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1 INTRODUCTION

Electronic displays are an indispensable product in today’s modern information society.
They are part of various small portable electronic devices, such as smartphones, tablets,
notebooks, personal digital assistants (PDAs) etc. and they are also used as television
screens and desktop computer monitors. The introduction of flat-panel display
technologies (i.e. plasma panels, liquid crystal displays (LCDs)) revolutionised the
availability of “pocket-devices” and ultimately displaced the old cathode ray tubes. Today,
LCDs are a widely used kind of displays also because of their longer lifetime and lower
power consumption compared to plasma-panels [1].

The imaging process is controlled by electronic components consisting of materials
which shall combine good electrical conductivity and optical transparency. Such a
behaviour is mainly limited to certain groups of metallic oxides [2]. As the dominating
material so-called tin doped indium oxides (ITO) are prevalent. They are used as electrode
materials in flat-panel displays which are mainly based on thin film structures [3].

Since the availability of ITO is limited due to the expensive indium, alternative material
solutions for electrode materials are being explored, e.g. molybdenum oxides. They are
known to exhibit a huge variety in electrical and optical properties depending on their
oxidation state. At their lowest oxidation state MoOz2, they have an opaque appearance
and show a metal-like conductivity while at their highest oxidation state MoOs, they are
transparent and electrically insulating. Within the system molybdenum-oxygen, the
occurrence of additional line phases between MoO2 and MoO3 was reported [4]. Their
electrical conductivity ranges from metallic to a semiconducting behaviour at room
temperature [5] and they exhibit different colouring [6, 7]. This variety in tuneable
properties has attracted a lot of scientific interest to this group of materials. As a
result, molybdenum oxide thin films have been explored for use in gas sensing
applications [8-10], as an anode material for aqueous micro-supercapacitors [11], for
micro-batteries [12], display panels, solar cells [13] and electronic devices [14].

This thesis follows the approach of synthesising molybdenum oxide thin films by
reactive and non-reactive DC magnetron sputter deposition. Its focus is on the
investigation of the formed molybdenum oxides and on possible differences in results
achieved by the two deposition techniques. Therefore, a general analysis of relevant
properties of the as-deposited molybdenum oxide thin films is conducted by performing
X-ray diffraction (XRD), Raman spectroscopy, energy and wavelength dispersive X-ray
spectroscopy (EDS, WDS) as well as electrical resistivity, residual stress and
nanoindentation measurements. Their film morphology is described by scanning electron

microscopy (SEM) images.
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2.1 Thin Film Formation

2.1.1 Nucleation and Film Growth

The film formation can generally be divided into five steps which are nucleation, nuclei
growth, coalescence, channelling and agglomeration [15, 16]. When atoms hit a substrate
surface they can either be reflected or adsorbed. The adsorption depends on many
parameters, but first of all it is an activation energy driven process. The incoming atoms
have to transfer enough energy to the surface lattice in order to condense and to avoid
desorption or re-evaporation. Once condensed, the interaction forces between adsorbed
atom and the solid surface have to be strong, but the atoms should have enough mobility
to diffuse along the surface. Thus, their kinetic energy is important as it can enable surface
diffusion processes. Due to these diffusion processes and ongoing condensation, nuclei
with critical nucleation radii are formed along the surface. The nuclei can merge to islands
which then can coalesce to even larger clusters. Between connected clusters, channels can
still exist that in the end vanish due to agglomeration of the film. The transport
mechanisms can be regarded as an interaction of diffusion processes as well as
condensation reactions [15]. The driving force of the film formation reactions is the desire
to minimise the surface energy [15]. The nucleus density is an important parameter as a
high nucleus density leads to a strong adhesive bonding of the film as well as a low density
of defects, which then leads to a dense coating [16]. The nucleus density can be influenced

by the deposition process [16].

2.1.2 Structure Zone Models

The microstructure of films obtained by physical vapour deposition (PVD) techniques is
mainly influenced by the bonding strength between the adsorbed atoms and the substrate
(for the first few monolayers), diffusion processes and shadowing effects due to the
surface roughness which leads to a porous film structure [16]. They are directly related
to activation energies and the kinetic energy of the adsorbed atoms. Thus, the mobility of
the adatoms plays the major role in the film formation process and it governs the
appearance of the physical structure.

Movchan and Demchishin investigated the development of the microstructure as a
function of the reduced temperature T/Tm (T substrate temperature, Tm melting point of
the condensed materials) for various metals and metal oxides [17]. Their findings were
summarised in a structure zone model, a tool to describe the microstructure. Within this

model three characteristic zones are distinguished, as shown in Figure 2.1.
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Zone 1 Zone 2 Zone 3
Metalle T/Tyy <03 0,3..045 > 0,45
Oxide T/Ty <0,26 0,26 ... 0,45 > 0,45

Figure 2.1: Structure zone model after Movchan and Demchishin [17].

Zone 1 is characterised by a rather porous structure with a high density of defects.
Shadowing effects during film growth prevail and are not equalised by diffusion due to
the low temperature and, hence, missing activation energy. As a result, the grains form a
domed or upside-down-like tapered structure as it can be seen in the cross section of the
zone. The domes grow larger with increasing temperature. Above the first transition
temperature T, the structure changes to a columnar one, where the columns have lower
diameters than the domes. Equally to Zone 1, the structure of Zone 2 coarsens with
increasing temperature as the cross section indicates. This zone exhibits a much higher
density due to activation of surface diffusion processes. Finally, above the second
transition temperature T2, Zone 3 is formed having the largest crystals. It exhibits a high
density and equiaxed crystals due to dominant volume diffusion. The structure of Zone 3

is a re-crystallised one.
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Figure 2.2: Structure zone model after a) Thornton [18] and b) Messier et al. [19].

Thornton extended the model by adding the Ar pressure as a new variable leading to a
slightly modified structure zone model as shown in Figure 2.2a [18]. Between Zone 1 and
Zone 2 a transition zone (Zone T) is introduced. This zone is characterised by a dense
fibrous structure formed by surface diffusion. Further, both transition temperatures
increase with increasing Ar pressure due to the interaction of gas atoms and adatoms.

Based on the findings of [17] and [18], Messier et al. investigated the influence of the bias
voltage on the microstructure of thin films and extended the structure zone model, as can
be seen in Figure 2.2b [19]. The bias voltage causes the attraction of ions to the substrate.
Due to this bombardment more nucleation sites are generated and additional kinetic
energy is transferred to the adatoms, resulting in a higher mobility and a denser structure.
Thus, the bias voltage mainly influences the low temperature region (Zone 1 and Zone T)
when diffusion by thermal processes is marginal.

2.2 Sputter Deposition

2.2.1 Fundamentals
Sputter deposition is one of the most important PVD techniques. The working principle
and ongoing interactions that take place during deposition are schematically shown in

Figure 2.3.



2 Theory

r
(a) " thermal (c)
accomodation
g == T T
P ¢ CSL S
subsirate _- LAAA metastable  oritical size
» f i l, dluster cluster
K o arrival rale | reevaporation
plasma s | 1
_‘___-__‘_?' '; — % surface diffusion
magnetic Yof Ar | O i
field lines \ RN\ |
II; .-".. Arj ~‘-. .Ii.l : -
AN N - secondary . )
erosion rack a i f impinging gas ion

aélectron

cathode

collision cascade {b]!

Figure 2.3: a) Schematic principle of an unbalanced magnetron sputtering system, b) interaction of
bombarding ion and target and c) condensation and nucleation process at the substrate surface (adapted
from [20]).

In sputter deposition, high-energetic inert gas ions, commonly Ar* ions, bombard a
target surface causing target atoms to be ejected out of the target material due to
momentum transfer. The ions used for target bombardment typically originate from a
plasma, which is a quasi-neutral gas consisting of atoms, positive (and negative) ions and
electrons. A working gas, such as Ar, is released into the vacuum chamber and a glow
discharge is ignited due to a high voltage applied between the target (cathode) and the
chamber walls (anode), as it is shown in Figure 2.3a. The ionisation of the gas is based on
electron-atom collision events, where photons are released during recombination (and
de-excitation) leading to the typical plasma glow. The momentum transfer of the
impinging gas ions leads to a collision cascade within the target material, so that
eventually atoms are ejected (see Figure 2.3b). These atoms now move through the
chamber and can condensate on a substrate or the chamber walls (see Figure 2.3c).
Sputtering takes place in an evacuated chamber under high vacuum conditions. This is
necessary to achieve a high mean free path for the particles involved.

The sputter process can be influenced by a series of parameters. For example, in order
to locally improve the target erosion by enhancing the plasma, magnets are placed behind
the cathode (so-called magnetrons). Their magnetic field lines influence the electron
paths (Lorentz force) and increase the amount of collision events as electrons are trapped

near the target surface. In general, balanced and unbalanced magnetrons can be
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distinguished. In a balanced magnetron, the magnetic field lines are closed and
concentrated in the vicinity of the target. As a result, the plasma is only located near the
target surface. In an unbalanced system, some field lines are open so that the plasma can
extend to the substrates as well. To enhance film formation, it is also possible to apply an
additional bias voltage at the substrate that attracts positive ions, which leads to the above
mentioned ion bombardment and the creation of more nucleation sites for the film. More
information about sputter deposition and the related plasma physics can be found in [15,
16, 21, 22].

2.2.2 Reactive Sputter Deposition

Reactive sputter deposition is used to deposit chemical compounds, such as oxides,
nitrides, carbides and sulfides when sputtering metallic targets [23]. The synthesis of
these compounds is enabled by adding a reactive gas, such as oxygen or nitrogen, to the
inert argon working gas. The main advantage of this method is that the stoichiometry of
the film can be tuned by varying the partial pressure of the reactive gas [16]. The reactions
that form the chemical compounds take mostly place at surfaces, like substrates or the
chamber wall and occur less frequently in the gaseous state of the reaction partners [24].
The variation of the reactive gas flow leads to several phenomena that can be understood
by discussing the pressure hysteresis curve as exemplified in Figure 2.4 for an Al target

sputtered in an oxygen containing atmosphere.
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Figure 2.4: a) Pressure and b) voltage hysteresis shown for an Al target sputtered in an oxygen containing

atmosphere [24].
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It can be seen that the gas pressure stays almost constant over a wide range of oxygen
flow. This means that enough Al atoms are sputtered that can react with the incoming
oxygen. If no reaction occurs, the pressure would increase linearly as it is indicated by the
dashed line. At a certain critical oxygen flow, the pressure increases significantly due to
the fact that not enough Al atoms are available to bind the oxygen. Further, the oxygen
reacts with the target surface forming oxides at the target top layers. These compounds
exhibit a higher binding energy and a lower conductivity than the metallic Al and, as a
consequence, less and less metallic aluminium is sputtered. With further increasing
oxygen flow time, the whole target surface gets gradually covered by oxides. At that point
the oxygen flow can be reduced and so the oxide compounds are sputtered from the
surface. However, removing of the oxides from the target surface is not an instant process
and the oxygen flow has to be reduced to a lower level, as compared to the flow needed
for formation of the oxides. Afterwards, more and more metallic Al is sputtered again,
which reacts with the oxygen and so the pressure decreases. In the end, the whole target
surface is again metallic and the pressure has reached the starting point of the obtained
hysteresis curve [24].

The forming of chemical compounds on the target surface by the reactive gas is called
poisoning. Poisoning directly influences the sputter and deposition rate. The more a

target is poisoned the lower is the deposition rate [24].

2.2.3 Compound Targets

A compound target consists of two or more elements that exhibit chemical bonds to each
other. Their main advantage is that they offer the possibility to deposit films with the same
composition as the target material and to use a single magnetron to deposit multi-element
films [24]. When one element of the compound is preferably sputtered, the target surface
becomes enriched in the other one. Such a behaviour has also been reported for metal
oxide targets, where the target surface gets depleted of oxygen [16]. When the target
surface is enriched in one element due to its lower sputter yield, its sputter rate increases
till the sputtered flux is similar to the composition of the target material [24]. Therefore,
the film typically has the same composition as the target material, but in practice
differences can occur due to other factors. For instance, the difference in mass of the
elements affects the transport times to the substrate. Further, different sticking
coefficients and thermally activated diffusion within the target can alter the sputter flux
[24]. It has been reported for a sputtered NiO target that the deposited films were
deficient in oxygen [24]. This is explained by the lower sticking coefficient of the oxygen
so that it is desorbed from the substrate [24]. Thus, Oz is added to the working gas to

enhance the reactivity [24].
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Depending on the composition of the target, it can either be electrically conductive or
insulating. For an insulating target, the radio frequency (RF) sputtering technique can be
used where an AC signal is applied between the two electrodes. Above 50 kHz, the light
electrons are still able to follow the high-frequency field and exhibit enough energy to
ionise the working gas. The higher mobility of the electrons leads to a negative charge at
the target and so ions are attracted for bombardment. The target area shall be smaller
than the one of the counter electrode for efficient sputtering of the target [23, 24].

2.3 Molybdenum Oxides

2.3.1 Overview

Comparing the molybdenum-oxygen phase diagrams shown in Figure 2.5, it can be seen
that both experimental [25] and theoretical [26] approaches are in good agreement
within the shown temperature regions. In Figure 2.5b, the phase regions above 1700°C
are also illustrated. At 2200°C, there is a eutectic point between Mo and MoO2. According
to the phase diagram shown here, no oxide phase between Mo and MoO: exists. However,
Schénberg [27] reported the observation of Mo30, but this oxide could not be prepared in
a pure state. Further attempts by different researchers to reproduce Mo30O were
unsuccessful [25]. Between the lowest oxidation state MoOz2, and the highest oxidation
state MoOs, several intermediate line phases occur which are also referred to as Magnéli
phases. The intermediate phase M04011 melts incongruently at ~820°C and Mo90z26 at
~780°C [28]. Mo03 and Mo09026 form a eutectic at ~775°C [28]. It should be pointed out
that the Magnéli phases appear at certain oxygen contents only, but for MoO2 and MoO3

narrow homogeneity regions of Mo1.97-2.08 and M00z.9s-3.0, respectively, are reported [29].
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binary system [26].



2 Theory

Solid molybdenum shows a very low solubility for oxygen in the thermodynamic
equilibrium. Even at 1900°C less than ~139 ppm of oxygen are dissolved [28]. Thus,
oxygen tends to segregate to the molybdenum grain boundaries causing intergranular
embrittlement [30].

The Magnéli phases are defined as oxygen-deficient oxides. They are commonly part of
a homologous series, e.g. MenOsn-1 [31]. The existence of such phases is not restricted to
Mo, but seems to be widespread within the transition metal group, e.g. W, Ti and V.
Representatives of the molybdenum oxide Magnéli phases are: M0o4011, M017047, M05014,
Mos023 and Mo09026 (ranked by increasing oxygen content). Mo4011 and Mo09026 appear in
two modifications [4]. The triclinic Mo902s is also called Mo1s0Os2. The properties of the
molybdenum oxides are summarised in Table 2.1 and their stability regions are
graphically shown in Figure 2.6.

Table 2.1: Selected properties of the molybdenum oxides [4-6, 32-34].

Moo, | Moo, | Mo0n | Mo,0, | M0 | Moo, | Moo, | Mos0, MoO, MoO,
MoO, 75 MoO, 75 MoO, 76 MoO, g MoO, gg Mo0O, g9 MoO, g9
n-Oxide y-Oxide k-Oxide 6-Oxide B-Oxide -Oxide B'-Oxide a-MoO; B-MoO;
Crystal - - ortho- ortho- . o . ortho- .
monoclinic monoclinic . X tetragonal  monoclinic triclinic monoclinic . monoclinic
Structure rhombic rhombic rhombic
Tromation [°Cl <615 >615 <560 470-530  650-780  600- 750 750 - 780
Density [g/cm3] 6,47 4,17 4,18 4,72 4,32 4,74 4,26 4,7 4,7
-5 ~1n? ~1n10
Resitivity [Qcm)| & %10 02 0,25 <0.05 12 250 3,7 10 10
(metallic) (insulating)  (insulating)
T o 1100 815 630 530 785 550 785 - 800 705 205
decompostion ["C] (MoO, + MoO;) (v+B) (k+Mo0O;)  (y+MoO;) (n+Mo0O;) (v +MoO,)
T ] 655 550 760- 780
transformation (V) (n) (BI)
800
© Mog0o
1 e (mon)
L 0 1
lQ&:J 8~-23
S -  Mo,0
& W0 g M0, 0
g . (o-rh) 1892
w ™ (tricl.)
% 2
E I
- 4
b Mo 03
S 600 f
~
S L e
- mon Mo, 0
8 L 17747
W Mo 0
" v U514
500 i L 1
2.70 280 2.90 3.00

COMPOSITION 0O/Mo

Figure 2.6: Formation diagram of the molybdenum oxides (except of M003) [6].
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In literature, the values for the electrical resistivity vary, which may be due to different
growth and measurement methods. From Table 2.1 it can be seen, that only the two
dimorphic Magnéli phases M04011 and Mo09026 undergo transformation processes. The
transformation from y-Mo4011 to n-Mo04011 and vice versa is a slow process that takes
several weeks at temperatures between 550°C and 655°C [4]. The change from triclinic to
monoclinic Mo90z26, on the other hand, takes place within two hours at 780°C [4]. Further,
it can be seen that the § and [’ phases decompose into the same oxides. Finally, also

Mos014 seems to be a metastable phase [35].

2.3.2 MoO;
MoO: represents the lowest oxidation state of the molybdenum oxides exhibiting an
oxygen content of 66.7 at.%. Its crystal structure can be described as based on a deformed

rutile type, as it is indicated in Figure 2.7 [36].

a)

Figure 2.7: a) The ideal rutile structure versus b) the MoOz structure [36].

The building elements are MoOs octahedra sharing edges and corners. The distortion
is caused by the Mo atoms, which alternatingly form metal-metal doublets with direct
metal-metal bonds. This is also the reason for the metal-like conductivity of MoO2 of about
104 to 10-> Qcm [5, 34] (compared to Mo of 5.6 x 10-¢ Qcm at 293 K [37]). Due to the
doublets, the di1 electron band is split and the metal-metal o bonding is filled up by one
d-electron, while the second one partially fills the metal-oxygen 7* band [38, 39].
Concerning its optical appearance, it is opaque with a reddish brown, reddish purple

colouring [6, 7].
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2.3.3 MoOs

The molybdenum oxide with the highest oxidation state, MoOs, appears in two
modifications: Either as a (orthorhombic) or $ (monoclinic) structure where the former
is the thermodynamically stable one [40].

a-MoOs3 (because of its orthorhombic structure also referred to as 0-Mo0O3) is composed
of distorted MoOs octahedra forming a layered structure of two levels each. The levels are
connected by the mutually shared octahedral edges. This leads to zig-zag rows in the [001]

direction, as shown in Figure 2.8 [6, 41].

Figure 2.8: Layer structure of a-MoOs [42].

MoOs is a diamagnetic insulator. All metal-oxygen bonding orbitals are filled and,
therefore, no more electrons are left to fill up the empty energy states in the metal
d-conduction band [43]. The band gap is around 3 eV for both modifications [34]. As a
result, both modifications are transparent and appear slightly yellowish [34, 44].

2.4 Thin Film Transistor — Liquid Crystal Displays
Among the various LCD technologies, the thin film transistor (TFT) -LCD is the dominant

one [45]. Since the electrodes are arranged like a matrix, this structure is also referred to
as active matrix LCD (AMLCD). As it is shown in Figure 2.93, the display basically consists
of two glass plates that sandwich the liquid crystals. On the glass, various electronic

components are placed, for example the pixel and counter electrodes that are responsible

12
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for the orientation of the liquid crystals [1]. Additionally, transistors and conductive paths
are in contact with the electrodes in order to control pixel generation. It is important that
the structures on the glass substrate have similar optical transmittance as the glass and

low reflectivity to avoid irritation of the image.

a) é b)
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Figure 2.9: a) Schematic setup of a TFT-LCD [46] and b) schematic cross-section of an amorphous Si TFT

[3].

The thin film transistors are composed as a multilayer structure as illustrated in Figure
2.9b. They are contacted via transparent conductive oxide (TCO) pixel electrodes and act
as ON/OFF switches, thus driving the active matrix [3]. The contact is realised by metallic
bridges normally made of molybdenum alloys (e.g. Mo-Ta), where the Ta increases the
corrosion resistance in humid environment [47, 48]. New approaches use layer structures
based on MoOx or MoTaOx and additional metallic films for improved visual performance
[48].

Tin doped indium oxide (ITO) represents the best known group of TCO materials and
they are presently dominating the use as electrodes in LCDs [3]. ITO is a semiconductor
material with a band gap of around 3.75 eV leading to good transparency in the visual
light spectrum [3]. The good electrical conductivity is caused by tin doping, where In3+ is
substituted by Sn#* resulting in the formation of a degenerated n-type semiconductor [3].
More detailed information about the various LCD technologies in general can be found in
[45, 49], about TFT technology in particular in [50] and about ITO in [2, 3].

13
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3 EXPERIMENTAL DETAILS

3.1 Coating Synthesis

3.1.1 Substrates and Targets

All thin films investigated in this thesis were grown on silicon (n-type (phosphorus),
(100) orientation, 20 mm x 6 mm, 325 pm thickness, single side polished) and glass
(window glass, 20 mm x 6 mm x 1 mm) substrates. The substrates were cleaned in an
ultrasonic bath for five minutes, each in acetone and ethanol prior to the deposition
process.

In total, three different target compositions were used in two different sputtering
systems. In the first system, two molybdenum targets (99.95% purity, & 50.4 mm) were
sputtered in reactive atmosphere (Ar and 02). In the second sputtering system, one MoO2
target consisting of MoO2 with Mo04011 impurities and one MoOx target (50 mol% MoO:2
and 50 mol% Mo0s3), both with diameter of 75 mm, were used in non-reactive atmosphere

(Ar). All targets were produced powder metallurgically by PLANSEE SE.

3.1.2 Sputter Deposition Systems

Figure 3.1 shows the laboratory scale sputter deposition system used for the deposition
of those films reactively sputtered in Ar and Oz atmosphere. It consists of a vacuum
chamber with an internal dimension of & 305 mm x 410 mm and three unbalanced
magnetrons. On top of these magnetrons, the targets are located which can be covered
individually by shutters (see Figure 3.1c). Opposite to the targets, the sample holder is
placed which can be heated from its backside by two halogen lamps of 1 kW each. The
discharge voltage is applied by three ENI MKS RPG-50 generators that can be used in DC
as well as asymmetric bipolar pulsed DC mode. Two generators regulate the target power
supply, while the third one applies a bias voltage to the substrates. Additionally, the
sample holder can be rotated for a homogenous temperature distribution and deposition
rate. The chamber was evacuated by a dual stage rotary vane pump (Pfeiffer Duo 20) and
a turbomolecular pump (Pfeiffer TMH 521 P).

Lid and substrate
holder sample holder
heater
recipient shutter
target
magnetron

Figure 3.1: Deposition system for the reactively sputtered thin films (adapted from [51]).
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Figure 3.2: Calibration curves of Ar and O: for the device where the reactive sputter depositions were
conducted. The calibration was performed in November 2011 (modified after [52]). The designations

Ionivac and PKR 251 refer to the pressure gauges used.

The pressure calibration curves of the two gases argon and oxygen for the previously
described deposition device are shown in Figure 3.2. Due to the fact that Ar/02 gas
mixtures were used in that sputter device to synthesise the films, the oxygen partial
pressure is a crucial factor that influences the film properties. The total gas pressure in
the chamber was measured with a compact full-range gauge (Pfeiffer PKR 251). Since that
measuring cell has an accuracy of ~+30% and a reproducibility of ~+5% within the
measurement region used [53], the calibration curves obtained by a hot cathode gauge
(Oerlikon lonivac) were taken for calculation because of its double accuracy of +15% and
its reproducibility of +5% [54].
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The distance between target and sample holder was 55 mm, while the target was tilted
by 13.3° in relation to the sample holder. The rotation speed of the sample holder was set
to 80 rpm. After evacuation, the chamber was baked out at 500°C for 30 min and
subsequently cooled down to the deposition temperature of 120°C. Then the Mo targets
were sputtered in argon atmosphere for approximately 1-2 min by applying a 0.35 A DC
current (~110 W) to each of the two magnetrons to clean the target surfaces. After target
cleaning, the shutters were opened and all depositions were conducted in reactive
atmosphere for 30 min with unaltered current and a total gas pressure of approximately
4 x 10-3 mbar. Additionally, a pulsed substrate bias voltage of -50 V (pulse frequency
250 kHz with a positive pulse of +37 V and a positive pulse duration of 0.5 ps) was
provided for all reactive sputter depositions. In order to investigate the influence of the
oxygen content on the deposited films, the oxygen flow was altered while keeping the total
gas flow of ~40 sccm constant. In addition, experiments with shorter deposition times
were conducted to study the change of the film properties in dependence on the film
thickness. Detailed process parameters are listed in Table 3.1 with the coatings in order

of increasing oxygen partial pressure poz/pges.

Table 3.1: Process parameters for the deposition runs performed in both sputtering systems.

Sample Targets Deposition time | ArFlow O, Flow Po2/Pges
[min] [sccm] [sccm] [%]
Mo -9 2 x Mo 30 37 2.5 14.1
Mo -7 2 x Mo 30 35 5 27.6
Mo -8 2 x Mo 30 32 7.5 39.2
Mo - 6 2x Mo 30 30 10 48.2
Mo - 16 2 x Mo 30 20 20 74.3
Mo - 18 2 x Mo 5.77 20 20 74.3
Mo - 17 2 x Mo 30 10 30 90.1
Mo - 19 2 x Mo 13.64 10 30 90.1
Mo - 15 2 x Mo 30 0 40 100
Mo - 20 2x Mo 17.64 0 40 100
MoO,-1  1xMoO, 30 10 - -
Mo0,-2  1xMoO, 2 10 - -
MoO,-1  1xMoO, 30 10 - -
MoO,-2  1xMoO, 1.17 10 - -

The experiments in non-reactive atmosphere were carried out in a modified, unbalanced
Leybold Heraeus Z400 DC sputter system, as it is shown in Figure 3.3. The chamber’s
dimensions are & 420 mm x 200 mm. A dual stage rotary vane pump (Pfeiffer Duo 20)

and a turbomolecular pump (Leybold Turbovac 361) were utilised to evacuate the
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chamber. In this system, only one target at a time was sputtered (either MoO2 or MoOx).
The magnetron as well as the target were placed parallel in relation to the sample holder

and their distance was approximately 50 mm.

top-view cross-section

substrate

Figure 3.3: Schematic illustration of the sputter system as used for the non-reactively sputtered thin films
[20].

Compared to reactive sputtering, the non-reactive sputter depositions were controlled
by regulating the power applied to the magnetron instead of the current. Thus, the target
was sputtered for several minutes at 200 W applied to the magnetron to clean the target
surface prior to deposition. Afterwards the films were deposited for 30 min while the
provided 200 W (~0.26 A current) remained unaltered. For deposition, the sample holder
was rotated manually over the target. In all experiments, a working gas pressure of about
1.5 x 10-3mbar was used. No additional heating (room temperature) and no substrate bias
voltage was applied. The influence of the deposition time on the film properties was

studied as well. These process parameters are also listed in Table 3.1.

3.2 Coating Characterisation

3.2.1 Coating Thickness

The coating thickness is required for evaluation of experimental data obtained from
nanoindentation, electrical resistivity and residual stress measurements. It further gives
information on the growth kinetics and deposition rate and it affects optical properties,

density of defects and stress levels.

17
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In this thesis, the ball cratering method (see Figure 3.4) using a CSM CaloWear test was
applied to determine the thickness of the films deposited on silicon substrates. To

calculate the film thickness, the following reduced equation is applicable [56]:

2_p2
t, =M' (1)

4D
with the outer and inner diameter of the calotte Do and D, respectively, the ball’s diameter
D and the coating thickness t.. The calotte is generated by grinding with a rotating steel
ball covered with diamond suspension that is in contact with the specimen’s surface.

Subsequently, the dimensions of the calotte are measured with a light optical microscope.

i
D

coating

steel ball
.9
X

substrate

Figure 3.4: Scheme of the ball cratering method and generated calotte [55].

3.2.2 Chemical Composition

EDS and WDS measurements were performed on films that were deposited on silicon
substrates in order to analyse their chemical composition. They were conducted with an
Octane Plus silicon Drift Detector at PLANSEE SE.

The simultaneous measurement of the concentration of a light and heavy element via
characteristic X-ray detection, as it is performed in EDS and WDS, is always a challenge.
Here, the measurement voltage was adjusted to each film thickness in EDS to achieve the
best possible result. Due to the large difference in atomic number Z for Mo and O (42 and
8, respectively), various phenomena occur that affect the measurement. For example,
absorption and fluorescence events have to be taken into account [57]. Further, it has to
be considered that due to the presence of Mo, the critical excitation energy is high and the

excitation volume is low. The heavy Mo matrix absorbs the radiation of the light O and as

18
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a result, a lower oxygen concentration is detected. The absorption can also lead to
fluorescence, but normally this influence is neglected [58]. Additionally, due to the
increasing amount of oxygen, the conductivity generally decreases and, hence, the
determination of the element concentrations is difficult.

Secondary electron SEM images were taken from the films in order to describe their
morphology. The images were taken at PLANSEE SE with a Zeiss NTS Ultra plus from films
grown on silicon.

The state of the chemical bonds was investigated by Raman spectroscopy experiments
that were performed by using a Horiba Dilor Raman spectrometer. A monochromatic
laser (Nd:YAG, A = 532.068 nm) was used in combination with a series of filters to tune
the laser power in order to avoid any damage of the films. The laser power was set to
1.28 mW for the thicker films, while the thinner films (100-200 nm) were measured with
49.2 uW.

3.2.3 Microstructure

In order to analyse the occurring phases, X-ray diffraction measurements were
performed for all coatings. They were carried out with a Bruker-AXS D8 Advance
diffractometer applying the grazing incidence method. The angle of incidence was fixed
at 2° while the detector was moving in 0.02° steps every 1.2 s. Cu-K« radiation
(A=0.154 nm) was used and the detector measurement range was set from 10 to 90°. The
phases were identified by comparing the peak positions in the measured patterns to
reference patterns in the International Centre for Diffraction Data (ICDD) database. The
diffractometer was operating at 40 mA tube current and 40 kV voltage.

Based on XRD measurements, a qualitative and quantitative phase analysis is possible.
Further, the lattice constant a of a cubic crystal structure, such as Mo, can be determined
if the incident wavelength A, the diffraction angle 26 and the planes (hkl) at which
diffraction occurs are known [59]. This is realised by combining Bragg’s law (eq. 2) with

the plane-spacing equation (eq. 3):
nl = 2dsiné, (2)

1 (h®4k?+1%)
= (3)

which results in:

sin? 0 A2
= 4)
(R2+Kk?+12)  4a?
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Equation 4 combines 8 and a for any given diffraction plane (hkl) in the cubic system
[59]. It will be used later on to calculate the lattice constant of the Mo phase.

3.2.4 Electrical Resistivity

The resistivity of all coatings was measured by a Jandel four point probe. Four specimens
of each deposition run were evaluated (two on-glass and two on-silicon films). For the
reactively sputtered deposition run “Mo-6", only one coating on glass was available for
evaluation. Each film was measured three times in the centre of the specimen.
Additionally, each film was also measured near the edges of the substrate to investigate
its homogeneity. Only voltage values constant over a relevant period of time were taken
for further calculations. Steadily growing values were regarded as dielectric behaviour.

In the four point technique, four measurement tips are simultaneously brought in
contact with the film. The working principle is schematically shown in Figure 3.5. A DC
current is applied by the outer two tips, while the inner two are used to measure the

voltage. The electrical resistivity p is calculated by the following equation [60]:

(1) )

T In2

with the film thickness ¢, the voltage V and the current I.
-1 + - +
i_ : -i
-
X X4 0
L —

Figure 3.5: Schematic drawing of the Jandel four point probe for resistivity measurements (adapted from

[60]).
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3.2.5 Mechanical Properties

The hardness and Young’s modulus of the coatings were determined using a UMIS
nanoindenter system (Fischer-Cripps Laboratories, Berkovich indenter (tip radius
approximately 150 nm)). The properties were measured for films that were grown on
silicon and exhibited a thickness =1 pm. All experiments were evaluated using the
software package IBIS. For each sample, 20 loading-unloading cycles were recorded and
at least 10 were taken for evaluation.

A series of factors have to be taken into consideration when performing nanoindentation
measurements on thin films. In order to avoid the substrate influence on the mechanical
properties of the thin film, the “rule of thumb” that the maximum indentation depth
should be <10% of the coating thickness is typically applied [61]. For this reason, the
maximum indentation depth was adjusted for each coating. The measurements are also
sensitive to surface roughness and temperature changes (thermal drift) and, thus,
polishing of the film surface and a constant ambient temperature are important. The
hardness and Young’s modulus were determined from the load-displacement curves (see
Figure 3.6) by applying the Oliver and Pharr method [62].

P P
)| dp
dh
1
I :
~— h
|
«— h —»L——h—»
h
< hp 2
<t B >

Figure 3.6: Schematic load-displacement curve obtained in nanoindentation showing the loading and

unloading cycle [61].
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The hardness H was calculated according to the following equation [61]:

P [A;

n=513 (6)

) . LA . .
with the load P, the contact area 4 and the area correction function j. This function is

needed for the non-ideal indenter tip shape since it wears off during indentation

experiments. The Young’s modulus E* was calculated after equation 7 [61]:

oo @ T A
T dH2BVAN A’ (7)

. . : . d
with the indenter geometry correction factor ff and the slope of the unloading curve i at

Pmax.

Further, residual stresses were measured of all films deposited on silicon by using the
wafer curvature method. All measurements were performed at room temperature. In this
method, the specimen’s curvature is measured to determine its residual stresses, as
illustrated in Figure 3.7. Two incidental parallel laser beams (A = 632.8 nm, beam
diameter: 1.2 mm) are deflected by the specimen and redirected by a mirror. Depending
on the specimen’s curvature, the resulting distance of the initially parallel (do = 15 mm)
beams is measured. The stress or is calculated after the modified Stoney equation
(modified after [64]):

tZ 1

O-f:M6_tCE' (8)

with the substrate’s biaxial modulus M, the substrate thickness ts, the coating thickness t.
and the specimen’s curvature R. The curvature can be determined after [63]. Thus, the

following equation is applicable when the specimen is placed at the measuring plate:

2hd,
R= di—do’ (%)

with the distance h between film and mirror, the initial distance do between the two laser

beams and the measured beam distance d; after redirection from the mirror.
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dU
“ mirror
laser beams v !
a) b)
| plate ~
Y
ts Ix evacuated
heater
~ sample
d1

Figure 3.7: a) Specimen bending due to residual compressive stress and
b) principle of the wafer curvature method (adapted from [63]).

Residual stresses are caused by various reasons. The difference between substrate and
film, e.g. coefficient of thermal expansion or crystal lattice can lead to stresses, but they
can also arise from the film formation process or by contaminations from the working gas.
Even epitaxial films as such are not stress free due to formation defects like vacancies or
dislocations [15].
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4 RESULTS

4.1 Chemical Composition and Coating Thickness

The results of the EDS and WDS measurements and the coating thicknesses are listed in
Table 4.1 in order of increasing oxygen flow. As expected, the oxygen content in the films
generally increases with increasing oxygen flow and partial pressure. However, there are
differences between the EDS and WDS results and for some coatings a lower oxygen
content was measured, even though they were synthesised at higher oxygen partial
pressure. This may be explained by the fact that the applied measurement voltage in EDS
was adjusted to the coating thicknesses, which was not done in WDS. Further, the already
discussed difficulties that arise when simultaneously measuring the concentration of a
light and heavy element seem to have a significant influence on the measurements as well.

Table 4.1: The oxygen flow is shown in relation to the oxygen partial pressure (poz/pges) as well as the
molybdenum and oxygen concentrations obtained by EDS and WDS measurements. In addition, the
measured coating thicknesses obtained by ball cratering are added. The deposition time was 30 min for
each film. The black values are those of the reactively sputtered films, the red and blue ones are for the

films sputtered non-reactively from the Mo0O> and MoOx targets, respectively.

O, Flow | po; /Pges Composition (EDS) Composition (WDS) Thickness

[scem] [%] Mo[at.%] | O[at.%] | Mo[at.%] | Ol[at.%] [um]
2.5 14.1 65 35 67 33 1.9
5 27.6 56 44 57 43 2.3
7.5 39.2 47 53 48 52 2.7
10 48.2 44 56 28 72 2.7
20 74.3 32 68 30 70 2.2
30 90.1 33 67 11 89 0.8
40 100 33 67 15 85 0.2
- 0 45 55 43 57 2.1
- 0 44 56 41 59 2.6

Figure 4.1 shows the evolution of the deposition rate versus the oxygen partial pressure
in detail. The coating thickness increases gradually till a plateau of 2.7 um (deposition rate
90 nm/min) is reached and then it decreases to 0.2 um (6.7 nm/min). The reason for the
increase in coating thickness lies in the addition of oxygen to the working gas, which
means more atoms are available for the film formation process when the erosion rate of
the target is kept constant. The decrease can be explained by poisoning of the target
causing a strong decrease in deposition rate and, as a consequence, also in coating

thickness since the deposition time was kept constant. In addition, the input of lighter
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oxygen atoms most likely results in a decrease of the sputter yield, because the heavy inert
argon ions are less and less used as the bombarding species to provide erosion of material
from the target. For all these reasons, the coating sputtered in pure oxygen atmosphere

exhibits the lowest coating thickness.
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Figure 4.1: Deposition rate versus the oxygen partial pressure for the reactively sputtered films.

The non-reactively sputtered MoO2 and MoOx films reveal almost identical element
concentrations (both EDS and WDS) and also similar coating thicknesses. In terms of
chemical composition, the films are comparable to the reactively sputtered films using
po2 =39.2% (EDS and WDS) and po2z = 48.2% (EDS).
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4.2 Raman Spectroscopy

The films deposited on silicon show almost identical Raman spectra as their
equivalents deposited on glass, as it is shown in Figures 4.2 and 4.3. The dominant peak
at about 900 cm-1 has been cut off for a better visualisation of the spectra in both figures.
The broad signals detected from the films sputtered reactively with poz ranging from
14.1% to 48.2% do not allow for an unambiguous identification of the specific phases
present. However, the Raman signals detected from the films with poz = 74.3%, 90.1% and
100% are generally in good agreement with the reference curve of 0-Mo0Os. The few peaks
deviating from the reference data of MoOs indicate the presence of phases with other
oxidation states, apart from Mo®*. The specimens synthesised with poz = 74.3%, 90.1%
and 100% on silicon reveal slightly different spectra than their equivalents on glass.
Especially the specimen with poz = 74.3% shows five additional peaks in the Raman
spectrum at 160, 338, 665, 820 and 996 cm-1, which are absent in the spectrum of the film
deposited on glass. Thus, there seems to be an influence of the substrate on the short-
range order of the crystals due to the different crystallinity and electrical conductivity of

silicon and glass. However, this influence is marginal.
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Figure 4.2: Raman spectra of the reactively sputtered films deposited on silicon. MoO2 and MoO3
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The Raman spectra obtained from the films sputtered using the compound targets are
shown in Figure 4.4. They are compared with the film sputtered reactively with
poz = 48.2%. Similar to their reactively sputtered equivalent, the MoO2 and MoOx target
films also show very broad peaks impeding an unambiguous phase identification based

on the Raman spectra. The Raman signals do not show any specific observable difference
between silicon and glass substrates.
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Figure 4.4: Raman spectra of the film reactively sputtered with poz = 48.2% (black line) in comparison
with the films grown from the MoOz2 (red line) and MoOx targets (blue line) deposited on a) silicon and b)

glass substrates.
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4.3 Microstructure
In general, the films deposited on silicon (see Figure 4.5), reveal a higher grade of

crystallinity than those deposited on glass (see Figure 4.6). Since all specimens were
synthesised with equal process conditions, there is apparently an influence of the
substrate on the crystallinity of the grown films. The substrate influence on the
crystallinity can be explained by the difference in crystallinity and free surface energies
of both substrates. This could lead to different adsorption conditions for the adatoms,
which in turn leads to different growth conditions of the crystals in the early stages of film
formation determining the subsequent competitive growth. In addition, silicon is more
electrically conductive than glass and, thus, the bias voltage causes a higher ion current

and so nucleation is fostered on silicon substrates.
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Figure 4.5: XRD diffractograms of the reactively sputtered films deposited on silicon at different oxygen
partial pressures.
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Figure 4.6: XRD diffractograms of the reactively sputtered films deposited on glass at different oxygen

partial pressures.

Starting with the film that contains the lowest amount of oxygen, poz = 14.1%, there are
five peaks recognisable which may be correlated to the Mo phase. It has been shown by
Kendig et al that sputter deposited nanoscale Mo films can exhibit huge 26 shifts
(exceeding 10°) by incorporation of oxygen and hydrocarbon impurities at interstitials or
grain boundaries, which leads to an expansion of the Mo lattice [67]. Faou et al. have also
reported the occurrence of Mo in reactively sputter deposited Mo films with an Oz gas
flow of 2 sccm exhibiting a 20 shift [68]. In the present thesis, the oxygen partial pressure
poz =14.1% is associated with an oxygen flow rate of 2.5 sccm O2. It is evident that a direct
comparison is not possible due to differences in the design of the deposition systems, but
it highlights that the presence of an oxygen containing Mo phase is possible within these

process parameters. By comparing the measured data with the body-centred cubic (bcc)

Mo reference pattern [69], it can be seen that apparently a peak shift has taken place

which is inhomogeneous with respect to the reference pattern positions. As a

consequence, the lattice constant a has been calculated by using equation (4) (see section

3.2.3) and the results are shown in Table 4.2.
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Table 4.2: Calculated lattice constant a of the bcc-Mo phase based on the diffraction angles 20 from Figure
4.5 (poz = 14.1%).

20 0 sin%(6) (hkl) h++H | A%/(4a) a[A]
37.5 18.75 0.10332333 110 2 0.05166166 3.38771234
43,5 21.75 0.13731281 200 4 0.0343282 4.15590093
63.3 31.65 0.2753405 211 6 0.04589008 3.59444052
75.9 37.95 0.37819249 220 8 0.04727406 3.54143493

80 40 0.41317591 310 10 0.04131759 3.78811564

Bcc-Mo normally exhibits a lattice constant a of 3.147 A [37], but since there are
differences to the calculated constants shown in Table 4.2, the Mo lattice seems to be
expanded. This may be explained by the incorporation of oxygen atoms into the Mo lattice
as described previously. In addition, a face-centred cubic (fcc) Mo pattern published in
[70] was also compared to the measured data which shows a consistent peak shift in
relation to the measured peak positions (see Table 4.3). This Mo modification is a
hypothetical one whose existence was not proven yet [70]. It is based on ab initio
calculations for 3d, 4d and 5d transition metal carbides and nitrides by Hdglund et al., who
investigated the electron structure of metal carbides and nitrides (NaCl structure type e.g.

MC, MN) as well as other complex compounds, e.g. M3C or M7C3 [71].

Table 4.3: Calculated lattice constant a of the fcc-Mo phase based on the diffraction angles 26 from Figure
4.5 (poz = 14.1%).

20 0 sin%(6) (hkl) h2+k2+H2 | AY/(4a?) a[A]
37.5 18.75 0.10332333 111 3 0.03444111 4.14908331
43.5 21.75  0.13731281 200 4 0.0343282  4.15590093
63.3 31.65 0.2753405 220 8 0.03441756 4.1505024
75.9 37.95  0.37819249 311 11 0.03438114 4.15270055

80 40 0.41317591 222 12 0.03443133 4.14967277

According to the reference pattern [70], the lattice constant of the fcc modification is
4.03 A. This value is lower than the one calculated in Table 4.3, but the fact that the latter
is constant, strongly points towards the presence of an fcc phase. However, it needs to be
kept in mind that the fcc-Mo has not yet been experimentally verified. In summary, the
present data appears to be inconclusive with respect to the nature of the film deposited
with po2 = 14.1% and further investigations are necessary.

The three XRD diffractograms of the film grown with poz = 27.6%, 39.2% and 48.2%
show similarities. The film sputtered with poz = 27.6% is essentially amorphous, but a

gradual formation of a crystalline structure seems to take place with increasing Oz partial
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pressure. The XRD signals of those films seem to originate from the m-MoO2 (monoclinic)
phase. A comparison with the MoO2 reference pattern [72] shows that this pattern is
stringent and that obviously a peak shift has taken place as well.

The next three diffractograms from the films synthesised with poz = 74.3%, 90.1% and
100% may stem from the 0-MoOs phase, because they are in good agreement with the
reference pattern [73]. On silicon, the film with poz = 74.3% reveals several peaks that do
not occur in the two succeeding films, which are the (021), (200), (022), (112) and (122)
peaks. This could be explained by the fact that the last two films are much thinner than
the film grown with poz = 74.3% and, thus, they seem to be less crystalline. It has to be
mentioned here that for those three films the dominant peak is the (110) peak at ~23°. In
the diffractograms, it has been cut off so that the other peaks are still visible.

It was already shown in section 4.1 that the films sputtered from the MoO2 and MoOx
targets have almost identical molybdenum and oxygen concentrations compared to the
films sputtered reactively with po2 = 39.2% and 48.2%. Figure 4.7 illustrates that also the
XRD diffractograms of those films look very similar. Since the film with poz = 48.2%
revealed the same m-MoO:2 phase as the film grown with poz = 39.2%, but a more
developed one, this film is presented in Figure 4.7. According to the measured XRD data,
the films sputtered from the compound targets also consist of m-MoO2. The diffractogram
of the film sputtered from the MoO2 target contains an additional peak at ~35°. This peak
could also originate from the m-MoO2 phase, because in the reference pattern there are
several peaks present around 36°, separated by only ~0.1° each. Since a peak shift has
presumably taken place for those films too, it is therefore possible that the peak at ~35°
originates from m-MoO:z as well. Comparing the XRD diffractograms of the specimens
grown on silicon and glass (see Figure 4.7a and b), they seem to have a similar grade of
crystallinity, which is also reasonable when keeping in mind that no bias and no heating
was applied to the substrates of the films synthesised non-reactively.
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4.4 Morphology

The secondary electron SEM images of the reactively deposited films are shown in Figure
4.8. In the top view image of the film deposited with poz = 14.1% (see Figure 4.8a),
there are very bright grains noticeable. Those grains are nanocrystalline and
approximately 100 nm in diameter. Based on the previously discussed XRD diffractogram,
those grains can be assigned to the polycrystalline Mo phase. The cross section reveals a
very narrow columnar structure with a graded substrate-film interface. It has been
reported by Faou et al. that such a graded interface can origin from the oxygen atoms
which hinder the molybdenum adatoms’ mobility, thus, influencing the competitive
growth of the crystals [68].

The film with poz = 27.6% (see Figure 4.8b) is essentially amorphous according to XRD
measurements. From the topography and the cross section of that film, it also looks like
no crystalline phase has been formed as no columns or grains are visible. This might be
interpreted that there is a transition from one phase to another and that under these
conditions (oxygen partial pressure, temperature) no crystalline structure could be
formed.

In the top view of the film with poz = 39.2% (see Figure 4.8c) it seems that islands have
been formed, some of which grew together to bigger clusters. There is also a columnar
structure observable in the cross section which has been developed by competitive
growth. In addition to the corresponding XRD diffractogram, the SEM pictures of that film
could be interpreted as the onset of the formation of the MoO2 phase.

The surface micrograph of the film with po2 = 48.2% (see Figure 4.8d) indicates the
formation of crystals which are aligned in a dense columnar structure, as evidenced by
the cross section image. According to the interpretation of the XRD patterns of that film,
this might be an indication for the formation of the polycrystalline m-MoO:2 phase.

The top view of the film with poz = 74.3% (see Figure 4.8e) reveals the existence of
crystals of different shape. Some are apparently horizontally aligned to the surface and
appear flat and flaky, while others are needle-like grown out of the surface. By taking a
closer look at those needles, they seem to consist of bundles of flat crystals which have
grown in different directions. The cross section image shows a columnar structure and a
rough specimen surface due to the vertically oriented crystals.

The last two films with po2 = 90.1% and 100% (see Figure 4.8f and g) obviously exhibit
a similar morphology. The grains are flat and flaky and oriented parallel to the surface like
parts of the grains in the previously described film with po2 = 74.3%. Their cross section
images evidence dense columnar structures as well. The occurrence of such flat and flaky-
like crystals has also been reported by Fateh et al. for DC reactively sputtered V20s films
deposited on silicon [74]. The similarity of the crystallographic and chemical properties

between MoO3 and V20s has been reported in literature [75-77]. The relation between



4 Results

both oxides is emphasised by the remarkable solubility of MoOs3 in V20s. [75, 76]. Further,
the high pressure B-modification of V20s (monoclinic or tetragonal) is composed of
distorted VOe octahedra that also form zig-zag chains leading to a layered structure
similar to a-MoOs [77]. Therefore, it is possible that both oxides exhibit similar
morphology. Since the horizontally aligned flaky crystals of those films can be identified
as the 0-MoOs phase, further conclusions are possible for the needle-shaped crystals in
the previously discussed film grown with po2z = 74.3%. It was shown in the XRD
diffractogram of that film, that there are several additional peaks, implying additional
crystal orientations, which can also be related to the 0-Mo0O3 phase (see section 4.3). Thus,
those needle-like crystals in poz = 74.3% can also be 0-MoOs3 crystals of different
orientation, which are missing in the films with poz = 90.1% and 100% because of a lack
of competitive growth due to a reduced sputter yield caused by target poisoning (see

section 4.1).
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Figure 4.8: The morphology of the reactively sputtered films according to their secondary electron SEM
images. Topography on the left, cross section on the right side. The pictures are in order of increasing

oxygen partial pressure from bottom to top.
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The top view secondary electron SEM images of both films sputtered from the compound
targets are blurry as shown in Figure 4.9. This might be explained by a low electrical
conductivity and, hence, charging effects during image recording. The film sputtered from
the MoOx target exhibits a dense columnar structure as illustrated in the cross section
image. The film synthesised using the MoO: target on the other hand, seems to have a
columnar structure in the early growth stage, but at about 50% of the thickness it has
been interrupted by re-nucleation. It is possible that at 50% of the thickness, the density

of defects is that high that they serve as new nucleation sites by further incoming atoms.

MoO: target

MoOx target

Figure 4.9: Comparison of the secondary electron SEM images of the films grown from the MoO: (top) and

MoOx (bottom) targets. Topography on the left, cross section on the right side.
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4.5 Optical Appearance

In order to describe the optical appearance, photos of the films grown on glass
substrates were taken by using a digital camera (see Figure 4.10). Starting from the
bottom, the first four specimens with poz equal to 14.1%, 27.6%, 39.2% and 48.2% look
similar. They appear black or greyish and are opaque. The third one with poz = 39.2%, is
more grey than the other three. The last three films of the series with poz = 74.3%, 90.1%
and 100% appear yellowish and transparent. At the edges of the samples, there is further
a slight greenish colouration recognisable as well. The film grown with poz = 74.3% is
darker than the other two.

— -

Ubef@iden hof Scl
Fuchs a haben wir in gel
der ,,Krone Ja schon be- ver

richtet mell der
lauft eL “ ¥ ¥aufs- Va P0290.1%,0.8 um
schienen des emsugen Be:

Betrie bach in.
bei Gr ralle opt poz74.3%,2.2 um
steht ‘ein appetitlicher che
Stand ische un
Kostli ebo- I po,48.2%,2.7 ym
ten wi . liche Bic
Kiufe : saasselber  all
und w dafiir aul po239.2%,2.7 pm
in die e funk-
ioni h - de
Aber auc 1egen- ne

milch de:
poz 14.1%, 1.9 pm
Fisch oder Gr

. N e

5c¢cm

poz 100%, 0.2 pm

Figure 4.10: Photos of the reactively sputtered films in order of increasing oxygen partial pressure from

bottom to top. The film thickness of each specimen is provided.
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Apparently, a gradual change in optical properties can be observed by increasing the
oxygen partial pressure, as it is shown in Figure 4.10. It seems that an oxygen partial
pressure of 74.3% is a threshold because at this and higher pressures, the colour and
transparency change. According to Table 4.1, an oxygen partial pressure of 74.3% is
equivalent to an oxygen flow rate of 20 sccm, which in turn corresponds to an oxygen to
argon flow ratio of 1:1.

The optical appearance can be related to the phases that were identified when analysing
the XRD diffractograms and Raman spectra. The film with poz = 14.1% is metallic dark and
opaque, which is in agreement with the Mo phase that is most likely present in the film.
The gradual formation of the MoO:z phase in the subsequent films with increasing oxygen
partial pressure (poz=27.6%, 39.2% and 48.2%) should lead to a reddish-brown, reddish-
purple colouring [6, 7]. It is therefore possible that those films have a high density of
defects altering their optical appearance. The yellowish colouration and transparent
character of the films with po2 = 74.3%, 90.1% and 100%, is due to the presence of the
MoOs phase [34, 44], which was observed in the XRD diffractograms and Raman spectra.
The slightly darker appearance of the film with po2 = 74.3% may derive from its higher
thickness (tc = 2.2 pm) leading to enhanced light scattering as compared to the thinner
films with po2 =90.1% (tc = 0.8 pm) and 100% (tc = 0.2 um).

In Figure 4.11, the optical appearance of the films sputtered from the compound targets
is visualised. Both films are black and opaque. Similar to the film sputtered reactively with
poz = 48.2%, those films exhibit the m-MoO2 phase according to their XRD patterns. The
different colour with respect to MoO2 may again be explained by a high density of defects.
The film synthesised using the MoO: target shows weak adherence on the glass substrate

and appears therefore inhomogeneous and partially chipped off.
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Figure 4.11: Comparison of the optical appearance of films sputtered from the MoOx (top) and MoO-

(bottom) targets on glass substrates. The film thickness of each specimen is provided.
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4.6 Electrical Resistivity

The electrical resistivity of the four films of the reactively sputtered series shown in
Figure 4.12 lies between 4.4 x 104 cm and 1.3 x 10-3 (cm. The measured resistivity
values are basically identical for both substrates, silicon and glass, indicating that the
electrical measurements were not influenced by the substrate material. The films
sputtered at oxygen partial pressures higher than poz = 48.2% are not illustrated, because
electrostatic charging effects during measurement due to their insulating nature inhibited
the determination of reliable values for their resistivity. This behaviour is related to the
occurrence of the insulating 0-MoOs3 phase as it was shown in the XRD diffractograms and
Raman spectra. Both possible MoO3 modifications have resistivities ranging from 107 to
101 Qcm and are insulating [34]. The other films reactively sputtered
between po2 = 14.1% and 48.2% vary only slightly in their resistivity. Apparently, there is
an increase in resistivity up to poz = 39.2% followed by a slight decrease towards
poz = 48.2%. The increase may be explained by the amorphous nature of those films and
the decrease by the development of the MoOz2 structure. There is a difference in resistivity
by two orders of magnitude between the film sputtered reactively with poz = 14.1% of
potential metallic Mo phase composition and the value of Mo after [37]. This may be
explained by the incorporation of oxygen into the molybdenum lattice hindering the
electron motion and, hence, increasing the resistivity of the film.

The films grown by sputtering of the compound targets show similar resistivity values,

which lie within the range of the reactively sputtered films.
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Figure 4.12: Electrical resistivity of the molybdenum oxide films deposited on silicon and glass substrates

versus the oxygen partial pressure. The film grown by non-reactive sputtering from the MoO: target

deposited on glass is not included since it was partially chipped off. As a guideline, values from literature

are added for Mo [37] and MoOz [5, 34].
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4.7 Mechanical Properties

All films exhibit compressive residual stress (see Figure 4.13), as it is typical for films
grown under ion irradiation because the incoming ions/atoms induce lattice defects and
film densification [78]. This peening effect is due to incoming particles exhibiting high
kinetic energy, which is a function of the sputtering gas pressure as well as the substrate
bias [78]. The film sputtered from the MoO: target has the highest compressive stress
level. The film surpasses the stress level of the specimen grown from the MoOx target by
~800 MPa and the most compressively stressed film of the reactively sputtered series,
sputtered with poz = 48.2%, by ~600 MPa.

In comparison, the stress value obtained for the lowest oxygen partial pressure of the
reactively sputtered films is about -550 MPa. This stress level can be explained by the
incorporation of oxygen at lattice defects, such as interstitials and grain boundaries. It was
already pointed out that this behaviour has been reported for molybdenum thin films,
where oxygen and hydrocarbon impurities were incorporated into those lattice defects.
This resulted in the expansion of the molybdenum lattice which in turn was responsible
for the compressive stress [67]. The subsequent increase in stress with increasing oxygen
partial pressure can be correlated with the gradual formation of the m-MoO2 phase.
The high compressive stress suggests a high density of defects in those films as it
was already discussed with respect to their optical appearance. The film sputtered with
poz = 74.3% is almost free of stress. This can be explained by the formation of the stable
crystalline 0-MoOs phase. A high grade of crystallinity is achieved and the lattice is
relaxed, as evidenced by the measured low stress. The main reason for the subsequent
increase in stress is the fact that the last two films of the series are much thinner and so
their residual stress is higher, as it was shown in [79]. The difference in the thermal
expansion coefficient between substrate and the films can also influence the residual
stress, since the films were deposited at 120°C and then cooled down to
room temperature. The average thermal expansion coefficient for MoOs is reported to be
5.8 x 10> K1 between 25 and 500°C [28] and for a MoO: thin film 4.5 x 10-¢ K
between 100 and 600°C [28]. In comparison, Si has a thermal expansion coefficient of
2.6 x 10-¢ K1 at 300 K [80]. Based on these data, the expansion mismatch is greater for
MoOs3 than for MoO:2 and, thus, the thermal influence should be greater for MoOs.
Generally, a higher thermal expansion coefficient of the film as compared to the substrate
leads to tensile stress, which might explain the lower stress state of the films with
dominating MoOs structure. However, several other factors influence the evolution of the
stress state as well, e.g. grade of crystallinity, grain size, crystal orientation, and further
investigations are needed to understand the residual stresses of the molybdenum oxide

thin films in detail.
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Figure 4.13: Residual stresses of the reactively as well as non-reactively sputtered films in relation to the
oxygen partial pressure. An error of +10% for the coating thickness determined by ball cratering and
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error bars.

In Figure 4.14, the results of the nanoindentation measurements are presented. Only
films with a thickness =1 um are illustrated because of the substrate influence on the
mechanical properties at thinner films.

The film sputtered reactively with po2 = 14.1% consists of Mo according to XRD
interpretations, hence, the film is comparatively hard and stiff. The film sputtered with
poz2=27.6% is essentially amorphous, thus this specimen is softer and less elastic than the
previously described one. The gradual development of the m-MoO2 structure in the
reactively sputtered films with poz = 39.2% and 48.2% apparently causes an increase in
hardness and Young’s modulus. The huge decrease in mechanical properties for the film
sputtered with poz = 74.3% can be related once more to the occurrence of the crystalline
0-MoOs phase.

By taking a look at Figure 4.13, it can be seen that a correlation between residual stress

and mechanical properties is present, but similar to Figure 4.13, the curve may mainly be
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explained by the occurrence of the different phases and their grade of crystallinity. In
general, films with dominating MoOz2 structure are harder and stiffer than films with MoOs3
structure.

The film sputtered from the MoO: target is harder and stiffer than the film synthesised
using the MoOx target (see Figure 4.14). However, both films reveal high values of

hardness and Young's modulus, which is in agreement with their MoO2 dominated

structure.
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4.8 Films with reduced thickness

The influence of the film thickness on the previously discussed properties was studied
as well, in particular for those films sputtered reactively with poz = 74.3%, 90.1% and
100% and the two films sputtered from the compound targets. The results of those
thinner films exhibiting a thickness in the range of 100-200 nm are summarised in the
following.

Starting with the EDS and WDS measurements as shown in Table 4.4, the chemical
compositions of those thin films are in good agreement with their thicker equivalents (cf.
Table 4.1). There are only differences for the WDS data of the films sputtered from the
compound targets. The thinner ones seem to have ~30% more oxygen than the thicker
films. Similar to the thicker films, the difference may be explained by adjusting the
measurement voltage to the coating thickness. It is plausible that this adjustment is more

important for thinner films, thus, the EDS concentrations are likely the more precise ones.

Table 4.4: Results of EDS, WDS and thickness measurements for the 100-200 nm thick films. The reactively

sputtered films as well as the films from the MoO2and MoOx compound targets are listed.

Deposition time| O, Flow | pg; /Pges Composition (EDS) Composition (WDS) Thickness
[min] [sccm] [%] Mo[at%] | O[at%] | Mo[at.%] | O[at.%] [um]
5.77 20 74.3 34 66 13 87 0.2
13.64 30 90.1 33 67 13 87 0.2
17.64 40 100 33 67 8 92 0.1

2 - 0 45 55 13 87 0.1
1.17 - 0 40 60 10 90 0.1

The XRD patterns of the reactively sputtered thin films are illustrated in Figure 4.15.
There, the y-axis scale was altered compared to the XRD patterns in Figures 4.5 and 4.6 in
order to visualise the change of intensities of the dominant (110) peak at ~23°. It is shown
that the thinner films contain 0-MoOs3, like their thicker equivalents, but they are less
crystalline (see Figure 4.15). Their lower grade of crystallinity is related to the shorter
deposition time and, thus, the formation of the crystalline MoOs phase is limited. The thin
film with po2 = 74.3% deposited on glass even seems to be completely amorphous. Apart
from that exception, no difference in crystallinity is detectable for these films comparing
silicon and glass substrates, because they are still in an early stage of film growth. This
finding is contrary to the films deposited for 30 min, where a difference in crystallinity on
both substrates was observed as a consequence of the already advanced competitive

crystal growth (see section 4.3).
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The compound target films are completely amorphous on both substrates according to

their XRD patterns, as illustrated in Figure 4.16. Apparently, the substrate heating that

was conducted for the reactively sputtered series has clearly fostered crystallisation as

evidenced in the respective XRD diffractograms.

a) * m-Mch2
TR TR =k i -t %
E : i I ‘ I MoO Target, 0.1 pm
=y | |
7 i i
§ - -—’AT’“‘ MoO_Target, 2.6 pm
£ i '
‘h'_‘ MoO, Target, 0.1 um
e MoOz Target, 2.1 um
T l T l' T ]' Il l - Ll ‘I T ] II I Ll ‘I L l I'I l T ] l‘ I T l T -
20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Diffraction Angle 26 [°]
b) PR . . - *  m-MoO,
§ 5 g § ¢ )
\'_*I, Nl : c_* ‘z_* 3,.‘* Q*
i H T -1 MoO_Target, 0.1 um
2 o | |
@ L A : =
c M‘l_ '
.9 } ! ! - e — MoO Target, 2.6 pm
£ L E ‘ !
| T | MoO, Target, 0.1 pm
M ? 'j\?““ """T e ‘ , MoO, Target, 2.1 um
T T T T T T T T T " T T T T T
20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Diffraction Angle 20 [°]

Figure 4.16: XRD diffractograms of the films grown from the MoO: (red line) and MoOx targets (blue line)

deposited on a) silicon and b) glass substrates.
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No changes between the thicker and the thinner films were observed in the Raman
spectra, regardless of whether the films were sputtered reactively or non-reactively.

The optical appearance of the reactively sputtered films is visualised in Figure 4.17. In
general, it seems that all thinner films are more transparent than the thicker ones and that
their colour has changed as well. The film deposited with poz = 74.3% appears bluish, like
the subsequent one with poz = 90.1%. The film with poz = 100% has a yellow-greenish
colour. The films grown from the compound targets remain very opaque and dark as
shown in Figure 4.18. The thin film synthesised from the MoO2 target exhibits a much

better adherence on the glass substrate than its thicker equivalent.
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Figure 4.17: Comparison of the optical appearance between the thicker (left) and thinner (right) films
synthesised with poz = 74.3%, 90.1%, and 100%.
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The morphology of the thinner reactively sputtered films can be described based on
their secondary electron SEM images as shown in Figure 4.19. The topography and cross
section images of the specimens with poz = 90.1% and 100% already show similar
morphology and columnar structure in an early growth stage as their thicker equivalents,
which are depicted in Figure 4.8. On the other hand, the morphology of the film with
poz = 74.3% differs from its much thicker equivalent. The topography image shows planar
zones with lamella packages in between, while the cross section image reveals a hardly

developed and unspecific structure.

poz 100%

Poz 90.1%

poz 74.3%

Figure 4.19: The morphology of the thinner reactively sputtered films according to their secondary
electron SEM images. Topography on the left, cross section on the right side. The pictures are in order of

increasing oxygen partial pressure from bottom to top.

The topography images of the thinner films synthesised from the compound targets
reveal an early stage morphology of the MoO: target sputtered film as shown in
Figure 4.20. Apparently, the structure lacks any long range order, as evidenced in the
respective XRD diffractogram in Figure 4.16. The topography image of the film sputtered
from the MoOx target as well as the cross section images do not show any specific

developed structure.
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Figure 4.20: Comparison of the secondary electron SEM images of the thinner films grown from the MoO2

(top) and MoOx (bottom) targets. Topography on the left, cross section on the right side.

The results of the residual stress and electric resistivity measurements are listed in
Table 4.5. No substrate influence on the electrical resistivity of the thinner films was
detectable. Thus, only values from specimen grown on silicon are listed.

The thinner reactively sputtered films reveal slightly higher compressive stresses
than their thicker equivalents, as it was expected. Since those films also seem to consist of

0-MoOs, they showed a dielectric behaviour as well.

Table 4.5: Comparison of residual stress and electrical resistivity values of the thicker and thinner films.
The reactively sputtered films as well as the films grown from the Mo0O2 and MoOx compound targets are

listed. The electrical resistivity values were obtained from the films deposited on the silicon substrate.

Poz2 /Pges |Residual stress (thick film)| Residual stress (thin film) | El. Resistivity (thick fim) | El. Resistivity (thin film)
[%] [MPa] [MPa] [Qcm] [Qcm]
74,3 -94 -96 dielectric dielectric
90,1 -172 -175 dielectric dielectric
100 -403 -432 dielectric dielectric
0 -1777 -1283 1.66 x 10°° 1.67 x 10°
0 -969 -92 1.76 x 10° 1.62 x 10

In contrast, the thinner compound target films reveal 500 MPa and 900 MPa less stress
than the thicker ones. This may indicate that the density of defects in those films is much
lower and perhaps their amorphousness also influences the stress value. The MoO2 target
thin film has an identical electrical resistivity as the thicker equivalent, whereas a
difference of one order of magnitude is recognisable for the MoOx target film. The reason

may lie in the morphology of the films as shown in Figure 4.20. The MoOx target film lacks
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any developed structure in the early growth stage, which could result in an increase of the
electrical resistivity.
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5 SUMMARY AND OUTLOOK

5.1 Summary

Within this thesis, molybdenum oxide thin films with varying oxygen concentration
were synthesised by reactive and non-reactive DC magnetron sputter deposition to study
synthesis-structure-property relations in the system Mo-O. A general material
characterisation was conducted including phase analysis by X-ray diffraction and Raman
spectroscopy, chemical composition determination based on energy and wavelength
dispersive X-ray spectroscopy as well as measurements of electrical resistivity and
mechanical properties. In addition, scanning electron microscopy images were used to
describe the obtained morphology.

First of all, it can be concluded that all investigated properties of the reactively sputtered
molybdenum oxide thin films, i.e. optical, electrical and mechanical properties, are
tuneable by varying the oxygen concentration. These properties are related to the
occurring molybdenum and molybdenum oxide phases. Evaluation and interpretation of
XRD diffractograms indicates the formation of an oxygen containing Mo phase, which is
replaced by the monoclinic MoO2 and eventually the orthorhombic MoOs phase with
increasing oxygen partial pressure within the working gas. The Raman spectra confirm
the presence of MoOs in the respective films. The films containing Mo or MoO2 phases
show similar electrical resistivity, independent of the substrate material. However, the
films with dominating MoO3 phase are insulating. The gradual formation of the MoO2
phase correlates with a progressive increase in compressive stress, while the occurrence
of MoOs leads to stress relaxation. A similar trend is observable for the Young’s modulus
and hardness, which evidences that specimens containing the MoO2z phase are harder and
stiffer than the specimens with MoOs. The influence of the different phases is also
reflected in the optical appearance of the films. The films with Mo or MoO:2 phases are
dark and opaque, whereas MoO3 dominated films are characterised by high transparency
along with a yellowish colour. The progressive increase in oxygen partial pressure causes
an increase in film thickness, but above poz = 48.2% target poisoning is evident resulting
in reduced deposition rate. Concerning the morphology of the specimens, the secondary
electron scanning electron microscopy images reveal dense columnar structures for all
reactively sputtered films. The film sputtered with poz = 27.6% is the only exception
lacking a developed morphology, but that film can be interpreted as the transition
between the oxygen containing Mo and the MoO2 phase leading to its essential featureless
morphology.

The non-reactively sputtered films from the MoO2 and MoOx (with 50 mol% MoO2 and

50 mol% Mo0s3) targets show a dominating monoclinic MoO2 phase according to XRD.
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Their electrical resistivity values are very similar and in the same range as the values of
the conductive reactively sputtered specimens. The film sputtered from the MoO2 target
is harder and stiffer and also has higher compressive residual stress than the film
sputtered from the MoOx target. Similar to the reactively sputtered films, the dominating
MoO: structure in the films obtained from both compound targets leads to a dark and
opaque optical appearance. The scanning electron microscopy images reveal a dense
columnar structure for those films. For the non-reactively sputtered MoO: film, re-
nucleation has taken place at ~50% of the coating thickness.

Decreasing film thickness lowers the grade of crystallinity for both reactively and non-
reactively sputtered specimens. The influence is stronger on the films sputtered from the
compound targets as they are completely amorphous. In contrast, the thinner reactively
deposited specimens still reveal the dominant (110) peak of the orthorhombic MoOs3
phase. The benefit of substrate heating and substrate bias regarding crystallisation in the
case of the reactively deposited films is evident. The transparency increases with
decreasing film thickness, but the films synthesised using the MoO2 and MoOx targets still
appear opaque and dark. The electrical resistivity is not influenced by the coating
thickness, except of the film sputtered from the MoO: target. The residual stress
measurements reveal ambiguous results. For the reactively sputtered films the stress
level slightly increases, while the non-reactively obtained specimens show huge stress

relaxation.

5.2 Outlook

In summary, the Mo-O system has the potential to present a promising alternative for
currently used materials in TFT-LCDs. Taking a look at the obtained results, there are a
few issues that need further clarification. The presence of an oxygen containing Mo
phase within the reactively sputtered series seems plausible with respect to the
interpreted X-ray diffractograms and the resulting material properties, but further
investigations, such as X-ray photoelectron spectroscopy, may help clarifying the
presence of such a phase. The mechanical properties need further investigations as well,
since it is not clear how far the properties are actually related to the phases themselves,
or rather to the densities of defects, crystal orientations or grades of crystallinity. In order
to gain a better understanding of the films grown from the molybdenum oxide targets, it
is evident that more deposition experiments are required. Within this thesis, only a first
insight can be given to the non-reactively deposited films. Therefore, sputter deposition
of a series of oxide targets of different compositions will be necessary. It might be
advantageous, if substrate heating and substrate bias are applied as well in order

to increase the crystallinity of the deposited films and, thus, to allow a more precise
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study of the resulting material properties. The obtained results within this thesis for the
as-deposited reactively and non-reactively synthesised molybdenum oxide films can

serve as a basis and starting point for future investigations.
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Abbreviations

ABBREVIATIONS
AMLCD Active Matrix Liquid Crystal Display
AC Alternating Current
bcc Body-Centred Cubic
DC Direct Current
EDS Energy Dispersive X-Ray Spectroscopy
fcc Face-Centred Cubic
ICDD International Centre for Diffraction Data
ITO Tin doped Indium Oxide
m Monoclinic
0 Orthorhombic
PDA Personal Digital Assistant
PVD Physical Vapour Deposition
RF Radio Frequency
SEM Scanning Electron Microscopy
TCO Transparent Conductive Oxide
TFT Thin Film Transistor
WDS Wavelength Dispersive X-Ray Spectroscopy
XRD X-Ray Diffraction
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