin film growth, i.e. the nucleation stage, is visualized in Figure 6
together with the development of the 3D island growth and 2D layer growth stages. A
flux of atoms with energies between 5-10 eV arrives at the substrate either condensing
from the gas phase, becoming so-called adatoms, getting immediately reflected back to
the gas phase or re-evaporating. Condensed adatoms are able to diffuse on the
substrate surface and to interact with other adatoms. Their mobility depends on the
energy of the initial atom, the chemical bonding to the surface as well as the substrate
temperature and can be increased by a low energy ion bombardment during deposition
[1,17]. Preferred nucleation sites for adatoms can be substrate lattice defects, atomic
steps and impurities, where they form stable nuclei (clusters of adatoms) by collision
with other adatoms. The nuclei form 3D islands or 2D layers by capturing more adatoms
as illustrated on the right hand side of Figure 6. To grow a dense film the number of

nuclei per surface unit, the nuclei density, should be high [17].
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Figure 6: Schematic representation of the nucleation process and the 3D island growth
and 2D layer growth [1].

As already indicated in Figure 6, the outline in Figure 7 shows the three different modes
of film growth, which depend on the interaction between the adatoms and between the
adatoms and the substrate surface. During the island growth, or Volmer-Weber type
growth, adatoms supply to islands by surface diffusion, since the adatoms are more
strongly bonded to each other than to the substrate. The islands grow laterally until they
coalescence, forming a continuous film. An opposite bonding characteristic can be found
in the layer growth type, the Frank-van der Merwe type growth. Here the atoms are
more strongly bonded to the substrate, building a complete monolayer which is then
covered by another monolayer. The third mode, the Stranski-Krastanov type growth
mode, can be described by a mixture of the two other modes. After the formation of
one or several monolayers, the subsequent formation of layers becomes energetic
unfavourable leading to the formation of islands. Except single-crystal epitaxial growth
of semiconductor films growing by the Frank-van der Merwe type growth, film growth
takes place by island formation in nearly all practical cases of films nucleating on

substrates with different composition or microstructure [1,2,17,25].
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Figure 7: Outline of the three different modes during thin film growth [2].

3.2. Structure zone models

A multitude number of studies have been performed to correlate the polycrystalline film
structure with the applied deposition conditions. Structure zone models (SZM) have
been developed and refined to categorize the structural evolution during thin film
growth as a function of the deposition parameters [1,17,38,39]. Figure 8 shows
exemplary the SZM for the substrate temperature Ts, with respect to the melting
temperature Tm, of the film material (the so-called homologous temperature), and the
film development over the film thickness. This SZM consists of three different zones.
Zone | at low deposition temperatures (0 < Ts/Tm < 0.2), where no bulk or surface
diffusion are recognisable, is characterised by the formation of small crystalline fibres.
The underdense films grown under these conditions preserve the random orientation
of the islands formed during nucleation and due to atomic shadowing the film shows an
extensive porosity. Within the transition Zone T (0.2 < Ts/Tm < 0.4), surface diffusion
becomes important. During this stage the grains show coarsening during island
coalescence, but no grain boundary mobility within the continuous film. The adatom
surface diffusivity enables the competitive growth of different grain orientations and

therefore a change in morphology, texture and topography with increasing film

17
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thickness. Near the substrate, the small grains formed show a random orientation out
of which the V-shaped columns grow. Grains with favourite orientations overgrow
kinetically disadvantaged columns, yielding a columnar grain structure in the upper film
part. For still higher temperatures (Ts/Tm > 0.4), in Zone I, bulk diffusion becomes
considerable, leading to grain boundary mobility throughout the whole film growth
process. With large grains growing at the expense of small or unfavourable oriented
grains, the total grain boundary area as well as the interface and surface energy gets
minimized. Zone Il films are characterised by a homogeneous, columnar structure over
the film thickness with grain boundaries perpendicular to the substrate surface

[1,17,38,39].
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Figure 8: Microstructural evolution during thin film growth as a function of the
homologous temperature and film thickness [38].
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4. COLD GAS SPRAYING

The cold gas spraying (CGS) process is the youngest process within the technical field of
thermal spraying. It was originally developed in the middle of the 1980’s at the Institute
of Theoretical and Applied Mechanics of the Siberian Branch of the Russian Academy of
Science in Novosibirsk, Russia, during studies of a supersonic two-phase flow in a wind
tunnel. The subsequent publication of a various number of US and European patents in
the 1990’s focused on the development of cold spray equipment and technologies.
Increased research activities and production efforts all over the world in the last decade
consider the CGS process a strong potential and particular attention within the scientific
community and industry [40—43]. Within the current work, CGS has been used for the
manufacturing of single-element (Nb) and multi-element (MoAl) planar sputter targets
as well as the manufacturing of multi-element (MoAITi) cylindrical, rotatable sputter

targets.

4.1. Technical basics

The main principle of CGS is the deposition of a dense and solid coating by accelerating
a metallic powder feedstock in a high-velocity gas jet, with the particularity that the
metallic powder particles are not getting melted or thermally softened prior to the
impact onto the substrate [21,22,42]. Figure 9 shows a classification of CGS in
accordance with the gas jet temperature and the particle impact velocity, compared to
other thermal spray processes like flame spraying or air plasma spraying [22]. Depending
on various types of parameters like the nozzle geometry, particle type, size and shape,
or the temperature and pressure of the process gas, the particle impact velocities for
CGS range typically between 200 and 500 m/s, but can even reach 1200 m/s. With a gas
jet temperature typically not surpassing 1000°C, the particle impact temperature can
range between room temperature and 800°C. These comparatively low temperatures
enable cold spraying of most metals but also metal-base alloys which are sensitive to

oxidation [19,20,22,44].
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Figure 9: Range of the gas jet temperature and particle impact velocity for CGS
compared to air plasma spraying (APS), flame spraying, detonation spraying, high
velocity fuel oxygen spraying (HVOF), wire arc spraying and warm spraying [22].

A schematic representation of a CGS system is displayed in Figure 10. The employed high
pressurized gas, with pressures of up to 60 bar, is typically nitrogen but also helium or
air can be used. The gas stream gets divided into the process gas stream and into the
carrier gas stream. The process gas stream flows through a gas heater and afterwards
streams into the prechamber of the spraying nozzle. The unheated carrier gas is
transported through the powder feeder, where it is evenly charged with metallic
particles to be sprayed. In the following, the charged stream enters the nozzle
prechamber, where it recombines with the heated process gas stream. The nozzle is a
de Laval type nozzle, which is characterised by a cross-section initially decreasing down
to typically ¢ 2.7 mm in the narrowest point and the subsequent enlargement of the
diameter. Thus, supersonic gas and particle velocities can be achieved. Spraying is
performed onto a substrate, which is located at a distance of 20 - 60 mm in front of the

nozzle [19,21,42].
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Figure 10: Schematic representation of a CGS spraying system [19].

With the above mentioned design, the powder particle injection into the de Laval nozzle
is performed in the subsonic part, the prechamber, of the nozzle. The subsonic injection
is characterised by an intense heat exchange of the powder particles with the process
gas, leading to an increased particle impact temperature at the substrate and to an
increased particle velocity. However, it is necessary to keep the stagnation pressure of
the carrier gas stream higher than the static pressure inside the nozzle prechamber and
thus high pressure powder feeders have to be utilised. Additionally, hard abrasive
particles are able to erode the nozzle wall in the throat. In a second method, the powder
particles can be injected into the diverging, supersonic part of the nozzle, as displayed
in Figure 11. There, excessive erosion can be avoided but the particle impact
temperature and velocities are significantly lower. Due to the injection of particles in a
supersonic gas stream, strong perturbances may occur by arising shock waves leading

to a considerable loss in stagnation pressure and gas velocity [22,45].
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Figure 11: Outline of a de Laval type nozzle with subsonic and supersonic particle
injection points [22].

Future trends and applications of CGS can be found in the spraying of composite
coatings with several compounds within the coating, reaching specific functional
properties like wear and corrosion resistance or specific electrical conductivity, to name
a few [45]. Figure 12 illustrates three possibilities for the spraying of composite coatings
by CGS. First, the deposition of a powder mixture by applying two or more powder
feeders leads to a uniform distribution of the components within the coating. With the
use of commercially available powders, this approach is characterized by low costs and
the formation of a composition gradient across the coating thickness is feasible by
adjusting the powder feeding rate of the single components. In the second approach,
displayed in the middle of Figure 12, a preliminarily prepared composite powder,
consisting of micro- or submicron sized grains, is used. The application of such powder
leads to a higher level of homogeneity for the component distribution within the
coating. However, due to the changed deformation behaviour of the composite
particles, a successful spraying and deposition can be more challenging. Additionally,
changes in the chemical composition over coating thickness are not possible. For the

last, more innovative approach shown on the right-hand side of Figure 12, cladded or
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coated powder particles are applied. There, typically hard particles are cladded by a soft

thin material which enables the binding of the particles on the substrate [22,45].

powder mixtures composite powders cladded powder

A B A+B A+B
A+B l A+B A+B

Figure 12: Different approaches for the deposition of composite coatings by CGS [22].

4.2. Bonding mechanisms in CGS

In view of the successful formation of a coating by the collision of solid particles with the
surface of a substrate, fundamental and interesting questions concerning the bonding
mechanisms are not yet fully understand. Likewise, it is not yet clear, if the particle
impact just leads to plastic deformation or if also recrystallization takes place. Further
thermal softening or even partial melting may occur due to kinetic to thermal energy
transition [21]. An often mentioned term for bonding of the particles is adiabatic shear
instability [19-22,46]: When the collision between particle and substrate occurs, the
pressure gradient between the two interfaces generates a shear load, accelerating the
material laterally, which causes a localized shear straining. In case of a high enough
pressure gradient and deformation, these shear strains can lead to adiabatic shear
instability. As a result, thermal softening is dominating locally over strain and strain rate
hardening followed by a discontinuous jump of strain as well as temperature and a direct
breakdown of stress. A viscous flow is generating an out-flowing materials jet with
temperatures close to the materials melting temperature. The heated surfaces are thus
bonded together. A simulated impact of a 25 um Cu particle onto a Cu substrate is

displayed in Figure 13 for two time sections, showing the resulting strain fields.
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Figure 13: Strain fields during impact of a single 25 um Cu particle onto a Cu substrate
for two time sections [19].

The particles themselves must provide a sufficient ductility to build up a dense coating
and to withstand the intense plastic deformation. Additionally, the materials cooling
rate is mentioned as one important factor for bonding, which should be low enough to
enable adiabatic shear instability but high enough to complete the bonding process [20].
Beside adiabatic shear instability, mechanical interlocking and metallurgical bonding are

also considered as two mechanisms for the bonding in CGS coatings [21,22].

To undergo this intense plastic deformation of the sprayed particles, their velocity has
to exceed a certain critical value, the critical velocity vcrit [19,22,40,42,46]. It is defined
as the velocity where the deposition efficiency, i.e. the amount of particles adhering to
the substrate compared to the amount of particles sprayed, reaches 50%. One possibility
for the calculation of vegit based on numerical analysis, dependent on materials
properties as well as CGS parameters, has been described by Assadi et al. [46] with a

simple empiric formula:

Verit = 667 — 14 p +0.08 T, + 0.1 5, — 0.4 T; 2)

There, the critical velocity verit decreases with the density p (in g/cm3) and the particle
impact temperature Ti(in K), but increases with the melting temperature Tm (in K) and
yield stress (in MPa) of the sprayed material. However, this formula does not consider
other particle properties, like the particle grain size. A variation in grain size and surface

to volume ratio influences vcrit due to the length scale of heat conduction and due to the
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size dependent strain rate hardening [20]. Figure 14 displays critical velocities of
different materials with a particle size of 25 um, showing wide variations between

~150 m/s for Pb and nearly 900 m/s for Ti and Mg.
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Figure 14: Calculated critical velocity vt for 25 um particles for different materials
[20].

The development of gas and particle velocity, as well as the gas and particle temperature
along the distance from the de Laval nozzle throat are displayed in Figure 15 and
described by van Steenkiste et al. [21] and Schmidt et al. [19]. Small particles with a size
of 1 um are able to nearly reach the gas velocity, while with increasing particle size the
velocity is lowered. Acceleration in a gas stream takes place by drag, where larger, and
therefore heavier particles, behave more slowly. With an increasing gas temperature
the gas density is changed, which affects the drag force on the particles leading to an
increased particle velocity. Particles heat up before reaching the nozzle throat, i.e. the
smallest cross-section of the nozzle. After passing this section, they cool down again due
to the working gas expansion within the nozzle. Small particles with sizes up to 10 um
attain the gas temperature before reaching the nozzle throat in the example displayed
in Figure 15, but show a significant temperature drop afterwards. Both can be explained
by the low thermal inertia of these small particles. Mid-size particles of 20 um and large
particles of 50 um are heated more moderately, however their temperature profile stays

also more constant leading to the highest particle impact temperatures.
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Figure 15: Computed gas and particle velocity and temperature for various particle
sizes as a function of the distance from the nozzle throat [21].

4.3. CGS coating properties

Thermal spraying of materials which are sensitive to oxidation such as Mo, Nb, Ti or Al
can be difficult due to the increased temperatures and therefore accelerated oxidation.
For CGS with its significantly lower temperature working area and typically inert working
gas, oxidation can be almost completely avoided. Usual oxygen contents reported are in
the range of or even below the powder feedstock oxygen content. Additionally, possible
thin particle surface oxide layers can be crushed and removed by the high velocity
particle impact [19,21,41,47]. With the sprayed particles staying in solid-state and the
low temperature, undesirable grain growth is also avoided during CGS. The powder
feedstock grain size distribution usually is maintained within the sprayed coatings. Phase
changes, like decompensation or the formation of metastable phases, are also not

expected during cold spraying [41].

Cold sprayed coatings are characterized by a low porosity and respective high coating
density due to the intense plastic deformation upon impact on the substrate. Any
loosely bonded particles are removed by the spray jet and subsequent impinging
particles shot peening the already coated surface, further increasing the coating density
[21,41]. Typically mentioned density values for cold spray coatings are for example up
to0 98.5% of the Al bulk density [48] or 98.4% of the Nb bulk density [49]. Porosity values
range between 0.1 and 1% for Fe, between 0 and 0.1% for Cu [21] and 0.3% for Nb

coatings [50], while for plasma sprayed coatings porosities of up to 10% are possible
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[44]. Figures 16 (a) to (c) show exemplarily light optical micrographs of CGS coatings
prepared within this thesis, demonstrating the uniform particle distribution, the strong
particle deformation and the formation of low porosity coatings for the systems Mo-Al,

Mo-Al-Ti and Nb.

Figure 16: Light optical micrographs of cold sprayed (a) Mo-Al, (b) Mo-AI-Ti
and (c) Nb coatings (own work).

Most thermal spray processes lead to tensile residual stresses within the coatings with
possible bonding failures due to micro-cracking and deterioration of the coating
performance. In CGS the residual stress profile consists of two sources, (i) thermal
mismatch and (ii) deposition stress. Since CGS is performed above room temperature, a
thermal misfit can occur during cooling down because of differences in the thermal
expansion coefficient of coating and substrate. With a suitable choice of the substrate
material and sample thickness, thermal stresses can be eliminated. The peening process
with the high amount of plastic deformation is governing the residual stress profile with
the formation of compressive stresses across the whole CGS coating thickness [41,48].
Possible locations for a coating failure can be found at the substrate/coating interface

in case of a high stress gradient or weak interfacial bond strength. Figure 17 shows an
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example of a residual stress profile of an Al CGS coating on Mg substrate. The absolute
stress values are low, but significant differences can be seen at the substrate/coating

interface position (through thickness position 0 in Figure 17), representing a potential

risk for coating delamination [48].
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Figure 17: Through-thickness stress profile of a CGS Al alloy (Al 6061) on a Mg
substrate [48].
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5. SUMMARY AND CONCLUSIONS

Within the present thesis, cold gas spraying was used for the development and
manufacturing of magnetron sputter targets based on refractory metals. The
investigation focused on the preparation of thick cold sprayed coatings, the evaluation
of the sputtering behaviour of cold sprayed targets and the development of thin film
microstructure and properties. Cold gas spraying has proven a high flexibility in the
manufacturing of sputter targets with respect to target shape and target alloying
concept. Planar laboratory scale as well as industrial scale cylindrical, rotatable sputter
targets have been successfully prepared. In addition, single-element as well as multi-
element sputter targets have been fabricated. The targets are characterised by a
uniform distribution of the sprayed particles and a low porosity, as exemplarily
demonstrated for the Mo-Nb system. The use of single-element Nb targets during
reactive magnetron sputtering indicated that the cold sprayed targets behave
equivalent to commercially available sintered Nb targets. The deposited NbOy films
presented a comparable profile of properties, with an amorphous microstructure, an
optical transparency shift with increasing oxygen partial pressure and the formation of
Nb2Os bonds. Variations of the Ar gas pressure during sputtering of multi-element
Mo-based targets evidenced a strong influence on the chemical composition of the
deposited films with respect to the chemical composition of the targets. The mass
difference of the individual elements within the investigated Mo-Al-(Ti) targets leads
consequently to a different scattering behaviour during collisions of the sputtered atoms
with the gas atoms during the transport phase between target and substrate. An
increasing Ar gas pressure, however, can further influence the chemical composition
due to changes in the gas phase transport characteristics, changing from ballistic to
diffusive. With the changed chemical composition, the properties of the films are also
influenced, showing for example an increased oxidation resistance as the Al and Ti
content in Mo-based films increases. Therefore, the Ar gas pressure allows the fine-
tuning of the thin film properties by sputtering from a cold gas sprayed multi-element

target.
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With respect to future prospects for cold gas spraying and the manufacturing of sputter
targets, potential approaches might be found in the expansion of the system diversity.
Alloying concepts based on refractory metals other than Mo might be a first step, which
should simultaneously include the improvement of the spraying process to enhance the
deposition efficiency and therefore the efficiency for the target preparation compared
to commercially available manufacturing routes. The number of elements within a multi-
element cold gas sprayed target is also a factor which is not necessarily limited, just as
the deposition of multi-element oxide or nitride films by reactive magnetron sputtering.
In summary, cold gas spraying has proven its potential to break the chains of present
target manufacturing routes in the design and alloying of sputter targets for the

deposition of multifunctional thin films.
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Abstract

Within the current work, Mo-Nb coatings have been deposited on Ti substrates by cold
gas spraying. Two different approaches for powders have been compared, i.e. a Mo/Nb
powder mixture and elemental Mo and Nb powders, where for the latter the feed rate
was individually controlled by two separate powder feeders. Additional variations
included the shape of the used Mo powders as well as the spraying gas temperature and
gas pressure. The homogenous, dense and low porosity coatings are characterised by a
significantly decreased Mo content within the coating with respect to the powder
composition used. A higher gas temperature and pressure increased the deposition
efficiency, which nevertheless strongly declines as the Mo content within the powder
mixtures increases. The use of a more porous Mo powder results in a higher deposition
efficiency and higher Mo content within the coatings, as compared to a densified Mo

powder.
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1. Introduction

Cold gas spraying (CGS), a novel deposition technology within the field of thermal
spraying, has created a lot of interest in research, leading subsequently to a growing
market share within the last decade [1-3]. The major advantage of CGS, compared to
other thermal spray processes like flame spraying or plasma spraying, is the avoidance
of melting or thermal softening of the powder particles prior to the impact on the
substrate [1-6]. The deposition of solid and dense coatings by CGS is attributed to the
high kinetic energy impact of the solid powder particles onto the substrate, leading to a
low oxygen content and low thermal stresses in the coating and the substrate,
preventing coating failure at the substrate-coating interface [4—7]. The powder particles
are accelerated by a high pressurized gas jet with the use of a De Laval type nozzle to
reach supersonic velocities of up to ~1200 m/s. The particle temperature during impact
ranges between room temperature and 800°C, depending on the adjusted gas
temperature (up to 1000°C), the nozzle design, the particle size and the heat capacity of
the particles [2,3,5,8]. If the powder particles reach a critical velocity, they are bonded
to each other and to the substrate due to adiabatic shear instability and localized
extensive plastic deformation [2,6,8]. As reported by Grigoriev et al. [2], the critical
velocity can depend on the particle specific heat, the particle melting point, the particle
density, the particle yield strength as well as the particle impact temperature.

Reports on the cold gas spraying of refractory metals or refractory metal containing
compound systems are rare due to their brittle nature and the thus low deposition
efficiency, but they can be found for systems like WC-Co [9], Mo-Al [10], Nb [11,12], and
W-Cu [13]. Within this work, the sprayability of the Mo-Nb system by CGS is explored,
to shed light on the deposition efficiency, the chemical composition of the CGS coatings
as well as the microstructural development for systematically varied spraying

conditions.

2. Experimental

Spraying was performed using an industrial-scale CGS device with a maximum operating

pressure of 60 bar and a maximum gas temperature of 1000°C, with two powder feeders
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connected. Nitrogen was used as carrier gas. The powder was sprayed in 100 layers onto
cylindrical titanium substrate rods (¢ 30 mm) with a length of 30 mm, using a spraying
distance between nozzle and substrate of 40 mm, by oscillating the nozzle in front of the
substrate. Two different settings of nitrogen gas temperature and gas pressure have
been chosen for the depositions, i.e. 800°C/47 bar and 1000°C/60 bar. A fused and
crushed Nb powder with a particle size between 5 and 45 um (Amperit 160.003, H.C.
Starck, Goslar, Germany [14]) was used together with two different Mo powders. First,
an agglomerated and sintered Mo powder with a particle size of 15 to 45 um (Amperit
105.074, H.C. Starck, Goslar, Germany [14]) and second, a densified, spherical powder
with a particle size of 10 to 44 um (SD 152, Global Tungsten & Powders, Towanda, USA
[15]). To vary the chemical composition of the deposited coatings, powder mixtures with
mixing ratios of 50/50, 60/40, 70/30, 80/20 and 90/10 at.% Mo/Nb were prepared prior
to CGS by mixing in a Turbula mixer (type T2F, WAB AG Maschinenfabrik, Muttenz,
Switzerland) for 1 h. For comparison with these prepared powder mixtures, the chemical
composition of the Mo/Nb powder feedstock was also varied by adjusting the feed rates
of the two powder feeders filled with the individual elemental molybdenum and
niobium powders, in a second deposition run. The overall powder feeding rate was kept
constant at ~30 g/min for both experimental setups, i.e. the spraying of the powder
mixtures and the two individual elemental powders.

The deposition efficiency of the cold spraying process was calculated from the weight
gain of the titanium substrates in relation to the used powder. The chemical composition
of the sprayed coatings was examined by X-ray fluorescence spectroscopy (XRF) using a
Bruker S8-TIGER. To study the microstructure of the coatings, metallographic cross-
sections were prepared by grinding the samples with a Struers TegraPol-31 using silicon
carbide abrasive paper with increasing grit from 320 to 4000. The subsequent polishing
was done with a silicon dioxide polishing suspension (OP-S, Struers, Willich, Germany).
Light optical images were recorded using a Zeiss Axio Imager M1m with a Zeiss Axio Cam
MRc5 camera, after etching the grinded and polished metallographic cross sections in a
Murakami etchant for 8 s. The Murakami etchant, composed of 10 g KsFe(CN)s, 10 g
NaOH and 100 ml H20, is known for dissolving molybdenum and molybdenum alloys,

while niobium remains unaffected [16]. Finally, X-ray diffraction (XRD) measurements
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were performed using a Bruker-AXS D8 Advance diffractometer in Bragg-Brentano

configuration with Cu-Ka radiation (A = 1.5406 A).

3. Results and discussion

3.1. Spraying with Mo/Nb powder mixtures
Figure 1 shows the development of the Mo and Nb content within the sprayed coatings
as a function of the Mo content within the used powder mixtures. In both cases, the
agglomerated and sintered Mo powder was used. Figure 1 (a) displays the chemical
composition and the deposition efficiency obtained by spraying at a gas temperature of
800°C and a pressure of 47 bar, while Figure 1 (b) summarizes the results for 1000°C and
60 bar. A steady increase of the Mo content within the coating can be seen for the rising
Mo fraction within the powder, however, with a significant depletion of Mo compared
to the powder compositions. The losses vary between ~25 at.% for the coatings sprayed
with the 80/20 at.% Mo/Nb and ~50 at.% for the 50/50 at.% Mo/Nb powder mixture.
Comparing the development of the coating compositions for the two different spraying
conditions, the observed differences are only minor. Essentially, the two settings differ
solely in the deposition efficiency. The higher spraying temperature and pressure leads
to an efficiency maximum of 62%, which is up to ~8% higher than for the low
temperature/pressure setting. A higher gas temperature increases the gas density and
therefore the velocity of the sprayed particles, since particle acceleration is performed
by drag [5]. Particles sprayed at a higher temperature can thus reach the critical velocity
easier, which fosters their bonding on the substrate and coating surface [2,3]. By
spraying the powder mixture of 80/20 at.% Mo/Nb, the deposition efficiency
significantly drops. For the powder mixture 90/10 at.% Mo/Nb no deposition occurs,
independent of the applied temperature/pressure setting. The large fraction of brittle

Mo particles within the mixture erodes the surface instead of coating build-up [3].
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Figure 1: Development of the Mo and Nb content within the coatings as well as the
deposition efficiency as a function of the Mo content within the powder mixture for (a)
800°C/47 bar and (b) 1000°C/60 bar.

3.2. Spraying with elemental Mo and Nb powders
To evaluate eventual differences between the use of Mo/Nb powder mixtures and
individual elemental powders, a second approach with Mo and Nb powders supplied
separately via the two powder feeders was chosen. There, the agglomerated and
sintered Mo powder and the Nb powder were used. Figure 2 shows again the
development of the Mo and Nb content within the coatings, in addition to the
development of the deposition efficiency, as a function of the Mo/Nb feed rate ratio.
Since the total feed rate was kept constant, a feed rate ratio of 1 can be compared to a
composition of 50 at.% Mo and 50 at.% Nb, while a feed rate ratio of 4 should be equal
to a composition of 80 at.% Mo and 20 at.% Nb. The chemical composition of the
coatings displayed in Figure 2 shows a similar trend as for the powder mixtures (see
Figure 1). While the Mo content of the coating remains significantly below that of the
powder composition, the Nb content of the coating is much higher than the
corresponding Mo/Nb feed ratio, indicating good particle adhesion and thus high
deposition efficiency for all coatings up to a feed rate ratio of 4. With further increase of
the feed rate ratio, much less coating is built up and the deposition efficiency
approaches 0%. The maximum deposition efficiency is 62%, which is equal to the
maximum deposition efficiency during spraying of the powder mixture at 1000°C and 60

bar (see Figure 1(b)). The differences observed in the utilisation of a powder mixture or
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the two individual elemental powders are therefore marginal. While using the two
powder feeders for Mo and Nb has the advantage of a more flexible adjustment of the
chemical composition, also during spraying in case of the fabrication of gradient
coatings, the application of powder mixtures can yield a more homogenous chemical

distribution within the coating with a better reproducibility [2].
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Figure 2: Development of the Mo and Nb content within the coatings as well as the
deposition efficiency as a function of the Mo/Nb feed rate ratio for spraying with two
powder feeders at 1000°C and 60 bar.

3.3. \Variation of the Mo powder characteristic

The effect of Mo powders, which differ in shape and particle density, on the chemical
composition and the deposition efficiency of sprayed Mo-Nb coatings is shown in Figure
3. Two powder mixtures with composition of 50/50 and 70/30 at.% Mo/Nb were sprayed
at 1000°C and 60 bar, where on the one hand the agglomerated and sintered Mo powder
(left side of Figure 3) and on the other hand the densified, spherical Mo powder (right
side of Figure 3) have been used. For these two Mo powders, clear deviations in the
chemical composition of the sprayed coatings have been observed. In particular,
spraying the mixture with the spherical Mo powder leads to an even more significant
loss of Mo within the coating. Mo contents of only ~10 to ~20 at.% could be determined
compared to ~26 and ~46 at.% for the mixture prepared from the agglomerated and
sintered Mo powder. The deposition efficiency obtained with the spherical Mo powder

based mixture shows a similar trend as for the agglomerated and sintered Mo powder
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based mixture, but is considerably lower due to the loss of Mo within the coating. The
decreased sprayability of the densified and spherical Mo powder can be explained by
the lower ductility of these particles. In CGS, particles should provide sufficient ductility
to form a dense and adherent coating; they should be able to withstand the intense
plastic deformation [8]. Only then, adiabatic shear instability is able to develop at the
particle/substrate interface during particle impact, which is necessary for successful
particle bonding [2,3,6,8].
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Figure 3: Development of the Mo and Nb content within the coating as well as the
deposition efficiency as a function of the Mo content within the powder mixtures for
agglomerated and sintered Mo powder (left side) and densified, spherical Mo powder
(right side) at 1000°C and 60 bar.

3.4. Coating microstructure
Figure 4 displays the microstructural development, as observed by light optical images
of the corresponding cross-sections, for four cold gas sprayed coatings deposited at
1000°C and 60 bar with increasing Mo content within the used powder mixtures: (a)
50/50 at.% Mo/Nb, (b) 60/40 at.% Mo/Nb, (c) 70/30 at.% Mo/Nb and (d) 80/20 at.%
Mo/Nb. Since there was no deposition for the 90/10 at.% Mo/Nb powder mixture (see
Figure 1(b)), no cross-section could be prepared. For a better contrast, the cross-sections
have been etched with a Murakami etchant, causing the Mo particles to appear in dark

grey colour. The distribution of the Mo and Nb particles is homogenous for all four
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coatings, which was also evident across the whole coating thickness. The coatings
sprayed with the powder mixtures of 50/50 and 60/40 at.% Mo/Nb are mainly
characterised by Nb-Nb and Mo-Nb interfaces and thus also bonds (see Figures 4(a) and
(b)). In comparison, an increased number of Mo-Mo interfaces can be seen for the two
coatings deposited at the respective higher Mo content (see Figures 4(c) and (d)). This
increased fraction of interfaces between the brittle Mo grains explains the significant
drop in deposition efficiency (see Figure 1), since the impact of a Mo particle on a Mo
coated surface does not provide sufficient ductility to develop adiabatic shear
instabilities and therefore bonding becomes more challenging. The particle shape visible
within the cross-sections is characterised by the high velocity impact of the particle onto
the substrate surface, showing a strong deformation. With particles flattened out or
partially showing a lenticular shape, their shape differs strongly from the original
powder particle shape, which can be described as porous and spherical for the
agglomerated and sintered Mo powder and irregular and blocky for the Nb powder [14].
For the coatings sprayed up to the powder mixture of 70/30 at.% Mo/Nb, hardly any
porosity can be seen within the cross-sections, corroborating that a dense coating is
formed. Formation of such dense coatings is one of the characteristic features of CGS
coatings [5,8], which has also been reported for Nb coatings [11,12]. In comparison,
several large pores, with sizes of more than 50 um, are present in the cross-section of
the sample sprayed with the 80/20 at.% Mo/Nb powder mixture, as indicated by the red
arrows in Figure 4 (d). Spraying with the 80/20 at.% Mo/Nb powder mixture is therefore

unsuitable, since these pores can contribute to the failure of the coating.
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Figure 4: Light optical micrographs of four Mo-Nb samples sprayed at 1000°C and 60
bar with powder mixtures of (a) 50/50 at.% Mo/Nb, (b) 60/40 at.% Mo/Nb, (c) 70/30
at.% Mo/Nb and (d) 80/20 at.% Mo/Nb. The red arrows indicate the locations of pores.

Figure 5 displays representative X-ray diffractograms of the four coatings sprayed using
powder mixtures between 50/50 and 80/20 at.% Mo/Nb based on the agglomerated
and sintered Mo powder. These diffractograms do not differ significantly from those
obtained for other Mo-Nb coatings investigated in this work. Due to the low
temperature during cold gas spraying, which is not sufficient to melt the metallic
powders during spraying [3], Mo and Nb can be determined as separated phases without
the occurrence of a solid solution. Also no oxide impurities could be detected, since the
oxygen content within CGS coatings is known to be in the same range as the oxygen
content of the powder feedstock. Additionally, thin oxide layers on the particle surface
can be shattered by the particle impact and removed by the gas stream [5,17]. The
formation of an intermetallic compound is also not possible, since the Mo-Nb phase

diagram is characterized by a complete solubility in the liquid and the solid state [18].
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Differences between the coatings can be detected for the peak heights observed for the

Mo and Nb phases, which reflects the changing chemical composition.

log. Intensity

Diffraction angle 26 [*]

Figure 5: X-ray diffractograms of Mo-Nb coatings sprayed at 1000°C and 60 bar with
powder mixtures of 50/50, 60/40, 70/30 and 80/20 at.% Mo/Nb. The black squares and
red triangles indicate the diffraction peaks of pure Mo and Nb [19,20].

4. Conclusions

Mo-Nb coatings have been prepared by cold gas spraying onto Ti substrates with a
systematic variation of the chemical composition of the powder mixtures, the shape of
the used Mo powder, and the gas temperature and gas pressure. A higher deposition
efficiency could be achieved for an increased temperature and pressure, reaching a
maximum of 62%, but showing a dramatic drop as the Mo content within the powder
mixtures exceeds a certain threshold. The use of a spherical and densified Mo powder
leads to a further decrease of both, the deposition efficiency and the Mo content within
the coating, due to low ductility of the powder particles. The Mo-Nb coatings are
basically characterized by a homogenous distribution of the Mo and Nb particles,
forming a dense coating with largely deformed particles without any sign of oxidation.

Only the coatings sprayed with powder mixtures with a Mo content of at least 80 at.%
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showed a significant development of large pores; no coating build-up could be observed
for 90/10 at.% Mo/Nb powder mixtures, thus representing the limit of sprayability of
Mo-Nb coatings by cold gas spraying. The addition of a sufficient fraction of Nb to the
powder mixture and the utilisation of a porous Mo powder therefore enable the

fabrication of Mo containing coatings by cold spraying.
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Abstract

Molybdenum-based thin films are widely used as back-contact layers in solar cells, as
interconnect material or diffusion barriers in microelectronics, or as gate and
source/drain lines in thin film transistor liquid crystal displays. Within this work, the
sputter behavior of three different molybdenum-aluminium compound targets with Al
contents of 24, 37 and 49 at.% manufactured by cold gas spraying as well as the chemical
composition, the microstructure and the properties of the deposited thin films have
been investigated. The increase of the Al content in the targets results in an increasing
deposition rate of the films. The fine-columnar films are characterized by the formation
of a body-centered cubic solid solution resulting in an electrical resistivity increasing
from 100 pQcm for 10 at.% Al to more than 200 uQ2cm for 30 at.% Al. Monte Carlo
simulations of sputtering and gas phase transport indicate that the observed large
deviations of the chemical compositions of the films with respect to the target are

mainly caused by aluminium losses due to gas phase scattering.
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1. Introduction

In recent vyears, intense development has focused on the improvement of
multifunctional thin films based on molybdenum. Due to their good thermal, chemical
and electrical properties, they are commonly used in many different technical areas.
Examples are solar cells, where they act as back-contact material, or microelectronics,
where they are applied as diffusion barriers. Moreover, they can be used as an
interconnect material in large-scale integrated circuits and as gate and source/drain
signal lines in thin film transistor liquid crystal displays [1-4]. However, molybdenum is
known to readily oxidize even at room temperature, where the oxide films formed cause
degradation of optical properties and reduce the electrical conductivity [5]. Thus, as a
step towards molybdenum alloy films with improved properties, within this study the
sputter behavior of MoAl compound targets as well as the growth and the properties of
Al alloyed Mo films was investigated. The MoAl compound targets for the d.c.
magnetron sputter process were manufactured by cold-gas spraying, a thermal spray
technique which is used to deposit a several mm thick, dense and solid coating by
accelerating metallic powders in a high velocity gas jet, with the particularity that the
metallic powders are not melted throughout the whole process [6—9]. Due to the large
mass difference of Mo and Al, a significant deviation of the composition of the deposited
film with respect to the sputter target can be expected as a result of differences in
sticking coefficient and preferential resputtering or scattering in the gas phase [10-12].
Therefore, additional simulations within the MoAl system were carried out using the
simulation program Transport of lons in Matter (TRIM) [13,14], providing the basis for

the understanding of the sputter process of MoAl compound targets.
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2. Experimental Details

2.1. Film deposition and characterization

A series of MoAIl thin films was deposited in a laboratory-scale unbalanced d.c.
magnetron sputter deposition system containing two MoAl compound targets
(@ 50.8 x 6 mm?) focused on the substrate holder. Three different target compositions,
manufactured by cold gas spraying, with Mo/Al atomic ratios of 76/24, 63/37 and 51/49
were used. The films were grown on 20 x 6 x 1 mm?3 soda-lime glass (SLG) and (100)
oriented 20 x 6 x 0.35 mm?3 Si substrates, which were ultrasonically cleaned in ethanol
and dried with hot air prior to deposition. The target-substrate distance was about 55
mm and the substrate rotation was set at 50 rpm. The vacuum chamber base pressure
was kept below 2 x 103 Pa and before every deposition the substrates were plasma
etched using a pulsed d.c. discharge at -500 V and 250 kHz for 10 min to remove possible
contaminations. For every MoAl target variant four deposition runs were performed:
The target current and the Ar flow rates were set to 0.2 and 0.4 A per magnetron and to
30 and 60 sccm, respectively, which leads to chamber pressures of 0.5 and 1 Pa. To keep
the film thickness in the range between 1.2 and 1.4 um, the deposition time was reduced
from 30 to 15 min when increasing the target current from 0.2 to 0.4 A. During
deposition, no additional substrate heating was applied to the substrate holder, which
was kept at floating potential.

A Veeco Wyko NT1000 optical profilometer was used for the measurement of the film
thicknesses. The surface morphology as well as the fracture cross-section were
investigated with a scanning electron microscope (SEM, Zeiss EVO 50). The chemical
compositions of the films were determined by energy-dispersive X-ray spectroscopy
(EDX, Oxford Instruments INCA) using built-in sensitivity factors. X-ray diffraction (XRD)
measurements were performed using a Bruker-AXS D8 Advance diffractometer in Bragg-
Brentano configuration with Cu-Ka radiation (A = 1.5406 A). To measure the electrical

sheet resistivity of the deposited films, a Jandel four point probe was used.
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2.2. TRIM calculations

Modelling of the sputtering process of the compound targets as well as the gas phase
transport of the sputtered elements was done by TRIM 2013 [13,14]. The static TRIM
neglects compositional changes of the target surface due to preferential sputtering of
one element; however, it is used here to obtain first insight into the element specific
sputtering and scattering behavior of the target species involved [11]. This approach is
justified since both components are present in an unalloyed metallic form and in a
homogeneous distribution. Ar was used as projectile ion with a minimum and maximum
kinetic energy of 300 and 500 eV, respectively, to cover the whole range of magnetron
voltages applied during the deposition process. Compound element targets were chosen
with similar MoAl compositions as in thin film deposition, with Mo/Al atomic ratios of
75/25, 60/40 and 50/50. For the calculations, the surface binding energies of 3.36 eV for
Al and 6.83 eV for Mo are implemented within TRIM, which correspond to the values
reported in literature [15]. To achieve a sufficient statistical base, the impact of 5 x 10*
ions was simulated and the resulting sputter yields as well as the kinetic energy of the
sputtered Mo and Al were recorded.

These kinetic energy values were then used as input parameters for the transport
simulation of again 5 x 10* atoms through the Ar gas phase. The calculations were
performed for 0.5, 1 and 2 Pa Ar gas pressure and a target-substrate distance of 55 mm.
In accordance with Bundaleski et al. [12] and Mahieu et al. [16], several assumptions
have been made for the transport calculation. First, the sputtered target atoms can only
collide with argon atoms, due to the small number of sputtered atoms compared to the
high number of background gas atoms. Second, the distribution of the background gas
is constant, so possible pressure variations within the chamber can be ignored.
Furthermore, charged particles like ions or electrons are also neglected. Together with
the sputter yields from the first simulation step and the now recorded number of

transmitted Mo and Al atoms, the final atomic Mo/Al ratio could be calculated.
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3. Results and Discussion

3.1. Deposition of MoAl films

Figure 1 shows the deposition rate normalized by the power applied to the magnetrons,
calculated from the measured film thickness, deposition time and the applied target
power, as a function of the Al content within the targets. The deposition rate basically
rises with increasing Al content. This behavior can most likely be explained by the lower
surface binding energy of Al (3.36 eV) compared to Mo (6.86 eV) and the consequently
higher probability of sputtering Al [15]. In addition, the deposition rate decreases with
increasing gas pressure, due to a more pronounced scattering of the sputtered species
by Ar atoms during the transport phase [11,17]. Figure 1 also shows that the normalized
deposition rate is lower for the higher target current. It might be speculated that this is
due to ion bombardment induced changes of the chemical composition of the target
surface. To eject a Mo atom out of the target surface, a sequence of collisions between
Mo atoms is required after the primary knock-on by an Ar ion [18]. A higher Ar ion
energy, i.e. as a result of the rising target voltage as the target current is increased from
0.2 (corresponding to a target voltage of -365 V) to 0.4 A (target voltage -475 V), can
lead to a pronounced recoil implantation of Mo atoms in the subsurface layer, giving
rise to sputter erosion amplification, as proposed by Berg et al. for a platinum
contaminated carbon target [19]. Transferring their arguments of faster dissipation of
the energy of the incident ions and quicker randomization of their momentum to the
MoAl system, the increased implantation depth of Mo atoms expected for the higher
target voltage should result in less efficient sputter erosion amplification, which explains

the slightly lower deposition rate for the deposition runs done at 0.4 A.

A comparison of the Al content of the MoAl compound targets and the respective MoAl
films measured by EDX can be seen in Figure 2. The large difference between target and
film is remarkable, in particular for the 76/24 and 51/49 MoAl target variants. While the
films deposited from the 63/37 MoAl target lose ~9 at.% of Al, the losses for the other
two variants are with ~14 at.% and ~17 at.% considerably higher. For the deposition
parameters varied within this study, the Al contents differ only slightly, whereby a

tendency for higher Al contents was observed for the films deposited at 0.2 A as
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compared to 0.4 A. The reasons for the observed changes in Al content will be discussed

in section 3.2.
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Figure 1: Deposition rate per watt as a function of the Al content within the targets.
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Figure 2: Comparison of the Al contents of the MoAl compound targets and the MoAl
films sputtered from the respective targets.
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None of the films show evidence of delamination from the glass and Si substrates and
all films possess a metallic reflecting surface. The SEM top view images, which can be
seen on the left-hand side of the images in Figure 3 (a), (b) and (c), confirm the formation
of smooth films with a few scattered droplets. Considering the fracture cross-section
SEM images (right-hand side of the images), the films show a dense and fine-columnar
structure, which is attributable to the Zone T within the structure zone model for

microstructural evolution during film growth [20].

Figure 3: SEM top view and fracture cross-section images of MoAl films deposited at
0.2 A target current and 0.5 Pa Ar gas pressure onto SLG substrates; (a) 76/24 MoAl
target; (b) 63/37 MoAl target; (c) 51/49 MoAl target.

Figure 4 summarizes the X-ray diffractograms of three MoAl films deposited from the
three different target variants on SLG substrates at a target current of 0.4 A and an Ar
gas pressure of 0.5 Pa. All films are characterized by formation of a single-phase

structure with a Mo-based solid solution with diffraction peaks, which are in good
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agreement with the diffraction peaks of pure Mo (20 = 40.50°, 58.62°, 73.68°, 87.63°)
[21]. Due to the replacement of Mo by the smaller Al atoms in the body-centered cubic
lattice, the peaks shift to higher angles compared to the Mo reference positions. The
higher the Al content within the used target, the more pronounced is the peak shift, as
can be seen in the detail of the (110) Mo peak (Figure 4 (b)). The observed peak shift
corresponds to a reduction of the lattice parameter from 3.15 A for pure Mo to 3.13 A
for the MoAl film deposited from the 51/49 MoAl target. All films show a strong (110)
preferred orientation, whereas the (200) peak is almost negligible. With increasing Al
content, the intensity of the (110) peak decreases while that of the (211) peak increases
slightly. For comparison with thermodynamic equilibrium conditions, the Mo-Al phase
diagram [22] shows several intermetallic phases within a broad Al content range.
Bielawski [23] and Bates et al. [24], who synthesized MoAl films by co-sputtering,
reported on the formation of the AlsMos phase at approximately 60-70 wt.% Mo
(corresponding to ~30-40 at.% Mo). None of these phases could be found in the current
investigation, which is probably caused by the low-energy growth conditions applied
within this work. In contrast, Bielawski and Bates et al. applied a bias voltage of up

to -100 V.

—— 76/24 MoAl target 63/37 MoAl target 51/49 MoAl target B Mo
(a) m(110) m(200) m211)  (220)m (b)
1 1

log. Intensity
Intensity

30 40 50 60 70 80 90 39
Diffraction Angle 26 [°]

Figure 4: (a) X-ray diffractograms of three MoAl films deposited at 0.4 A target current
and 0.5 Pa Ar gas pressure with varying target compositions; (b) enlarged detail of the
(110) peak for varying target composition. The black squares indicate the diffraction
peaks of pure Mo [21].
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The influence of alloying Al to Mo thin films on the electrical sheet resistivity as well as
the effect of the varied deposition parameters is summarized in Figure 5. Compared to
the resistivity of pure Mo films of ~8 uQcm [1], synthesized under comparable
conditions, the deposition of MoAl films with an Al content of ~10 at.% leads to
resistivity values of ~100 uQcm. By increasing the Al content up to 25-35 at.%, the
resistivity further increases and reaches a saturation level of ~200 uQcm. This behavior
can be explained by the different atomic sizes of Mo and Al, which consequently leads
to local strains and the observed changes in lattice parameters, resulting in pronounced
electron scattering. Additionally, different valences introduce a local charge difference
that alsoincreases the scattering probability [25]. The differences in resistivity as a result
of the varied deposition parameters are insignificantly small, since they lie within the

standard deviations of the measured values.
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Figure 5: (Color online) Sheet resistivity of MoAl films on Si substrates as function of the
Al content. The black triangle indicates a value for a Mo film taken from reference [1].

3.2. TRIM calculations

The first step of the simulation calculations was to compute the different sputter yields
for the three different target compositions (approximated by Mo/Al atomic ratios of
75/25, 60/40 and 50/50). Bombardment of the MoAl compound target surfaces with Ar

projectiles with an ion energy of 500 and 300 eV (for comparison, the magnetron voltage
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applied was between -365 and -475 V during deposition) results in different sputter
yields depending on the target composition, as summarized in Table 1. The comparison
of the ratios of sputter yields of Mo to Al and the respective target composition ratios
indicates an Al flux leaving the target higher than the Al content within the target, which
can be explained by the lower surface binding energy of Al leading to preferential
sputtering. When decreasing the ion energy from 500 to 300 eV, the sputter yields for
both Mo and Al decrease as well, while the ratio of the sputter yields of Mo to Al remains
almost constant. The change in sputter yield ratio is less than 1% for all target variants.
For comparison, the sputter yields calculated for pure element targets are also given in
Table 1. The significantly higher values for Mo and the lower values for Al with respect
to the compound targets reflects the positive effect of the sputter erosion amplification
mechanism proposed by Berg et al. [19]. In contrast to the sputter yields, the ion energy
affects the average kinetic energy of the sputtered atoms. The 500 eV impact energy
leads to energies of ~34 eV for the sputtered Mo atoms and to ~14 eV for the Al atoms,
while the 300 eV results in energies of ~28 eV for Mo and ~12 eV for Al. In contrast, the
change of the target composition has again only a slight influence on the kinetic energy

of the sputtered atoms. Here only variations of <2% have been observed.

Table 1: Calculated sputter yields with changing Ar ion energy for the three MoAl
target compositions and pure Mo and Al targets.

Mo 75/25 Mo/Al 60/40 Mo/Al 50/50 Mo/Al Al

Arion energy

- M Al M Al M Al -
[eV] o (o} o
300 0.74 0.55 0.28 0.42 0.45 0.35 0.57 0.45
500 1.07 0.78 0.40 0.61 0.65 0.49 0.80 0.70
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The transport phase of the sputtered atoms through a 55 mm thick Ar gas layer, which
is the second part of the simulation process considered within this work, has an
enormous influence on the atom flux arriving at the substrate surface. 99.7% of the Mo
atoms originating from a point source with a kinetic energy of 34 eV (i.e. the energy
calculated for Mo atoms leaving the target when sputtered with 500 eV Ar ions) are able
to transmit through the gas phase at a pressure of 0.5 Pa, while only 81.7% of the Al
atoms with 14 eV successfully reach the substrate surface. When increasing the pressure
up to 2 Pa, the amount of transmitted atoms decreases for both, the Mo and Al atoms.
In this case 79.2% of the Mo atoms reach their final destination on the substrate surface,
compared to 27.7% of the Al atoms. This leads to a shift in the Mo/Al ratio of the flux of
transmitted atoms from 55/45 at 0.5 Pa to 74/26 at 2 Pa. The decrease of the flux of
transmitted atoms with increasing pressure depends on the change of the mean free
path of the travelling atoms between collisions. The mean free path shows a pressure
as well as an atomic mass dependence [16]. Transport calculations with the lower
energy Mo (28 eV) and Al (12 eV) from the 300 eV Ar bombardment indicate an overall
decrease of transmitted atoms, while the Mo/Al flux ratio remains approximately
constant. Apart from the changes in mean free path, the high loss of Al atoms during the
gas phase transport can be explained by the more efficient scattering of lighter atoms
during gas phase collisions. Together with the lower energy of the sputtered atoms and
the higher energy losses during collision, the lighter elements consequently undergo a
more efficient thermalization within the background gas [10,12]. These thermalized
atoms deposit uniformly within the vacuum chamber, e.g. on the chamber wall and also

on the substrate surface.

Figure 6 shows the development of the Al content within the films depending on the
pressure for the depositions done at 0.4 A target current (solid symbols, measured by
EDX) and the resulting Al content calculated from the simulated sputter yields and the
number of transmitted atoms by TRIM (open symbols) for an Ar ion energy of 500 eV.
The dashed lines at 25, 40 and 50 at.% Al indicate the Al content of the targets used for
the simulation as a reference. When considering the Al content of the deposited films,
the loss of Al is clearly evident. As already mentioned, the differences between target

and film compositions for the 63/37 MoAl variant are ~9 at.%, while the Al losses for the
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76/24 and 51/49 MOoAI targets reach values of ~14 and ~17 at.%, respectively. An
increase of the pressure within the range experimentally investigated has hardly any
influence on the Al content within the film as opposed to predictions made by TRIM. For
the films deposited from the 63/37 MoAl target, the Al content even slightly increases
when increasing the pressure from 0.5 to 1 Pa. This behavior can be explained by the
different regimes occurring during the transport of atoms with relative mass difference
through a gas phase, as reported by Rossnagel et al. [10]. They basically distinguish a
ballistic and a diffusive regime. In the ballistic regime, i.e. at low pressure conditions,
where only few collisions occur, the film composition reflects the target composition. In
the intermediate regime which separates the ballistic from the diffusive regime, lighter
elements will scatter more rapidly at the increased pressure, leading to a shift of the
composition towards the heavier element. Finally, in the diffusive regime, i.e. for a
further increase of the pressure, the heavier species are efficiently scattered, which can
now result in a concentration rise of the lighter elements. It can be assumed, that the
0.5 Pa depositions performed in this work correspond to the intermediate regime, while
the 1 Pa depositions may already be related to the diffusive regime. The simulated
curves show that the Al contents for a pressure of 0.5 Pa remain above the original
target compositions due to the preferential sputtering of Al and the relative low
scattering at the low pressure. The increasing pressure leads to a higher scatter
probability and therefore the Al content decreases for 1 and 2 Pa. Comparing the
simulated data with the experimental results, particularly for 0.5 Pa, the differences are
considerably substantial. A possible explanation can be found most probably in the
calculation of the transport phase. Since the individual elements are calculated
separately, TRIM does not take the different transport regimes of binary systems into
account. Nevertheless, the TRIM simulation gives a first reasonable explanation for the
Al losses during the deposition process. Preferentially gas phase scattering of the lighter
elements can therefore be named as the main reason, which leads to the large
deviations in the chemical composition of the thin films with respect to the compound

targets used.
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Figure 6: Al content as a function of pressure for MoAl films deposited at 0.4 A target
current (solid symbols) and TRIM simulated with Ar ion energy of 500 eV (open
symbols).

4. Conclusions

The sputter behavior of three MoAl compound targets with Al contents of 24, 37 and
49 at.% manufactured by cold gas spraying, as well as the chemical composition, the
microstructure and properties of thin films synthesized by magnetron sputter
deposition using these targets have been investigated within this work. Comparisons of
the Al content of the targets and the respective films show deviations of up to 17 at.%.
The dense films with fine-columnar grains are characterized by the formation of a single-
phase structure with a Mo-based solid solution and a strong (110) preferred orientation.
An Al content increasing from 10 to 30 at.% within the films results in an electrical
resistivity rising from 100 to more than 200 uQcm. An additional two-step Monte Carlo
simulation of the sputtering process and the gas phase transport indicate that the
observed deviation in the Al content can be mainly explained by scattering during the

gas phase transport.
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Abstract

Within the current work, MoAITi thin films have been deposited by d.c. magnetron
sputtering from a cold gas sprayed MoAITi cylindrical rotatable target. Chemical
composition, microstructure, oxidation behaviour, wet etching properties and electrical
resistivity of the films are compared to those of a pure Mo reference film. Deviations in
the chemical composition of the films with respect to the target are attributed to
differences in gas phase scattering of the individual sputtered species. The films
deposited are characterized by the formation of a Mo-based body-centred cubic solid
solution, resulting in an increased electrical resistivity compared to the pure Mo film.
While alloying of Mo films with Al and Ti decreases the wet etching rate in a phosphoric
acid-based etching solution, the oxidation behaviour could be significantly improved and

the metallic-reflecting surface was maintained after annealing for 1 h at 330°C in air.

Keywords: molybdenum-aluminium-titanium, magnetron sputtering, thin films, cold gas

spraying, oxidation resistance, wet etching behaviour
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1. Introduction

Molybdenum based thin films find versatile applications due to their good thermal,
chemical and electrical properties. They are applied as diffusion barriers in
microelectronics [1,2] or as a back-contact material in solar cells [1,3-5]. Further, they
are used as interconnect material in large-scale integrated circuits and as gate and
source/drain signal lines in thin film transistor liquid crystal displays (TFT-LCDs) [1,5-7].
During the manufacturing process of TFTs, the films are exposed to temperatures up to
350°C [8], at which no deterioration of properties should occur. Mo is known to form
oxides in air already at 300°C [9,10]. Thus, attempts have recently been reported to alloy
Mo-based films with the goal to improve their corrosion and oxidation resistance [11].
Another important step in the TFT manufacturing process is the photolithography
process, where film areas not protected by photoresist are selectively removed [8,12].
In particular, Mo is known for its easy pattering in nitric and phosphoric acid solutions
[13], which necessitates a careful optimization of oxidation resistance while maintaining

a sufficient wet etching rate.

Within the current work, MoAITi thin films are deposited from a MoAITi compound
rotary target, which was manufactured by cold gas spraying, a novel thermal spray
technique [14-16]. Jorg et al. [17], who deposited MoAITi films by co-sputtering from
elemental planar targets, already showed that alloying Al and Ti to Mo-based films
improves their oxidation resistance while maintaining an acceptable wet etching
behaviour. When depositing such multi-component alloy thin films, the large mass
differences between the individual target atoms can lead to a significant deviation in the
film composition with respect to the sputter target composition, as shown in our
previous work for MoAl films [18]. The variation of the film composition is governed by
the applied process pressure [19-21], which determines scattering of sputtered target
atoms during the gas phase transport. Consequently, the focus of this study is laid on
investigation of the effect of process gas pressure on chemical composition,
microstructure, wet chemical etch ability and oxidation resistance of MoAITi films. The

results obtained are compared to pure Mo films.
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2. Experimental Details

A series of MoAITi thin films was deposited in an industrial scale unbalanced d.c.
magnetron in-line sputtering system (FHR.Line.600-V) using a cylindrical rotatable
MOoAITi target (¢ 150 x 600 mm?), manufactured by cold gas spraying. The Al and Ti
content of the used target was set to 20.4 at.% and 10.6 at.%, respectively [22]. The films
were grown on (100) oriented 20 x 7 x 0.35 mm?3 Si substrates, 50 x 50 x 1 mm?3 soda-
lime glass (SLG) sheets and 50 x 50 x 0.7 mm?3 display glass sheets (Corning EAGLE XG),
which were ultrasonically cleaned in acetone and ethanol prior to deposition and dried
in hot air. After mounting the substrates onto the vertically aligned and grounded
substrate carrier, the load-lock chamber was evacuated to a base pressure below
1x1073 Pa. The substrates were then moved via a gate valve into the deposition chamber,
where they were plasma etched by oscillating the carrier for 12 cycles in front of a
plasma, generated by a radio-frequency power supply (13.56 MHz) at a discharge power
of 0.8 kW and an Ar gas pressure of 0.3 Pa. For the subsequent film deposition, the
carrier was stationary positioned at a target-substrate distance of about 75 mm in front
of the centre of the cylindrical magnetron. The discharge power was kept constant at 8
kW for all depositions, while the Ar gas pressure was systematically varied and set to
values of 0.25, 0.42, 0.66, and 1.4 Pa. The deposition time was kept constant at 55 s. To
compare the MoAITi films to a suitable reference, an additional Mo thin film was
deposited using a pure Mo cylindrical target under the same deposition parameters at

a pressure of 0.66 Pa.

The chemical composition of the MoAITi films was determined by Elastic Recoil
Detection Analysis (ERDA), where the samples have been analysed using a 43 MeV 3>CI7*
ion beam. The angle between the sample normal and the incoming beam was 75°, the
scattering angle was 31°. The analysed area was about 1.5 x 1.5 mm? and the recoiled
sample ions were detected by a Bragg lonization Chamber, which enables energy
measurements and atomic number identification of the recoils. The surface morphology
as well as the fracture cross-section of the films were investigated with a scanning
electron microscope (SEM, Zeiss EVO 50). To characterize the film microstructure, X-ray

diffraction (XRD) was used, performed with a Bruker-AXS D8 Advance diffractometer in
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grazing incidence geometry with an angle of incidence of 5° and Cu-Ka radiation (A =

1.5406 A).

The wet etching rate of the films was evaluated by measuring the weight change of the
coated SLG substrates during dissolution of the films in the etchant every 5s. The weight
change per time was converted to a thickness change per time by assuming a linear
decrease until the whole film is dissolved. The used phosphoric acid-based etchant
(PAN-etchant) was composed of 66 wt.% phosphoric acid, 10 wt.% acetic acid and 5
wt.% nitric acid. Etching was carried out at a stirring rate of 300 rpm and a temperature
of 40°C. By annealing the Mo and MoAITi films in a chamber furnace at 330°C in air, the
oxidation behaviour of the films was investigated. To compare the optical properties
before and after annealing, the reflectance spectra were measured for the wavelength
range between 250 and 850 nm with 2 nm intervals using a PerkinElmer-LAMBDA 950
UV/Vis/NIR spectrometer with a W-set up. A Jandel RM2 four point probe was used to

measure the electrical sheet resistivity of the films.

3. Results and Discussion

Figure 1 shows the atomic ratios of the individual elements within the MoAITi films, as
determined by ERDA, together with those of the used target (dashed lines). The atomic
ratio of the films differs from that of the target. In addition, the Ar gas pressure clearly
affects the film composition. As already shown in our previous investigation [18],
individual sputtered species can be lost due to gas phase scattering during the gas phase
transport towards the substrates. Light elements like Al (compared to Mo) undergo a
more efficient thermalization, since they are easily scattered during collisions with the
Ar background gas. This is expressed by the energy transfer coefficient €

4mym,

£= ——— =
(my + my)?

(1

which reaches its maximum when the mass of the sputtered target atom m; is similar
to the mass of Ar (m1) [23]. Consequently, sputtered Al atoms with € = 0.96 quickly lose
their kinetic energy during collisions with Ar, while the energy transfer from Mo to Ar is

with € = 0.83 much less efficient [19,20,23]. The differences in energy transfer seem to
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govern the scattering characteristics rather than the respective different mean free path
for Mo and Al in Ar (see Table 1). Because of the high mass of Mo atoms, the number of
collisions required for thermalization is high and they might thus be able to widely retain
their initial direction towards the substrate after colliding with an Ar atom. Light atoms
like Al are known to be scattered in large angles and they rapidly lose their kinetic energy
[24]. Figure 1 indicates that a maximum decrease of Al of ~7 at.% compared to the target
composition could be found for the 0.25 Pa deposition. The subsequent rise of the Al
content with the simultaneous decline of the Mo content with increasing Ar gas pressure
can be explained by the three different regimes occurring during transport through a
gas phase, as originally described by Rossnagel et al. [19] and later-on by Bundaleski et
at. [20]. First, in the ballistic regime at low pressure conditions hardly any collisions
occur; thus, the film composition largely represents the target composition. In the
intermediate regime, lighter elements will be increasingly scattered, shifting the film
composition towards the heavier element. A further rise of the pressure leads to the
third, the diffusive regime, where the heavier elements are efficiently scattered as well,
resulting in a rise of the fraction of the lighter elements within the film. Consequently,
we assume that the 0.25 and 0.42 Pa depositions correspond to the intermediate
regime, whereas for the 0.66 and 1.4 Pa depositions the diffusive regime is dominating.
This interpretation is also supported by the low mean free path values given in Table 1,
which enable several collisions within the used target-substrate distance of 75 mm. The
Ti content within the films, with values between 1.3 (0.42 Pa) and 4.7 at.% (1.4 Pa) is
higher than within the target. Both, sputter yield and surface binding energy of Ti do not
indicate a preferential sputtering of Ti (see Table 1). In addition, due to mass
conservation the flux of sputtered species leaving the target surface can be assumed to
correspond quickly to the target composition. Also the energy transfer coefficient and
the mean free path given in Table 1 infer that Ti atoms at a given Ar gas pressure are
efficiently scattered by collisions with Ar during the transport phase. Thus, the enhanced
Ti fraction in the films with respect to the target (see Figure 1) should stem from
differences in condensation and film growth. Apart from that, a slight increase of the Ti
content can be observed between 0.25 and 1.4 Pa similar to the increase of Al. This

increase may also be referred to the different gas phase transport regimes occurring,
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but less pronounced since the mass difference between Mo and Ti is smaller than that

between Mo and Al.

Table 1: Physical properties of Mo, Al and Ti relevant to sputtering.

Mo Al Ti
Atomic mass [u] [25] 95.95 26.98 47.87
Atomic radius [pm] [26] 145 125 140
Energy transfer coefficient € [23] 0.83 0.96 0.99
Surface binding energy [eV] [27] 6.86 3.36 4,90
Sputter yield (Ar*, 300 eV) [27] 0.58 0.65 0.33
0.25 Pa 61 106 80
Mean free path [mm] [28]
1.4 Pa 11 19 14
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Figure 1: Chemical composition of the synthesized MoAITi films on Si substrates as a
function of the Ar gas pressure. The target composition is indicated by the dashed lines.

SEM top view images and cross-sectional images of a Mo reference and a MoAITi film,

both deposited at an Ar gas pressure of 0.66 Pa, are displayed in Figure 2. All films
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possess a smooth surface with a few scattered droplets. The fracture cross-sections
indicate that the films show a dense and fine-columnar structure, which is attributed to
the zone T within the structure zone model for thin film growth [29]. The thicknesses of
the MoAITi films vary between 245 nm for the film grown at 1.4 Pa and 308 nm for the
film grown at 0.42 Pa, which corresponds to film growth rates of 4.5 nm/sec and 5.6
nm/sec, respectively. The lower film thickness for the higher pressure can be explained
by the decreased mean free path of the sputtered elements in the Ar background gas
(Table 1) and the therefore enhanced gas phase scattering. The Mo film shows a similar

film thickness of 292 nm with a growth rate of 5.3 nm/sec.

500 nm

Figure 2: SEM top view and fracture cross-section images of (a),(c) Mo and (b),(d)
MOoAITi films deposited at 0.66 Pa onto Si substrates.

In Figure 3 (a), the X-ray diffractograms of the MoAlITi films deposited at the different
pressure conditions are summarized together with that obtained for the Mo film grown
at 0.66 Pa. All films are characterized by the formation of a single-phase body-centred
cubic (bcc) structure characteristic for a Mo-based solid solution. The diffraction peaks

show a good agreement with those of pure Mo at 20 =40.50°, 58.62°, 73.68°, and
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87.63° [30]. Indications for the formation of intermetallic phases could not be found,
although several phases exist within the binary systems Mo-Al [31] and Ti-Al [32]. In the
enlarged illustration of the (110) peak in Figure 3 (b), a pressure-dependent peak shift
with respect to the Mo reference position is obvious. At low pressure, the peak is shifted
towards lower angles while with increasing pressure the diffraction peaks shift towards
higher angles. The peak shift, and therefore the change of the lattice parameter, may be
related to internal stresses within the films. Compressive stresses are common for films
grown at low pressure conditions due to energetic particle bombardment during growth
[33]. On the other hand, the Al content within the films increases with increasing
pressure (see Figure 1) and leads consequently to a decreasing lattice parameter due to
the incorporation of the smaller Al atoms (see Table 1) within the bcc lattice, shifting the
diffraction peaks to higher angles. Comparing the peak heights of the alloyed films with
the peak heights of the Mo film, no significant differences could be found, indicating

that alloying does not alter the preferred orientation of the films.

MoAITi films Mo film = Mo
(a) ®(110) H(200) m(211) (220)m (b} H(110)
1 1

log. Intensity

PooTs

30 40 50 60 70 80 90 39 40 41 42
Detection angle 20 [°]

Figure 3: (a) X-ray diffractograms of Mo and MoAITi films grown at different Ar gas
pressures on Si substrates; (b) enlarged detail of the (110) peak. The red squares
indicate the diffraction peaks of pure Mo [30].
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The wet etching rates obtained for the four MoAlITi films and the Mo reference film
dissolved in the PAN-etchant are displayed in Figure 4. The etching rate of the Mo film
with roughly 14 nm/s is by a factor between 2 to 4 considerable higher than those of the
MoAITi films. Mo films are known to be easily etched by nitric and phosphoric acid
solutions; however, also acetic acid, which is often used as a pH buffer component in
the wet etchant solution, is able to dissolve Mo and to stabilize dissolved Mo ions in the
solution [13,34]. The significant decrease of the wet etching rate of the MoAITi films
with respect to the pure Mo film can be attributed to the incorporation of Al. Wang et
al. [35] and Kim et al. [36] showed for Mo/Al stacked films that the less noble Al protects
the nobler Mo, since Mo can act as a cathode during the etching reaction, resulting in a
supressed dissolution of the films. Although there might be possible differences in
corrosion mechanisms between these layered films and the solid solution systems
investigated within this work, the decrease of the etching rate observed between 0.42
and 1.4 Pa might be related to the increasing Al content of the films (see Figure 1).
Investigations on the corrosion behaviour of Mo-Ti films by Park et al. [37] showed that
Ti is corrosion resistant in oxidizing etching media. In the applied PAN etching solution,
the nitric acid usually oxidizes the metals first, whereas the phosphoric acid then
dissolves the resulting oxides [38]. Thus, Ti may further decrease the etching rate of the

MoAITi films with respect to the Mo film.

I VoAITi fiims [l Mo film

16

Etching rate [nm/s]

Figure 4: Wet etching rate of the Mo and MOoAITi films, grown at different Ar gas
pressures on SLG substrates, in PAN etching solution.
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The reflectivity spectra obtained for the films in the as-deposited state and after
annealing for 1 h at 330°C in air are summarized in Figure 5. In the as-deposited state,
all films possess a metallic-reflecting surface with reflectivity values, depending on the
wavelength, between 35 and 60 % (see also Figure 6). By annealing the films, the
reflectivity decreases significantly for the Mo film but also for those MoAlITi films grown
at 0.25 and 0.42 Pa, with a minimum value at a wavelength of ~320 nm. With the
increased alloy content for the MoAITi films grown at 0.66 and 1.4 Pa, the reflectivity
spectra after annealing are closer to the curves of the as-deposited films, retaining a
minimum reflectivity of at least 10 % at wavelengths below 500 nm. As evidenced by
Figure 6, annealing of the Mo reference and those MoAITi films grown at low pressures
leads to the formation of a coloured, yellowish surface. The colour change is attributed
to the formation of Mo oxides, in particular MoOs which is formed in air at ~300°C [9,10].
The yellow colour stems from the low reflectivity of the films in the violet and blue light
range (< 500 nm, see Figure 5). As indicated by the reflectivity spectra, the two MoAITi
films deposited at 0.66 and 1.4 Pa appear darker compared to the as-deposited state,
but maintain their metallic-reflecting surface. This behaviour can again be explained by
the increased Al content within these films, as Al is known to form a dense alumina layer

on the film surface, protecting the Mo against oxidation [39,40].
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Figure 5: Reflectivity spectra of the Mo and MOoAITi films, grown at different Ar gas
pressures on Corning EAGLE XG glass sheets, in the as-deposited state (black lines) and
after annealing in air for 1 h at 330°C (red lines).
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Mo - as dep. - 0.66 Pa MoAITi - as dep. - 0.66 Pa MoAITi - anneal. - 0.25 Pa MoAITi - anneal. - 0.42 Pa

10 mm

Mo - anneal. - 0.66 Pa MoAITI - anneal. - 0.66 Pa MoAITI - anneal. - 1.4 Pa

10 mm 10 mm

Figure 6: Pictures of Mo and MoAlITi films, grown at different Ar gas pressures on
Corning EAGLE XG glass sheets, in the as-deposited state and after annealing in air for
1 hat 330°C.

The electrical sheet resistivity as a function of the Ar gas pressure determined by four
point probe measurements is displayed in Figure 7. With a resistivity of 11 uQcm, the
Mo film shows good agreement with values known from literature [6,7]. Alloying the
films with Ti and Al and thus formation of the bcc Mo-based solid solution leads to an
increase of the electrical sheet resistivity to values between 83 and 89 uQcm. With the
exception of the slight rise between 0.25 and 0.42 Pa, the resistivity stays approximately
constant over the whole pressure range applied. The higher resistivity can be explained
by the addition of atoms of different sizes within the bcc Mo-based solid solution,
leading to local strains and the observed variation of the lattice parameter (see Figure 3
(b)), which results in pronounced electron scattering. Further, the alloying elements are
characterized by different valences (Al: 3; Ti: 4) compared to Mo (6), which introduces a
local charge difference resulting in an additional increase of the electron scatter

probability and therefore increasing resistivity [41].
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Figure 7: Electrical sheet resistivity of the Mo and MoAITi films on Si substrates as a
function of the Ar gas pressure. The dashed green lines are added as guide for the eye.

4. Conclusion

MOoAITi thin films have been synthesized by d.c. magnetron sputtering from a MoAITi
compound cylindrical rotatable target, manufactured by cold gas spraying. Chemical
composition, microstructure as well as electrical resistivity, oxidation- and wet etching
behaviour of the films have been investigated and compared to a pure Mo reference
film. With increasing Ar gas pressure, a significant deviation of the MOoAITi film
composition from the target composition could be observed, which can mainly be
explained by the changing scattering behaviour of the individual sputtered species
during the gas phase transport. The MoAITi films, which are characterized by a Mo-
based single phase solid solution, show a decreased wet etching rate in a phosphoric
acid-based etchant with a minimum value of ~3 nm/s compared to the pure Mo film
with ~14 nm/s. The less noble Al and the corrosion resistant Ti enhance the films’
resistance against dissolution. With an increasing Ar gas pressure and therefore
increasing Al and Ti contents within the films, the oxidation behaviour could be
improved, as evidenced by an optical shift from yellowish to a metallic-reflecting surface
after annealing at 330°C for 1 h in air. The Ar gas pressure enables adjustment of the

chemical composition of films deposited from a compound target, and provides a path
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to fine-tune film properties including the oxidation resistance and wet etching

behaviour.
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Abstract

The aim of this work is to evaluate novel cold gas sprayed Nb targets in a reactive sputter
deposition process of thin films with respect to the widely used sintered Nb targets.
With the exception of a higher target discharge voltage of ~100 V for the cold gas
sprayed targets and the thus higher film growth rate compared to sintered targets, NbOy
films with comparable microstructure and properties were obtained for both target
variants. The amorphous films with thicknesses between 2.9 and 4.9 um present an
optical shift from dark and non-transparent towards transparent properties, as the
oxygen partial pressure increases. X-ray photoelectron spectroscopy confirms the
occurrence of the Nb>* oxidation state for the highest oxygen partial pressure, while
Nb** is additionally present at lower oxygen partial pressure settings. With a maximal
transparency of ~80% and a refractive index of ~2.5, the transparent films show

characteristics similar to Nb,Os.

Keywords: niobium oxides, reactive magnetron sputtering, thin films, cold gas spraying,
target comparison
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1. Introduction

For the deposition of functional thin films, magnetron sputtering plays a key role and
thus a huge variety of sputter targets manufactured by different techniques are
available. Manufacturing routes include vacuum melting and casting or powder
metallurgical techniques like sintering. Among the latter, hot isostatic pressing and hot
pressing yield the most dense targets [1-3]. The different production techniques affect
the target properties such as target material purity and density, which then influence
the properties of the synthesized films since pores and voids can act as virtual leaks and
contamination sources [1,3]. Systematic investigations on the influence of target
properties on the deposition process as well as on the thin film characteristics are rarely
found in literature. Lo et al. [4] reported that an increasing tungsten target density
decreases film stresses and electrical resistivity, while the target erosion rate and film
deposition rate increase. Gehman et al. [5] pointed out that an increased impurity level
in indium-tin oxide targets raises the film resistivity and that a higher target density

enhances the deposition rate.

A recently introduced possibility to create sputter targets by powder metallurgical
techniques is cold gas spraying (CGS). CGS is a thermal spray technique, which is used to
deposit a dense and solid thick coating by accelerating a metallic powder in a high
velocity gas jet. There, the powder particles are not melted or thermally softened prior
to the impact onto the substrate and deposition occurs only by the deformation of solid
particles. The high kinetic energy of the powder particles leads to low oxygen contents
within the sprayed coatings [6—9], thus making them potential candidates for sputter

targets.

Within this work, the sputter performance of niobium (Nb) targets, produced by either
conventional sintering or CGS, in a reactive argon/oxygen atmosphere as well as
microstructure and properties of the deposited niobium oxide films are investigated and

compared.
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2. Experimental details

Two different types of Nb targets (¢ 50.8 x 6 mm?) were used for the present
investigation, in particular (i) commercially available, conventionally sintered targets,
which will be named SI targets in the following, and (ii) cold gas sprayed targets,
denominated as CGS targets. Within the CGS process, the Nb powder was accelerated
in a tempered and high pressurized nitrogen gas jet using a de-Laval type nozzle. The
fused and crushed Nb powder particles with a grain size between 5 and 45 um were
sprayed onto a 4 mm thick Ti plate up to a coating thickness of 2 mm. To examine the
structure of the CGS coating, a metallographically prepared cross-section was
investigated by light optical microscopy (LOM, Zeiss Axio Imager) and the target density

was determined with an Archimedes balance.

Two targets per target variant were mounted to magnetrons focused to the substrate
holder in a laboratory-scale unbalanced d.c. magnetron sputter deposition system,
described in detail in refs. [10,11]. The films were grown on 21 x 7 x 1 mm?3 soda-lime
glass (SLG), 21 x 7 x 0.5 mm?3 Si (100) substrates and 50 x 50 x 1 mm? display glass sheets
(Corning EAGLE XG), which were ultrasonically cleaned in acetone and ethanol and dried
in hot air prior to deposition. The substrate rotation was set at 50 rpm and the vacuum
base pressure was kept below 2 x 102 Pa. To remove possible contaminations, the
substrates were plasma etched in pure argon atmosphere using a pulsed d.c. discharge
at -500 V and 50 kHz for 10 min. A constant target current of 0.35 A was applied per
magnetron in a current-controlled mode for a deposition time of 60 min. The NbOx films
were grown in a reactive argon/oxygen atmosphere at a constant total pressure of
0.5 Pa. To deposit films with comparable properties from both target types, the oxygen
partial pressure, determined from gas flow calibration curves, was varied between
p(02) =40.8% and 48.2% for the Sl targets and between p(02) = 54.7% and 63.1% for the
CGS targets, as shown in Table 1. An asymmetric pulsed d.c. bias of -50 V was applied to
the unheated substrate holder with a pulse frequency of 50 kHz, leading to a negative
pulse duration of 19.5 us. The positive pulse, pre-set from the ENI RPG 50 power supply
at +37 V, had a duration time of 0.5 ps.
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To investigate film composition and morphology, a scanning electron microscope (SEM,
Carl Zeiss NTS Ultra plus) equipped with an energy-dispersive X-ray spectroscope (EDX,
EDAX Trident XM4) using built-in sensitivity factors was applied. The oxidation states
and binding energies of Nb and O for selected films were studied by X-ray photoelectron
spectroscopy (XPS) using an Omicron Multiprobe surface analysis system with a DAR 400
X-ray source with an Al-Ka beam and an excitation energy of 1486.7 eV, an XM 500
quartz crystal monochromator and an EA 125 hemispherical electron energy analyser
with a 5 channel pulse counting channeltron at a pass energy of 20 eV. The total energy
resolution of the system (excitation source, analyser) is 0.5 eV. The binding energy was
corrected by using the C-C bond of the Cls peak of residual hydrocarbon surface
contaminants at 284.6 eV as reference. Measurements were performed in the as-
received state under three different detection angles of 0°, 35° and 50° to the surface
normal. The subsequent fitting of the spectral line shape was performed by convolution
of Gaussian and Lorentzian functions. X-ray diffraction (XRD) measurements were
performed using a Bruker-AXS D8 Advance diffractometer in grazing incidence geometry
with an angle of incidence of 5° and Cu-Ka radiation (A = 1.5406 A). The reflectance and
transmittance spectra were recorded for wavelengths of 250-850 nm with 2 nmintervals
using a PerkinElmer-LAMBDA 950 UV/Vis/NIR spectrometer with W- and V-setup,

respectively.

Table 1: O; gas flow and the resulting oxygen partial pressure used for film deposition
from Sl and CGS targets.

Sl targets
0; flow [sccm] 8 8.5 9 9.5 10
p(02) [%] 40.8 42.4 44.6 46.0 48.2
CGS targets
0O; flow [sccm] 12 13 13.5 14 15
p(02) [%] 54.7 57.6 58.6 60.4 63.1
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3. Results and discussion

The ground and polished cross-section of a CGS target is displayed in Figure 1. Beside
isolated pores and voids, the target appears dense. The size of the pores ranges up to a
maximum of ~10 um, as illustrated in the enlarged inset in Figure 1. The scratches visible
in Figure 1 stem from the grinding and polishing process. The density of the CGS targets
corresponds with 8.43 g/cm?3 to 98.4% of the bulk density of Nb (pnb = 8.57 g/cm? [12]),
which fits to findings for CGS Nb in literature where porosity values of ~0.3% have been

reported [13]. For comparison, the Sl targets are with 8.57 g/cm? fully dense.
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Figure 1: LOM cross-sectional micrograph of the CGS target.

Figure 2 illustrates the film growth rate and the applied target voltage as a function of
the increasing oxygen partial pressure for both target variants. The target voltage
continuously rises with increasing oxygen partial pressure, while the growth rate
significantly drops for the highest partial pressures applied. Both changes are attributed
to target poisoning, where an oxide layer is formed on the target surface, which
significantly reduces the electrical conductivity of the target surface [1,2,14]. The target
voltage for the CGS targets lies ~100 V above the one of the Sl targets, although the
same target current of 0.35 A was applied. This behaviour can be explained by the design
of the CGS targets. There, on the one hand, Ti was used as a target backing plate for the

CGS process, where the Ti has a significantly higher electrical resistivity of 42 uQcm [15]
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compared to Nb with 15.22 uQcm [12]. On the other hand, the CGS coatings can be
assumed to have a lower electrical conductivity than dense bulk materials due to their
low grain size and the existence of pores [16], as evidenced by Figure 1. In the current-
controlled sputter mode applied within this study, the observed higher target voltage
for the CGS compared to the Sl targets leads to a higher kinetic energy of argon ions
impinging on the target surface, resulting in an enhanced sputter and film growth rate
[2]. This assumption was confirmed by the observed higher thickness of the films

deposited from the CGS with respect to the Sl targets for the same deposition time.
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Figure 2: Growth rate and target voltage as a function of the oxygen partial pressure
for the deposition from Sl targets (squares) and CGS targets (triangles). The trend lines
serve only as guide for the eye.

The SEM images in Figure 3 present the fracture cross-sections and top view images for
two NbOx films deposited at the respective highest oxygen partial pressures of
p(02) = 48.2% (Figs. 3 (a) and (b)) and p(02) =63.1% (Figs. 3 (c) and (d)) for the two
different target variants. The fracture cross-sections do not significantly differ for both
films, except the different film thickness. In both cases, the films are characterized by a
dense and amorphous appearance, which corresponds to findings reported in literature
for sputter deposited Nb;Os films [17,18]. The film grown from the Sl targets shows a
slightly rough surface in the top view image indicating a domed growth morphology,
which can be associated with the Volmer-Weber type thin film growth mode [2,19]. In

comparison, the film deposited from the CGS targets show a finer and less pronounced
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surface. This difference might originate from both, the more intense particle
bombardment of the film surface with energetic film forming species as a result of the
higher target voltage and the higher oxygen partial pressure, where the additional

oxygen can act as a grain refiner [20].

For comparison of the films deposited, their chemical composition was measured by
EDX. For both target variants, slight increases of the oxygen content within the film with
increasing oxygen partial pressure have been observed. The oxygen content of the films
deposited from the Sl targets varies between 60.3 and 62.7 at.%, while those films
synthesized using the CGS targets contain between 61.4 and 63.0 at.% oxygen. Thus,
despite the limited resolution of EDX for light elements [21] and the higher oxygen
partial pressures applied for the CGS targets (see Table 1), films with similar

compositions have been synthesized for both target variants.

Figure 3: SEM fracture cross-section and top view images of NbOy films deposited from
(a),(b) Sl targets at p(0O;) = 48.2% and (c),(d) CGS targets at p(0O;) = 63.1% on Si
substrates.
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Figure 4 summarizes the XPS spectra for selected films, evaluating the Nb3d, consisting
of the characteristic Nb3ds/>-Nb3ds/, doublet, and O1s core level spectra for the three
applied detection angles of 0°, 35° and 50° to the surface normal. The different detection
angles vyielding different probing depths enable to investigate the binding state of
possible surface layers [22]. The curve fitting of the Nb3d orbital (Figs. 4 (a)-(c)) for the
three films selected shows the highest peak intensity at a binding energy of ~207 eV,
which can be assigned to the Nb®* oxidation state. This peak position is in good
agreement with the binding energy of Nb,Os [22-25]. For the two films deposited at the
respective lowest oxygen partial pressure (Figs. 4 (a) and (b)), an additional small peak
at a binding energy of ~206 eV can be observed, pointing towards the presence of the
Nb** oxidation state characteristic for NbO; [22,23]. This peak does not occur for the
films deposited at the highest oxygen partial pressure (see Figure 4 (c) for a
representative film grown from the Sl targets). Consequently, it is assumed that the
latter film is dominated by Nb,Os bonds, while for those films presented in Figs. 4 (a)

and (b) additional fractions of NbO; bonds are formed.

With the increasing detection angle and the thus reduced probing depth, the peak
height for the Nb* binding energy decreases. This decrease points towards the
formation of a few nm thick Nb,Os top layer, most probably during storage in ambient
air. Under atmospheric conditions, Nb2Os is considered as the thermodynamically most
stable NbOyx phase [22,23]. To estimate the fraction of Nb*" bonds, model calculations
of the Nb3d spectra for reproducing the measured data have been performed by
applying and adjusting two different fitting parameters. First, the presence of a Nb2Os
top layer with variable layer thickness and second, the ratio of Nb*/Nb>* in the
underlying film. The model calculation for different detection angles is described in
detail in the supplementary information. The calculation yields a Nb**/Nb>* ratio of 0.29
for the film deposited from the Sl targets at p(O2) = 40.8% and of 0.21 for the film
deposited from the CGS targets at p(02) = 54.7%. The higher Nb* content can most

probably be explained by the lower fraction of oxygen available during sputtering.

The XPS spectra of the O1s core level are displayed in Figs. 4 (d) to (f) for the same three
film variants and detection angles. These spectra consist of three peaks with the highest

intensity for 0% at a binding energy of 530.1 eV, which ca be attributed to an oxidic bond
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with Nb. However, a distinction between Nb,Os and NbO; is not possible. The other

components indicate surface hydroxylation with OH-groups and adsorbed H,O-

molecules at ~531 eV and ~532 eV [26].
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Figure 4: Nb3d and O1s XPS spectra of NbOy films deposited from S| and CGS targets
for various oxygen partial pressures and detection angles to the surface normal. (a),(d)
Sl targets at p(O) = 40.8%,; (b),(e) CGS targets at p(0z) = 54.7%; (c),(f) S| targets at
p(0;) = 48.2%.

Selected X-ray diffractograms are summarized in Figure 5 for both target variants and
different oxygen partial pressures. The absence of well-defined peaks of crystalline
phases corroborates the assumption of an amorphous film microstructure, as already
inferred from the SEM cross-sections shown in Figure 3. Also the enhanced intensity
between 20° < 20 < 40° cannot be associated with a crystalline oxide phase like NbO; or

Nb,Os. Differences between the Sl and CGS targets can not be recognized.
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Figure 5: X-ray diffractograms of NbOx films grown by sputter deposition from Sl and
CGS targets on Si substrates at various oxygen partial pressures.

Figure 6 demonstrates that the NbOy films undergo an optical shift from dark and non-
transparent to nearly fully transparent with increasing oxygen partial pressure. Figures 7
(a) and (b) summarize the transmittance and reflectance spectra for films deposited at
different oxygen partial pressures for both target variants. The transparent films grown
at the higher oxygen partial pressure settings (p(02) =2 46.0% for the Sl and p(02) = 60.4%
for the CGS targets) reach a maximum transmittance of ~80%, while the reflectance
stays approximately constant between 20-30%, regardless of the partial pressure. Both
are in good agreement with literature [27-29]. The development of transmittance and
reflectance as a function of the oxygen partial pressure at an averaged wavelength
between 540-560 nm can be seen in Figure 7 (c). This wavelength was chosen, since the
luminous efficiency function of the human eye for daylight shows its maximum at
~550 nm [30]. Again, the clear shift in transparency with increasing oxygen partial

pressure can be seen.

The form of a transmission spectrum, like the appearance of interference fringes (see
Figure 7 (a)), is directly determined by the refractive index n together with the film
thickness d. The product of n and d influences the spacing of the interference fringes.
Based on these fringes, Poelman et al. [31] suggested a paper and pencil method to
calculate the refractive index from the transmission maxima, as displayed in Figure 7 (d)

for the films deposited at the respective highest oxygen partial pressure applied to the
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Sl and the CGS targets. In the wavelength range between 500-850 nm n has a value of
~2.5, which again shows a good agreement with literature. There, n is reported to lie
between 2.1 and 2.6 for amorphous Nb;Os films, depending on synthesis method,
microstructure and internal stresses [17,18,23,29,32]. The sharp increase for the
wavelength below 500 nm may indicate the limit for the paper and pencil method, but
can also be related to the 2 nm intervals applied for the measurements, leading to a

reduced accuracy of the transmission maxima positions.

Summarizing the optical properties of the NbOy films and comparing the two different
target variants, hardly any differences are visible. Both the transmittance and
reflectance properties show a strong similarity, together with the shape of the shift from
non-transparent to nearly fully-transparent films as well as the development of the
refractive index. Considering the optical properties of the films grown at the lowest and
highest oxygen partial pressure, the difference can be explained by the diverse bonding
characteristics, as suspected by XPS. The presence of Nb**, and thus the non-transparent
NbO; phase, affects the optical transmittance of the films significantly. Highly
transparent single-phase Nb,Os films can be grown at p(0z) 2 46.0% (S| targets) and
60.4% (CGS targets). For the latter process, Figure 2 shows a 43% higher film growth rate

compared to conventional Sl targets could be obtained.
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Figure 6: NbOx films deposited on SLG substrates with oxygen partial pressure
increasing from left to right. (a) Sl targets (p(0z) = 40.8, 42.4, 44.6, 46.0 and 48.2%,
respectively); (b) CGS targets (p(0z) = 54.7, 57.6, 58.6, 60.4 and 63.1%, respectively).
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Figure 7: Optical properties of NbOy films grown on Corning EAGLE XG glass sheets. (a)
Transmittance T and (b) reflectance R as a function of the wavelength, (c) averaged
transmittance T and reflectance R as a function of the oxygen partial pressure between
540-560 nm, (d) refractive index n as a function of the wavelength.

4. Conclusions

Within this work, the sputter behaviour of cold gas sprayed Nb targets in argon/oxygen
atmosphere with increasing oxygen partial pressure has been investigated and
compared to that of conventionally sintered Nb targets. Besides the higher target
discharge voltage and consequently a by 43% higher film growth rate obtained for the
cold gas sprayed targets due to their different design, no remarkable differences for the
films grown from both target variants was observed. The amorphous NbOy films show
an optical shift from dark and non-transparent towards transparent properties with
increasing oxygen partial pressure, with a maximum transparency of ~80% and a
refractive index n of ~2.5. This optical shift can most likely be explained by the presence
of the Nb** oxidation state and thus the NbO2 phase beside Nb,Os in the films deposited
at lower oxygen partial pressures. In summary, it could be shown that using the novel
cold gas sprayed Nb targets results in the formation of films with properties equivalent

to conventionally sintered targets.
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Abstract

Within the current work, niobium oxide thin films have been deposited by reactive d.c.
magnetron sputtering from cold gas sprayed niobium targets, applying a systematic
variation of oxygen partial pressure, bias pulse frequency and substrate temperature.
The films grown without additional substrate heating are amorphous. X-ray
photoelectron spectroscopy shows the Nb>* oxidation state, characteristic for the Nb2Os
phase, for films grown at the highest oxygen partial pressure applied, while the Nb*
state of NbO; is additionally present at lower oxygen partial pressures. With increasing
oxygen partial pressure, an optical shift from non-transparent to nearly fully transparent
was observed, whereby the higher bias pulse frequency leads to a transition already at
lower oxygen partial pressures. The transparent films are characterised by a maximal
transparency of ~80% and a refractive index of ~2.5. Increasing the substrate
temperature of up to 600°C results in the formation of well crystalline coatings

consisting of the orthorhombic Nb;Os phase, which are whitish and semi-transparent.

Keywords: Niobium oxides, reactive magnetron sputtering, cold gas spraying, thin films,

pulsed bias
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1. Introduction

Thin films based on niobium oxide find a wide variety of technical applications due to
their versatile properties; they are used e.g. as capacitor materials [1,2] or as catalysts
for polymerization processes [1,3]. Niobium pentoxide (Nb;Os), especially as a
polycrystalline film, is well known for its promising electrochromic behaviour with a
wide optical modulation range [2—4]. Amorphous Nb;Os, a transparent dielectric
material, possesses a high refractive index which makes it useful in optical systems such
as optical interference filters [1,2,5,6]. Besides Nb2Os, which is the thermodynamically
most stable phase in the niobium-oxygen system [7], niobium oxides can also occur as
monoxide NbO, a metallic compound with superconductive properties below 1.38 K
[1,7], or niobium dioxide NbO;, a semiconducting material [1,3,7]. Previous
investigations performed with reactive d.c. magnetron sputter deposition, carried out
under various oxygen partial pressure and total pressure conditions, showed that
amorphous Nb;Os is the most probable phase to be formed [2,3,5,6]. The oxygen
content provided determines if — in addition to these Nb,Os films — films consisting of
NbO or NbO; phases can also be deposited [1]. Also, high-power impulse magnetron
sputtering has been applied for the deposition of niobium oxides [8], where, compared
to d.c. magnetron sputtering, the inherently high degree of ionisation promotes growth
of stoichiometric and dense films. Crystallization of Nb,Os films has been observed for

thicknesses exceeding ~2 um [6] or by post-deposition annealing treatment in air [3,5].

Despite the reports mentioned, detailed studies on the influence of substrate
temperature or substrate bias induced ion bombardment on microstructure and
properties of NbOx films are not available. The aim of this study is thus to synthesize
NbOx thin films by reactive magnetron sputtering with a variation of the oxygen partial
pressure, substrate bias pulse frequency and substrate temperature and to determine

their influence on microstructure evolution and optical properties.

2. Experimental details

For the deposition of the NbOx films, two Nb targets (¢ 50.8 x 6 mm?) prepared by cold

gas spraying (CGS) were used. In CGS, a metallic powder is accelerated in a high
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pressurized nitrogen gas jet by a de Laval type nozzle. The powder particles are not
molten or thermally softened prior to their impact onto the substrate, leading to a low
oxygen content within the sprayed coating [9-11]. Within this work, Nb powder was
deposited by CGS as a 2 mm thick coating onto 4 mm thick titanium backing plates, and
the sprayed coatings served as sputter targets.

These targets were mounted to magnetrons focused towards the substrate holder in a
laboratory-scale unbalanced d.c. magnetron sputter deposition system. The films were
grown on 21 x7x1mm?3 soda-lime glass (SLG), (100) oriented 21 x7 x 0.5 mm3 Si
substrates and 50 x 50 x 1 mm? display glass sheets (Corning EAGLE XG), which were
ultrasonically cleaned in acetone and ethanol and dried in hot air prior to deposition.
The substrate rotation was set at 50 rpm and the vacuum base pressure was kept below
2 x 103 Pa. To remove possible contaminations, the substrates were plasma etched in
pure argon atmosphere before film deposition, using a pulsed d.c. discharge at -500 V
and 50 kHz for 10 min. A constant d.c. current of 0.35 A per magnetron was applied to
the targets for a deposition time of 60 min. The NbOx films were grown in a reactive
argon/oxygen atmosphere at a constant chamber pressure of ptot = 0.5 Pa. To investigate
the influence of an increasing oxygen content, the oxygen partial pressure, calculated
from gas flow calibration curves, was varied between p(0;) =54.7% and 63.1% (see
Table 1). An asymmetrically pulsed d.c. bias of -50 V was applied to the substrate holder
with frequencies of 50 and 250 kHz, leading to negative pulse duration times of 19.5 and
3.5 ps, respectively. In both cases, the positive pulse, pre-set from the ENI RPG 50 power
supply used at a voltage of +37 V, had a duration of 0.5 us. To obtain information on the
substrate temperature for the deposition runs without additional substrate heating,
temperature-time profiles were recorded with a type K thermocouple, mounted in front
of the substrate holder. For the films deposited at an oxygen partial pressure of p(0O3) =
57.6% and a bias frequency of 250 kHz, the substrate temperature was varied by
additional substrate heating between 300 and 600 °C.

The morphology of the deposited films was investigated using surface and fracture
cross-section micrographs obtained by scanning electron microscopy (SEM, Carl Zeiss
NTS Ultra plus). To determine the chemical composition, samples grown at a bias pulse
frequency of 250 kHz were analysed by elastic recoil detection analysis (ERDA) using a

43 MeV 3>CI”* ion beam. The angle between the sample normal and the incoming beam
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was 75°, the scattering angle was 31°. For an analysed area of 1.5 x 1.5 mm?, the
recoiling sample ions were detected using a Bragg ionization chamber, enabling energy
measurements and atomic number identification of the recoils. Hydrogen recoils were
detected using a separate solid state detector at a scattering angle of 41°. X-ray
photoelectron spectroscopy (XPS) for selected samples was performed to identify the
binding energies and oxidation states of the Nb and O atoms using an Omicron
Multiprobe surface analysis system with a DAR 400 X-ray source with an Al-Ka beam and
an excitation energy of 1486.7 eV, an XM 500 quartz crystal monochromator and an EA
125 hemispherical electron energy analyser with a 5 channel pulse counting channeltron
at a pass energy of 20 eV. The total energy solution of the system (excitation source,
analyser) was 0.5 eV. The binding energy was corrected by using the C-C bond of the C1s
peak of residual hydrocarbon surface contaminants at 284.6 eV as reference. All
measurements were performed in the as-received state under three different detection
angles of 0, 35 and 50° to the surface normal and the fitting of the spectral line shape
was performed by convolution of Gaussian and Lorentzian functions. X-ray diffraction
(XRD) measurements were done using a Bruker-AXS D8 Advance diffractometer in
grazing incidence geometry with an angle of incidence of 5° and Cu-Ka radiation (A =
1.5406 A). Identification of the oxide phases was further supported by Raman
spectroscopy using a Jobin Yvon LABRAM confocal Raman spectrometer equipped with
a frequency doubled Nd-YAG laser (A =532.2 nm) and a measurement range between
200-1200 nm. To investigate the optical properties of the films, the reflection and
transmission spectres were recorded between 250-850 nm at 2 nm intervals using a

PerkinElmer-LAMBDA 950 UV/Vis/NIR spectrometer with W- and V-set up, respectively.

Table 1: Variations of the Ar and O; gas flow with the resulting O, partial pressure.

Ar flow [sccm] 28 27 27 26 25
O3 flow [sccm] 12 13 13.5 14 15
P(02)/prot [%] 54.7 57.6 58.6 60.4 63.1
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3. Results

Figure 1 (a) shows the film growth rate and the applied target voltage as a function of
the increasing oxygen partial pressure for films grown without additional substrate
heating at both bias pulse frequency settings. In addition, the temperature-time curve
is displayed in Figure 1 (b), indicating values of 198°C (50 kHz) and 206°C (250 kHz) after
the applied deposition time of 60 min. In both frequency settings, the target voltage
rises continuously with increasing oxygen partial pressure. For the 50 kHz deposition,
values increase from -565 to -600 V (i.e. by ~6%), while the minimum and maximum
voltage for the 250 kHz deposition lies between -536 and -589 V, corresponding to an
increase of ~¥9%. In a similar way as the voltage increases, the film growth rates drops
with the increasing oxygen partial pressure. Here, the values vary between ~83 nm/min
for p(02) = 54.7 % and 53 nm/min (50 kHz) and 48 nm/min (250 kHz), respectively, for
p(02) = 63.1%. Additionally it is evident that for all oxygen partial pressures the lower
bias pulse frequency of 50 kHz results in higher voltage and growth rate values. For the
films grown at p(02) = 57.6% and 250 kHz at substrate temperatures up to 600°C, the
film growth rate slightly declines to a minimum value of 68 nm/min at 600°C, compared
to 73 nm/min for the film grown without additional substrate heating. The target
voltage stays approximately constant at -550 V over the whole temperature range

investigated.
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Figure 1: (a) Growth rate and target voltage as a function of the oxygen partial
pressure and (b) the substrate temperature-time curve for the two bias pulse frequency
settings studied, recorded in 1 min steps (0-20 min) or 2 min steps (20-60 min),
respectively.
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The fracture cross-sections and top view SEM micrographs of four films deposited at the
respective lowest (p(0O2) = 54.7%) and highest oxygen partial pressure (p(02) = 63.1%)
for both bias pulse frequency settings are displayed in Figures 2 (a) to (d). All films are
characterized by a dense and feature-less microstructure, where the decreasing film
thickness with increasing oxygen partial pressure as a result of the decreasing growth
rate (see Figure 1 (a)) can clearly be recognized in the fracture cross-sections. The
irregularities visible in the upper range of the films are attributed to fracture lines. The
rising oxygen partial pressure hardly affects the film surface topography; all films grown
without additional substrate heating appear smooth and homogenous. While some
minor surface features are recognizable for the 50 kHz samples, the 250 kHz variants
seem to be even smoother. The morphology and topography of the films deposited did
not change significantly for substrate temperatures up to 500°C. The film grown at p(O3)
= 57.6%, a bias pulse frequency of 250 kHz and a substrate temperature of 600°C is
displayed in Figure 2 (e), showing a change from a featureless to a columnar grain
structure. A closer look indicates that in the lower third the film resembles the feature-
less morphology of those films grown without additional substrate heating, while crystal
growth is dominating in the later growth stage. In good agreement, the film topography

appears rough with faceted crystals protruding from the surface.
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Figure 2: SEM top view (above) and fracture cross-section (below) micrographs of NbOx
films deposited at various oxygen partial pressures and bias pulse settings on Si
substrates. (a) p(02) = 54.7%, 50 kHz; (b) p(O2) = 63.1%, 50 kHz; (c) p(0) = 54.7%, 250
kHz; (d) p(Oz) = 63.1%, 250 kHz; (e) p(0;) = 57.6%, 250 kHz, T = 600°C.

The chemical composition of the films grown at 250 kHz without additional substrate
heating and at a substrate temperature of 600°C, measured by ERDA, is summarized in
Table 2. Beside Nb and O only a minor content of hydrogen could be detected. Within
the range investigated, the increasing oxygen partial pressure does not affect the Nb
and O content within the films. The O/Nb atomic ratio of ~2.35 is located between NbO
(O/Nb =2) and Nb20s (O/Nb = 2.5). The minor hydrogen contamination is attributed to
hydrogen uptake during deposition stemming from H,0 contamination of the residual

gas. H,0 is known as the main hydrogen source, present in high vacuum systems [12].
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Table 2: Element concentrations determined for the NbOx films deposited at a bias
pulse frequency of 250 kHz by ERDA.

0(05) [%] Substrate: Nblat%] O [at%] H [at.%]
temperature [°C]
54.7 RT 29.7 70.2 0.09
57.6 RT 29.7 70.1 0.19
58.6 RT 29.7 70.1 0.21
60.4 RT 29.7 70.0 0.26
63.1 RT 29.7 70.0 0.24
57.6 600 30.0 69.6 0.44

In Figure 3, the XPS spectra for selected films are summarized, evaluating the Nb3d and
O1ls core level spectra in the as-received state, measured under three different
detection angles of 0, 35 and 50° to the surface normal. As a result of the characteristic
Nb3ds/>-Nb3ds/2 doublet, two different components in the XPS spectra of Nb can be
identified which can be assigned to different bond states of Nb. For all three films
investigated, the curve fitting of Nb3d shows the most prominent feature at a binding
energy of ~207.1 eV (Figures 3 (a) to (c)), which can be related to the Nb>* oxidation
state, and thus the binding energy of Nb,0s [7,13—15]. Further, a low intensity peak can
be seen at a binding energy of ~206.0 eV for the two films grown at the respective lowest
oxygen partial pressure. This peak is associated with the Nb** oxidation state and thus
the binding energy of NbO; [7,14]. By increasing the detection angle from 0 to 50°, the
peak height of the Nb*" peak decreases indicating a surface oxidation layer of Nb>*. For
the 250 kHz film at 50° it is no longer detected (see Figure 3 (b)). For the films deposited
at the highest oxygen partial pressure there is no evidence of the peak corresponding to

Nb** at any detection angle.

The XPS spectra of the O1s core level are displayed in Figures 3 (d) to (f) for the same
three films and detection angles, and they consist of three peaks. The highest intensity
peak characteristic for 0% in metal oxides can be found at a binding energy of 530.1 eV,
beside the two peaks stemming from surface hydroxylation with OH-groups and
absorbed H,0 molecules at binding energies of ~531 eV and ~532 eV, respectively [16].

Again, the increase of the peak height with increasing detection angle indicates that
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these contributions come from the film surface. Except for the varying peak heights of
these two surface contaminants, no further significant differences can be seen for the

three NbOy films investigated.
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Figure 3: Nb3d and O1s XPS spectra of NbOx films deposited with different bias pulse
frequencies and oxygen partial pressures, measured under different detection angles to
the surface normal. (a), (d) 50 kHz and p(Oz) = 54.7%; (b),(e) 250 kHz and
p(0z) =54.7%; (c),(f) 250 kHz and p(0z) = 63.1%.

Figure 4 presents the X-ray diffractograms of NbOy films deposited with a bias pulse
frequency of 250 kHz; they do not differ significantly from those of the films grown at
50 kHz (not shown). In particular, films deposited at three different oxygen partial
pressures are displayed, in addition to those two films grown at substrate temperatures
of 500 and 600°C at p(0z) = 57.6%. The absence of well-defined peaks obtained for those
films grown without additional substrate heating supports the optical impression
derived from the fracture cross-section micrographs in Figure 2 and confirms the
amorphous film microstructure. The slightly enhanced intensity between 20° < 20 < 40°

is not associated with a crystalline oxide phase like NbO; or Nb;Os. Film growth at an
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elevated temperature up to 500°C does not lead to significant changes in the amorphous
microstructure, although first indications for enhanced diffraction intensity seem to
appear at 500°C, as indicated by the arrow in Figure 4. In contrast, a further increase of
the substrate temperature to 600°C results in sharp and high-intensity diffraction peaks,

which best agree with the orthorhombic T-Nb,Os phase [17].
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Figure 4: X-ray diffractograms of NbOy films deposited at a bias pulse frequency of 250
kHz for various oxygen partial pressures and substrate temperatures on Si substrates.
The black squares indicate the diffraction peaks of T-Nb;Os [17].

The recorded Raman spectra for films deposited with the bias pulse frequency of 250
kHz are displayed in Figure 5. NbO; and Nb,Os are known to be Raman active and peak
positions taken from refs. [7,18-20] for both phases have been added. Only at oxygen
partial pressures p(02) > 58.6%, broad bands with low intensity are visible, particularly
between 200-350 cm™ and 550-750 cm™. These broad peaks prevent an unambiguous
assignment to a particular niobium oxide phase. At lower partial pressures, the films do
not appear to be Raman active. The high intensity peaks at 520 cm™ and between 920-
1045 cm™ are attributed to the Si substrates, as the NbOy films become transparent at

p(02) > 58.6% [21].
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Figure 5: Raman spectra of NbOxfilms deposited with a bias pulse frequency of 250 kHz
for varying oxygen partial pressure on Si substrates. Reference spectra for Nb;Os, NbO;
and Si taken from references [7,18-21] are included.

As demonstrated in Figure 6 (a), the NbO films undergo an optical shift from non-
transparent to nearly fully transparent with increasing oxygen partial pressure. The main
difference between the two bias pulse frequencies can be seen for the two oxygen
partial pressures p(02) = 57.6% and 58.6%. The sample grown at 250 kHz and at the
lower partial pressure is characterized by a high transparency, while the 50 kHz sample
appears to be non-transparent. The influence of the substrate temperature on the
optical appearance is visualized in Figure 6 (b), where hardly any difference can be seen
for the deposition runs between room temperature and 400°C. Despite its dominating
amorphous structure, the film grown at 500°C appears highly absorbing. A substrate
temperature of 600°C leads to a semi-transparent film with a whitish colour, which
agrees well with the formation of the T-Nb,Os phase, since Nb2Os polymorphs tend to

have a white colour [7].

The transition from non-transparent to transparent observed in Figure 6 at lower oxygen
partial pressures of the 250 kHz films is supported by the measured optical properties,
which are summarized in Figure 7. The spectral transmittance is higher for the 250 kHz
compared to the 50 kHz films, with a maximum transmittance of ~80% at p(02) = 63.1%.
The reflectance values are similar for all samples, ranging from 20 to 30 %, regardless of
the applied oxygen partial pressure (Figure 7 (c) and (d)). Figure 8 (a) compares the

transmittance and reflectance development as a function of the oxygen partial pressure
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for a wavelength region between 540 and 560 nm, which was chosen since the luminous

efficiency function of the human eye for daylight shows its maximum at ~550 nm [22].

Because of the interference fringes of the transparent films, a mean value of

transmittance and reflectance was calculated for the wavelength region between 540

and 560 nm. Again, the sharp increase of transmittance was observed for oxygen partial

pressures p(0z) > 57.6%, while the reflectance remains approximately constant over the

whole partial pressure range investigated. Poelman et al. [23] suggested a rough method

to calculate the refractive index n, based on interference fringes and existing

transmission maxima. Applying this method for the films grown at the highest oxygen

partial pressure for a wavelength between 500 and 850 nm, the refractive index was

calculated to be 2.5, increasing to values of 4.3 for a wavelength below 500 nm (see

Figure 8 (b)).

(a) |ope > shutterywhen, with many a flirt ani%

1In thy 1 of the samntly days of yore.|

3:’: Not ! ic: ot a minute stopped or §
o |But, : d of lady, perched above my chamber
4 [Pere allas just above my chamber doot
t}’crc S uop'litzgf more.
54. 57.6% - 58.6% 60.4% 631% 4

| heguiling my ﬁ;eid fancy into mhhng1
decorum of the countenance it wot

B shom and shaven, thou,' I said, “art §
2 entraven wandering from the night
o g y name is on the Night's Plutonian §
ermore.! | |
il

(b) T RT 0T 400T | SO0 T T
seiponia mifnight drefiyefhile leredppagl «

forg

ly th

T [many a quaint and cHous vol

VHIlE T oclclod, neirly ;i‘appin;:,. §

f some onc gently rapping, tappy

; 8 \"‘\‘ \’»‘ 'A‘ “ti

s J@mgisitogy |l red; Jl.}.l
Only this and nothing more.

my ¢

L my

Figure 6: (a) NbOy films deposited on SLG substrates with bias pulse frequencies of 50
and 250 kHz, respectively, and oxygen partial pressure increasing from left to right.
(p(02) =54.7, 57.6, 58.6, 60.4 and 63.1%); (b) NbOx films deposited on SLG substrates
with bias pulse frequency of 250 kHz, p(0;) = 57.6% and increasing substrate
temperature from left to right (RT, 300°C, 400°C, 500°C and 600°C).
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Figure 7: Optical properties of NbOx films grown on Corning EAGLE XG glass sheets.
(a),(b) Transmittance T and (c),(d) reflectance R as a function of the wavelength.
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Figure 8: Optical properties of NbOy films grown on Corning EAGLE XG glass sheets. (a)
Averaged transmittance T and reflectance R as a function of the oxygen partial
pressure between 540-560 nm, (b) refractive index n as a function of the wavelength.

4. Discussion

The continuous increase of the target voltage with increasing oxygen partial pressure is
attributed to target poisoning, where an oxide layer is formed on the target surface,
which significantly reduces its electrical conductivity [24-27]. Consequently, since the
sputter rate decreases with an increasing coverage of the target surface with less

conductive oxides, the film growth rate drops, as observed for the increasing oxygen
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partial pressures (see Figure 1 (a)). Despite the numerous reports on the effect on target
poisoning, only a few reports on the effect of pulse bias conditions on the film growth
rate are available. Pulsing the substrate bias voltage affects the flux of charge carriers
arriving at the substrate. During the negative pulse, ions are drawn towards the
substrate and the growing film, while electrons are attracted during the positive pulse,
de-charging a possible positive charge formed during ion bombardment [28,29]. Since
the positive pulse duration was held constant at 0.5 ps within the present study, the
pulse frequency increase from 50 to 250 kHz corresponds to a decrease of the negative
pulse duration, and thus to an increase of the duration available for efficient ion
bombardment of the film surface, before positive charging occurs. Lee et al. [30] and
Obrosov et at. [31] reported on changes in growth rate with bias pulse frequency,
arguing that the increasing ion bombardment and increasing resputtering observed for
higher pulse frequency are responsible for the observed decreasing film thickness.
Within the present study, the higher pulse frequency also leads to a lower film growth
rate (see Figure 1 (a)), which can, however, also be attributed to the observed lower
target voltage and the thus lower kinetic energy of Ar* ions impinging on the target
surface, resulting in reduced sputter erosion and consequently also film growth rate
[24]. On the other hand, diffusion of adatoms on the surface of the growing film can also
be thermally activated and is therefore affected by the substrate temperature [24]. The
observed slight decrease of the film growth rate from 73 to 68 nm/min with increasing
substrate temperature can thus be attributed to the thermally enhanced mobility of
adatoms on the film surface and the consequently resulting densification of the formed
film. Probably, also adatom re-evaporation might contribute to the reduction of the
growth rate [24].

An amorphous structure of NbOy films, especially for Nb2Os films, has been reported
several times in literature [2,3,5,6] and agrees well with the findings of the current
investigation. The observed formation of a smoother film surface at a higher bias pulse
frequency is explained by the increased average number of ions bombarding the film
surface before they are repelled by the build-up of negative charge, which enhance the
surface mobility of condensed adatoms [32]. A film thickness dependent crystallization,
as reported for Nb;Os [6], V205 [33] and MoOx films [27] with thicknesses exceeding 1-2

pm and thus substrate temperature induced crystallization during the process-inherent
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plasma heating (see Figure 1 (b)) could, however, not be found. The formation of well
crystalline films at a substrate temperature of 600°C on the other hand, corresponds to
findings reported by Kliinsner et al. [34] for sputter deposited V,0s films grown at
elevated temperatures and by Ramirez et at. [3] and Lai et al. [5], who post-annealed
NbOx films for 1 h in air at 500 and 600°C, respectively. The orthorhombic T-Nb,Os
observed at a substrate temperature of 600°C within this work is known to be stable in
the temperature range between 600 and 800°C [7].

Adjusting the detection angle during XPS enables to vary the surface probing depth and
thus to investigate the binding state of eventual surface layers [14]. Considering the
decreasing peak height of the Nb** oxidation state with increasing detection angle (and
therefore decreased surface probing depth) for those films deposited at the lowest
oxygen partial pressure applied (see Figure 3 (a)-(b)), the formation of a few nm thick
Nb,Os top layer can be presumed. Due to the reduced probing depth, the detected
photoelectrons stem mainly from the Nb,Os top layer. Nb,Os is considered as the
thermodynamically most stable NbOy phase and its formation takes place most probably
during storage in ambient air [7,14]. Further it is assumed that the films deposited at the
highest oxygen partial pressure, as displayed in Figure 3 (c), are dominated by Nb;0s
bonds, while for those films grown at lower oxygen partial pressures shown in Figs. 3 (a)
and (b) additional fractions of NbO2 bonds are formed. To estimate the fraction of Nb**
bonds in the latter films, the total contribution of Nb** and Nb°* to the measured Nb3d
spectra has been calculated following the procedure described in our earlier paper [35].
For peak fitting, the formation of a Nb,Os top layer with variable layer thickness and
packing density as well as the Nb**/Nb>* ratio in the underlying film have been used. The
calculation yields a Nb**/Nb>* ratio of 0.21 or 0.25 for the films deposited with bias pulse
frequencies of 50 or 250 kHz, respectively. Furthermore, the calculations indicate an
increased Nb;Os top layer thickness for the 250 kHz variants with an at the same time
reduced packing density. This more porous surface layer is assumed to be caused by a
reduction of Nb-O bonds due to preferential sputtering of oxygen by Ar* ions, as
reported by Silversmit et al. [36] and Cui et al. [37] for Ar*ion bombardment of vanadium
oxide phases, where the V atoms are shifted towards lower oxidation states. However,
since the films studied within the current investigations are exposed to an oxygen

containing atmosphere during deposition, it can be further assumed that those Nb-O
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bonds are reconstituted, leading to a volume change and as a result to the formation of
pores, explaining the reduced density of the Nb,Os top layers. The increased pulse
frequency allows a higher flux of ions enables to be drawn to the substrate
[29,32,38,39], and is thus further enhancing this effect. The increased layer thickness of
the NbOs top layer for the 250 kHz film is supported by the Nb3d XPS spectra (Figure 3
(b)) for a detection angle of 50°, where no Nb*" is present any more, compared to the
50 kHz film variant, displayed in Figure 3 (a).

The differences of the films grown at the two bias pulse frequencies are visible in their
optical appearance for the oxygen partial pressures of p(02) =57.6% and p(O2) = 58.6%
(Figure 6 (a)). Both, the ion current and electron current, drawn to the substrate by the
negative and positive pulse, respectively, contribute to an increased substrate
temperature during deposition. With increasing pulse frequency, plasma parameters
like electron temperature and density also increase, leading to a further temperatures
rise [28,29,32,38,39]. The slightly higher temperature observed for the 250 kHz
deposition (see Figure 1 (b)) can therefore lead to the formation of films richer in the
thermodynamically stable Nb;Os at lower oxygen partial pressures [7]. On the other
hand, the films deposited at elevated substrate temperatures up to 400°C show almost
no change in their optical appearance (see Figure 6 (b)) with respect to those grown at
room temperature. The significant change in the optical appearance visible in Figure 6
(b) between 400 and 500°C may indicate the start of crystal growth, with first indications
for enhanced X-ray diffraction intensity in Figure 4. Concluding the possible bias related
effects by applying different pulse frequencies together with the observed higher
transparency for a lower oxygen partial pressure at the higher pulse frequency setting,
we assume that the lower target voltage for the 250 kHz deposition determines the
differences between the films. The lower target voltage and therefore lower kinetic
energy of argon ions bombarding the target surface reduces the number of sputtered
Nb atoms [24]. Consequently, a lower number of Nb atoms arrive at the substrate
surface, and can subsequently be more easily oxidized in the oxygen containing
deposition plasma to Nb,Os.

The transmittance and reflectance spectra displayed in Figure 7 are in good agreement
with spectra reported by Foroughi-Abari et al. [1], Venkataraj et al. [2] and Franz et al.

[8], indicating a shift towards higher transparency with increasing oxygen content. The
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transparent films are characterized by interference fringes. The shape of a transmission
spectrum is affected by the refractive index n together with the film thickness d. The
product of n and d influences the spacing of the interference fringes [23]. With the film
thicknesses known from the SEM cross-sections and the wavelength at the transmission
maxima from Figures 7 (a) and (b), the refractive index n can be calculated, following
the procedure reported in [23]. Comparing the calculated n values at a wavelength
between 500 and 850 nm in Figure 8 (b), again a good agreement with values from
literature is obtained. Refractive indices between 2.1 and 2.6 are reported for
amorphous Nb;0s, depending on the synthesis method, microstructure and internal film
stresses [2,3,5—7]. The sharp increase of n for a wavelength below 500 nm may indicate
the limit for the applied rough calculation method [23], but can also be related to the 2
nm intervals applied for the measurements, leading to a reduced accuracy of the

transmission maxima positions.

5. Conclusions

Niobium oxide thin films were deposited by reactive d.c. magnetron sputtering from
cold gas sprayed niobium targets, with a variation of oxygen partial pressure, bias pulse
frequency and substrate temperature, to evaluate microstructural/chemical evolution
and optical properties of the films. The amorphous, transparent films deposited without
additional substrate heating at the highest oxygen partial pressure consist solely of
Nb,Os, while additional fractions of NbO, are present for the lowest oxygen partial
pressure, which is reflected by their non-transparent characteristics. The increase of the
bias pulse frequency from 50 to 250 kHz leads to a decreasing target voltage, resulting
in a reduced Ar* ion kinetic energy and therefore decreased target sputter erosion and
consequent film growth rate. With the reduced number of Nb atoms sputtered, optical
transparency was reached for films grown at 250 kHz at lower oxygen partial pressures
films compared to the 50 kHz films. Since the target surface is increasingly poisoned with
increasing oxygen partial pressure, a decline of the film growth rate from 83 to 48
nm/min could be observed. A substrate temperature of 600°C leads to formation of
crystalline films consisting of the orthorhombic Nb,Os phase with semi-transparent

whitish appearance.
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