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1 Introduction

Materials that are optically transparent and electrically conductive at the same time
are an essential component in opto-electronic applications, such as flat panel displays,
touchscreens, solar cells or smart windows. Most of the materials showing these typically
contradictory properties are doped oxidic compounds, so-called transparent conductive
oxides, with the most frequent being Sn-doped In O3 (ITO) [1-4]. However, the material
costs of In are increasing as the resources are limited and the manufacturing process can
be quite complicated. ITO films also show a brittle fracture behaviour, which creates
difficulties in its use in future flexible devices [5]. Researchers are therefore constantly
looking for alternatives. Such alternative materials include Al- or Ga-doped ZnO and
F-doped SnO, |2, 6]. But also nano-structured metals, such as Ag nanowires or ultra-thin

films and single walled carbon nanotubes are considered as substitutes for I'TO [7].

Transition metal oxynitrides (Me-O-N), with metals such as W, Ti, Ce, Cr, Hf, V, Ta,
W or Mo, are known to combine sometimes contrary properties of oxides and nitrides
[8-12]. With different O/N ratios it is possible to manipulate the microstructure, the
bonding behaviour and oxidation state of the metal, which has an effect, especially, on
the physical properties. The coloration, the photocatalytic behaviour, magnetoresistance
effect and the emission wavelength of luminescent oxides is reported to be influenced by
the addition of N [11]. Only little research has been conducted on the mechanical, optical
and electrical properties of molybdenum oxynitride (Mo-O-N). The combination of the
transparent MoOg3 and the conductive MosN and thereby the possibility of Mo-O-N being

an alternative to ITO is the incentive of this thesis.

Therefore, films of different N and O content, including pure Mo as a reference, were
deposited to investigate the influence of N on the microstructure and the mechanical,
optical and electrical properties. Using reactive magnetron sputtering, it was possible to
manipulate the O/N ratio during the deposition by varying the reactive gas flow rates.
Series of different thicknesses were deposited to discuss the possible effect of reduced thick-
nesses on the opto-electronic properties. The microstructure and chemical composition of
specific samples was analysed using elastic recoil detection analysis (ERDA), X-ray pho-
toelectron spectroscopy (XPS), electron dispersive X-ray spectroscopy (EDX), scanning
electron microscopy (SEM) and X-ray diffraction (XRD). The mechanical properties were
analysed by nanoindentation and micro-scratch testing. Transmission, reflexion, absorp-
tion, refractive index, extinction coefficient and energy band gap were determined using
spectroscopic photo- and ellipsometry and the electrical resistivity was measured by a

four point probe.



2 Theoretical Background

2.1 Molybdenum Oxynitrides

With an atomic number of 42, Mo is a transition metal of the Group VI in the periodic
table. Showing a high melting point of 2610°C and low coefficient of thermal expansion,
it is categorised as refractory metal and it is one of the trace elements, essential for
the growth of living organisms [13, 14|. The first industrial use was as additive in steel

production, which is still the highest consumption of Mo worldwide [13].

Transition metals typically have more than one incomplete outer shell, which allows the
formation of oxides with different oxidation states. For Mo the most stable oxidation
states are Mo*" and Mo®" with the corresponding oxide phases being MoO, and MoOs
[15, 16]. MoO, is an opaque material with a low electric resistivity, whereas MoO3 shows
transparent and insulating properties [17, 18]. The latter is also considered to be an
electro- and photochromic material {19, 20]. Applications for MoOj3 are in the photovoltaic

[21], photocatalytic [22] and gas sensing industry [23].

There are two stable phases of MoN,, namely Mo,N and MoN. Due to a combination
of metallic, covalent and ionic bonding, they show a metal-like electrical behaviour and
mechanical properties comparable to ceramics |24, 25|. MoNy coatings can be used as
Cu diffusion barriers in electronic devices [26-28], as hard protective coatings [29, 30|,
as catalysts for a COy-free H production [31] and are also suggested as superconductors
[32, 33].

O and N show, due to the neighbouring position in the periodic table, similarities in ionic
radius, coordination number and electronegativity, which makes them suitable substitutes
for each other. However, with a different polarisability, bonding energy and electron
affinity, the properties of the resulting Me-O-N may vary significantly with different N/O
ratio [11]. The influence of N on MoOy is a reduction of the band gap and a change in
the oxidation state of the component transition metal, in this case Mo. It is therefore
possible to manipulate the coloration, the tribological properties are enhanced and the
photocatalytic activity is shifted towards the visible range [10, 11, 34, 35|. Current and
suggested applications for Mo-O-N are the use as photo-catalyst for water splitting and
degradation of organic molecules [9, 11, 12, 31, 36|, anodes for lithium batteries [37],

diffusion barriers in electronics [38] and as back contacts for solar cells [39].



2.2 Synthesis

2.2.1 DC Reactive Magnetron Sputter Deposition

Sputter deposition is a physical vapour deposition (PVD) technique, where the impact
of gaseous ions on the surface of a source material (target) causes the ejection of atoms.
The sputtered atoms can then condense on the surface of a provided substrate and form

a continuous film as schematically shown in Figure 2.1.

For this procedure a vacuum chamber with an introduced heavy inert gas, typically Ar,
is necessary to form a plasma. By applying a voltage, the ionised atoms in the gas
are accelerated to the target (the cathode). These impingements cause the emission of
secondary electrons, which are then accelerated to the anode and may collide with the
gas atoms in the chamber, as can be seen in Figure 2.1. This results in the formation of
new ions and free electrons and ultimately in maintaining the plasma [40-42]. In order to
sputter an atom from the target surface, an impact with a sufficient energy is necessary
to provoke a collision cascade in the near-surface area. An energetic hit from below the
surface is essential to eject a surface atom out of the matrix [41, 42]. Preferably this atom
will then directly approach the substrate to contribute to film growth and not be deflected
by other particles in the chamber. This is relevant for the evolution of the microstructure

and may affect the properties of the thin film.

The amount of target atoms that are sputtered from the surface by one incident ion can
be expressed as sputter yield [41, 42|. It is influenced by a number of factors, such as
the energy of the incident particle, the condition of the target surface or the angle of
incidence [41]. The amount of target atoms that are sputtered per unit of time is the
so-called sputter rate and is manipulated by the number of incident ions. In order to have
a more efficient sputter rate, magnetron sputter deposition was developed in the 1980s.
Due to the externally applied magnetic field, the electrons are deflected from their direct
path to the anode and are trapped in the vicinity of the target surface. The result is a
more efficient ionisation of the background gas [40-42|. With the available higher number

of ions, an enhanced sputter erosion of the target material is achieved.

Another advantage of this setup is that a lower background gas pressure is required.
Hence, less particles are present in the discharge and the probability of gas phase col-
lisions is decreased. This leads to incident ions with higher energies, less scattering of
the sputtered atoms and therefore a higher deposition rate [40, 41]. However, this im-
plementation consequences the formation of the so-called erosion tracks. Depending on

the magnetic field lines, i.e. the geometry of the target and the position of the magnets,
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Figure 2.1: Schematic illustration of the processes occurring during reactive magnetron
sputter deposition (after [43, 44]).

the erosion tracks can be rather concentrated or spread over a larger area of the target
[40, 41, 45]. With time a groove is formed in the erosion track, which affects the sputter

behaviour and alters the sputter rate and, ultimately, limits the lifetime of the target.

In conventional magnetron sputter deposition the target is powered by a DC voltage,
which is the least expensive way of powering, yet it is limited to conductive targets [40—
42]. Nevertheless it is possible to synthesise compound films by adding a reactive gas
to the process chamber. The stoichiometry of the reaction product between the target
atoms and the reactive gas atoms and/or molecules can be controlled by the gas partial
pressure. This means with a low partial pressure of the reactive gas it is possible to form
a metallic film with the reactive element as a dopant [42]. In most cases, however, the gas
reacts not only with the sputtered target atoms, but with the target surface as well. As a
result, a compound layer with a higher bonding energy than the pure metal is formed and
the sputter yield and thereby the deposition rate are typically decreased [40, 41]. This

phenomenon is called target poisoning.

In a sputter deposition system with DC powering and the formation of an insulating
layer on the target, there is a greater risk of undesirable charge build-up and arcing [40].
The damage induced by arcing is a locally concentrated melting of the target, which can
produce films of inferior quality. However, there are relatively simple methods to prevent
the formation of an arc at the target surface. One such prevention is turning off the power
for a few micro-seconds at a critical point of low voltage and high current by using an arc

suppression unit [40].

The usage of a metallic target provides further advantages in addition to tailoring the



Figure 2.2: Schematic illustration of the processes during a) nucleation, b) island forma-

tion, c) island coalescence, d) continuous film formation and e) film growth [48].

stoichiometry of a compound. The manufacturing of a metallic target is accomplished
by casting under protective atmosphere or via powder metallurgy [42, 45|. This makes
metallic targets more cost-effective than non-metallic targets. The latter typically need to
be sintered, which is more expensive and time consuming. Further, higher purities of up
t0 99.99 % can be achieved for metallic targets, whereas the purity of compound targets
is usually below 99.9 % [42].

2.2.2 Thin Film Growth

As the sputtered atoms approach the substrate, the first step of film growth is the nucle-
ation on the substrate surface. The loosely bonded adatoms move along the surface to
either rest at a position of lower energy, including steps or cracks, or once again evaporate
from the surface [46, 47]. The different stages of film growth, in this case island growth,
starting at nucleation over coalescence of islands to a continuous film, are depicted in
Figure 2.2.

Such low energetic locations might also be already existing nuclei and thereby the starting

points of the formation of individual islands of the coating material. At low temperatures



and on an amorphous substrate, the nuclei have random orientation, as do the formed
islands [48, 49]. Only as the islands grow larger and the substrate is heated to activate
diffusion processes, neighbouring islands would coalesce to single or polycrystals with
more favourable orientations. The coalescence is also a result of the desire to minimise
the surface and interface energy [48, 49]. As the deposition process progresses, the islands
continue to grow and combine at the expense of slower growing grains. Eventually the

whole substrate surface is covered and a continuous film is formed.

The concept of structure zone models

To describe the evolution of the microstructure during film growth, several influencing
factors need to be considered including the substrate temperature and the presence of im-
purities or additional elements. The change due to an increase in substrate temperature
is described in the structure zone model (SZM) first developed by Movchan and Dem-
chishin, who analysed the microstructure of a number of coatings that were synthesised
at different temperatures [50]. After many years of improvement by various scientists

[47-49, 51], SZMs are still the basis for characterising the microstructure of coatings.

In general, it can be stated that the columnar structure observed in PVD-produced films
arises from the deposition method. Since the direction of material flux is mainly restricted
to the line of sight between target and substrate, the film growth occurs in this direction
[48]. However, the basic SZM of elemental depositions, as can be seen in Figure 2.3,
describes three zones within a range of the homologous temperature, T/ T,, where Ty is

the substrate temperature and T, is the melting point of the coating material [48, 49].

In Zone I, i.e. at low homologous temperatures (Ts/T,, < 0.2), narrow, fibre-like columns
are formed. These often appear in bundles with a high concentration of defects, such
as dislocations and porous grain boundaries [47, 49]|. Diffusion controlled processes are
limited due to the low temperatures, hence no grain coarsening or rearrangement occurs

and the grains are randomly oriented.

At higher temperatures, neighbouring crystals start to interact with each other and faster
growing orientations dominate the microstructure. Throughout the film thickness, the
crystals develop from fine-dispersed at the substrate surface to a columnar structure with
larger diameter in the top region of thick coatings. The resulting V-shaped grains can be

defined as competitive growth texture, which is characteristic for Zone T [49].

Increasing the temperature even further (Ty/T,, > 0.4) leads to Zone II with distinct
columns forming the structure. These columns proceed over the whole thickness of the

coating with grain boundaries that are almost perpendicular to the substrate surface [49].
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Figure 2.3: Basic SZM applied at different film thicknesses [49].

As the diffusion processes accelerate with increasing T/ Ty, the diameter of the columns
increases as well. It is also obvious in Figure 2.3 that the surface in this zone is smoother
than in Zone T, which shows a particularly rough appearance. This restructuring growth
texture is a result of the high mobility of the grain boundaries at these temperatures [49].

Neighbouring crystals grow together and only grains with low energy orientations remain.

The shadowing effect and high energy bombardment

The porous structure in Zone I is a result of the shadowing effect at low temperatures,
where diffusion processes are limited and do not reconcile the thermodynamic imbalance.
The atoms approaching the substrate attach preferably to the peaks rather than to the
valleys of a surface [46, 47|. This means, that an already established surface roughness
but also a low deposition angle favour the voided Zone I texture and delay the formation

of the Zone T to higher temperatures.

An oblique deposition angle can be constructed by tilting the substrate to generate a
specific texture. But more often it is a consequence of a high gas pressure in the deposition
chamber or hollow cathode sputtering. The first causes more opportunities of scattering
from the line-of-sight path of the sputtered atoms [46, 47|. To avoid such oblique flux,
and therefore gain a denser structure, it is advisable to reduce the total gas pressure or,

in the case of a hollow cathode, to apply shields that restrict the material flux [47].

Another way to densify and potentially eliminate the columnar structure of a deposition is
the implementation of high energetic particle bombardment [47, 48, 52|. By re-sputtering
the atoms located at the roughness peaks, these are manipulated to fill valleys and to form

a smoother surface. This ensures increasing nucleation rates for newly sputtered atoms.



Also the bombardment may cause an impact to drive atoms in the near surface area further

into the bulk material and fill voids that are already existing in the microstructure [46, 52|.

Bombarding particles, that are used most often, are ions from the plasma or an additional
ion source. These ions are then accelerated by applying a bias voltage to the substrate.
Other particles include sputtered atoms and neutralised ions that are reflected from the
target surface [46]. The latter ones are especially of interest due to a higher energy. This
energy is influenced by the target to working gas mass ratio [52|. However, a significant
disadvantage to this method is an increased incorporation of working gas atoms, which

changes the chemical composition of the film [46, 47, 52].

The influence of impurities

As aforementioned, the microstructure not only depends on temperature, but also on the
magnitude of impurities. Introducing a multicomponent structure, the microstructure
may vary significantly from the expected texture according to the basic SZM. Due to the
incorporation of a different element, the mobility of grain boundaries is usually inhibited
causing a decreased grain size. There are only a few exceptions, such as alloying Sn to

Al, which show an opposite effect and promote the grain growth [48].

As shown in Figure 2.4, the blocking of grain boundaries results in narrow columns,
competitive growth textures or eventually globular crystals for respectively small, medium
or high concentrations of impurities [48, 49]. The latter one is also described in some SZMs
as Zone III. This structure appears at very high temperatures (Ts/ Ty, > 0.5) and/or high
concentrations of impurities. Obviously this structure is a result of a high potential for
bulk diffusion. Only at elevated diffusion rates, incorporations are able to segregate to
the grain boundaries or the surface of a growing crystal hindering additional growth and
leading to a conversion of the columnar structure to equiaxed three dimensional grains
with randomly oriented lattice planes [47-49]. A very high concentration of impurities

may lead to a nano-crystalline or even amorphous structure [49].

2.3 Thin Film Characterisation

2.3.1 Mechanical Properties

A common method to investigate the mechanical properties of thin films is nanoindenta-
tion. With this technique, typically a so-called Berkovich diamond indenter, an indenter

in the shape of a three-sided pyramid, is pressed into a surface and the load is recorded as
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and qualitative concentration of impurities [53].



Load, F

Figure 2.5: Schematic illustration of the loading and unloading curves of nanoindentation
analysis (after [54, 55]).

a function of the penetration depth during loading and unloading, as schematically shown
in Figure 2.5. From the resulting curves, the stiffness S of the material is determined
as the slop of the unloading curve at the maximum load F,., and total depth Apay.
Subsequently, from the contact depth h. and thereby the contact area A., the hardness
H and the reduced modulus F, can be calculated according to Eq. (1)-(3) [54, 55]. The
constants n and [ are a geometry factor of 0.75 for the Berkovich tip and a dimensionless
parameter close to unity, respectively [55]. If the Poisson’s ratio v of the material and the
elastic properties of the tip (£}, v;) are known, the Young’s modulus £ of the film could

be computed as well.

Fmax

hc = hmax - 1
=g (1)

F
H = max 9
A (h) (2)

B NZS (1= 1 -
= pvaar () ¥

The ratio of hardness to Young’s modulus H/E is an indicator for the resistance to cracking
and plastic deformation and typically correlates well with the wear resistance of a material
[56]. The total area underneath the loading and unloading curve represents the work that
was performed to deform the material both, elastically and plastically. Hence, the area
underneath the unloading curve corresponds to the work performed for elastic deformation
and the area between the loading and unloading curve corresponds to the work performed
for plastic deformation. By dividing the area underneath the unloading curve by the total
area, the elastic deformation that is restored after unloading is determined. This restored

deformation is the so-called elastic recovery.
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Information of the wear and also adhesion behaviour of a film is provided by scratch
testing, where a conical diamond tip with a specified tip radius is scratched over a surface
[57]. There are different scratching modes at which the load increases, decreases or is kept
constant over a certain scratching length. Typical failure modes, as shown in Figure 2.6,
can be tensile cracks that occur as a result of tensile stresses behind the tip, conformal
cracks that are induced by the bending of the film into the scratch track and Hertzian
cracks that originate at a mismatch of elastic behaviour between the coating, the substrate
or the tip material in contact. Also spallation of the film and chipping of the substrate
can appear during scratching, where the first is either a result of buckling ahead of the
scratching tip or because of elastic recovery behind the tip. The latter stems from a
hard film deposited on a hard substrate showing good adhesion properties [58, 59]. The
behaviour of the film-substrate-system is influenced by the thickness of the film, the
scratching speed, the loading rate, but also by the properties of the film and the substrate,
such as hardness and Young’s modulus. Also internal stresses in the film and the friction
between the scratching tip and the film have an effect on the results [58-60]. The critical
load at which the first crack appears is called Lg; and the load, where the substrate is

first exposed due to adhesive failure is called Lco [57].
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Sample

Figure 2.7: Schematically illustrated principle of the light path during a spectroscopic

ellipsometry measurement (after [62]).

2.3.2 Optical Properties

When light approaches a surface, it is partly reflected, partly transmitted and partly
absorbed by the material. To what extent each interaction occurs, depends on the material
and the wavelength of the light. There are different atomistic theories to describe this
behaviour, e.g. postulated by Hagen and Rubens, Drude or Lorentz [61|. The amount of
reflection R, transmission 7" or absorption A of light can be measured by its intensity loss.
Surface roughness, grain boundaries and impurities in the microstructure may additionally
cause scattering S [42]. The sum of the intensities of light after these interactions needs

to correspond to the intensity of the incident light
Io=Ip+1Ig+1s+1Is. (4)

Metals typically exhibit a high reflectance in the visible range that decreases drastically
at a so-called plasma frequency [61]. Insulators, such as oxides and fluorides, on the other
hand, show often high transmission in the visible and infrared range but are absorbing in

the ultraviolet region [42]. This transition occurs at the so-called absorption band edge.

Light, as an electromagnetic wave, changes its direction, velocity and wavelength upon
entering a material as a consequence of electric charges [42, 61]. Yet, the energy and
thereby the frequency of the light wave is constant. This phenomenon is called refraction

and is quantified by the complex refractive index
N =n — ik, (5)

where n is the real refractive index and k is the extinction coefficient. The refractive index
expresses how the wave velocity changes at the interface of two different materials, while
the extinction coefficient indicates the absorption behaviour in the second material. For
insulators the latter one is usually close to zero, yet, for metals and metal-like materials

the refractive index and extinction coefficient are of similar magnitude [42].

12



In order to determine the refractive properties of a thin film, a spectroscopic ellipsome-
ter can be used that measures the changed polarisation state of a reflected light wave
compared to the incident light [61-65]. Therefore, plane-polarised light with an angle
of 45° to the plane of incidence and a specific electric field strength E is reflected on
a surface under a certain incident angle «, as shown in Figure 2.7. This reflected light
is consequently elliptically polarised, which can also be described as two plane-polarised
light waves along two orthogonal axes with a phase difference 6. The amplitude reflection
coefficients, that are parallel 7, and perpendicular r¢ to the plane of incidence, generate
a vibrational vector with an angle v against the plane of incidence. The ellipsometry
parameters ¢ and ¢ can therefore be determined by measuring the ratio of the amplitude

reflection coefficients
r i
p=-L=tan(y)e” (6)

T's

and displayed as a function of wavelength and incident angle. Further on these can be

converted into the complex dielectric constant

€ = € — i€y, (7)
tan? a (cos? 2¢) — sin® 2¢) sin”® §)
(1 — sin 24) cos §)”

sin 41 sin & tan? arsin? o
B (1 — sin 2¢ cos §)°

e =sin®a |1+

, (8)

€g =

where € is related to the polarisation and e, corresponds to the absorption [61]. Sub-
sequently, the complex dielectric constant can be converted into the complex refractive
index

e =N?=n?—k* —i2nk. (10)

To evaluate the obtained results, a model describing the behaviour of the reflected light
beam needs to be built. Typical functions used for that purpose are the Lorentz, the
Tauc-Lorentz, the Gaussian or the Drude function. Additional information about the
film system, that can be determined with this technique, are the surface roughness and
the thickness of optically transparent layers. It is also sensitive to inhomogeneities in the
microstructure, such as crystallinity, texture and gradients. To get more reliable results,

those inhomogeneities should be identified beforehand and can be included into the model
[64].

2.3.3 Electrical Properties

The way a material reacts to an externally applied electric field is expressed by its electrical

conductivity, the reciprocal to the electrical resistivity, which in turn is defined as the

13
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specific electrical resistance of a material. In the classical electron theory, postulated by
Drude, the conductivity of a material depends largely on the number of free electrons and
their mobility in an electric field. Considering the quantum mechanical approach shows
that not all free electrons contribute to the conductivity. The more electrons are located
near the Fermi energy Er, which marks the highest energy level occupied by electrons at
0K, the higher is the conductivity of a material [42, 61].

In quantum physics each material can be characterised according to its electric band
structure. Electric bands are the energy regions electrons are permitted to occupy. The
highest energy region filled with electrons is called the valence band and the next higher
unfilled band is the conduction band. In metals the valence band overlaps the conduction
band and is only partially filled. It is therefore fairly easy for electrons to move freely
and enhance conductivity. Insulators and semiconductors show completely filled valence
bands and the conduction band is separated by a material specific gap energy E,. For
semiconductors this gap is relatively narrow and electrons are able to overcome the forbid-
den zone by absorbing additional energy from, e.g., phonons or photons [61]. A simplified
illustration of this concept is depicted in Figure 2.8. For metals (Figure 2.8a) the posi-
tion of the Ep is indicated, for all other materials the position of the Er is in between
the valence and the conduction band. An E, of 0.7eV and 5.5¢eV is characteristic for

germanium, a semiconductor, and diamond, an insulator, respectively.

The four point probe analysis is an approved method for determining the resistivity of
materials, especially semiconductors. With this technique four electrodes are arranged in
a line with equal distance functioning as two separate circuits. The two electrodes on the

outside inject a current into a flat surface, while the two electrodes at the inside measure

14



Figure 2.9: Principle of the four point probe measurement, (after [68]).

the resulting potential, as shown in Figure 2.9 [66, 67|. The accuracy of the measurement
depends on the geometry of the thin film, the surface condition, the position of the probe
and the conductivity of the substrate [66].

By applying a specific correction factor to the measured resistance, the aforementioned
source of error for different geometries is minimised [68]. Subsequently, the corrected

resistance is multiplied by the film thickness to obtain the resistivity p, which is also

V a d

where V' is the voltage and I the current, which, as a ratio, represent the measured

expressed by

resistance according to Ohm’s law. C'is the correction factor that depends on the relations
between a,d and s, i.e. the length and the width of the sample and the distance between

the electrodes of a four point probe, respectively, and w is the film thickness.
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3 Experimental Details

The Mo-O-N thin films were synthesised by DC reactive magnetron sputter deposition
using an industrial scale in-line deposition system (FHR.Line.600-V) with a cylindrical
rotatable Mo target (@152mm x 600mm). The distance from the target to the sub-
strate holder was approximately 75mm. All films were prepared on soda lime glass

(25mm x 25mm x 1 mm) and (100)-oriented silicon (21 mm x 7mm x 0.325 mm).

After placing the substrates on the carrier in the load-lock chamber, the latter was evac-
uated to a pressure below 1 x 107° mbar and the valve of the deposition chamber was
opened. The base pressure prior to the deposition process was about 1 x 10~ mbar. In
order to remove surface contamination from the substrates and to enhance the adhesion
of the deposited Mo-O-N films, the substrates were plasma etched in a RF discharge at
a constant Ar gas pressure of 3.4 x 1072 mbar and a constant power of 0.8 kW. During
deposition the discharge power was set to 2kW and no external heating was applied to
the grounded substrate carrier. For the deposition of the Mo-O-N films, a total gas flow
of 100sccm was applied, which corresponds to a total pressure of 1.5 x 103 mbar. As
illustrated in Table 3.1, this means for the metallic Mo films an Ar flow of 100 sccm was
used, while for the Mo-O-N films the Ar flow was 40 sccm and the total reactive gas flow
was 60sccm. In the further course of this work, the samples will be identified by their

reactive gas flow ratio, which is also displayed in Table 3.1.

As shown in Figure 3.1, an initial Ar flow of 150 sccm was needed to ignite the plasma.
After ignition, the Ar flow was reduced to the steady-state value (see Table 3.1), which was
reached after 10s. This change in Ar flow caused an increase in the discharge voltage,
while the discharge current decreased as a consequence of the applied constant power.
Subsequently, when the Ar flow was kept constant, the discharge voltage and current

stabilised. Figure 3.2 shows how these stabilised values changed for different gas flow

Table 3.1: Variation of Ar, O, and Ny gas flow rates during deposition of Mo-O-N films.

Ar flow [scem] 100 40 40 40 40 40 40 40
O, flow [scem)| 0 60 50 45 40 30 20 0
N, flow [scem] 0 0 10 15 20 30 40 60

Reactive gas flow

- 0 17 25 33 50 67 100

ratio ——2— [%]
O9+No
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Figure 3.1: Ar, O, and Ny gas flow rates and discharge voltage as a function of time
during the deposition of the 200 nm thick Mo-O-N films grown at a gas flow Ny /(O+Ny)

ratio of 25 % film to illustrate the plasma ignition procedure.

Ny /(O2+Ny) ratios and varying film thicknesses. A change in the discharge voltage is
linked to the electron emission of the target, which is affected by the poisoning mode
of the target [18]. The discharge voltage increases with gas flow Ny/(O2+Ny) ratios
increasing up to 50 % from about 550V to almost 600 V. With further increase of the gas
flow Ny /(O2+Ny) ratio the discharge voltage decreases below 500 V. The lowest value is
observable for the metallic Mo film that shows a discharge voltage of about 350 V. The
discharge current shows the opposite trend than the voltage, since the deposition process
was operated at a constant power. The variation in discharge voltage and current with
different thicknesses is probably due to the fact that the different series were not deposited
all at once, but at different time frames. Hence, the general state of the deposition system

could have been slightly different.

Three series of Mo-O-N films, including a reference Mo film, with nominal film thickness
of 100 nm, 200 nm and 1000 nm were synthesised. Additionally, thin films with thicknesses
of 40nm and 70nm were prepared for selected film compositions. The deposition time
was adjusted with varying reactive gas flow ratio. For this purpose, preliminary test
depositions with constant deposition time were conducted. The film thickness of the films
from the test depositions was determined using an optical 3D white light profiling system
(Wyko NT 1000) and the growth rate, subsequently, calculated by dividing the thickness
by the deposition time.

To determine the thickness of the synthesised Mo-O-N series, spectroscopic ellipsometry
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Figure 3.2: Average steady-state values of (a) discharge voltage and (b) discharge current
during the sputter deposition of Mo-O-N films grown at different reactive gas flow ratios

and of Mo films, separated by a dashed line, for different nominal thicknesses.

(SE) (J.A. Woollam Co. RC2 Ellipsometer) was used. Measurements were conducted
at four different incident angles of the light beam, namely at 45°, 55°, 65° and 75°. A
generalised oscillator layer with Tauc-Lorentz as a base function was used to build a
model that fits the material’s behaviour when exposed to polarised light. When needed,
additional functions such as a Gaussian or, for conductive materials, the Drude function
were built in. To get more reliable models, the transmittance measurements were included
in the model as well. If necessary, the models for the films with a film thickness below
100 nm were modified with a gradient due to the inhomogeneity caused by the drop in
Ar flow during the plasma ignition. The thickness of the films that were too opaque and
hence prevented the determination of the film thickness by SE, such as the Mo film and
the Mo-O-N film grown at a gas flow Ny/(O2+Ns) ratio of 100 % with a thickness of more
than 200nm, was measured with a mechanical profilometer (Bruker DektakXT Stylus
Profiler).

The composition of selected samples with a nominal thickness of 200 nm was measured
with elastic recoil detection analysis (ERDA) (Tandem 6 MV accelerator) using Co ions
with an energy of 50 MeV. The analysed area was about 2mm x 2mm. X-ray photo-
electron spectroscopy (XPS) (VG ESCALAB 3 MKII) was additionally used to analyse
the binding energies and the composition at the surface of the films. By comparing the
composition obtained by ERDA and by XPS, information on the oxidation state at the
surface of the compounds was obtained. The XPS analysis was carried out with a Mg-
K, (1253.7¢eV) source operated at 300 W (15kV, 20mA) and a pressure in the analysis
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chamber of about 4 x 10~ mbar. The samples were measured as received at an area of
2mm x 3mm. The pass energy for survey scans was 100eV with a step size of 1eV,
while the pass energy for high resolution scans was 20eV with a step size of 0.05eV.
The background was subtracted according to the Shirley method and the charge cor-
rection was calibrated with respect to the Cls peak at 284.8eV. Electron dispersive
X-ray spectroscopy (EDX) (Oxford Instruments INCA) implemented in a scanning elec-
tron microscopy (SEM) (Zeiss EVO50) was used to verify the chemical composition of
the Mo-O-N film grown without addition of O. The microstructure was analysed using
SEM imaging (Hitachi S-4700) and X-ray diffraction (XRD) (Bruker D8 Discover). For
the latter, films with a nominal thickness of 1000 nm deposited on glass were examined.
Selected samples with thinner film thickness or deposited on Si were measured as well to
ensure the consistency of the diffractograms. The measuring mode was grazing incident
with a Cu-K,, beam (A=0.154 06 nm) at an incident angle of 1°. The measurements were
carried out at 26 angles between 20 and 90° with increments of 0.02° and a holding time
of 1s/step.

The mechanical properties, such as hardness H and reduced modulus E, of the samples
with a nominal thickness of 1000 nm and deposited on Si, were investigated with nanoin-
dentation measurements (Hysitron Ubi-3). Also the elastic recovery was determined by
dividing the area underneath the indentation loading curve by the area underneath the
unloading curve and corresponds to the elastic deformation that was restored after un-
loading. The ratio between H and E, that describes the ’elastic strain to failure’ was
determined as well [56]. Micro-scratch tests (CSM Instruments micro combi tester) were
performed on the 1000 nm thick Mo-O-N films deposited on glass. The diamond tip radius
was 200 ym and the load continuously increased from 0.02 to 30 N over a scratch length

of 7.5 mm.

The SE measurements were also used to obtain the refractive index, the extinction coef-
ficient and the band gap of all samples coated on glass. Information about the transmit-
tance and reflectance were gathered for the same samples with spectrophotometry (Agilent
Technologies UMA Cary 7000) at a wavelength range between 250 and 850 nm. The ab-
sorption was then calculated by subtracting the normalised intensity of transmittance and

reflectance from unity.

To investigate the electrical resistivity of the films, a four point probe connected to a
voltmeter (Hewlett Packard 34401A Multimeter) and a current source (Keithey 220 Pro-
grammable Current Source) was used. The measurements were conducted on the films
deposited on the glass substrate and the correction factor for the sample’s geometry was

determined according to Smits [68].
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4 Results and Discussion

4.1 Thickness and Chemical Composition

The individual thickness of each sample as well as the average thickness of the different
series are displayed in Figure 4.1. The growth rates of each series as a function of the
flow rates of the reactive gases are shown in Figure 4.2. The Mo-O-N films show generally
decreased growth rates, hence slower film growth, compared to the pure Mo film, which
is a result of target poisoning effects. It is also obvious that the growth rate increases
with increasing gas flow Ny /(O2+Ny) ratio up to 50 % by a factor of about 1.5, whereas
with further increase in the gas flow Ny /(O2+Ny) ratio the growth rate decreases again.
A similar behaviour of the growth rate with varying reactive gas flow rate was also ob-
served in literature for both MoO, and MoNy films [18, 69]. For the MoOy, the initial
increase in growth rate observed in Ref. [18] was explained by the higher availability of
O with increasing Oy partial pressure up to 50 %. In that region the sputter rate of the
Mo target was mostly unaffected, hence, with increasing O, flow rates, there were more
species present in the deposition chamber that form the MoO, film. In the present case,
however, the reactive gas flow is constant and only changing from an oxygenous to a
nitrogenous atmosphere. The availability of reactive species should therefore be similar
for all synthesised Mo-O-N films. The O, gas, however, is more likely to react with Mo
than the Ny gas, as more energy is required to form a N3 ion than an O% ion. The reason
is the higher binding energy of Ny compared to Oy and the higher electron affinity of N
than that of O [11]. With an increase in Ny flow rate the Oy flow rate is decreasing, which
could result in a reduction of the target poisoning effect. Therefore, the growth rate is
increasing at low gas flow No/(O9+Nsy) ratios. The decrease in growth rate at gas flow
N5 /(O2+4Ny) ratios higher than 50 % is most likely a consequence of the target poisoning
effect due to the N.

The described trend in growth rate with changing reactive gas flow ratio can be observed
for all Mo-O-N series. However, as depicted in Figure 4.2, the 1000 nm thick films show
decreased values compared to the series with nominal thicknesses of 200 nm and below.
This indicates that the growth rate is not constant, but decreases with progressing depo-
sition time. A possible explanation can be the elevated Ar flow rate during the plasma
ignition sequence, as demonstrated in Figure 3.1, where a higher growth rate was present
due to an increased Ar/O, ratio and no target poisoning effects have occurred yet. The
duration of the sequence was 10s, which corresponds to only about 1% of the deposition
time of the 1000 nm films, but about 8 % and 15 % of that of the 200 and 100 nm films,
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Figure 4.1: Film thickness for the Mo-O-N films as a function of reactive gas flow ratio
and for Mo films (right), separated by a dashed line. The deposition time was adjusted
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respectively. Hence, its influence should be more pronounced the thinner the film is. But
also other factors such as a densification of the films during the deposition procedure or
the general state of the industrial-size deposition system during deposition of each series
need to be considered. For Mo-O-N film grown at a gas flow Ny/(O2+Ny) ratio of 100 %
and the pure Mo film, there is only a slight change in the growth rate with variation in
thickness noticeable. This could indicate that the influence of a variation in Ar/Ny or the

target poisoning effect are not as significant as for MoOs.

The chemical composition of selected films of the 200 nm series is displayed in Figure 4.3,
which summarises the results of both, the ERDA and the XPS measurements. With
ERDA an average value of the atomic content over the whole film thickness is determined,
while with XPS only the composition at the surface of the film is measured. When
comparing the ERDA results to the outcome of XPS, it is noticeable that there is hardly
any difference for the samples grown at low gas flow Ny/(O9+Ny) ratio, but for films
with a high gas flow Ny /(O9+Ny) ratio the O content determined by XPS is significantly
higher compared to ERDA. For the Mo-O-N film grown at a gas flow Ny/(O2+Ny) ratio
of 67 %, N is almost completely substituted by O and even for the Mo-O-N film grown at
a gas flow Ny /(O2+Ny) ratio of 100 % there is as much O as N present at the film surface.
This comparison reveals that all deposited Mo-O-N films naturally oxidise on their surface
and techniques that penetrate deeper into the films like ERDA are necessary in order to

determine their actual chemical composition.

Considering only the ERDA results, a significant increase of the N content is obvious for
a reactive gas flow ratio of 50 % and higher. As the N content increases, the O level in the
film decreases. Also the Mo content increases with the gas flow Ny /(O2+Ny) ratio, rising
from 20 to 40 at.%. The delayed incorporation of N towards higher gas flow Ny/(O2+Ny)
ratios is the result of a higher reactivity of O compared to that of N [11]. At lower gas flow
Ny /(O2+Ny) ratios, where no measurable N is incorporated, the high Ar/O, ratio leads,
as previous studies have shown, to the formation of lower oxidised MoO, compounds,

hence the formation of O vacancies [17, 18].

ERDA measurements of the Mo-O-N film grown at a gas flow Ny /(Oy+Ns) ratio of 100 %
yield a N content of around 60 at.%. However, according to literature this value usually
does not exceed 50at.%. Only a few publications are known that show a higher value,
yet the reason remains unexplained [70]. However, additional measurements with EDX
confirmed the high N content in the Mo-O-N film grown at a gas flow Ny/(O2+Ns) ratio
of 100 % with about 55 at.%.

Figure 4.4 shows the core level spectra of the Mo-O-N films grown at gas flow Ny /(O2+Ny)
ratios of 0%, 67 % and 100 % as determined by XPS. The core levels of the Mo-O-N film
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Figure 4.3: Chemical composition of the Mo-O-N films as a function of the gas flow
N3 /(O2+Ny) ratio determined by ERDA (filled icons) and XPS (crossed icons). The film

thickness is approximately 200 nm.

grown at a gas flow Ny/(Oy+Ny) ratio of 0% are representative for the Mo-O-N films
grown at gas flow Ny/(O2+Ny) ratios of 50% and lower. Although the measurements
were conducted on the naturally oxidised surfaces, there is an obvious change in the
oxidation state of Mo with increasing gas flow Ny/(Oy+Ns) ratio. The highest oxidation
state of Mo observed in all synthesised films is Mo®", which indicates the formation of
the MoOj3 phase at low gas flow Ny/(O9+Ns) ratios. In addition, the oxidation states
Mo’ and Mo*" point towards the presence of lower oxidised MoOy phases at higher gas
flow Ny/(O2+Ny) ratios. Mo-N bonds were only detected for the Mo-O-N films grown
at gas flow No/(O9+Ny) ratios of 67% and 100%. It is obvious, that the number of
Mo-N or N-Mo bonds, in the N1s core level spectra, increase with gas flow Ny /(Og+Ny)
ratios higher than 67 %, while the number of Mo®" or O-Mo bonds, in the Ols core level
spectra, are decreasing. In the N1s core level spectra additional peaks, that are identified
at 401.8 eV as protonated or absorbed ON, are visible. This is a result of the exposure to
air after the deposition, since this peak also appears for the Mo-O-N film grown at a gas
flow Ny/(O3+Ny) ratio of 0%, where no N was present during the deposition. The same
is true for the identified O=C and O-C peaks in the Ols core level spectra.
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Figure 4.4: a) Mo3d, b) N1s and ¢) Ols XPS core level spectra of the Mo-O-N films with
0%, 67% and 100 % gas flow Ny/(O9+Ny) ratio. The N1s peak partly overlaps with the
Mo3p peak. The film thickness was 200 nm.

4.2 Microstructure

The results of XRD measurements are displayed in Figure 4.5. For the Mo-O-N films
rather broad peaks are visible, which indicate very small crystals or even an amorphous
structure, which is common for oxides [42]. Although the Mo-O-N films that are rich in O
seem to follow the pattern of the MoO3 phase (ICDD card 00-005-0508), an unambiguous
identification of the phases present is not possible with XRD. In literature a similar pattern
was found for as-deposited MoOj thin films and only after annealing defined peaks were
visible [71]. At a reactive gas flow ratio of 50 % and 67 %, where the N content within the
films starts to increase, a transition in the diffractograms is visible as the already broad
peak is shifted towards the first peak position of the MoNy phase. Only the Mo-O-N film
grown at a gas flow Ny /(O2+Ny) ratio of 100 %, i.e. without O addition, and the Mo film
show a clearly crystalline structure, where the recognised phases are face centred cubic
MooN with a lattice parameter of 0.418 nm (ICDD card 00-025-1366) and body centred
cubic Mo with a lattice parameter of 0.315nm (ICDD card 00-042-1120), respectively.
The shifted peaks of the Mo-O-N film grown at a gas flow Ny/(O2+Ny) ratio of 100 %
compared to the unconstrained MosN phase corresponds to a higher lattice parameter of

0.425nm. In literature this phase is characterised as a metastable MoN phase, where more
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Figure 4.5: X-ray diffractograms of Mo-O-N films with varying reactive gas flow
N3/(O2+Ng) ratio and the Mo film (top) deposited on glass with a film thickness of
1000 nm.

than 50 % of the octahedral sites of Mo are occupied by N, causing the expansion of the
lattice |72, 73]. The high N content of the Mo-O-N film grown at a gas flow Ng/(O2+Ny)
ratio of 100 % of about 55-60 at.% obtained by EDX and XPS measurements, respectively,
also agrees more to this metastable MoN phase than to the MosN phase with only 33 at.%
of N.

However, this expansion of the lattice, and therefore the increasing incorporation of N,
also leads to compressive stresses when constrained by a substrate, which is also confirmed
by literature [74]. As this has a higher influence on a thicker film, it was necessary to
deposit a interlayer of Mo before depositing the 1000 nm thick Mo-O-N film grown at a
gas flow Ny/(Oy+Ny) ratio of 100 % to reduce the lattice mismatch, and therefore the
compressive stresses. Otherwise, the Mo-O-N film grown at a gas flow Ny/(O3+Ns) ratio
of 100 % with a film thickness of 1000 nm gradually detaches from the glass substrate.

The X-ray amorphous films are also characterised by a featureless appearance in the SEM
fracture cross-section images and seem to have a rather smooth surface, which is depicted
in Figure 4.6. Only the Mo-O-N film grown at a gas flow N5 /(O5+4Ny) ratio of 100 % (see
Figure 4.6 d) appears to have a columnar growth structure. The Mo interlayer to improve

the adhesion on the glass substrate is also visible.
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Figure 4.6: SEM fracture cross-section images of the Mo-O-N films grown at gas flow
Ny /(O2+Ng) ratios of a) 0%, b) 50%, ¢) 67% and d) 100 % with a Mo interlayer. The
substrate is Si and the film thickness is 1000 nm.

4.3 Mechanical Properties

The mechanical properties investigated by nanoindentation as a function of the gas flow
Ny /(O2+Ny) ratio are displayed in Figure 4.7. At low gas flow Ny /(O9+Ny) ratios, hard-
ness and reduced modulus of the Mo-O-N films are lower than those of the Mo film. While
the hardness is constant at about 3.2 GPa, the reduced modulus slightly decreases from
67 to 60 GPa with gas flow Ny /(O4-+Ny) ratios increasing up to 50 %. This decrease could
be explained by the existence of O vacancies, which, according to previous investigations,
leads to a decrease in elastic properties [75]. An increase in both, hardness and reduced
modulus can be observed when the gas flow Ny /(O2+Ny) ratio exceeds 50 %. At this point
the first significant amount of N was identified by ERDA measurements, which indicates a
substantial influence of N incorporation on the mechanical properties. The highest values
for hardness and reduced modulus were recorded for the Mo-O-N film grown at a gas
flow No/(Og+Ny) ratio of 100 %, hence the film with the highest N content and the only
Mo-O-N film showing a crystalline structure. These values agree to those of MoN, phases

reported in literature [34, 74].

Also the H/E, ratio and the elastic recovery follow a similar trend. Due to the slight
decrease in reduced modulus at gas flow Ny/(O2+Ny) ratios up to 50 %, the H/E, ratios
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Figure 4.7: a) Hardness H and reduced modulus E, and b) H/E, ratio and elastic recovery
as a function of the gas flow Ny /(Oy+Ny) ratio. The Mo film (right), as a reference, is
separated by a dashed line.

increase in this region. An increased H/E, ratio correlates to a higher resistance to
cracking and decreased plastic penetration [34|. The elastic recovery shows a minimum
for the Mo-O-N film grown at a gas flow Ny /(Oy+Ny) ratio of 25% and is in this region
comparable to the elastic recovery of the pure Mo film of about 0.31. This means that
about one third of the deformation caused by nanoindentation is elastic, while two thirds
of the deformation are irreversible. For gas flow Ny/(Oy+Nsy) ratios above 50 %, hence
with increasing incorporation of N in the films and increasing crystallinity, both, the H/E,
ratio and elastic recovery increase by a factor of about 2. N incorporation results in harder
films with reduced plastic deformation and probably increased wear behaviour, as this is
linked to a high H/E, ratio [56]. The improvement of the mechanical properties due to

an increase in N content is in agreement with literature [34, 74].

Figures 4.8 a)-e) display optical images of the scratches obtained at loads higher than
20 N on the Mo-O-N films grown at gas flow Ny/(O2+Ny) ratios of 0%, 50 %, 67 % and
100 % as well as the uncoated glass substrate for comparison. The micrograph of the
Mo-O-N film grown at a gas flow Ny/(Oy+N3g) ratio of 50 % is representative for those
films grown at gas flow Ny /(O9+Ny) ratios between 0 % and 50 %. Figures 4.8 f)-h) depict
higher magnification images, where the failure modes, which are responsible for failure
during the scratch tests, can be identified according to literature references [57-59]. The
corresponding critical loads for these failure modes are shown in Figure 4.9. For the
current testing conditions, the dominant failure type of the uncoated substrate was the

formation of Hertzian cracks [57, 58|. These also appeared in the Mo-O-N films, except

27



(a) Soda lime glass

(d) 67%

(e) 100%

Figure 4.8: Optical micrographs of the scratches on a) the uncoated soda lime glass
substrate and the Mo-O-N films grown at gas flow Ny/(O2+Ny) ratios of b) 0%, ¢) 50 %,
d) 67% and e) 100 % and magnifications of the scratches on f) uncoated soda lime glass
and Mo-O-N films grown at gas flow Ny /(O3+4Ny) ratios of g) 0 % and h) 100 % to illustrate
different failure modes. The nominal film thickness was 1000 nm and the segments in a)-e)

show the load regions between approximately 20-30 N.
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Figure 4.9: Critical loads obtained by scratch tests with a conical diamond indenter as

a function of the gas flow Ny/(O2+Ny) ratio. The L¢; value obtained for the uncoated
substrate is indicated by the dashed line.

the one grown at a gas flow Ny /(Oy+Ns) ratio of 100 %, hence without O. For the Mo-O-N
films with gas flow Ng/(O+Ny) ratios up to 50 %, the Hertzian cracks first appeared at
loads around 5N, which is below the critical load for Hertzian cracking in the uncoated
substrate. At higher loads of about 18 N, additionally recovery spallation occurred in the
Mo-O-N films, which is caused by the elastic recovery behind the scratching tip [57-59].
For the Mo-O-N film grown at a gas flow Ny/(O2+Ny) ratio of 67 % both, the Hertzian
cracking and recovery spallation are delayed to higher loads. Also the spallation is reduced
compared to, e.g., the Mo-O-N film grown at a gas flow Ny /(Oy+Njy) ratio of 50 %. Even
though the elastic recovery of this film is higher compared to the Mo-O-N films with lower
gas flow Ny /(O2+Ny) ratios, the H/E, ratio increased as well, which indicates an increased
resistance to cracking. Apart from recovery spallation the Mo-O-N films, except for the

one grown without O, showed no extensive delamination.

The Mo-O-N film deposited without O on a Mo interlayer, however, exhibits different
failure modes, such as tensile cracking and delamination from the substrate. These only
occur at loads higher than 20 N. Due to the Mo interlayer and the crystalline structure,
this is a different film system than the other Mo-O-N films and they are therefore not
directly comparable. However, the same film deposited without an interlayer, gradually

delaminated without an implemented load, and it was, therefore, not possible to find a
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continuous area to perform scratch tests. Even with the deposition of an Mo interlayer,
to reduce the constraint caused by the substrate, the film showed delamination at lower

loads than the remaining films.

4.4 Optical Properties

Figure 4.10 visualises the optical appearance of the different films with 200 nm thickness
deposited on glass and Si substrate. Already with the naked eye, there is an obvious
change in transmittance and coloration visible, especially at gas flow Ny /(O5+Njy) ratios
between 0 % and 50 %. The measured change in transmittance, absorbance and reflectance
are depicted in Figure 4.11 for different compositions and thicknesses as a function of
wavelength. When focusing on the transmittance spectra, it is obvious that with an
increasing gas flow Ny/(O9+Nsy) ratio the opacity increases and the appearance of the
interference fringes, that are clearly visible for the 1000 nm thick transparent films, is less
pronounced for higher gas flow Ny /(Oo+Ny) ratios and lower film thicknesses. A change
in thickness also seems to have an effect on the absorption band edge, i.e. the wavelength
at which a transition from absorbing to transparent occurs within the material. Reducing
the thickness from 1000 nm to 100nm leads to a shift of approximately 75nm towards
lower wavelengths. In previous studies this phenomenon is explained by a lower carrier
concentration at lower thicknesses [76]. Since this absorption band edge is still at a
higher wavelength than for soda lime glass, the substrate has no influence on the optical

properties of the Mo-O-N films.

The Mo-O-N films grown at low gas flow Ny/(O2+Ny) ratios show a high transmittance
over the whole wavelength range investigated and the absorbance is, therefore, low. With
increasing gas flow Ny/(O2+Ny) ratio, the transmittance decreases and the absorbance
increases, while the reflectance is rather low for almost all Mo-O-N films. The Mo-O-N
films grown at gas flow Ny /(O2+Ny) ratios of 50 % and 67 % show a high absorbance of 80-
90 % over the entire measured wavelength range that naturally decreases with decreasing
film thickness, since there is less material to interact with the light wave. The metal-like
Mo-O-N film grown at a gas flow Ny/(Oy+Ny) ratio of 100% and the Mo film are in
almost equal parts absorbing and reflecting, regardless of the wavelength and with no
significant change with varying thickness. Except for the Mo-O-N film grown at a gas
flow Ny/(O9+Ny) ratio of 100 %, the reflectance of the Mo-O-N films is below 30 % over
the whole wavelength range investigated. Only the Mo-O-N film grown at a gas flow
Ny /(O2+Ny) ratio of 67 % shows higher reflectance than 30 % at reduced film thickness

as a result of the decreasing absorbance and only minimal change in transmittance.
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Figure 4.10: Visual appearance of Mo-O-N films and of Mo films grown on a) soda lime
glass and b) silicon with a thickness of 200nm. The percentage values indicate the gas

flow No/(Oy+Ny) ratios during deposition.

Figure 4.12 depicts the transmittance, absorbance and reflectance of all synthesised Mo-
O-N films detected at 550 nm, as it is the wavelength most sensitive to the human eye [77].
This display shows more clearly that with increasing gas flow Ny /(Og+Ny) ratio there is
a transition from a transparent via an absorbing to a reflecting material. Especially for a
gas flow Ny /(O2+Ny) ratio below 50 %, where no N was detected with ERDA, there is a
drastic decrease in transmittance. Ref. [17] also reported a similar transition as a result
of an increasing Ar/O, gas flow ratio during deposition that resulted in the formation of
lower oxidised MoQO, phases, which showed a lower transmittance than MoOg3 with the
highest O content.

In Figure 4.12, there is also a noticeable influence displayed due to a change in film
thickness, especially in the region, where the transition from a transparent to an opaque
material occurs. The transition takes place at a reduced slope for thinner films with a
film thickness of 100 nm than for thicker films with a thickness of 1000 nm. For Mo-O-N
with a high N content, however, the thickness needs to be reduced significantly in order
to enhance the transmittance. At a thickness of 40 nm, the Mo-O-N film grown at a gas

flow N5 /(O9+Ny) ratio of 67 % still shows a transmittance below 20 %.

With increasing gas flow Ny /(O9+Ny) ratio during deposition, the absorption reaches its
maximum value of about 90 % for the Mo-O-N film grown at a gas flow Ny /(O2+Ny) ratio

of 50 %, while the reflectance shows a minimum for the Mo-O-N films grown at gas flow
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Figure 4.12: a) Transmittance, b) absorbance and c) reflectance determined at a wave-
length of 550 nm of films grown at different gas flow Ny /(O9+Ny) ratios and of Mo films,
that are separated by the dashed lines, for different thicknesses.

Ny /(O2+Ny) ratios between 25 % and 33 %. With further rise of the gas flow Ny /(Og+Ny)
ratio, the absorbance decreases and the reflectance increases until the Mo-O-N film grown
at a gas flow Ny/(O2+Ny) ratio of 100 % reaches almost the same levels of absorbance
and reflectance as Mo. For the reflectance, there is no obvious trend due to the change
in thickness observable. The occurring fluctuations possibly result from different surface

conditions.

In addition to transmittance, reflectance and absorbance, also the refractive index and
extinction coefficient as shown in Figure 4.13 were determined and the influence of com-
position and thickness of the Mo-O-N films was analysed. Both, the refractive index and
extinction coefficient increase with increasing gas flow No/(O2-+Ny) ratio. The refractive
index of the Mo-O-N film grown at a gas flow Ny/(O2+Ny) ratio of 0% is around 2.1 at
a wavelength of 550 nm and the extinction coefficient is zero, which is characteristic for
insulating materials [42]. All Mo-O-N films grown at gas flow Ny/(Oy+Ns) ratios up to
33 % have a refractive index comparable to the Mo-O-N film grown without N addition
with a decreasing tendency for lower film thicknesses, as a result of a reduced density [42].
However, at gas flow No/(O9+Ny) ratios greater than 50 % the refractive index increases
and also the influence due to a reduced thickness is more pronounced. However, there the
decreasing film thickness increases the refractive index. This behaviour was also observed
in amorphous GeszgSerg films, which is attributed to decreasing long-range disorder with

decreasing film thickness [78].

In Figure 4.13 b) it is obvious that the extinction coefficient is already severely increasing
at gas flow No/(Oy+Ny) ratios lower than 50%. Also the film thickness has a greater
influence, for some films even to the extent of one magnitude when comparing 1000 nm
to 100nm thick films. A possible explanation is the formation of O vacancies due to

the increased Ar/O, ratio in the first stage of deposition and with increasing gas flow
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Figure 4.13: a) Refractive index n and b) extinction coefficient k determined at 550 nm
for films with different thicknesses grown at different gas flow No/(O2+Ny) ratios and for
Mo films that are separated by the dashed lines.

NQ/(OQ+N2) ratio.

For metallic and metal-like materials it is common that the values of the refractive index
and the extinction coefficient are of similar magnitude [42|. This is also the case for the
Mo-O-N film grown at a gas flow Ny /(O3+Ny) ratio of 100 % and for the Mo film. Except
for the 1000 nm thick Mo film, a variation in film thickness does not have a pertinent
influence on the values. The difference in refractive index of the 1000 nm thick Mo film
is unreasonably high and at the current knowledge not explainable. The evolution of
the extinction coefficient is in agreement with the decrease in transmittance of the Mo-
O-N films with increasing gas flow Ny/(O2+Ny) ratios, since the extinction coefficient is
directly proportional to the absorption coefficient. It is therefore also reasonable that the
extinction coefficient of the transparent Mo-O-N film grown at a gas flow Ny/(Oz+Ny)

ratio of 0% is very low.

4.5 Electrical Properties

By using the Tauc-Lorentz oscillator during SE analysis, it was possible to determine
approximate values of the band gap energy of the different films, which are displayed in
Figure 4.14. The values of the Mo-O-N films up to a gas flow Ny /(O2+N3) ratio of 33 %
vary between 2.4eV and 3.2eV for different thicknesses, but show a decreasing tendency

with increasing gas flow No/(O2+Ny) ratios. This can again be attributed to a lower
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N3 /(O2+Ns) ratios of 0-100% for different thicknesses. The dashed lines indicate ref-

erence values of the resistivity of MoOg, MosN and Mo from literature [24, 79].
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oxidised MoOy. For the Mo-O-N film grown at a gas flow Ny/(O2+Ny) ratio of 50 %,
a strong reduction in E; from 2.7e¢V to 1eV was observed due to the decrease in film
thickness. In a similar way, the band gap energy gradually decreases to 0 eV upon further

increase of the gas flow Ny /(O2+Ny) ratio.

The electrical resistivity of the films shown in Figure 4.15 corresponds well to the band
gap energies detected by SE. For the Mo-O-N films with a high O content, i.e. deposi-
tion at gas flow No/(O2+Ny) ratios of 0% to 33 % and E, values greater than 2eV, the
measuring range limit of the four point probe was exceeded. These films were therefore
marked as insulating. However, with increasing gas flow Ny /(O5+Ny) ratio the resistivity
decreases towards the reference value for Mo,N according to literature [24]. With reduced
thicknesses, the resistivity increases for the Mo-O-N film grown at a gas flow Ny /(O2+Ny)
ratio of 100 % and the Mo film as a result of increased surface scattering and lower carrier
concentration [42, 76]. Yet, for the Mo-O-N films grown at gas flow Ny/(O9+Ny) ratios
of 50 % and 67 %, a decrease in resistivity with decreasing thickness was observed. This
might be caused by the formation of oxygen vacancies during the ignition sequence of the
deposition. Even though the O, flow is reduced and there is a measurable N content in
the Mo-O-N films grown at gas flow Ny /(O2+Ny) ratios of 50 % and 67 %, the O content is
still dominating; hence, the increased Ar/Os ratio could still have a noticeable influence,
especially for thinner films. This influence could, therefore, contribute as a decreased
resistivity of a lower oxidised MoO, compared to MoO3. However, these are speculations
and a definite explanation based on the results from the current work seems not feasible;

further studies are necessary to clarify this effect.
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5 Conclusions

Mo-O-N films with varying reactive No/(O2+Ny) gas flow ratios to modify the O/N ra-
tio within the films and different thicknesses were deposited by DC reactive magnetron
sputtering and the composition and microstructure as well as the mechanical, optical and
electrical properties were investigated. In general, the synthesised films show mostly an
amorphous structure, lower hardness and reduced modulus than a pure Mo film and suf-
ficient adhesion on glass substrates, yet during scratch tests Hertzian cracking followed

by recovery spallation at relatively low loads were noticed.

At low gas flow Ny /(O2+Ny) ratios up to 50 %, the transmittance is tuneable from trans-
parent to absorbing, but all films show a high band gap energy of about 3eV and, hence,
high resistivity. Even though the Ny flow rate is increasing in this region, no incorporation
into the films was observed due to the higher reactivity of O than that of N. The changes
in optical and electrical properties of the films are therefore a result of the increase in the
Ar/O, ratio and the formation of O vacancies as less O is available during film growth.
The influence of incorporated N is most prominent at a gas flow Ny /(Oy+Ny) ratio of 50 %
and higher. With increasing N content in the films, the oxidation states of Mo decrease
and the films become crystalline. Their properties change towards a more metal-like be-
haviour; that means the refractive index and extinction coefficient increase, the band gap

energy and resistivity decrease and the mechanical properties are improved.

The thickness of the Mo-O-N films also has an influence, especially, on the optical and
electrical properties. As the film thickness was reduced, an increase in transmittance,
refractive index and extinction coefficient was observed. Except for the metal-like Mo-O-
N film without O and for the Mo film, where the resistivity is increasing with decreasing
thickness due to enhanced scattering of electrons at grain boundaries, the Mo-O-N films
show improved electrical conductivity at reduced film thicknesses. This is most likely
associated to the plasma ignition sequence with the used higher Ar flow, which resulted
in a thin interlayer with higher Mo content. The higher conductivity of this thin interlayer

has a stronger influence on the electrical properties of the Mo-O-N films at lower thickness.

Overall, the obtained results correlated well with data reported in literature. Although the
observed optical and electrical properties are still insufficient to use Mo-O-N as transparent
conductive thin films, their high absorbance in the entire visible range enables their use as
absorbing thin films. However, future research could be directed to produce even thinner
Mo-O-N films to enable a sufficient level of transmittance or to enhance the conductivity
of the transparent films with a more precise adjustment of the O/N ratio in the films or

the introduction of a different dopant.
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