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Abstract

Due to their unique optical, electrical and chemical properties, oxide-based thin film materials
are widely used in industrial applications ranging from hard coatings via diffusion barriers to
thin films for opto-electronic applications. With changes in stoichiometry or by alloying or
doping the base materials, it is possible to tune the material properties to the desired level. In
the current work, the microstructure-property relationships in correlation with synthesis
conditions of molybdenum oxide thin films deposited by dc magnetron sputter deposition
were investigated. On the one hand, molybdenum oxide films were synthesised reactively in
varying oxygen/argon atmosphere in a laboratory-scale deposition system (equipped with
circular planar Mo targets) as well as in an industrial-scale deposition plant (equipped with a
rotatable Mo target). The character of the films varied between non-transparent electrical
conductive and transparent insulating, depending on the used oxygen partial pressure during
deposition. On the other hand, molybdenum oxide films were synthesised by non-reactive dc
magnetron sputter deposition from circular planar ceramic molybdenum oxide targets
developed by powder-metallurgical methods within this work with compositions ranging from
MoO,s to Mo0O;3s as an alternative synthesis process. These films exhibited a high optical
absorbance and low reflectance character with a semi-conductive behaviour. All synthesised
films were dominated by Mo*" (Mo0,), an intermediate oxidation state Mo®*, and Mo°®*
(MoO0s) depending on the synthesis conditions. In general, a successful upscaling for reactively
sputtered molybdenum oxide films with tuneable properties depending on the used oxygen
partial pressure during deposition from laboratory- to industrial-scale could be demonstrated.
Moreover, the use of oxide targets in dc magnetron sputter deposition of molybdenum oxide
films offers an efficient and reliable alternative to the use of metal targets and, hence, enables

the usage of such films for a wide range of optical and electrical applications.
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Introduction

1 INTRODUCTION

The field of opto-electronics as used for solar cells, electrochromic glasses, and displays has
experienced a considerable boom in recent years. As electronic displays find their way into
our everyday life, special applications become smaller and smaller and their structure
therefore more and more sophisticated. Attuned properties like excellent electrical
conductivity and high optical transparency are needed for example in electrode materials for
flat-panel displays. Nowadays, such aligned properties are realised by a certain group of metal
oxides [1], the so-called transparent conductive oxides (TCO). The best known TCO materials
are aluminium doped zinc oxide (AZO) [2,3] and tin doped indium oxide (ITO?) [4]. In particular,
ITO has proved to be successful in industry but its major drawback is the high world market
price due to its limited availability. Moreover, to keep up with the rapid developments in the
high-tech sector, material systems need to be easily adaptable to changing technological
needs.

The properties of oxides can often be tuned by alloying or doping the base materials or by
changing their stoichiometry. This work focuses on the binary Mo-O system as an alternative
material system to ITO. Properties of molybdenum oxides (MoOQOy) strongly depend on their
oxidation state. MoOx phases are known to have broad-ranging optical and electrical
properties, which are extending from the lowest oxidation state (MoOz; Mo*) with
non-transparent appearance and metallic-like electrical conductivity, to the highest oxidation
state (MoOs; Mo®) with transparent appearance and electrically insulating behaviour.
Additionally, several MoOy like Magnéli phases between the stable oxides MoO, and MoOs3
with varying optical and electrical properties were reported [5-8]. In particular, MoOs thin
films have already proved to be successful in industrial applications like electrochromic [9] and
photochromic glasses [9-10], gas sensors [11], and photovoltaics [12]. In contrast, the field of
possible industrial applications for lower oxidised MoOx remains largely unexplored up to now
[13-16].

Several different deposition techniques are available to synthesise such material systems, e.g.
printing [17], sol-gel [18-20], chemical vapour deposition [18,21,22], and physical vapour

deposition techniques, especially magnetron sputter deposition (MSD) [18,23,24]. Acommon

1 Although in literature often the denomination indium-doped tin oxide is used, it should be stated here that
ITO is in fact a tin-doped indium oxide.
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MSD process for synthesising oxide thin films is reactive sputtering, in which a reactive gas
(e.g. 02) is added to the working gas during deposition [25]. Varying the partial pressure of
this reactive gas leads to varying stoichiometry of the synthesised films and as a consequence
to versatile and tuneable properties [26]. The growth of the films is based on the formation of
chemical compounds between the adsorbed reactive gas molecules on the substrate and the
impinging target atoms. Coincidentally, compounds will be formed on the target surface.
These compounds of lower conductivity affect the sputter behaviour towards lower sputter
and deposition rates and is called target poisoning [27].

Typically MoOy films are synthesised by reactive sputtering from a Mo target in Ox/Ar
atmosphere. Section 6 and 7 deal with the microstructural evolution, structure-property
relationships, and versatile optical and electrical properties depending on varying oxygen
partial pressure used during deposition. Reactive sputtering needs an accurate process control
to achieve homogeneous film properties, which requires sophisticated and expensive process
control. Consequently, Section 5 and 8 deal with the development of MoOy targets and the
synthesis of MoOx films from these targets in a non-reactive process as an alternative to fully

reactive sputter processes with Mo targets.



The Molybdenum-Oxygen System

2 THE MOLYBDENUM-OXYGEN SYSTEM

In literature, an experimentally derived phase diagram by Chang and Phillips (Figure 2.1) [28]
as well as a calculated one by Zhang et al. (Figure 2.2) [29] are available for the binary system
Mo-0. The phase diagrams show two thermodynamically stable oxides: molybdenum dioxide
(Mo03) and molybdenum trioxide (MoOs3). While the phase boundaries in both diagrams are
in good agreement, the calculated phase diagram covers an extended temperature region
from 200 up to 2700 °C. A eutectic point between Mo and MoO; is shown at 2200 °C. The
eutectic composition reported in literature differs between 23 at.% O (experimentally derived
by Okamoto [30]) and 15 at.% O (calculated by Zhang et al. [29]). Chang and Phillips [28]

predicted a two-liquid region between Mo and MoO; at temperatures above 2200 °C.
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Figure 2.1: Experimentally derived phase diagram of the binary Mo-O system by Chang and
Phillips [28].
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Figure 2.2: Calculated phase diagram of the binary Mo-O system by Zhang et al. [29].

According to the phase diagrams shown in Figure 2.1 and Figure 2.2, no oxide phase exists
between Mo and MoO,. However, Schénberg reported the observation of Mo3s0 [31], but its
existence is disputed. It could not be prepared in a pure state [31] and it could not be
synthesised by other researchers [28]. Therefore, MoO; with an oxygen content of 66.7 at.%
represents the lowest Mo oxidation state (Mo*") of all molybdenum oxides (MoOy). Its
monoclinic crystal structure [8,32,33] is based on a deformed rutile lattice consisting of MoQOsg

octahedra sharing edges and corners (Figure 2.3).

(a)

N\ @

WA\

O

Figure 2.3: Schematic representation of a) the ideal rutile structure and b) the MoO;

structure [33].
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The Mo atoms form direct metal-metal bonds in alternating metal-metal doublets [8,32],
which causes the distortion of the crystal. Furthermore, this chemical bond structure leads to
the metal-like electrical conductivity of MoO; with a resistivity of about 10 to 10 Qcm [8],
which is similar to metallic Mo as shown in Table 2.1. MoO; has a non-transparent
reddish-brown to reddish-purple appearance [5,7].

The MoOx with the highest Mo oxidation state MoOs (Mo®*) exists in two modifications:
orthorhombic o-MoOs and monoclinic B-MoOs; [34], where the former is the
thermodynamically stable one [34]. Analogously to MoOQ;, the thermodynamically stable
a-MoOs consists of heavily distorted MoOs octahedra [5,35], the sole difference being that
they form a layered two-level structure (Figure 2.4). These layers are connected by shared

octahedral edges and form zig-zag rows in [001] direction [5,35].

Figure 2.4: Schematic representation of the layered structure of a-Mo0Q; [36].

All metal-oxygen bonding orbitals are filled and the energy states in the metal d-conduction
band remain empty resulting in a diamagnetic insulating behaviour [37]. The visual
appearance of both modifications is transparent with a slight yellowish tinge [32,37].

Beside the thermodynamically stable oxides MoO; and MoOs, several intermediate oxidation
states, referred to as Magnéli phases, are reported in literature. Magnéli first described their
existence in 1953 [33] and further investigations were done by Kihlborg in 1959 [6]. Selected

properties of the different MoOy phases are listed in Table 2.1.
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Table 2.1: Selected properties of the different MoOx phases [6,8,38,39, Section 5]. Metallic Mo

is included as a reference. (m...metallic, sc...semiconducting, in...insulating)

Oxide Crystal Trormation Density  Resistivity
structure [°C] [g/cm3]  [Qcm]

Mo cubic 10.22 5.03-10° (m)

MoO: monoclinic 6.47 8.8:10° (m)

Mo4O11  n-oxide monoclinic <615 4.14 10°t0 0.2 (m)
y-oxide orthorhombic > 615 4.18 0.25 (sc)

Mo017047 Kk-oxide orthorhombic <560 4.72 <0.05(m = sc)

Mos0i14 B-oxide tetragonal 470 -530

Mos023 B-oxide monoclinic 650 — 780 4.32 1.2 (sc)

Mo9026 C-oxide triclinic 600 — 750 4.74 250 (sc)
B’-oxide monoclinic 750-780 4.26 3.7 (sc)

MoO3 a-MoOs3 orthorhombic 4.69 1.7-10° (in)
B-MoOs monoclinic 10%° (in)

The Magnéli phase oxides are defined as oxygen-deficient oxides, e.g. MonOsn-1 [33] and
therefore only exist at an exact oxygen content, whereas MoO; and MoOs have narrow
homogeneity regions of MoQO1.9-2.08 and Mo02.95.3.0 [40], respectively. With increasing oxygen
content, the following Magnéli phases are present in the binary Mo-O system: Mo040O11 (two
polymorphs), M017047, M05014, M0g0O23 and Mo9Oys (two polymorphs) [6]. Their thermal

stability regions are illustrated in Figure 2.5. Mos014 seems to be a metastable phase [41].
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Figure 2.5: Formation diagram of the molybdenum oxides (except MoO,) [5].

Mo4011 and MogO36 exist in two modifications depending on the ambient temperature [6].
The transformation of Mo4011 from the monoclinic n-polymorph to the orthorhombic
v-polymorph and vice versa takes place between 550 and 655 °C [6]. The change from triclinic
Mog036 ({-oxide) to monoclinic MosOys (B’-oxide) occurs between 760 and 780 °C [6]. The
transformation temperature, decomposition temperature as well as reaction equations are

listed in Table 2.2.

Table 2.2: Thermal stability of Magnéli phase molybdenum oxides [6,38, Section 5].

Oxide Transformation Decomposition Reaction equation
temperature temperature
[°cl [°c]
Mo04011 550 - 655 N-Mo4011 €<= y-M04011
815 - 820 v-Mo04011 = MoO:; + 3 MoOs (gas.)
Mo017047 630 Mo017047 = y-M04011 + M0gO23
Mos5014 530 Mos014 - M017047 + M0Os3
Moz023 785 Mog0O23 = y-M04011 + MoO3
(-Mog02s 760 - 780 (-M09026 = B’-M09026
550 (-Mo09026 - N-M04011 + M0Os3
B’-Mo09026 785 - 800 B’-Mo09026 = y-M04011 + M0O3
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Further details about structure and properties of all the different MoOy phases can be found
in chemistry handbooks, e.g. by Gmelin [42].

In Section 5 of this work, different MoOx powders were investigated with a focus on the
thermal stability of different MoOx phases in order to evaluate their suitability for the
production of sputter targets and to determine possible process parameter ranges. Two
powders of each oxide, MoO; and MoOs, were analysed with respect to their phase purity and

its effect on thermal stability and sintering behaviour.
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3 SINTERING

3.1 Fundamentals of Sintering

Sintering is defined as a process where a solid mass of material is compacted and formed by
heat and/or pressure with shrinkage of the densified body and without reaching the melting
point of the main component of sintering material. By the choice of material-dependent
parameters like chemical composition, particle size, shape and distribution as well as
agglomeration grade, many properties of the sintered body can be controlled. Furthermore,
process parameters like temperature, time, atmosphere, pressure, and heating and cooling
rates are crucial for the properties and quality of the component to be sintered.

The driving force for densification of the solid is the reduction of surface area, which is
equivalent to the reduction of surface free energy. Figure 3.1 schematically shows three
spherical crystalline particles in contact with possible diffusion paths [43]. The non-densifying
mechanisms 1, 2, and 3 describe microstructural changes causing neck growth between the
particles but no shrinkage. Path 1 describes surface diffusion, path 2 lattice bulk diffusion from
the surface and path 3 vapour transport due to vaporisation of material at the surface and
subsequent condensation at the neck. The densifying mechanisms 4, 5, and 6 illustrate the
removal of material from the grain boundary region causing the particle centres to approach
one another. These mechanisms consequently lead to shrinkage. Path 4 describes grain
boundary diffusion, path 5 lattice bulk diffusion from the grain boundary and path 6 describes
plastic flow by dislocation motion. During sintering all mechanisms are active at the same
time. Depending on temperature, particle size, sintering atmosphere, agglomeration, etc., the

process with the highest rate is dominant.
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Figure 3.1: Schematic illustration of the six possible paths for material transport: (1) surface
diffusion, (2) lattice bulk diffusion (from the surface), (3) vapour transport, (4) grain boundary

diffusion, (5) lattice bulk diffusion (from grain boundary), and (6) plastic flow (modified from [43]).

The sintering process itself can be categorised into three stages based on the changes in pore
size and shape and material transport due to diffusion [44]. The initial stage is dominated by
neck growth and a few percent of shrinkage (Figure 3.2a). The intermediate stage is
characterised by forming continuous pore channels along three-grain edges (Figure 3.2b). The
main densification happens in this intermediate stage. The final stage begins when the pore
phase situated at the three-grain edges starts to pinch off and forms individual pores at triple
points (Figure 3.2c). Its character is shaped by grain coarsening at the expense of pores and

smaller grains and by grain growth due to grain boundary diffusion.

8 9

Packing of spheres Initial stage Intermediate stage Final stage
(model of two particles) (neck growth, (shrinkage of pores, growth of
approach of centres) truncated octahedron grains)

Figure 3.2: Sinter stages and evolution of the pore size and shape (modified from [45]).

Based on the combination of temperature, pressure and time, the sintering process can be

adjusted to obtain dense sintered bodies with desired grain size and properties.

10



Sintering

3.2 Hot Pressing

Hot pressing (HP) is a powder metallurgical process to compact material by the simultaneous
application of heat and pressure. In this work, the expression HP is used for the conventional
hot pressing process using inductive heating (Figure 3.3). The sinter material is placed in a
steel or graphite die and pressure is applied by one or two punches. The die is positioned
within an induction coil, which generates the heat. Pressure and inductive power are
independent. A good thermal conductivity of the die is important. Most of the heat has to be
transported into the die by thermal conductivity and therefore uniform heating is difficult.
Furthermore, very high heating rates are problematic because they result in high temperature
differences between the surface and core of the sinter body, which can lead to a disintegration

of the die due to excessive thermal stresses.

Punch Graphite
AN / die
O ; /@
@) @)
O ‘\ O
O @
\

Inductive coil Powder

Figure 3.3: Schematic of a hot pressing apparatus.

For full densification, typically a process duration of a few hours is needed, which can raise
the manufacturing costs significantly. To reduce costs, several alternative powder
metallurgical processes are available allowing shorter process times and lower temperatures.
One of these processes is spark plasma sintering, which is described in section 3.3 and was

used for the development of sputter targets within this work.

11
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3.3 Spark Plasma Sintering

3.3.1 Fundamentals of Spark Plasma Sintering

Spark plasma sintering (SPS?), also known as field-assisted sintering technique (FAST), is
characterised by low voltages, high currents, high heating rates and the use of uniaxial
pressure [46-50]. SPS is similar to hot pressing but heat generation and transport to the
sintering material are different. Figure 3.4 illustrates a schematic of an SPS apparatus. The
process is typically controlled by temperature measurement using either thermocouples or
pyrometers. The good electrical conductivity of the used die material (usually graphite)
enables the application of low voltages (usually below 10 V) and high currents (usually up to
10 kA), which results in efficient Joule heating. The compact apparatus geometry allows
heating rates of up to 1000 °C/min and cooling rates in the range of 150 °C/min [51,52].
Reaching high sintering temperatures very fast can enhance the densification rate, while
coarsening mechanisms will be retarded. Further densification is improved by the

simultaneous application of uniaxial mechanical pressure.

Pyrometer
lectrode

. _Graphite
die

: Pyrometer and/or
_._Themocouple

I

+ Powder

T _ T Water cooled

vacuum chamber

Figure 3.4: Schematic of an SPS apparatus.

The tool material and the sample material itself determine whether the sample or the die is
heated (Figure 3.5) [53]. In the case of electrically conductive sinter material, the dc current

directly passes through the sample and the die (Figure 3.5a). The usage of an electrically

2 Although the term spark plasma sintering is commonly used, the term is misleading since neither a spark nor a
plasma is present in the process.

12
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insulating die forces the current to go through the sintering material and therefore the highest
possible current density can be achieved (Figure 3.5b). It is also possible to sinter

non-conductive materials. Then the process behaves like a rapid HP cycle (Figure 3.5c) [54,55].

(a) (b) (c)

7. AIm2 T, Afm?
Bk il

Figure 3.5: Finite element simulation showing the flow of the electric current depending on
different sinter and die materials: a) conducive powder and die, b) conductive powder, insulating

die, and c) non-conductive powder, conductive die [53].

A detailed review about SPS and possible influencing factors and occurring mechanisms has

been published by Guillon et al. [53].

3.3.2 Synthesis of MoOy Targets by SPS

The sintering materials used in this work for the development of sputter targets were mixtures
of electrically conductive MoO, and insulating MoOs powders. The current path and
temperature evolution in this compound material can be explained by Figure 3.5. When the
composite powder starts to sinter, the current flows through the graphite die similar to a HP
process (Figure 3.5c). Once first electrical paths are constructed, the current starts to flow
through the sintering material (Figure 3.5a). At this point, the subsequent process route
depends on whether the compound powder fully reacts to a homogenous single-phase
material. In this case, the process is assumed to proceed as illustrated in Figure 3.5b
(conductive powder and insulating die). In contrast, if the compact powder does not fully react
to a single-phase material, then local hot spots can be formed within the percolating current
paths characterised by high local current densities and over-heating [50]. The temperature
within these hot spots can exceed the average process temperature significantly, which can
lead to local reaction zones [56]. Such reaction zones for MoOy, where different sub-oxides

are formed, are shown in Figure 3.6.
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Figure 3.6: Photograph of sintered MoOy targets (<& 100 mm) with a) reaction zones due to hot

spots and b) without reaction zones [own work].

These hot spots and accordingly such reaction zones are difficult to control due to numerous
influencing factors like different powder parameters (particle size, distribution,
agglomeration) as well as process parameters (heating rate, time, maximum temperature).
This is exemplified by two experiments with the same powder mixture and the same process
parameters yielding two different results, one target with visible reaction zones and one
without (Figure 3.6). The appearance of hot spots and resulting discontinuities can also be
noticed in the data sets of the sinter curves in Figure 3.7, where sinter curves with and without
hot spots are compared. Such hot spots appear as fluctuations of temperature and current

signal in Figure 3.7a, while they are not visible when no hot spots are present (Figure 3.7b).
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(a) Sinter curve with “hot spots”
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Figure 3.7: Typical sinter parameters recorded during manufacturing of the targets shown in
Figure 3.6 including the process parameters temperature, pressure, punch distance, voltage and

current of processes a) with hot spots and b) without hot spots.

Such sinter curves also provide information about the state of the densification process by
evaluating the recorded punch distance. If the distance curve still decreases at the end of the
time, the sinter body has not reached the theoretical density yet. Another special feature
observed beside the hot spots and resulting reaction zones was that single-phase MoO;
powder was not densified by either of the used processes, HP or SPS. According to the patent
of McHugh et al. [57], a sinter active phase is needed in a small amount to enhance the
densification process, which in this work is realised by a dual-phase MoO; powder consisting
of MoO; and small amounts of Mo4O11. Figure 3.8a shows a sintered but not densified
single-phase MoO; target, whereas Figure 3.8b represents a fully densified dual-phase MoO;

target with a relative density of ¥85%. The same sinter parameters were used for both targets.
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(a) single-phase MoQ, (b) dual-phase MoQ,

Figure 3.8: Photograph of sintered MoO; targets (& 100 mm): a) not compacted single-phase

MoO; powder and b) compacted dual-phase MoO, powder [own work].

Within this work several different powder mixtures were used for the development of MoO
targets as documented in Table 3. According to the patent of McHugh et al. the relative density
of the MoOy targets increases by ~10% with increasing content of MoOs powder within the
mixture [57]. Subsequently, the flexural strength Ry, decreases significantly with increasing

content of MoO3s powder within the mixture.

Table 3.1: Different MoOy mixtures developed and sintered within this work.

MoOy MoO; MoO; theo. Density Bending Test
Fmax Rob
[wt.%] [wt.%] [%] [N] [MPa]
MoO, 100 0 87 630 70
MoO; s 50 50 87 315 36
MoO:6 40 60 86 225 24
MoO 7 30 70 88 165 18
MoO; 5 20 80 90 118 13
MoO;.9 10 90 92 113 13
MoOs3 0 100 94 123 14
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While Section 5 provides a detailed overview of the properties of the MoOx powders used for
sintering, Section 8 reports on sputter tests using the MoOy targets summarised in Table 3.1
and their possible usage to synthesise MoOy thin films as an alternative to fully reactive

sputter deposition processes using Mo targets.
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4 THIN FILM FORMATION

4.1 Magnetron Sputter Deposition

Magnetron sputter deposition (MSD) is a technique within the versatile family of physical
vapour deposition (PVD) methods. The transfer of the solid target material into a gaseous
phase is effectuated by energy and momentum transfer due to bombardment with incident
inert gas ions, usually Ar* [58]. In general, the sputter deposition process can be divided into
three steps (Figure 4.1) [23]:

()] transition of the solid material into the vapour phase,

(1) transportation of the vapour from the source to the substrate,

(1) condensation of the vapour at the substrate surface and the formation of the film.

(a) thermal (C)
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\. arrival rate | reevaporation
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Magnetic poles ‘ water 1
9 B cooling T

Figure 4.1: a) Schematic of an unbalanced magnetron sputtering system showing b) the collision

cascade during sputtering and c) the nucleation process at the sample surface (modified from

(59]).

The inert working gas is ionised by igniting a glow discharge between the cathode (often
referred to as target) and the anode (chamber wall, sometimes also substrate holder). The
impinging gas ions from the plasma cloud transfer their impulse to the target atoms, which

causes further collisions within a collision cascade (Figure 4.1b). If the transferred energy is
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higher than the surface binding energy of the atoms, they can escape from the target surface,
from the vapour phase and subsequently can condense at the substrate surface after transfer
through the plasma cloud. (Figure 4.1c). In MSD the deposition rate can be enhanced by
applying a magnetic field behind the target. The arrangement of the magnetic field lines is
illustrated in Figure 4.1a. The electrons are trapped near the target surface in a torus shape,
resulting in a high-density plasma and a distinct erosion zone. In the widely used unbalanced
magnetron configuration, the magnetic field is strengthened at the outer diameter of the
target area which allows some electrons to escape from the target-near region towards the
substrate; there, the subsequent ionisation of inert gas atoms can be used to enhance film
growth.

The films discussed in this work were synthesised in three different deposition systems due to
their versatile settings and resulting deposition possibilites. For Section 6, a self-constructed
laboratory-scale sputter deposition device as schematically shown in Figure 4.2 was used. The
vacuum chamber is equipped with three circular planar targets (& 50 mm) and a rotatable

substrate holder mounted opposite to the targets.

Figure 4.2: Laboratory-scale deposition plant with three targets used for film synthesis in

Section 6 (own working group).

The deposition plant used in Section 7 is an industrial-scale in-line sputter deposition system

(FHR.Line.600-V) with two chambers, a load-lock system and a deposition chamber equipped
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with a cylindrical rotatable target (J 160 mm x 600 mm). The substrate holder is mounted
vertically and can be operated statically or dynamically in front of the target. An image of the

sputter device with opened deposition chamber is shown in Figure 4.3.

e N et

- - " E
' : ¢ rotatable target

Figure 4.3: Industrial-scale in-line sputter device with cylindrical rotatable target used for film

synthesis in Section 7 (own work).

The films discussed in Section 8 were synthesised in an AJA (ATC-1800 UHV) laboratory-scale
deposition device shown in Figure 4.4. The setup is similar to the sputter device in Section 6

but equipped with four circular planar targets (& 76 mm).

Figure 4.4: Laboratory-scale deposition plant with four targets used for film synthesis in

Section 8 (own working group).
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4.2 Reactive Sputter Deposition

In general, alloys or compounds can be synthesised by either sputtering from compound
targets, co-sputtering from single element targets or sputtering in the presence of a reactive
gas (e.g. N2, O2) [60]. The latter case is dominated by three different possible reactions [60,61]:

n the compound is formed at the target surface and those are sputtered,

() the compound is formed in the gas phase,

(1) the reactive gas is adsorbed on the substrate surface and subsequently reacts with

the impinging target atoms.

The third reaction pathway is observed most often. Compounds formed on the target surface
will affect the sputter behaviour, the so-called target poisoning, which results in a lower
deposition rate [27]. By adjusting the partial pressure of the reactive gas during the deposition
process, the stoichiometry and properties of the synthesised films can be tuned [26]. The
MoOy films discussed in this work - besides sputtering from compound targets - were
sputtered from a metallic Mo target in O,/Ar atmospheres of varying compositions. By shifting
the process gas composition from pure argon to pure oxygen, the synthesised MoOy films
varied from metallic Mo via MoQO; dominated films to MoOs films with different optical and
electrical properties. As mentioned before, target poisoning will affect the deposition rate as
well as the discharge voltage due to oxides with reduced conductivity covering the target
surface. Generally, there is a sharp transition between the metallic mode and the poisoned
mode as illustrated by the example of Al,Os in Figure 4.5a and b. At low oxygen partial pressure
p(02), the introduced oxygen is consumed in the growing film and the overall pressure stays
constant and no or just minor oxide reaction layers are formed at the target surface. In this
regime the discharge voltage remains unaffected showing the same value as in the case
without O,. At a certain point, when p(0;) is further increased, not enough Al atoms are
available to bind all the oxygen and the target surface becomes covered by a continuous oxide
layer of lower conductance. As a consequence, the pressure rises and the discharge voltage
decreases. If p(02) is now reduced, the covered target surface will be slowly sputter cleaned
again. Since this typically happens at a lower p(02), an hysteresis effect can be observed
[27,62]. Compared to the Al,O3 example, the discharge voltage of the deposited MoOx films
increases significantly before it drops to a low value at high p(O.) (Figure 4.5c). Since the lower

oxidised MoO: is electrically conductive, the deposition rate increases up to a p(02) where the
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onset of MoOs film formation occurs. There, the deposition rate decreases significantly due

to the insulating behaviour of the MoOs layer covering the target surface (Figure 4.5c).
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Figure 4.5: a) Pressure and b) discharge voltage hysteresis curve for an Al target [27] and c)
discharge voltage and film growth rate for Mo target, both sputtered in oxygen containing

atmosphere (own work).

4.3 Thin Film Nucleation and Growth

As soon as the sputtered atoms condense from the vapour phase at the substrate surface and
are adsorbed, they diffuse along the surface until they reach an energetically attractive place
or until they are desorbed again. Nucleation starts at favourable low energy sites like lattice
defects, atomic steps or scratches on the surface. Substrate temperature, the intensity of

interactions between species and substrate and the kinetic energy of the species control their
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atomic movement. Once a critical value of a metastable cluster size is reached, a stable
nucleus of adsorbed particles is formed and continuous film growth starts [23,60]. Succeeding
film growth can be distinguished into three modes illustrated in Figure 4.6 [23,60]:
n Island growth (Volmer-Weber): the binding energy between deposited atoms is
stronger than to the substrate (3D growth mode) [23,60],
() Layer-by-layer growth (Frank-van der Merwe): the binding energy between
deposited atoms and substrate surface is stronger than between the deposited
atoms (2D growth mode) [23,60],
(1) Stranski-Krastanov growth: combination of mode (I) and (II), where one or more
monolayers are formed until further layer growth becomes unfavourable and island

growth occurs [23,60].

Desorption

Surface Subcritical  Stable
Thermal diffusion cluster cluster

accomadation » m »

(a) Nucleation

Figure 4.6: a) Nucleation process and b) the three film growth modes [63].

Deposition parameter like substrate temperature, the resulting film thickness and structural
evolution are combined and illustrated in so-called structure zone models (SZMs). Movchan
and Demchishin [64] were the first who investigated thick films grown by evaporation and
related their structure to the homologous temperature (Ts/Tm), with Ts as substrate
temperature and Tm as melting temperature of the film. The SZM after Movchan and

Demchishin distinguishes three characteristic zones [64] (Figure 4.7). Later, Thornton [65]
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extended their model by adding the inert process gas pressure and therefore introduced a

fourth zone, the transition zone T between zone | and Il (Figure 4.8).

(n Zone |: characterised by porous columnar structure due to shadowing effects and

low surface mobility of the condensed atoms.

(m Zone T: surface diffusion occurs and competitive growth results in a typical

V-shaped film morphology transforming into columnar grains at higher film

thickness.

(1) Zone II: characterised by dominating surface and beginning bulk diffusion, which

leads to dense films consisting of columnar crystals.

(IV)  Zone llI: bulk diffusion dominates, resulting in a recrystallised structure with

equiaxed grains and further densification.
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Metalle T/T,,

<03

0,3...045 >045

Oxide T/Ty

< 0,26

0,26 ... 0,45 > 045

Figure 4.7: Structure zone model after Movchan and Demchishin [64].
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ZONE I
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Figure 4.9: Structure zone model from Barna and Adamik [66].

For reactive sputtering the SZM adaption from Barna and Adamik [66], where impurity
concentration is included as a parameter, is of special interest for this work. Barna and Adamik
reported the changes in structure and orientation by means of the Al-O system with increasing
oxygen content as impurity (Figure 4.9). A low level of oxygen concentration does not
significantly affect the grain growth in the coalescence stage and of the growing crystals the
structure resembles zone Il. But the texture is generally less pronounced than in the
impurity-free case due to decreased atom mobility at the contaminated grain boundaries. A

medium level of oxygen concentration limits grain growth already in the coalescence stage.
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The first crystals are randomly oriented and therefore competitive growth will occur. This
structure can be compared to zone T of the basic SZM. A high level of oxygen concentration
periodically blocks the growth of the crystals due to the formation of an oxidised surface
covering layer. This continuous layer prevents crystal growth and causes permanent
re-nucleation. The MoOx films synthesised within this work are assumed to evolve after the

SZM of Barna and Adamik and are discussed in detail in Section 7.
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5 THERMAL STABILITY OF M0O, AND M0OO3; POWDERS

5.1 Introduction

In the phase diagrams of the binary system Mo-O as shown in Figure 5.1, two
thermodynamically stable oxides were reported: molybdenum dioxide (MoO;) and
molybdenum trioxide (MoOs). The experimentally derived phase diagram in Figure 5.1a is in
good agreement with the theoretically calculated one in Figure 5.1b. The latter, however,
illustrates an extended temperature region from 200 to 2700 °C. There, a eutectic point
between Mo and MoO; can be noticed at 2200 °C. The composition reported in literature
differs between experimentally derived (23 at.% O [30]) and theoretically calculated
(15 at.% O [29]). At even higher temperatures, there is also a two-liquid region between Mo

and MoO: visible which was already predicted by Chang and Phillips [28].
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Figure 5.1: Phase diagrams of the binary Mo-O system: a) experimentally derived [28] and b)

theoretically calculated [29].

With an oxygen content of 66.7 at.%, MoO, represents the lowest oxidation state of all
molybdenum oxides (MoOy). Its monoclinic crystal structure (see Table 5.1) is based on a
deformed rutile lattice that consists of MoOs octahedra sharing edges and corners. The
distortion of the crystal is caused by the Mo atoms which form direct metal-metal bonds in
alternating metal-metal doublets [8,32]. This chemical bonding structure gives reason for the
metal-like electrical conductivity of MoO;, which is comparable to Mo as shown in Table 5.1.
The visual appearance of MoO; is opaque with a reddish-brown to reddish-purple colouring

[5,7].
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The highest Mo oxidation state of 6+ is present in MoO3 which has two modifications: the
orthorhombic a-MoOs3 and the monoclinic B-MoOs (see Table 5.1). Similar to MoO,, the
thermodynamically stable a-polymorph of MoQOs; [34] consists of heavily distorted MoOe
octahedra, but in this case they form a layered structure of two levels, each of which are
mutually connected by shared octahedral edges. As a consequence, zig-zag rows are formed
in [001] direction [5,35]. All metal-oxygen bonding orbitals in MoQs are filled and the energy
states in the metal d-conduction band remain empty, resulting in a diamagnetic insulating
behaviour [37]. Both MoOs modifications are transparent with a slightly yellowish visual

appearance [32,38].

Table 5.1: Selected properties of the different MoOx phases [6,8,39,41]. Metallic Mo is included

as a reference. (m...metallic, sc...semiconducting, in...insulating)

Oxide Crystal Trormation Density  Resistivity
structure [°C] [g/cm3] [Qcm]

Mo cubic 10.22 5.03-10° (m)

MoO; monoclinic 6.47 8.8:10° (m)

Mo4011  n-oxide monoclinic <615 4.14 10°t0 0.2 (m)
y-oxide orthorhombic > 615 4.18 0.25 (sc)

Mo017047 Kk-oxide orthorhombic <560 4.72 <0.05(m - sc)

Mos014 B-oxide tetragonal 470 -530

MogO2; B-oxide monoclinic 650 — 780 4.32 1.2 (sc)

Mos02s C-oxide triclinic 600 — 750 4.74 250 (sc)
B’-oxide monoclinic 750-780 4.26 3.7 (sc)

MoO; a-MoOs orthorhombic 4.69 1.7-10° (in)
B-MoOs monoclinic 10%° (in)

Beside the stable oxides MoQO; and MoOs, several other MoOy are reported in literature.
Schonberg discussed the existence of a Mos0 oxide with an oxygen content below the one of
MoO;, even though this was not prepared in a pure and stable state [31]. Despite the effort
of many researchers to reproduce Schénberg’s results, it remains uncertain whether such an

oxide exists or not [28].
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However, between the thermodynamically stable oxides MoO, and MoOs; a series of
metastable MoOy phases with intermediate oxidation states exists, which are typically
referred to as Magnéli phases. These oxides were first described by Magnéli in 1953, who
studied the structure of the oxides in the system Mo-0 by means of X-ray diffraction [33], and
further investigations were done by Kihlborg in 1959 [6]. In contrast to MoO; and MoQs3 with
narrow homogeneity regions of M00O1.9.2.08 and Mo0O2.9530 [40], respectively, the Magnéli
phase oxides only exist at an exact oxygen content. Arranged with increasing oxygen content,
the following molybdenum oxide Magnéli phases are present in the binary Mo-O system:
Mo04011, M017047, M05014, M0gO23 and MogO26. Selected properties of these oxides are
summarised in Table 5.1, whereas their stability ranges are indicated in Table 5.2. As can be
noticed, Mo4011 and MogOy exist in two different modifications depending on the
temperature [6]. The transformation of Mo04011 from the monoclinic n-polymorph to the
orthorhombic y-polymorph is a slow process lasting several weeks at temperatures between
550 and 655 °C [6]. Contrarily, the transformation from triclinic MogO2s ({-oxide or so-called
Mo180s3) to monoclinic MogOa6 (B’-oxide) takes place within two hours at 780 °C [6]. Both are
transformations from a low temperature phase to a high temperature phase. The
decomposition temperatures and reactions of the Magnéli phases are shown in Table 5.2.
Further details about the structure of the MoOx can be found in the chemistry handbooks, e.g.

by Gmelin [42].

Table 5.2: Thermal stability of molybdenum Magnéli phase oxides [6,39].

Oxide Transformation Decomposition Reaction equation
temperature temperature
[°cl [°cl
Mo04011 550 - 655 N-Mo4011 €<= y-M04011
815 - 820 v-Mo04011 = MoO:; + 3 MoOs (gas.)
Mo017047 630 Mo017047 = y-M04011 + M0gO23
Mo5014 530 Mos014 - M017047 + M0Os3
Moz023 785 Mog0O23 = y-M04011 + MoO3
(-Mog02s 760 - 780 (-M09026 - B’-M09026
550 (-Mo09026 - N-M04011 + M0Os3
B’-Mo09026 785 - 800 B’-M09026 = y-M04011 + M0Os
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In terms of applications, MoOy are often used as thin films for display technology,
electrochromic glasses or solar cells for example. There, their wide range of electrical and
optical properties depending on their oxidation state is exploited. State-of-the-art for
synthesising such thin films is reactive magnetron sputter deposition and related techniques,
where a metallic molybdenum target is reactively sputtered in a mixture of argon and oxygen
gas atmosphere.

This study was done in order to investigate the possibility of producing sputter targets made
of MoOy powders for sputtering in pure argon atmosphere without additional oxygen in the
gas. Therefore, the influence of phase purity of the powders on the thermal stability of various
MoOxy is of interest for the sinter behaviour. The potential sinter possibility of this material
gives new options for producing sputter targets and therefore for synthesising molybdenum
oxide thin films non-reactively with tuneable optical and electrical properties for many

different applications.

5.2 Experimental details

Four commercially available MoOx powders from different manufacturers were used for the
current study: two MoQO; and two MoOs powders. In each case, one of the powders was phase-
pure MoOy, whereas the second powder contained a minor fraction of an additional MoOx. In
the further course of this work, the powders consisting of one MoOy phase are referred to as
single-phase Mo0O; and MoOs powders, while the other two are referred to as dual-phase
MoO; and MoOs powders.

The particle size distribution of all powders was determined by laser diffraction according to
the DIN ISO 13320-1 standard. For analysing the grain shape and agglomeration size before
and after heat treatment, secondary electron images of the powders were taken with a Zeiss
NTS Ultra-plus scanning electron microscope (SEM) with an acceleration voltage of 20 kV. The
chemical composition of the powders was measured by energy dispersive X-ray spectroscopy
(EDS) with an Octane Plus silicon drift detector, which is connected to the SEM. The
identification of the different MoOy phases and, hence, the characterisation of the phase
purity was conducted by X-ray diffraction measurements (XRD) with a Bruker-AXS D8 Advance
diffractometer, in Bragg-Brentano mode using Cu-K, radiation and an energy-dispersive SolX

detector from Bruker-AXS. References for the different phases were taken from the
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International Centre for Diffraction Data (ICDD) database [67]. In addition, the virgin powders
as well as the heat-treated ones were analysed by Raman spectroscopy to complement the
XRD measurements. The spectra were recorded with a HORIBA Jobin Yvon LabRam-HR800
confocal spectrometer, employing a Nd:YAG laser with a wavelength of 532.2 nm at a power
level of 3.5 mW at the measurement spot.

The phase stability of the powders at elevated temperatures was investigated by differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA) with a SETSYS EVO 2400
device. Dynamical heating with a heating and cooling rate of £10 K/min up to a maximum
temperature just below the melting point (MoOs: 795 °C) or decomposition temperature
(MoQ3: 1100 °C) of the powders was performed in inert argon atmosphere (gas flow:
50 ml/min). To verify whether the chemical reactions during the heat treatment were
completed or not, a rerun of each DSC/TGA measurement with the same powder sample and

identical parameters was conducted.

5.3 Results and Discussion

5.3.1 Virgin powders

Prior to the heat treatment, all powders were characterised concerning their chemical
composition, crystal structure, particle size, agglomeration size, and particle shape in their
virgin state. Figure 5.2 shows XRD diffractograms of the different powders. Comparing the
patterns of the two MoO; powders, a significant difference can be observed. One powder only
shows peaks belonging to monoclinic MoO; and is therefore labelled as single-phase MoO,. In
contrast, the diffractogram of the dual-phase MoO; powder indicates a significant amount of
Mo4011 in addition to the dominating MoO; phase. The diffractograms of the MoOs powders
show a similar situation. The pattern of the single-phase MoOs powder reveals only the
presence of the orthorhombic a-MoOs phase, whereas in the dual-phase MoOs powder a

minor content of MosO5¢ can be identified.
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Figure 5.2: XRD diffractograms of the different MoOy powders.
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The Raman spectra of the different powders shown in Figure 5.3 generally confirm the phase

structure obtained by the XRD measurements. The Raman spectra from the two MoOs powders,

however, reveal the presence of orthorhombic MoOs with only very minor differences between

both powders. The phase identification by XRD and Raman spectroscopy is also corroborated

by the analysis of the chemical composition using EDS. Both MoO, powders consist of about

36 at.% Mo and 64 at.% O confirming the Mo/O ratio present in MoO,. Apparently, the quantity

of Mo4O11 in the dual-phase MoO, powder is without significant influence on its overall

chemical composition. In the case of the MoOs powder, the single-phase and the dual-phase

powders have chemical compositions of about 24 at.% Mo and 76 at.% O as well as about

27 at.% Mo and 73 at.% O, respectively, which are in good agreement with stoichiometric

|V|003.
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Figure 5.3: Raman spectra of the different MoOx powders. Reference spectra of monoclinic

MoO; and orthorhombic MoOs from the database in reference [68] are included as well.

Important aspects of powders are their particle size distribution and the shape of individual
particles, which are presented in Figures 5.4 and 5.5, respectively. The single-phase MoO;
powder shows a bimodal particle size distribution of 3 and 50 um and homogenously
distributed agglomerations in size and shape. As can be seen in Figure 5.5a, the particles are
plate-shaped. The dual-phase MoO; powder, however, has a monomodal particle size
distribution of about 7 um and an agglomeration size of about 100 to 200 um, as evidenced
by the SEM images in Figure 5.5b. The powder consists of finely dispersed plate-shaped
particles. Both MoOs powders revealed monomodal particle size distributions with preferred
particle sizes of 1 um in the case of single-phase MoOs and 27 um in the case of the dual-
phase MoOs (Figure 5.4). Even though the single-phase MoQOs powder is the finest grained
powder within this work, it shows an agglomeration size of 100 to 200 um (see Figure 5.5c).
In contrast, the dual-phase MoOs powder agglomerates non-uniformly in size and shape and

the particle shape appears to be irregular (Figure 5.5d).
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Figure 5.4: Particle size distributions of the different MoOx powders.
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Figure 5.5: Secondary electron SEM images of a) single-phase MoO,, b) dual-phase MoO,, c)
single-phase Mo0Os; and d) dual-phase MoOQs.

5.3.2 Thermal stability

The DSC/TGA measurements reveal information about the thermal stability of the different
MoOyx powders. As shown in Figure 5.6a, both the heat flow and the mass signal of the
single-phase MoO; powder remain constant up to the maximum test temperature of 1050 °C.
Such a behaviour can be expected due to the facts that this powder was phase-pure and that

the maximum temperature was below the decomposition temperature of MoO;, which is at
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about 1100 °C. In contrast, the heat flow signal from the dual-phase MoQO; powder shows a
well-defined peak at 830 °C (Figure 5.6b). With further increasing temperature, the mass of
the analysed sample decreased by about 26% before it stabilised again at 1000 °C. According
to the information provided in Table 5.2, the observed endothermic reaction is in agreement
with the decomposition of y-Mo04011 to MoO; and MoOs at about 820 °C. The mass loss is
caused by the gaseous MoQs reaction product being removed from the sample volume.

Similar to the single-phase MoO, powder, the heat flow and the mass signal of the single-
phase MoOs; powder remained constant in the entire temperature range. The maximum
testing temperature, however, was reduced to about 775 °C in order to prevent melting of the
MoOs phase. The heat flow signal from the dual-phase MoOs powder shows an extended peak
between 650 and 775 °C indicating one or several endothermic reactions. These reactions
proceed without changes in the total mass and are, therefore, most likely phase change
reactions. Possible reactions are -Mo9O26 - B’-M09g0O26 at 760-780°C and

N-Mo4011 = y-Mo04011 at 655 °C as already summarised in Table 5.2.
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Figure 5.6: Heat flow and mass loss of a) single-phase MoO,, b) dual-phase MoO,, c) single-phase

MoO; and d) dual-phase MoQs, as determined by DSC/TGA.
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5.3.3 Heat-treated powders

In order to identify possible changes in the structure and appearance of the MoOx powders due
to the heat treatment during the DSC/TGA measurements, the powders were analysed again.
As shown in Figure 5.7, both heat-treated MoO; powders reveal identical XRD patterns and
consist entirely of monoclinic MoQ,. This observation is confirmed by Raman spectroscopy,
where spectra of the two powders resembling the reference spectrum of MoO; were recorded
(Figure 5.8). In terms of chemical composition, only minor changes within the accuracy of the
measurement were observed. The composition of the heat-treated single-phase and dual-
phase MoO; powders are 34at.% Mo and 66at.% O and 36at.% Mo and 64 at.% O,
respectively.

The results regarding structure and chemical composition of the heat-treated dual-phase MoO;
powder are in agreement with the previously discussed decomposition of the Mo04011 phase
present in the virgin powder. Since this phase decomposed into solid MoO; and gaseous MoOQOs3,

only monoclinic MoO; is present in the heat-treated powder.
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Figure 5.7: XRD diffractograms of the different MoOx powders after heat treatment.
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Similar to the MoO; powders, also the MoO3s powders show similar XRD patterns and Raman
spectra after the heat treatment (see Figures 5.7 and 5.8). The phase composition of single-
phase MoOs; powder is unaffected by the annealing up to 775 °C and it still consists of
orthorhombic MoOs. This phase is also the main phase in the heat-treated dual-phase MoOs
powder, but slight deviations in the XRD pattern and the Raman spectrum as compared to the
single-phase MoOs powder and references from literature indicate the presence of minor
additional MoOy phases. These additional MoOx phases are also responsible for the changes in
the heat flow signal during DSC measurements. Since the sample mass does not change, the
heat flow peaks indicate a phase transformation without any gaseous reaction. Hence, the
chemical composition of both MoOs powders remained unaltered with 25 at.% Mo and
75at.% O and 23 at.% Mo and 77 at.% O for the single-phase and dual-phase powder,

respectively.
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Figure 5.8: Raman spectra of the different MoOy powders after heat treatment. Reference

spectra of monoclinic MoO, and orthorhombic MoOs; from database [68] are included as well.

Comparing the SEM images of the heat-treated MoO; powders shown in Figures 5.9a and b to
the ones from the virgin powders (Figure 5.5) it can be noticed that no changes in the single-
phase MoO; powder are apparent. The dual-phase MoO; powder, however, reveals slightly
enlarged grains with rounded edges and corners as a result of the annealing treatment. It can
be speculated that this change in shape is due to the decomposition reaction of M04011 to
MoO; (the gaseous MoQs as a reaction product is without influence in this case). In contrast,

significant changes in grain size and shape were observed in the case of the MoO3 powders.
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The dual-phase MoOs powder still consists of irregularly shaped grains, but their average size
seems to be decreased. The opposite trend was observed for the single-phase MoOs powder.
The once very fine-grained powder now shows plate- and rod-shaped particles with an

average size of a few 10 um, as evidenced by the SEM image in Figure 5.9c.

Figure 5.9: Secondary electron SEM images of the heat-treated a) single-phase MoO;, b)

dual-phase MoO;, c) single-phase MoOs and d) dual-phase MoOs.

The suitability of the MoOx powders for sintering depends on the particles’ ability to get
compressed and to react with each other [69]. A first information on their suitability can be
derived from the DSC measurements, in particular on the appearance of the powders after the
associated heat treatment. While the single-phase MoO; powder does not show any tendency
for agglomeration or sintering of the particles, the dual-phase MoO; indicates an early stage of
sinter activity with changes in particle shape and size (Figure 5.9a and b). The same changes are
true for the single-phase MoQs, while the dual-phase MoOs is as irregular in particle size and
shape as before the heat treatment. Finally, it can be concluded that in particular the change in
appearance of the dual-phase MoO; and the single-phase MoOs provides first indications for a

suitable sintering behaviour (see also Ref. [70]).
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5.4 Conclusions

Within this work, different molybdenum oxide powders were investigated with respect to
their powder characteristics and thermal stability. In addition, a survey of the present
understanding of the molybdenum-oxygen binary system and the relevant MoOx phases
including their crystallographic structures and optical, electrical and mechanical properties is
presented. Phase-pure and with other MoOy phase contaminated MoO; and MoQOs powders
were investigated with respect to their particle shape and size distribution as well as their
thermal stability. While single-phase MoO; and MoQOs powders are stable up to 1050 and
775 °C, respectively, the Mo04011 and Mog0O;6 contaminations observed in the dual-phase
powders undergo phase changes above 650 °C. The annealing experiments in combination
with powder and phase characterisation of the different MoOx powders provide first
information for possible sinter applications, enabling manufacturing of MoOx sputter targets

for the non-reactive synthesis of functional thin films.
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6 STRUCTURE EVOLUTION IN REACTIVELY SPUTTERED MOLYBDENUM OXIDE THIN
FILMS

6.1 Introduction

Oxide thin films are used in a wide variety of industrial applications ranging from hard coatings
to thin films in optical and electronic applications. Examples include Al,Os; used as a
wear-resistant coating due to its high hardness and chemical inertness [71], TiO; due to
photocatalytic properties [72] and transparent conductive oxide (TCO) materials like tin doped
indium oxide (ITO) [4] or aluminium doped zinc oxide (AZO) [2,3]. By changing the
stoichiometry or by alloying or doping the base materials, it is possible to tune the material
properties according to the needs of the intended applications.

Different deposition techniques are employed to synthesise such thin film materials, e.g.
chemical vapour deposition, sol-gel, printing, and physical vapour deposition techniques, in
particular magnetron sputter deposition (MSD) [23]. MSD is a versatile deposition technique
that can be used in direct current (dc), pulsed dc or radio frequency mode for the synthesis of
a wide variety of materials including metals, nitrides, carbides, borides, sulfides or oxides. In
the latter cases, reactive processes are frequently used, that means a reactive gas, for example
oxygen, is added to the process gas during the deposition process [25]. The stoichiometry of
the synthesised thin film can be tuned by varying the partial pressure of the reactive gas [26].
The chemical compound is typically formed by reactions between adsorbed reactive gas
molecules on the substrate and impinging target atoms enabling the growth of the thin film.
At the same time, compounds will also be formed on the target surface and, as a consequence,
alter the sputter behaviour. If the target is in the so-called “poisoned” mode, then the sputter
and deposition rates are typically lower [27].

The Mo-0 system is known to contain two stable oxides, MoO; and Mo0Os3, as well as several
Magnéli phases with intermediate Mo/O ratios [6]. All these oxides occur in different colours
[5,7] and they cover a wide range of electrical and optical properties depending on their
oxidation state. The properties of molybdenum oxides vary from a non-transparent
appearance with metallic-like electrical conductivity (MoO;) to transparent and electrically
insulating behaviour (MoQ3). The electrical conductivity of the Magnéli phases ranges from a

metallic to a semiconducting behaviour [8]. From the entire range of molybdenum oxides,
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Mo0Os thin films are almost exclusively used in today’s industrial applications like gas sensing
[11], photovoltaic [12], electrochromic [9] and photochromic thin films [9,10]. The field of
possible application for lower oxidised molybdenum oxide thin films remained largely
unexplored so far.

This study was done in order to investigate the structure evolution in reactively sputtered
molybdenum oxide thin films as a function of the oxygen partial pressure. The composition
and structure of the synthesised films was analysed by electron probe microanalysis (EPMA)
using wavelength-dispersive X-ray spectroscopy (WDS), X-ray diffraction (XRD) and Raman
spectroscopy measurements. Details about the growth of molybdenum oxide thin films were
obtained by scanning electron microscopy (SEM) top-view and cross-section imaging. The
electrical resistivity and the optical appearance are discussed on the basis of changes of the

film structure.

6.2 Experimental methods

The molybdenum oxide thin films were grown on (100)-oriented silicon
(20mm x 6 mm x 0.35 mm) and soda lime glass (20 mm x 6 mm x 1 mm) substrates by
unbalanced dc-MSD. Prior to the deposition, the substrates were cleaned in ultrasonic baths
of acetone and ethanol and dried with hot air. After mounting the samples on the rotatable
substrate holder, the deposition chamber was evacuated to a base pressure below 1 - 103 Pa
and was baked out at 500 °C for 30 min. Subsequently, the temperature was decreased to
120 °C and the targets were sputter-cleaned in pure Ar atmosphere for five minutes, while a
shutter shielded the substrates to prevent deposition of Mo on them in this stage. The MoOy
films were grown at a substrate temperature of 120 °C in reactive O,/Ar atmosphere at an
average pressure of ptwot = 0.4 Pa. To investigate the influence of the oxygen content on the
structure and properties of the deposited films, the oxygen partial pressure p(Oz) during
deposition was varied between 0 and 100% of the total pressure as shown in Table 6.1. In
order to facilitate a comparison with other deposition systems with different configurations
of magnetrons, pumping speeds and process gas insertion among others, the oxygen partial
pressure is given relative to the total pressure in this work. The total gas pressure in the
vacuum chamber during the depositions was monitored with a compact full-range gauge
(Pfeiffer PKR 251). The oxygen partial pressure, however, was calculated from gas

flow - pressure calibration curves obtained prior to the depositions using a hot cathode ion
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gauge (Leybold lonivac) since its accuracy of +15% [73] is better in the pressure range of

interest than the one of the full-range gauge with approximately +30% [74].

Table 6.1: Variation of the relative oxygen partial pressure p(0,) during deposition

Wlth Ptot = 0.4 Pa.

pP(02)/ptot [%] 0 28 39 48 74 90 100
Ar Flow [sccm] 40 35 32 30 20 10 0
0, Flow [sccm] 0 5 7.5 10 20 30 40

A constant direct current of 0.35 A was applied to each of the two Mo targets (diameter of
50 mm), which were mounted on magnetrons positioned opposite to the substrate holder
[63]. The resulting discharge voltage as a function of the oxygen partial pressure is displayed
in Figure 6.1a. The deposition time of 30 min was kept constant. An asymmetrically bi-polar
pulsed dc bias voltage with a frequency of 250 kHz and negative and positive pulse durations
of 3.5 pus (-50 V) and 0.5 ps (+37 V), respectively, was applied to the substrate holder.

For analysing the microstructure of the films, cross-section as well as top-view secondary
electron images were taken with a Zeiss NTS Ultra-plus SEM with an acceleration voltage
between 3 and 5 kV. The chemical composition of the different MoOy films was measured by
EPMA with an electron energy of 10 keV and a current of 100 nA. The identification of the
crystalline oxide phases present in the films was conducted via XRD with a Bruker-AXS D8
Advance diffractometer. The measurements were done in grazing incidence mode with a fixed
angle of incidence of 2° and a step of detector movement of 0.02° with an accumulation time
period of 1.2 s. The diffractometer was operated at 40 mA tube current and 40 kV voltage.
Cu-Ky radiation (wavelength: 0.154056 nm) and an energy-dispersive SolX detector from
Bruker-AXS were used. References for phase identification were taken from the International
Centre for Diffraction Data (ICDD) database [67]. To confirm the results of the XRD
measurements, the films were also analysed by Raman spectroscopy with a HORIBA Jobin
Yvon LabRam-HR800 confocal spectrometer equipped with a Nd:YAG laser (wavelength:
532.2 nm, power at the measuring spot: 3.5 mW). For qualitative analysis of the transparency,
digital images of the coated glass substrates were taken. The electrical resistivity was
measured by a Jandel four point probe. The biaxial stress measurements were carried out on

a custom-built device using the reflection of two parallel laser beams to determine the
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curvature radius of the coated samples as described in [75]. The residual stress was then

calculated by means of the modified Stoney’s equation [76,77].

6.3 Results

Figure 6.1 shows the evolution of the discharge voltage, the growth rate and the oxygen
content in the synthesised MoOy films depending on the oxygen partial pressure during
deposition. With oxygen partial pressure increasing from 0 to 50%, the discharge voltage rose
by about 50% while the film growth rate increased from ~40 to ~90 nm/min resulting in a
higher film thickness (Figure 6.2) as the deposition time was kept constant. At the same time,
the oxygen content increased from ~7to ~64 at.%, while the Mo content decreased
accordingly. The oxygen content of approximately 7 at.% in the pure Mo films might originate
from surface oxidation of the sample after deposition due to the time delay between
deposition and EPMA measurement and an overestimation of oxygen content by the EPMA
method in particular at low oxygen contents. A further increase of the oxygen partial pressure
to values above 50% led to a slightly decreasing discharge voltage, a drastic decrease in the

film growth rate to ~7 nm/min and a slight increase in the oxygen content up to ~75 at.%.
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Figure 6.1: a) Discharge voltage (normalised to the initial value of 305 V) and film growth rate as
well as b) chemical composition of the synthesised MoOx thin films as a function of the oxygen

partial pressure.

43



Structure evolution in reactively sputtered molybdenum oxide thin films

Figure 6.2 shows top-view and cross-section SEM images. The molybdenum film deposited in
pure Aratmosphere (Figure 6.2a) exhibits a well-defined structure with columnar grain growth
in cross-section and flat, plate-like shaped grains in top view. The film with p(02) = 28%
(Figure 6.2b) has a featureless structure, whereas islands and clusters are visible in the
top-view of the film with p(02) =39% (Figure 6.2c). For the latter, the onset of a columnar
growth mode can be observed in the cross-section. In the case of the film with p(O.) = 48%
(Figure 6.2d), the cross-section image reveals a dense columnar structure. The surface
micrograph of the film with p(O;) = 74% (Figure 6.2e) illustrates the existence of differently
shaped and horizontally aligned flat and flaky crystals. Some of them are needle-like pointing
out of the surface and seem to consist of bundles of flat crystals growing in different
directions. The cross-section image shows a columnar structure and, due to the vertically
oriented crystals, a rough specimen surface. The two MoOy films deposited at the highest
oxygen partial pressures show very similar structures (Figures 6.2f and g). Their surfaces are
characterised by flat and flaky grains with orientations parallel to the surface and their

cross-sections appear dense and columnar.

Figure 6.2: Top-view (upper row) and cross-section (lower row) secondary electron SEM images

of the synthesised MoOx thin films with varying oxygen partial pressure used during deposition:

a) 0%, b) 28%, c) 39%, d) 48%, e) 74%, f) 90% and g) 100%.

The XRD diffractograms of the MoOy films deposited on silicon substrates are shown in
Figure 6.3 for increasing p(02). The film deposited with p(0,) =0% shows the expected
body-centred cubic structure of Mo. At low oxygen partial pressure (p(O2) = 28%), the film

shows a nanocrystalline or even amorphous-like structure. With further increasing p(Oz) up to

44



Structure evolution in reactively sputtered molybdenum oxide thin films

48%, a well-defined crystalline structure developed which is dominated by monoclinic MoO,.
In addition, there are traces of orthorhombic Mo04011 present in these films. Apparent peak
shifts between the measured patterns and the reference peak positions are most likely related
to residual compressive stresses in the films which are in the range of -100 to -1200 MPa.

Exceeding the oxygen partial pressure to above 50% results in the formation of a structure
dominated by orthorhombic a-MoOs3 with fractions of monoclinic B-MoOs as well as triclinic
MogO36 (tri-Mog026). Among these films, the MoOx film deposited at p(02) = 74% revealed a

higher degree of crystallinity which can be understood by the higher film thickness.
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Figure 6.3: XRD diffractograms of the synthesised MoOx thin films with varying oxygen partial
pressure used during deposition (silicon substrates, reference peak positions according to [67];

solid symbols: high intensity peaks; open symbols: low intensity peaks).

To support the phase identification based on the XRD measurements, Raman spectra were
recorded from all MoOy films as shown in Figure 6.4. A spectrum of the film deposited at
p(02) =0% is not included since metallic Mo is not Raman active. Similar to the XRD

observations, the synthesised MoOxy films can be divided into two groups depending on the
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sputtered molybdenum oxide thin films

used oxygen partial pressure during deposition. At p(02) values of up to 48%, the films

revealed broad bands of low intensity. Comparing these features with the reference spectrum

of MoO,, some similarities can be noticed. However, since the MoOy films synthesised at low

p(0;) are only weakly Raman active as seen in Figure 6.4 and present a nanocrystalline

morphology, an unambiguous identification of MoO, phases by Raman spectroscopy is

challenging. Well-defined peaks are visible in the Raman spectra of the MoOx films deposited

with oxygen partial pressures exceeding 50% (Figure 6.4). These films are dominated by MoOs

and MosOys. Slight peak shifts with respect to the reference peak positions are most likely due

to residual stresses presen

tin the films.
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Figure 6.4: Raman spectra of the synthesised MoOy thin films with varying oxygen partial
pressure used during deposition (silicon substrates). Reference spectra of monoclinic MoO, and

orthorhombic a-MoOs from database [68] are included as well as reference peak positions of
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09056 from [38].

Subsequent to the structural characterisation of the MoOy films, their optical appearance and

electrical conductivity were analysed in order to evaluate their suitability for possible
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applications qualitatively. Figure 6.5 shows photographs of the different MoOx films deposited
on window glass where their transparency and reflectivity can roughly be estimated. Beside
the metallic film deposited with p(02) = 0%, again two groups of MoOx films can be identified.
Films deposited at low oxygen partial pressure (p(Oz) = 28, 39 and 48%) show a metallic, dark
and non-transparent appearance, whereas films deposited at high oxygen pressure

(p(0O2) = 74, 90 and 100%) are (semi-)transparent with a slight yellowish colouration.
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Figure 6.5: Optical appearance of the synthesised MoOy thin films with varying oxygen partial

pressure used during deposition.

In terms of electrical properties, the resistivity of the MoOy films changed from electrical
conductive to insulating as shown in Figure 6.6. The film deposited at p(02) = 0% showed a
resistivity comparable to metallic Mo. With increasing oxygen partial pressure, the resistivity
of the MoOx films increased by two orders of magnitude and remained constant from 28 to
48% (variations are considered to be insignificant). At partial pressures above 50%, the films
are marked as insulating since electrostatic charging effects due to their low conductivity

inhibited the determination of reliable values of their resistivity.
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Figure 6.6: Electrical resistivity of the synthesised MoOy thin films as a function of the oxygen
partial pressure used during deposition. Reference values for Mo and MoO; are included

[8,32,78].

6.4 Discussion

The variation of the oxygen partial pressure allows for studying the influence of the deposition
conditions on the structure and properties of MoOx films. The initial increase in the growth
rate upon increasing the oxygen partial pressure up to 50% is due to the fact that more film
forming species (Mo and O atoms and ions, as well as Mo and O containing molecules and
molecular ions) are available, while the sputter rate of the Mo target remains largely constant.
In contrast, the rise in the discharge voltage in this range of oxygen partial pressures indicates
the formation of an oxide layer on the target surface, which is typically referred to as “target
poisoning” [27]. It is apparent that the adsorption of oxygen to the target surface at oxygen
partial pressure values below 50% causes a change in the electron emission, since a higher
voltage is necessary to maintain the discharge, but the sputter and film growth rate remain
unaffected [27].

The MoOx films that are formed on the substrates in this regime have a MoO, dominated
crystal structure, which is confirmed by the measured oxygen contents between 63 and
65 at.%. The reported homogeneity region of MoO; is M00O1.9.208 [40] with oxygen contents
between 63 and 69 at.%. The slight deviation indicates that amorphous phases with low

oxygen content are present in these films. In the recorded XRD patterns of the films deposited
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with oxygen partial pressures up to 50% broad features appear at angles between 20 and 40°
indicating the presence of additional amorphous phases.

Further increasing the oxygen partial pressure up to 100% results in a strong decrease of the
growth rate. This evolution is caused by a second stage in target poisoning, where the sputter
yield of the target and hence the growth rate are significantly reduced due to the formation
of the oxide layer on the target’s surface [27]. In addition, the sputter yield decreases because
ions bombarding the target surface change from heavy Ar to light O ions [27]. The slight
decrease in discharge voltage at p(0O2) values between 74 and 100% indicates a slightly
enhanced electron emission from the oxide layer formed in this stage of the target poisoning.
The MoOx films synthesised in this regime revealed a dominating phase with the structure of
the Mo oxide with the highest oxidation state, i.e. M0oQOs. The measured oxygen contents for
these films are in agreement with the stability region of MoQOs; which is between 74 and
75 at.% of oxygen.

The separation of the deposited MoOx films into two regimes continues when evaluating the
optical and electrical properties. The films deposited at low oxygen partial pressures with
MoO; structure are non-transparent and conductive as can be expected from literature [8].
However, their colour is black unlike the typically reported reddish-brown, reddish-purple
colouring of MoO; [5] and their resistivity is one order of magnitude higher than reference
values from literature (Figure 6.6). This might be caused by a high defect density present in
the films hindering the motion of both, electrons and photons, through the material. In
contrast, the films deposited at high oxygen partial pressure with MoO3 dominated structure
are (semi-)transparent with a yellowish colouring similar to [79]. The fact that a Si peak
originating from the substrate was recorded in the Raman spectra from these films confirms
their high transmittance. Resistivity values reported for MoOs are in the range from 107 and
10° Qcm [8]. Such high resistivity values are beyond the measurable range of the used four

point probe and these films have therefore been labelled as insulating in Figure 6.6.

6.5 Conclusions

Within this work, molybdenum oxide thin films were deposited by reactive dc magnetron
sputtering from molybdenum targets. The oxygen/argon process gas ratio was changed from
pure argon to pure oxygen by varying the gas flow during deposition. The film growth rate

decreased from 90 to 7 nm/min with increasing oxygen partial pressure. Films deposited at
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low oxygen partial pressures of up to 50% have a MoO, dominated structure and are
non-transparent and electrically conducting. In contrast, the films deposited at higher oxygen
partial pressures of up to 100% consist mainly of a MoQOj3 phase structure. These films are
transparent with a yellowish colouring and electrically insulating. In conclusion, structure and
properties of the deposited molybdenum oxide thin films are tuneable by adjusting the
oxygen/argon ratio in the process gas during deposition. This makes the films in the binary

system Mo-O promising materials for a wide range of optical and electronic applications.
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7 INDUSTRIAL-SCALE SPUTTER DEPOSITION OF MOLYBDENUM OXIDE THIN FILMS:
MICROSTRUCTURE EVOLUTION AND PROPERTIES

7.1 Introduction

Technological progress in the field of display technologies and related areas like solar cells or
electrochromic glasses has gained momentum in recent years. Electronic displays find their
way into our everyday life and their structure becomes more and more complex. For the
imaging process materials are needed which combine good electrical conductivity and high
optical transparency. In particular, a certain group of metallic oxides show such a behaviour
[1], the so-called transparent conductive oxides (TCO). TCOs are used, for example, as
electrode materials in flat-panel displays which are based on thin film structures. Common
TCO materials are aluminium doped zinc oxide (AZO) [2,3] and tin doped indium oxide (ITO)
[4]. Especially ITO is well established in industry but it has one major disadvantage, the limited
availability of indium and a therefore high world market price. In addition, the applications
that make use of TCO materials get more and more complex, so that material systems that
can be adapted to new requirements are needed.

The properties of oxides can often be tuned by changing their stoichiometry or by alloying or
doping. In particular, depending on their oxidation state, molybdenum oxides (MoOy) are
known to have a wide range of electrical and optical properties, ranging from a
non-transparent appearance with metallic-like electrical conductivity (MoO2; Mo*) to a
transparent and electrically insulating behaviour (MoOs; Mo®*). Additionally, several MoOx
like Magnolia phases between the most stable oxidation states 4+ and 6+ were reported [5—
8]. Their electrical conductivity shows a behaviour ranging from metallic to semiconducting.
While MoOs thin films are established in industrial applications like photovoltaics [12], gas
sensors [11], or electrochromic [9] and photochromic glasses [9,10] the potential of thin films
of MoOy with lower oxidation states for industrial applications remains largely unexplored up
to now [13-16].

To synthesize such thin film materials different deposition techniques can be used, e.g. sol-gel
[18-20], printing [17], chemical vapour deposition [18,21,22] and physical vapour deposition
techniques with magnetron sputter deposition (MSD) in particular [18,23,24]. The use of
reactive processes in MSD is common, which means that a reactive gas, for example O, is

added to the process gas during deposition [25]. Thereby, the growth of the films is enabled
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by the chemical compound typically formed by reactions between adsorbed reactive gas
molecules on the substrate and impinging target atoms. Simultaneously, compounds will also
be formed on the target surface, which in turn affects the sputter behaviour and results in the
so-called poisoned mode, where the sputter and deposition rates are typically reduced [27].
Moreover, the stoichiometry and therefore the properties of the synthesized films can be
tuned by varying the partial pressure of the reactive gas [26].

This study was done in order to investigate structure and properties of reactively sputter
deposited molybdenum oxide thin films as a function of the oxygen partial pressure p(Oz). The
films were synthesized in an industrial-scale deposition plant to enable the evaluation of their
suitability for industrial applications. Apart from analysing composition and structure of the
films, the focus was on analysing the optical properties like transmittance, reflectance and
absorbance as well as on electrical resistivity to determine the potential of molybdenum oxide

thin films for display and other opto-electronic applications.

7.2 Experimental details

The MoOx thin films were grown on (100)-oriented silicon (15 mm x 15 mm x 0.35 mm), soda
lime glass (50 mm x 50 mm x 1 mm) and alkaline earth boro-aluminosilicate display glass
(Corning Eagle XG, 50 mm x 50 mm x 0.7 mm) substrates by unbalanced dc MSD. The used
deposition plant was an industrial-scale in-line sputter device (FHR.Line.600-V) with two
chambers, i.e. a load-lock and a deposition chamber. Prior to the deposition, the substrates
were cleaned in ultrasonic baths of acetone and ethanol and dried with hot air. After mounting
the samples on the vertically positioned substrate carrier, the load-lock chamber was
evacuated to a base pressure below 1 - 10 Pa, while the deposition chamber was evacuated
to a base pressure below 1 -10° Pa. After moving the substrate carrier into the deposition
chamber, the substrates were first plasma etched for further cleaning. Subsequently, the
substrate carrier was positioned in front of the cylindrical rotatable Mo target (diameter of
160 mm and length of 600 mm) at a target - substrate holder distance of about 75 mm. A
constant power of 4 kW was applied to the target and the discharge voltage was recorded by
the device’s control software during deposition. The MoOx films were grown without
additional heating of the grounded substrate carrier in a reactive O,/Ar atmosphere at an

average total pressure of pwt=0.1 Pa. However, it should be noted that the substrates
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undergo a thermal ramp reaching 220-230 °C already after a deposition time of 6 min due to
the energy delivered by the plasma to the substrates, as reported earlier [80]. To investigate
the influence of the oxygen content on structure and properties of the deposited films, the
oxygen partial pressure was varied between 0 and 100% during deposition, as shown in
Table 7.1. The calculation of the oxygen partial pressure was done according to gas
flow - pressure calibration curves recorded prior to the deposition runs using a Baratron MKS
Type 627D capacitance manometer with an accuracy below 0.5% [81]. The deposition time
was adjusted to synthesize films with a thickness of 3 £ 0.5 um, which were used to investigate
film growth and structure. In addition, films with a thickness of about 100 nm were deposited

to analyse the optical and electrical properties.

Table 7.1: Variation of oxygen partial pressure p(0,) during deposition with pt = 0.1 Pa.

p(02)/ptot [%] | O 10 31 54 66 78 84 90 100
Ar flow [sccm] | 100 80 60 40 30 20 15 10 0
O, flow [sccm] | O 20 40 60 70 80 85 90 100

Cross-section as well as top-view secondary electron images were taken with a Zeiss NTS
Ultra-plus scanning electron microscope (SEM) with an acceleration voltage of 5 kV to analyse
the coating structure. The chemical composition of the MoOx films was measured with two
different methods. On the one hand, elastic recoil detection analysis (ERDA) was performed
using a 43 MeV CI’* 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 mm x 1.5 mm. The
recoil ions have been detected with a Bragg lonization Chamber using a full energy detection
circuit for the ion energies and a fast timing circuit to obtain an atomic mass dependent signal
to separate ion species. On the other hand, the films were analysed by electron probe
microanalysis (EPMA) using wavelength-dispersive X-ray spectroscopy (WDS) with an electron
energy of 10 keV and a current of 100 nA. The crystalline oxide phases present in the films
were identified by X-ray diffraction (XRD) measurements with a Bruker-AXS D8 Advance
diffractometer. The measurements were conducted in grazing incidence mode with a fixed
angle of incidence of 2° and a step of detector movement of 0.02° with an accumulation time
of 1.2 s. Cu-Kq radiation (wavelength: 0.154056 nm) and an energy-dispersive Sol-X detector

from Bruker-AXS were used. The International Centre for Diffraction Data (ICDD) database was
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used as reference for phase identification [67]. Furthermore, Raman spectroscopy
measurements were done with a HORIBA Jobin Yvon LabRam-HR800 confocal spectrometer
equipped with a Nd:YAG laser (A =532.2 nm, 3.5 mW at the measuring spot) to confirm the
results of the XRD measurements.

The X-ray photoelectron spectroscopy (XPS) measurements have been performed using a
Theta Probe XPS system from Thermofisher and assessed by means of the Avantage software
package provided by the manufacturer. A monochromatic Al-Kq X-ray beam (1486.6 eV) was
used and operated at a voltage of 15 kV with an emission current of 6.7 mA (100 W). For all
measurements, the maximum spot size of the X-ray beam of 400 um in diameter was
employed. The hemispherical analyser was operated in the constant analyser energy mode
with constant pass energy of 50 eV (1.00 eV full width at half maximum on Ag 3ds/,). All
spectra were acquired with an energy step size of 0.05 eV. In order to neutralize the charge
build-up on the investigated surfaces, the XPS tool was equipped with a standard dual flood
gun, which provides simultaneously a beam of low energy electrons, usually 2 eV, and a beam
of low energy Ar-ions. Binding energies were calibrated to the common C 1s peak at 284.6 eV,
which occurs due to the presence of adsorbed hydrocarbons at the sample surface. The base
pressure of the ultra-high vacuum analysis chamber was held in the low range of 107 Pa prior
to the analysis and, due to applied charge neutralization, in the low 107 Pa range during the
data acquisition. All the samples have been measured as received, with no extra treatments
for the sample preparation.

The reflectance and transmittance of the films deposited on soda lime glass substrates were
measured using a Perkin ElImer Lambda 950 photo-spectrometer. The electrical properties of
the films were measured in the van der Pauw geometry [82] at room temperature. The
contacts on the samples were fabricated by direct gold wire bonding on their surface using a
molten indium bonder. X-ray reflectivity was used for the absolute measurement of the
thickness of the MoOx films, employed for the resistivity calculations, and was performed

using a Seifert XRD 3003 PTD-HR computer-controlled diffractometer.

7.3 Results
The evolution of the discharge voltage, the film growth rate and the chemical composition of
the synthesized MoOx films as a function of the oxygen partial pressure used during deposition

are shown in Figure 7.1. With increasing p(O2) from 0to ~70%, the discharge voltage rose
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from -375 to -600 V, while the film growth rate slightly increased from 275 to 350 nm/min.
Simultaneously, the oxygen content increased from ~4 to ~75 at.%, while the Mo content
decreased correspondingly. The comparison of EPMA/WDS (4 at.% O) and ERDA (0 at.% O)
measurements indicates that EPMA overestimates the oxygen content in particular at low
oxygen contents. The discharge voltage slightly decreased from -600 to -540 V with increasing
oxygen partial pressure above 70%, while the film growth rate dropped to ~50 nm/min. The
level of oxygen content was constant at ~75 at.%. In this compositional region, EPMA and

ERDA measurements are in good agreement.
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Figure 7.1: a) Discharge voltage and film growth rate as well as b) chemical composition of the

synthesized MoOx films as a function of the oxygen partial pressure.

In Figure 7.2 top-view as well as cross-section secondary electron SEM images of the
synthesized MoOx films as a function of the oxygen partial pressure used during deposition
are presented. The Mo film deposited in pure Ar atmosphere (Figure 7.2a) as well as the MoOxy
film deposited with p(O2) = 10% (Figure 7.2b) exhibit a well-defined columnar grain growth in
cross-section and flat, elongated plate-like shaped grains in top view. The MoOy films

deposited with p(02) =31% and 54% (Figures 7.2c and d) show a featureless structure in
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cross-section, while the film with p(02) = 54% exhibits a grainy structure in top-view. The
micrographs of the films with p(02) =66% to 100% are similar (Figures 7.2e to i) with
differently shaped and horizontally aligned flat and flaky crystals, where some of them form
bundles of flat crystals growing in different directions and protrude like needles out of the
surface. The cross-section images reveal a densely grown columnar structure. The structural
sequence from crystalline via featureless amorphous to crystalline again is in good agreement
with the structure zone model suggested by Barna and Adamik [66], where beside the
temperature also impurities, in this case oxygen, affect film growth and microstructure
evolution. Although the MoOx films were deposited without external heating, the films with
p(02) = 78 to 100% experienced enhanced temperatures as the deposition time was increased
in order to compensate the lower film growth rate and to achieve a comparable film thickness.
As a result of the longer exposure of the substrates to energetic particle bombardment and
consequently higher substrate temperatures towards the later stage of the film growth
process [80], the films deposited with p(02) =78 to 100% show a structural evolution in
cross-section from amorphous to crystalline (best seen in Figure 7.2e for p(0;) = 66%). The
high level of oxygen at considerably low substrate temperature results in a complete surface
coverage of the formed nuclei, where their further growth is efficiently blocked causing
continuous re-nucleation [66]. The amorphous region formed during the early film growth
stage becomes smaller with increasing p(02), which also agrees well to the model suggested

by Barna and Adamik [66].

Figure 7.2: Top-view (upper row) and cross-section (lower row) secondary electron SEM images

of the synthesized MoOy films as a function of the oxygen partial pressure used during
deposition: a) 0%, b) 10%, c) 31%, d) 54%, e) 66%, f) 78%, g) 84%, h) 90% and i) 100%.
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The X-ray diffractograms of the MoOx films grown with increasing oxygen partial pressure are
illustrated in Figure 7.3a. The film with p(02) = 0% shows the expected body-centred cubic
structure of metallic Mo. Further, also the film grown at p(02) = 10% exhibits a body-centred
Mo phase, just with slightly broadened peaks; obviously the oxygen is incorporated within a
Mo-based solid solution. The films with p(Oz) = 31% and 54% developed a less crystalline or
even amorphous-like structure. Changing the oxygen partial pressure from 54% to 66% marks
a turning point in terms of structure. These MoOx films are dominated by the formation of an
orthorhombic a-MoQs structure with fractions of monoclinic -MoQs [34].

A validation of the phase identification based on the XRD measurements is supported by
Raman spectroscopy of the MoOy films as shown in Figure 7.3b. According to the XRD findings,
the synthesized MoOx films can be divided into two groups depending on the p(O:) used
during deposition. The films with p(02) up to 60% show broad bands of low intensity, which
cannot be assigned unambiguously to specific MoOx phases. These films are only weakly
Raman active and present a nanocrystalline morphology. The MoOx films deposited at
p(02) =66% and above show well-defined peaks in the Raman spectra. The films with
p(02) = 84 to 100% fit well to the MoOs reference data. However, all the films of the second

group show also small traces of triclinic MogO2s.
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Figure 7.3: a) X-ray diffractograms and b) Raman spectra of the synthesized MoOy films as a
function of the oxygen partial pressure used during deposition (substrate: silicon). The XRD
reference peak positions are according to Ref. [67] (solid symbols: high intensity peaks; open
symbols: low intensity peaks). The Raman reference spectra of monoclinic MoO; and
orthorhombic a-MoOs were taken from Ref. [68] and the reference peak positions of MoO,,
a-MoOs and MogO,6 from Ref. [38].

Further details on the bonding structure in the synthesized MoOx films are provided by XPS as
shown in Figure 7.4. Metallic bonds, as indicated by the slightly asymmetric Mo peak in the
Mo 3d core level spectra, can be found in films grown with p(O2) up to 66%. The oxidation
state of MoO2 (Mo*) exists up to p(02) =78%. An intermediate oxidation state, widely
attributed in literature to Mo>* [83—85], is present in all deposited MoOx films, including also
the pure Mo film due to native oxides and possible impurities originating from surface
contamination taking place between deposition and measurements. In contrast, the Mo®*

state (MoO3) is only present in the films deposited in O, containing atmosphere.
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Figure 7.4: (a) XPS Mo 3d and (b) O 1s core-level spectra of the as-deposited MoOy thin films as
a function of the oxygen partial pressure. The assignment of the reference peak positions follows
Refs. [83—86].

The normalized O 1s spectra show three different oxygen peaks (Figure 7.4b). The O-Mo
bonding peak corresponds to the lower binding energy component. The energy separation
between this main component and the Mo 3ds;, peaks are included between 297.81 and
298.04 eV for Mo®*, between 298.84 and 299.19 eV for Mo’*, between 301.15 and 301.55 eV
for Mo**, and between 302.33 and 302.76 eV for Mo®. These values, which are not affected
by any shift of the spectra due to charging effects, are used to identify the different oxidation
states. A secondary oxygen peak with higher binding energy with respect to the O-Mo bonding
peak is present in all the films investigated. This second oxygen peak can be attributed to
chemisorbed -OH groups or to contributions from a defective oxide component inherent in
these transition metal oxides surfaces [87,88]. Lastly, a third oxygen component at the highest
binding energy values is found at the very surface of the films grown with p(02) = 90 and 100%
and it is assigned to adventitious oxygen from surface contamination.

In addition to the structural characterization of the synthesized MoOx thin films, their optical

properties reflectance, absorbance and transmittance have been analysed and are
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summarized in Figure 7.5. The metallic Mo film and the MoOy films with p(0O2) up to 31%
exhibit the highest reflectance of about 55% (Figure 7.5a). On the other hand, the highest
absorbance values between 50 and 80% are obtained for the films with p(0O) between 54 and
84% (Figure 7.5b). Furthermore, the two MoOx thin films with the highest p(02) of 90 and
100% show transmittance up to 50 and even 80%, whereas the transmittance values of the

other films is 10% and below (Figure 7.5c).
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Figure 7.5: a) Reflectance R, b) absorbance A and c) transmittance T of ~100 nm thick MoOx thin
films as a function of the oxygen partial pressure. d) Overview of the optical properties

determined at 550 nm, i.e. at the most pronounced sensitivity region of the human eye [89].

Measurements of the electrical resistivity of the samples indicated that the MoOx films at
room temperature change from electrically conductive to insulating for different p(02) used
during deposition, as illustrated in Figure 7.6. The resistivity value of the film deposited with
p(02) = 0% is comparable to metallic Mo [8]. With increasing p(02), the resistivity of the MoOy

films increases monotonically up to a value five orders of magnitude higher for the film
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deposited with p(02) = 90%, dominated by the Mo®* cations, with respect to that obtained for
the Mo and Mo dominated films. The sample grown at p(02) = 100% is characterized by an
insulating behaviour, with values above 10% Qcm, as expected for a fully oxidized MoOj3 thin

film.[8]
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Figure 7.6: Electrical resistivity of the synthesized MoOx thin films at room temperature as a
function of the oxygen partial pressure used during deposition. Regions of different MoOy based
phases are indicated. Reference values of the electrical resistivity of Mo and MoO; from

literature are also included [8,32,78].

7.4 Discussion

The evolution of chemical composition and microstructure of the deposited MoOx films are
comparable to a previous report [90], although two significantly different deposition systems
were used. In our previous work [90], MoOy films were synthesized using a lab-scale
deposition system with two planar circular magnetrons (& 50 mm), whereas in this work an
industrial-scale deposition plant with a cylindrical rotatable target (& 160 mm x 600 mm) was
used for synthesis. Although the change in discharge voltage with increasing p(O3) is similar
for both processes, the film growth rate using the rotatable target is 5 to 6 times higher than
for the small planar targets. This results in an extension of the metallic region to higher p(02)
forthe rotatable target, since a more intense flux of Mo atoms in relation to oxygen is available
for film growth. In both cases, at high p(O2) the transition to the compound or poisoned mode
occurs, which is characterized by a reduction in discharge voltage and growth rate (Figure 7.1)

and the formation of films dominated by the MoO3; phase. However, for the planar targets
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used in Ref. [90] sputtering and poisoning of the target surface takes place simultaneously in
the racetrack, leading to an equilibrium state and consequently an extended transition zone
between metallic and poisoned mode. In the case of a rotatable target, the sputtering and
poisoning processes are widely decoupled since only a fraction of the target surface is exposed
to the plasma at a given time. The formation of oxides on the target surface can therefore
occur on target areas that are outside the respective current racetrack, whereas the removal
of them can only occur during the time the target surface area is bombarded by ions from the
magnetron discharge. When this time is insufficient to remove the formed oxides, target
sputtering is done in the poisoned mode. The transition between metallic and poisoned mode
for a rotatable target is therefore considerably sharper than for a planar target. In the current
case, this transition occurred at p(02) values between 66 and 78%, while it was reported for
48 - 90% in the lab-scale device with planar targets used in our previous work [90]. Further
details about effects influencing composition and microstructure of MoOx thin films can also
be found in this previous report [90]. In the following, we will therefore focus the discussion
on the evolution of the optical and electrical properties of the deposited MoOx thin films using
ITO as a benchmark, in order to evaluate the suitability of MoOx films as a TCO material
system.

The Mo-O system is characterized by the formation of two stable oxides with well-known
properties. These are on the one hand MoO;, which is electrically conductive with a dark
non-transparent appearance, and, on the other hand, MoOs, the highest oxidized MoOy, which
is insulating with a yellowish transparent appearance [5-8]. Between these two oxides and
metallic Mo, microstructure and properties of MoOx films can be tuned by varying the p(0.)
in the process gas during sputter deposition in order to obtain the required chemical
composition and oxidation states of Mo (Figures 7.1 and 7.4). The presence of different
oxidation states correlates well with the evolution of the electrical properties, where the role
of oxygen vacancies, as n-type dopants by adding donor states within the band gap, leads to
a decreasing resistivity. A characteristic feature of those films with dominating MoO3 phase
and main oxidation state Mo®"* is their high electrical resistance. With decreasing p(0.) values,
chemical composition and microstructure first remain largely unaltered, but a mixture of the
oxidation states, mainly Mo’*, Mo** and Mo, develops which is associated with good electrical
conductivity. In particular, resistivity values below 1-103 Qcm, typical for a metal-like

behaviour [8], can be achieved when the oxidation state Mo° is well developed, which is the
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case for the metallic dominated MoOy films (x <12 at.%), but also for those that were
synthesized in the transition between metallic and poisoned mode (35 < x <75 at.%) with
amorphous or MoOs phase structure. Such resistivity values are comparable to those obtained
for ITO, where values between 6.8 - 10° and 1.1 - 103 Qcm are reported depending on the
growth conditions [18,91-95].

In terms of optical properties, the deposited MoOy films can be divided into three groups
according to their reflectance, absorbance and transmittance at the most pronounced
sensitivity region of the human eye at 550 nm (see Figure 7.5d) [89]. The metallic MoOx films
with the lowest oxygen content up to 12 at.% O show with up to 55% the highest reflectance
of all films investigated within this work and at the same time a corresponding high
absorbance of about 45%. This metal-like appearance can be understood by the dominating
Mo° oxidation state in the films. The films with amorphous or MoOs phase structure but
dominating oxidation states Mo** and Mo>* reveal a pronounced absorbance with a maximum
of about 80%. The initially high reflectance decreases to values below 20% for rising oxidation
states. The transmittance, however, remains low until the Mo®* state becomes dominating for
those films reaching an oxygen content of 75 at.%. The highest transmittance with about 80%
(see Figure 7.5d) was observed for the Mo®* dominated film deposited in pure O, atmosphere
and such a value is close to the transmittance values of ITO reported in literature, which are
in the range from 85 to 95% [95,96].

The current study shows the potential of MoOx films to be used as TCOs, but also reveals that
further work is necessary to elucidate the combination of optical and electrical properties that
is required for TCO materials. For the MoOy films deposited within this work, high optical
transmittance and good electrical conductivity can be achieved; however, for different
stoichiometries within the Mo-O system and not for a particular chemical composition. In
order to combine both properties within one MoOx film, either the border between absorbing
and transparent MoOy films needs to be shifted to lower oxygen contents while maintaining
the good electrical conductivity or conducting mechanisms for the MoOx films with high
transmittance need to be explored. It is apparent that achieving this goal solely within the
system Mo-O is unlikely, even though the system is very versatile in general, and, therefore,
doping or alloying of MoOx films is necessary to enable their use as TCOs in display applications

for electronic devices.
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7.5 Conclusions

Within this work, molybdenum oxide thin films were synthesized by reactive dc magnetron
sputtering using an industrial-scale in-line deposition plant. The used rotatable Mo target was
operated in an Oy/Ar atmosphere, where the oxygen partial pressure was systematically
varied. With oxygen partial pressure increasing from 0 to 100%, the film growth rate
decreased from 350 to 50 nm/min. The synthesized films vary in composition, microstructure
and properties between a metallic Mo-based solid solution, a MoO»- and higher oxidized
molybdenum oxides dominated phase composition and a MoOs; dominated structure. The
phase evolution is reflected by the optical properties of the films, which range from reflective
via absorbent to transparent, and the electrical properties, which vary between electrically
conductive through semi-conductive and insulating. This wide range of film characteristics
demonstrates that microstructure and properties of the deposited molybdenum oxide thin
films can be tuned by adjusting the O»/Ar ratio in the process gas during deposition, opening

wide perspectives for molybdenum oxide based thin films for optical and electronic devices.
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8 NON-REACTIVE DC MAGNETRON SPUTTER DEPOSITION OF MOOy THIN FILMS
FROM CERAMIC MOLYBDENUM OXIDE TARGETS

8.1 Introduction

Thin films, especially oxide-based materials, for opto-electronics (e.g. solar cells, displays,
electrochromic glasses) have gained increasing importance during the last decade. For such
applications, film properties like excellent electrical conductivity and high optical transparency
are required. Nowadays, such aligned properties are mainly realised by a certain group of
metal oxides [1], the so-called transparent conducive oxides (TCO). The most frequently
applied TCO materials are aluminium doped zinc oxide (AZO) [2,3] and tin doped indium oxide
(ITO) [4]. In particular, ITO is widely and successfully used for industrial applications, but its
major drawback is the high world market price of indium due to its limited availability. The
demand for alternative TCO materials rises and moreover, to keep up with the rapid
developments in the targeted high-tech sector, the material systems need to be easily
adaptable to changing technological demands.

Alloying or doping as well as changing the stoichiometry can be used for tuning the properties
of oxides. This work focuses on the binary Mo-O system as a potential alternative material
system to ITO. The oxidation states of molybdenum oxides (MoOy) strongly define their optical
and electrical properties. They range from metallic-like electrical conductive behaviour and
non-transparent appearance for the lowest oxidation state (MoO,; Mo*) to electrically
insulating behaviour and transparent appearance for the highest oxidation state (MoQOs3;
Mo®*). Between these two thermodynamically stable oxides, several intermediate MoOy like
Magnéli phases with varying optical and electrical properties were reported [5-8]. While the
lower oxidised MoOy phases remain largely unexplored for thin film applications so far, MoOs
films have proved to be successful in different industrial sectors like photochromic [9,10] and
electrochromic glasses [9], gas sensors [11], and photovoltaics [12]. Such material systems are
synthesised for example by sol-gel [18-20], printing [17], chemical vapour deposition
[18,21,22] or, most commonly used, physical vapour deposition techniques with magnetron
sputter deposition (MSD) in particular [18,23,24]. With the latter, oxide thin films are typically
synthesised by a reactive MSD process, where a reactive gas (typically O;) is added to the

working gas during deposition [25]. Varying the partial pressure of the reactive gas leads to
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varying stoichiometry of the resulting films and therefore to versatile and tuneable properties
[26].

The formation of chemical compounds between the reactive gas molecules adsorbed on the
substrate and the impinging target atoms is responsible for film growth of such oxides.
Simultaneously, compounds will be formed on the target surface, which affects the sputter
behaviour towards lower sputter and growth rates, as a result of their usually lower
conductivity. This behaviour is called target poisoning [27]. For large area coating processes,
reactive MSD can be challenging due to a lack of homogeneously distributed reactive gas
during deposition and consequently hardly controllable target poisoning; thus, films with
locally varying thickness, compositions, microstructures and properties may be formed.
Besides the investigation of a possible alternative to ITO, this work focuses on an alternative
non-reactive MSD process. Thus, MoOy films were synthesised non-reactively in pure Ar
atmosphere from ceramic MoOy targets with various compositions. Besides the investigation
of microstructure-property relationships for the synthesised films, the correlation between

synthesis conditions and film structure and properties was explored.

8.2 Experimental Details

The MoOx films were grown by unbalanced dc MSD on (100)-oriented silicon
(15 mm x 15 mm x 0.35 mm), soda lime glass (50 mm x 50 mm x 1 mm) and alkaline earth
boro-aluminosilicate display glass (Corning Eagle XG, 50 mm x 50 mm x 0.7 mm) substrates.
The used deposition system was a laboratory-scale AJA ATC-1800 UHV deposition device
equipped with four circular planar targets (& 76 mm). Prior to the deposition, the substrates
were cleaned in ultrasonic baths of acetone and ethanol and dried with hot air. After mounting
the substrates on the rotating substrate holder (~30 rpm; target-substrate distance ~160 and
~90 mm for 150 and 450 W deposition power, respectively; all targets focused symmetrically
to substrate holder), the deposition chamber was evacuated to a base pressure below
5-10” Pa. A constant power of either 150 W or 450 W, was applied to the targets and the
discharge voltage and current were recorded by the device’s control software during
deposition. The MoOy films were grown non-reactively in pure Ar atmosphere at an average
pressure of 0.5 Pa from two ceramic MoOy targets (diagonally arranged, with the other two

magnetrons not in use) of the same composition without external heating of the grounded
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substrate holder. The targets were prepared by powder metallurgical methods with
compositions of M0QO3.5, M00O26, M00;7, and MoO3s. Films with a thickness of 1 - 1.5 um for
investigating film growth and microstructure as well as ~100 nm for analysing the optical and
electronic properties were synthesised by adjusting the deposition time.

The morphology and topography of the films was characterised by cross-section as well as
top-view secondary electron images taken with a Zeiss NTS Ultra-plus scanning electron
microscope (SEM) with an acceleration voltage of 5 kV. The chemical composition of the films
was measured by energy dispersive X-ray spectroscopy (EDS) with an Octane Plus silicon drift
detector connected to the SEM.

Phase identification was done by three different methods. First, X-ray diffraction (XRD)
measurements with a Bruker-AXS D8 Advance diffractometer equipped with an
energy-dispersive Sol-X detector in grazing incidence mode were conducted using the
following parameters: Cu-Kq radiation (wavelength: 0.154056 nm), fixed angle of incidence of
2° and a step of detector movement of 0.02° with an accumulation time of 1.2 s. As reference
for phase identification the database of the International Centre for Diffraction Data (ICDD)
was used [67]. Second, Raman spectroscopy measurements were done with a HORIBA Jobin
Yvon LabRam-HR800 confocal spectrometer equipped with a Nd:YAG laser
(wavelength: 532.2 nm, power: 3.5 mW at the measuring spot). Furthermore, a Theta Probe
X-ray photoelectron spectroscopy (XPS) system from Thermofisher and the associated
Avantage software package was used to support the results of XRD and Raman spectroscopy
measurements. For all XPS measurements, the maximum spot size of the monochromatic
Al-Kq X-ray beam (1486.6 eV, operated at a voltage of 15 kV and an emission current of 6.7 mA
(100 W)) of 400 um in diameter was used. The hemispherical analyser was operated in the
constant analyser energy mode with constant pass energy of 50 eV (1.00 eV full width at half
maximum on Ag 3ds,;). All measurements were conducted with an energy step size of 0.05 eV.
A standard dual flood gun equipped to the XPS tool, which provides simultaneously a beam of
low energy electrons (usually 2 eV) and a beam of low energy Ar ions, was used to neutralise
the charge build-up on the investigated surfaces. Prior to the analysis, the ultra-high vacuum
analysis chamber was held in the low pressure range of 10”7 Pa, while the pressure increased
to the low 10° Pa range during measurements due to applied charge neutralisation. All

samples were measured as received without any sample preparation and the binding energies
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were calibrated to the common C 1s peak (284.6 eV), which occurs at the sample surface due
to adsorbed hydrocarbons.

A Perkin ElImer Lambda 950 photo-spectrometer was used to measure the reflectance and
transmittance of the deposited films on soda lime glass substrates. The electrical properties
were measured at room temperature in the van der Pauw geometry [82]. Direct gold wires
were bonded with indium on the surface to contact the samples. The film thickness for the

resistivity calculations was determined by a Veeco Dektak 150 Surface Profilometer.

8.3 Results and Discussion

In order to investigate the influence of the used deposition power on the microstructure as
well as on optical and electrical properties, two series of MoOy films were synthesised with
powers of 150 and 450 W, respectively, applied to each target. Figure 8.1 illustrates the film
growth rate for different deposition powers depending on the O/Mo target atomic ratio x.
While the growth rate is with 14+1 nm/min nearly constant for 150 W, it is with 78+4 nm/min
considerably higher for 450 W. The factor of 3 in deposition power between 150 and 450 W
would give rise to an expected three times higher growth rate for the higher deposition power.
However, the in fact significantly higher growth rate for 450 W, exceeding the factor of 3, can

be understood by the reduced target-substrate distance of ~90 mm as compared to ~160 mm

in the case of 150 W.
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Figure 8.1: Film growth rate depending on the O/Mo target atomic ratio x for deposition powers

of 150 and 450 W, respectively.
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Figure 8.2 depicts the chemical composition of the films for different deposition powers
depending on the O/Mo target atomic ratio x. Both film series exhibit the same trend of
slightly increasing oxygen content for increasing O/Mo target atomic ratios with similar values
for both deposition powers. In general, the measured O/Mo film ratio is by ~10 % lower than
the target ratio, widely independent of the used deposition power. This oxygen loss might
stem from the considerable mass difference of the film forming species (Mo, O) and the thus
different scattering behaviour during the transport through the gas discharge, as it was
observed for similar combinations of light and heavy elements in literature, e.g. TiW [97-104],
MoSi [105,106], TiSi and WSi [105], WB [107], SiC [108], NbC [109], and TiB [110,111].
Element-specific scattering can be assumed to be more pronounced for the lighter oxygen
compared to the heavy molybdenum atoms. This notion is fostered by Neidhardt et al. [112],
who reported that the Ti/B atomic ratio in films sputter deposited using Ti-B targets increased
linearly with increasing target-substrate distance with respect to the target composition.
Experiments and simulations in Ref. [112] confirm the loss of the lighter B due to scattering,
being in good agreement to the observed O loss in the synthesised MoOy films. Figure 8.2 also
indicates that the measured O content within the MoOx films is slightly higher for the series
grown at 450 W and the lower target-substrate distance, which confirms the element- and

geometry-specific scattering suggested by Neidhardt et al. [112].
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Figure 8.2: Chemical composition of the synthesised MoOx films as a function of the O/Mo target
atomic ratio x for deposition powers of 150 W (blue) and 450 W (green), respectively. The target

composition (black) is included for comparison.
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The bonding structure within the films was investigated by XPS. Representative core-level
spectra are presented in Figure 8.3 for the film series grown at 150 W. All four films exhibit
three oxidation states, i.e. Mo** (Mo0>), an intermediate one, widely attributed in literature
to Mo°* [38,83-85], and Mo®* (Mo0s). The fraction of Mo** decreases with increasing O/Mo
target atomic ratio x and corresponds to the increasing oxygen content measured within the
films. The normalised O 1s spectra exhibit three different oxygen peaks, as shown in Figure
3b. The lower binding energy component is represented by the O-Mo bonding peak. The
energy separation between this main component and the Mo 3ds;; peaks are included
between 297.81 and 298.04 eV for Mo®*, between 298.84 and 299.19 eV for Mo°*, and
between 301.15 and 301.55 eV for Mo*". Since the spectra are not shifted due to charging
effects, these values were used to identify the different Mo oxidation states. A second oxygen
peak at higher binding energy, which can be attributed to chemisorbed -OH groups or to
contributions from a defective oxide component inherent in these transition metal oxides
surfaces [86,87], is present in all four films. At last, a third oxygen component can be attributed

to adventitious oxygen from surface contamination.
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Figure 8.3: a) XPS Mo 3d and b) O 1s core-level spectra of the as-deposited MoOx films as a
function of the O/Mo target atomic ratio x for a deposition power of 150 W. The assignment of

the reference peak positions follows Refs. [38,83—85].
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Since the used deposition power has only a minor influence on the film composition (see
Figure 8.2), the focus is laid in the following on those films deposited with the higher
deposition power (450 W). Although the synthesised films exhibit a rather high thickness of at
least 2 um, they display a featureless morphology, as evidenced by the secondary electron
SEM images in top-view and cross-section. The formation of this featureless morphology can
be explained by the model suggested by Barna and Adamik [66]. There, the constant high flux
of oxygen originating from the targets at considerably low substrate temperature fosters an
efficient surface coverage of the formed nuclei. This surface coverage may block further
growth by continuous re-nucleation leading to extremely fine-grained or even amorphous
films. This interpretation is also corroborated by XRD, confirming the amorphous structure of

the synthesised MoOx films (Figure 8.5).
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Figure 8.4: Top-view (upper row) and cross-section (lower row) secondary electron SEM images
of the synthesised MoOx films as a function of the O/Mo target atomic ratio x for a deposition

power of 450 W: a) Mo0O;s, b) MoO;, ¢) Mo0O; 7, and d) MoO3.

To confirm the chemical bond structure determined by XPS, Raman spectroscopy
measurements were done and are summarised in Figure 8.6. The sequence of the films with
increasing oxygen content exhibits an evolution in microstructure corresponding to the
increase of the O/Mo target atomic ratio x. Phase fractions of M04011 and MoyO2s can be
observed for all films investigated and are more pronounced for a higher O/Mo target atomic

ratio x. This coincides with the decrease of the Mo** fraction observed by XPS.
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Figure 8.5: X-ray diffractograms of the synthesised MoOx films as a function of the O/Mo target

atomic ratio x for a deposition power of 150 W (substrate: soda lime glass). The reference peak

positions are according to Ref. [67].
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Figure 8.6: Raman spectra of the synthesised MoOx films as a function of the O/Mo target atomic
ratio x for a deposition power of 450 W (substrate: silicon). The reference spectra of MoO; and
MoOs; were taken from Ref. [68] and the reference peak positions of M04011 and MogO3s from

Ref. [38]. To enhance legibility, only the dominating peaks are indexed.
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The synthesised MoOx films were characterised with respect to their opto-electronic
properties by photo-spectrometry and electrical resistivity measurements. The reflectance,
absorbance and transmittance of the MoOx films are summarised in Figure 8.7. Figure 8.7d
provides an overview of the optical properties determined at a wavelength of 550 nm, i.e. at
the most pronounced sensitivity region of the human eye [89]. Beside a low reflectance of
12+2% at 550 nm, the films exhibit absorbance values decreasing from 73 to 55% with

decreasing Mo** fraction. In contrast, the transmittance increases from 14 up to 34%.
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Figure 8.7: a) Reflectance R, b) absorbance A, and c) transmittance T of the synthesised MoOy
films as a function of the O/Mo target atomic ratio x for a deposition power of 450 W (film
thickness: ~100 nm). d) Overview of the optical properties determined at the most pronounced

sensitivity region of the human eye (~550 nm) [89].

Measurements of the electrical resistivity of the synthesised MoOx films at room temperature

(Figure 8.8) indicate a semiconducting behaviour, where the determined values are
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comparable to those reported in literature for intermediate MoOx phases [6,8,39]. The

resistivity increases by two orders of magnitude from 102 to 1 Qcm.
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Figure 8.8: Electrical resistivity of the synthesised MoOx films as a function of the O/Mo target
atomic ratio x for a deposition power of 450 W. Reference values for metallic Mo and MoO;

from literature are also included [8,38,83].

In the following, the determined values characterising the opto-electronic properties of the
synthesised MoOy films are compared to those of ITO, with the goal to illuminate their
potential as an alternative TCO material. Literature values for ITO range from 85 to 95% for
the transmittance and resistivity values vary between 6.8 - 10° and 1.1 - 103 Qcm, depending
on the growth conditions [91-94]. Since the transmittance of the herein synthesised MoOy
films is below 35% and the resistivity is higher than 102 Qcm, these MoOx films do not fulfil
the requirements as ITO replacement. However, the synthesised MoOx films could be used for
other applications, e.g. as low-reflectance and electrically conductive films for bridge
metallisation in touch sensors to enhance the visual performance or for solar cells [113-115].
There, reflectance should be below 10% and as the electrical current only has to pass thin
films with thicknesses in the 50-200 nm range, there is no need for very low resistivity values
[113—-115]. Both requirements are satisfied for the synthesised MoOx films, which makes them

potential candidates for such low-reflectance films.
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8.4 Conclusions

Within this work, molybdenum oxide thin films were synthesised by non-reactive dc
magnetron sputter deposition using ceramic molybdenum oxide targets. Four different target
compositions with O/Mo target atomic ratios ranging from Mo0O2s to Mo0O,s were used for
two series of films synthesised with deposition powers of 150 and 450 W. The correlation
between synthesis conditions and microstructure-property relationships was investigated.
The films are dominated by Mo** (M00,), an intermediate oxide state Mo>*, and Mo®* (Mo0s),
whereas the fraction of Mo** decreases with increasing O/Mo target atomic ratio. In general,
all films exhibit a lower oxygen content than the target, most probably as a result of
element-specific scattering during the transport of the sputtered species through the gas
discharge during synthesis. The phase evolution is accompanied by increasing transmittance
and decreasing absorbance, while the reflectance values are nearly constant. The resistivity
values correspond to the semi-conductive range. While commonly molybdenum oxide films
are synthesised by reactive dc magnetron sputter deposition from metal targets, the use of
oxide targets offers an efficient and reliable process alternative and might thus enable their

use in a wide range of opto-electronic applications.

75



Summary and Conclusions

9 SUMMARY AND CONCLUSIONS

Within this thesis, thin films within the binary Mo-0 system were investigated with respect to
their microstructure-property relationships. For this purpose, different MoOx powders were
investigated with respect to their powder characteristics and thermal stability for their
suitability for sintering ceramic MoOQOy sputter targets. In addition, a survey of the present
understanding of the Mo-O system and the relevant MoOyx phases including their
crystallographic structures and optical, electrical and mechanical properties was done.
Moreover, MoOxy thin films were synthesised by different dc magnetron sputter deposition
processes and correlations between synthesis conditions and microstructure-property

relationships were investigated.

9.1 Reactive dc magnetron sputter deposition

MoOx films were synthesised reactively in varying O2/Ar atmospheres in a laboratory-scale dc
sputter deposition system (equipped with circular planar Mo targets) as well as in an
industrial-scale dc sputter deposition plant (equipped with a rotatable Mo target). Basically
similar deposition conditions were used for both series - oxygen partial pressure increasing
from 0 to 100%, constant power supplied to the target, grounded substrates, no external
heating - with corresponding results. In general, for reactive sputtering the so-called target
poisoning usually occurs for high partial pressures of reactive gas, where the film growth rate
decreases due to target surface covering with less conductive compounds. Within this thesis
it was observed that for MoOjy first the growth rate slightly increases with increasing oxygen
partial pressure due to formation of still conductive oxide phases. With further increasing
oxygen partial pressure and therefore the formation of insulating MoOs3, the growth rate
decreases drastically. The synthesised films vary in composition, microstructure and
properties between a metallic Mo-based solid solution, a Mo0O;- and higher oxidised MoOy
dominated phase composition, and a MoO3s dominated structure. The phase evolution is
reflected by the optical properties of the films, which range from reflective via absorbing to
transparent, and the electrical properties, which vary between electrically conductive through
semi-conductive to insulating. This wide range of film characteristics demonstrates that
microstructure-property relationships of MoOx thin films can be tuned by adjusting the O,/Ar

ratio in the process gas during deposition. Moreover, the similar results obtained for both
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deposition series reveal a successful upscaling from laboratory- to industrial-scale deposition
systems. This flexibility in microstructure, properties and synthesis process may evidence wide

future perspectives for MoOx-based films for opto-electronic applications.

9.2 Non-reactive dc magnetron sputter deposition

As an alternative synthesis process to MoOx films sputtered reactively from a metallic Mo
target, MoOy films were additionally synthesised by non-reactive dc magnetron sputter
deposition using ceramic MoOy targets developed by powder-metallurgical methods. The
used ceramic MoOx targets with O/Mo target atomic ratios ranging from MoO2s to MoO2.s
were produced by spark plasma sintering. The powder characteristics (particle size, mixing
conditions) as well as sintering parameters (temperature, pressure, time) were evaluated and
optimized prior to using the targets for film synthesis. The correlation between synthesis
conditions and microstructure-property relationships was investigated for two different
deposition powers, i.e. 150 and 450 W, respectively. The films are dominated by Mo** (Mo03),
an intermediate oxide state Mo>*, and Mo®* (Mo0Os), where the fraction of Mo** decreases
with increasing O/Mo target atomic ratio. The evolution of microstructure and chemical
composition is widely independent of the used deposition power. In general, all films exhibit
a lower oxygen content than the target composition, most probably due to element-specific
scattering during the transport of the sputtered species from the target to the substrate. The
films exhibit a high optical absorbance and low reflectance combined with a semi-conductive
behaviour. The use of ceramic MoOy targets instead of metallic Mo targets for synthesising
MoOx films offers an efficient and reliable process alternative for thin film deposition and

might thus enable their use in a wide range of opto-electronic applications.

9.3 Outlook

Within this thesis it could be shown that, on the one hand, the microstructure and properties
of MoOx films can be tuned by adjusting the oxygen partial pressure during deposition. On the
other hand, non-reactive dc magnetron sputter deposition from ceramic MoOy targets
provides a stable process alternative to commonly used reactive sputter deposition processes,
where difficulties arising from target poisoning could be avoided. A possible further

development would be the combination of ceramic MoOy targets with a reactive dc
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magnetron sputtering process to fine-adjust the films’ stoichiometry. First promising
experiments within this thesis indicate that the desired microstructure and properties of the
MoOx films can be achieved by lower values of oxygen partial pressure when using a ceramic
MoOy target instead of a metallic Mo target for reactive sputtering. However, for possible
applications a more precise adjustment of the chemical as well as phase composition is
necessary. Moreover, the efficiency of thin film synthesis should be further improved by the
development of cylindrical MoOx targets, where new target processing routes (e.g. thermal
spraying) have to be established. The combination of adjustable chemical structure and
properties with flexible film synthesis processes makes the Mo-0O system an interesting and

promising material system for a wide range of optical and electronic devices.
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