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KURZFASSUNG

Die Entwicklung von optoelektronischen Bauelementen der nidchsten Generation wie So-
larzellen und Leuchtdioden (OLEDs) beinhaltet deren Ubertragung auf flexible Substrate
fiir eine kostengtinstige, industrielle Herstellung sowie fiir neuartige flexible Anwen-
dungen, die leichte, biegsame Losungen fiir die Energie- oder Lichterzeugung bieten.
Zu den grofiten Herausforderungen gehoren die Suche nach geeigneten Materialien
und Bauteilen, die vielen Biegezyklen standhalten, aber auch die Senkung der Verar-
beitungstemperaturen unter ~100°C da die meisten flexiblen Substrate keine hoheren
Temperaturen vertragen.

Diese Anforderungen haben die Suche nach hochflexiblen transparenten Elektroden
vorangetrieben. Trotz der Knappheit von Indium ist der derzeitige kommerzielle Stan-
dard fiir transparente Elektroden Indium-Zinn-Oxid (ITO), das auf Glassubstraten einen
niedrigen Flichenwiderstand und eine hohe Transparenz aufweist. Bei der Ubertragung
auf flexible Substrate verringert sich jedoch die Transparenz und Leitfdhigkeit aufgrund
der niedrigeren Verarbeitungstemperaturen, und die Elektrode versagt aufgrund der

Sprodigkeit des Materials schnell unter Biegebeanspruchung.

In dieser Arbeit werden drei Metalloxide fiir den Einsatz in flexiblen transparenten
Elektroden untersucht. Die diinnen Oxidschichten werden durch Magnetronsputtern
abgeschieden, einer kontrollierbaren Herstellungstechnik, die mit industriellen Produk-
tionsstandards und den Anforderungen flexibler Substrate kompatibel ist. Die einzelnen
Oxidschichten werden fiir Oxid/Metall/Oxid (DMD) Schichtmaterialien optimiert und
bieten hohe Transparenz im sichtbaren Spektrum durch destruktive Interferenz des re-
flektierten Lichts und gute elektrische Leitfdhigkeit durch die diinne Metallschicht.

Bei den untersuchten Oxiden handelt es sich um Molybdédnoxid (MoOy), ein gemischtes
Molybdén-Titanoxid (MTO) und niob-dotiertes Titanoxid (TNO). Sie werden auf starren
(Glas) und flexiblen (PET) Substraten abgeschieden und hinsichtlich ihrer Transmission im
Sichtbaren, ihres elektrischen Schichtwiderstands sowie ihrer mechanischen und chemis-
chen Stabilitdt charakterisiert. Vor allem auf PET zeigen die DMD-Elektroden eine bessere
Leistung (unter Beriicksichtigung ihrer Transparenz und ihres Schichtwiderstands) als
kommerzielle ITO-Elektroden. Dartiber hinaus weisen die DMD-Elektroden eine deut-
lich hohere mechanische Stabilitidt bei Biegetests auf, da der relative Widerstand nach
mehreren tausend Biegezyklen nur um einen Faktor 3 ansteigt, wihrend die kommerzielle
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KURZFASSUNG

ITO-Elektrode bereits nach einigen hundert Biegungszyklen einen Anstieg des relativen
Widerstands auf das Tausendfache erfihrt.

Hinsichtlich der chemischen Stabilitdt wird festgestellt, dass das gesputterte MoOy in
flisssigem Wasser und in feuchten Umgebungsbedingungen extrem instabil ist, was zur
Auflosung der Schicht und zur Verdnderung der Materialeigenschaften fiihrt. Im Gegen-
satz dazu wird das MoO3 in MTO durch das Titan stabilisiert, wodurch die Reaktions-

und Auflosungsraten in Feuchtigkeit bzw. Wasser verringert werden.

Da MoOy und TiO; bereits als geeignete Materialien fiir Loch-/ Elektronen-Transport-
schichten in Solarzellen und LEDs bekannt sind, bestand die Idee darin, diese Materialien
so einzusetzen, dass sie gleichzeitig als transparente Elektrode und Ladungstransportkom-
ponente fungieren kdnnen. Zu diesem Zweck werden die entwickelten DMD-Elektroden
in Prototypen von Perowskit-Solarzellen und organischen LEDs eingesetzt. Obwohl
die Charakterisierung der Zellen darauf hindeutet, dass der direkte Ladungstransport
durch Grenzflichendefekte im Oxid behindert wird, liefert die Leistung der DMDs in
Kombination mit herkémmlichen Ladungstransportschichten vielversprechende Ergeb-
nisse und die Materialien zeigen so ihr Potenzial als transparente Elektroden fiir flexible

Bauelemente.
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ABSTRACT

The development of next-generation optoelectronic devices like solar cells and organic
light-emitting diodes (OLEDs) involves their transfer onto flexible substrates for low-cost
industrial fabrication as well as for novel flexible applications, offering light-weight,
bendable solutions for energy or light generation. The main challenges include the search
for suitable materials and device components that can withstand many bending cycles but
also the reduction of processing temperatures below ~100°C since most flexible substrates
do not tolerate higher temperatures.

These requirements have driven the search for highly flexible transparent electrodes.
Despite the scarcity of indium, the current commercial standard for transparent electrodes
is indium-tin-oxide (ITO), which provides low resistivity and high transparency on glass
substrates. However, when transferred to flexible substrates, the general performance is
decreased because of lower processing temperatures and the electrode quickly fails under

bending due to the intrinsic brittleness of the material.

In this thesis three metal oxides are investigated for the use in flexible transparent elec-
trodes. Thin oxide films are deposited via magnetron sputtering at room temperature
providing a controllable fabrication technique that is compatible with industrial produc-
tion standards and the requirements of flexible substrates. The single oxide layers are
optimized for dielectric/metal/dielectric (DMD) stacks, providing visible transparency
through destructive interference of the reflected light and good electrical conductivity
through the thin metal layer.

The studied oxides comprise molybdenum oxide (MoOy), a mixed molybdenum titanium
oxide (MTO) and niobium-doped titanium oxide (TNO). They are deposited on rigid
(glass) and flexible (PET) substrates and characterized in terms of visible transmittance,
electrical sheet resistance as well as mechanical and chemical stability. Especially on
PET, the DMD electrodes show higher figure of merit (taking their transparency and
sheet resistance into account) than the commercial ITO. Moreover, the DMD electrodes
show significantly higher mechanical stability under bending, resulting in an increase of
relative resistance below 3 after several thousand bending cycles, where the commercial
ITO electrode showed detrimental failure with an increase above 1000.

Concerning the chemical stability it is found that the sputtered MoOy is extremely un-
stable in liquid water and humid conditions, leading to disintegration of the layer and

X1
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ABSTRACT

changes of material properties. In contrast, in MTO the MoQg3 is stabilized by the presence
of titanium, lowering the reaction and dissolution rate in humidity and water, respectively.

Finally, since MoOy and TiO; are already known as suitable materials for hole/electron
transport layers in solar cells and LEDs, the idea was to use these materials such that
they can simultaneously act as transparent electrode and charge transport component. To
this end, the developed DMD electrodes are implemented in prototype perovskite solar
cells and organic LEDs. Although the device characterization suggests that direct charge
transport is inhibited by interfacial defects in the oxide, the performance of the DMDs in
combination with traditional charge transport layers yields promising results showing

their potential as transparent electrodes for flexible devices.
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INTRODUCTION

1.1 MOTIVATION

The issue of climate and energy crisis has become an omnipresent topic, which influences
our daily life and every-day decisions. Whether it concerns the general reduction of
energy and resource consumption, the transition to renewable energy sources or avoiding
the use of critical materials in our electronic products, the wide set of challenges on the
way towards a more sustainable future is known to everyone by this time. The urgency
and importance of these issues motivated the work behind this thesis. Without going into
further details, it is implied that the search for sustainable and low-cost energy sources
and efficient electronics contributes to tackling the aforementioned challenges and that it
has driven the research on next-generation solar cells and organic light-emitting diodes
(OLEDs), which are investigated in this thesis.

Both, solar cells and OLEDs, are based on semiconductor materials connected with two
electrodes. In fact, they have very similar stack architectures but operate in opposite direc-
tion: while a solar cell absorbs light to generate electrical current, an OLED uses electrical
current to emit light. Their basic device structure is, however, the same: a p-n or a p-i-n
junction. In a solar cell, photogenerated charges (electrons and holes) are separated at
the junction and subsequently extracted at the respective electrode, whereas in the OLED
case, electrons and holes are injected from the electrodes, recombine and, as a result, light
is emitted. The more efficient these charges are transported across the junction, the more
efficient the device will operate. Finding compatible materials that have suitable electronic
and optical properties to achieve efficient light absorption/emission and charge extrac-
tion/injection has been the core of recent developments in optoelectronics. Additional
challenges comprise compatibility with flexible substrates and large-scale fabrication
techniques, e.g., roll-to-roll production, which mainly constrain the device thickness and
processing temperatures [1, 2]. Besides the demands for industrial production, flexible
substrates and devices also offer new opportunities in terms of device operation and
integration. Being light-weight, cost-effective and possibly even semitransparent, flexible
solar cells could be more easily incorporated in facades, foils and fabrics. This way, new

and large areas would become available for photovoltaic energy generation (e.g., building-
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INTRODUCTION

or device-integrated photovoltaics, smart windows, and space applications).

This has led to third generation optoelectronic devices including organic or hybrid per-
ovskite solar cells and LEDs [3, 4, 5, 6] which are based on solution-processable thin films
as active material. With only a few hundred nanometers of thickness, they are compatible
with the demands for flexible applications and have achieved promising device efficiencies
already in the early stages [7], continuously reporting record efficiencies (currently at
25.5% [8]) since then. However, there are some challenges that still have to be resolved
before their commercialisation. This mainly concerns stability issues of the active material
itself [9, 10] as well as of the adjacent charge transport layers but also the replacement
of scarce or brittle materials such as indium oxide [11]. Since the devices are layered
stacks consisting of different materials, there are many possibilities for innovation and

optimization.

1.2 WORKING PRINCIPLE OF SOLAR CELLS AND OLEDS

For the conversion of light into electricity, firstly, light has to be absorbed in the solar cell.
This occurs when the band gap energy of the semiconducting absorber material is equal
or smaller than the energy of the incoming photon. Given the solar spectrum, with its
maximal intensity in the visible wavelength range, a suitable band gap (< 2€V) is the main
energetic restriction for an efficient absorber material. If this is the case, the incoming
photon can excite an electron from the valence band to the conduction band, creating
an electron-hole pair. In the following, it is essential to separate the electrons from the
holes before they recombine. This separation is achieved by combining a p-type and an
n-type semiconductor, forming a p-n junction. The carrier concentration gradient in the
depletion region creates an electric field which counteracts the diffusion of charges across
the junction. When an electron-hole pair is created, the charges are ideally swept across
the p-n junction before they can recombine. Successfully separated charges can then be
collected by the opposite electrodes. For an efficient charge separation and collection,
the energy band alignment of the p-type and n-type semiconductor interface and of the
adjacent electrodes is essential.

To determine the efficiency of a photovoltaic device, we want to evaluate how much of
the incoming light is converted into electrical energy. To this end, a bias is applied to
the solar cell and the current-voltage (IV) curves are analysed in dark and illuminated
conditions. From these IV-curves, the most important parameters can be derived, such
as the open-circuit voltage (Vc), the short-circuit current (Isc) and the maximum power
point (MPP), as illustrated in Figure 1.1. The fill factor (FF), which is derived from these
parameters, is a key measure for the deviation from the ideal diode behavior, mainly

caused by parasitic resistances, namely the series and shunt resistance, Rg and Rsh. The
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1.2 WORKING PRINCIPLE OF SOLAR CELLS AND OLEDS
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Figure 1.1: Schematic IV-curves of a solar cell in dark and illuminated conditions, including the
most essential solar cell parameters.

series resistance originates from ohmic resistances of each material and their contacts,
whereas the shunt resistance is caused by manufacturing defects, allowing the light-
induced current to bypass the diode. To avoid a reduction of the fill factor, a small series
resistance is required, while the shunt resistance should be as high as possible. Finally,

the solar cell efficiency # is determined as:

_ Isc-Voc-FF

where P;, is the input power of the incident light, standardized to 1000 W/m?2.

The emerging thin film photovoltaic devices based on organic or perovskite absorbers
are better described as p-i-n junctions, where the i’ refers to an undoped ('intrinsic’)
semiconductor layer which is sandwiched between a p-type and an n-type material. When
in contact, the Fermi levels of the p-i-n layer align, causing a shift in the energy levels that

promotes charge separation.

Similarly, organic LEDs (OLEDs) also consist of a p-i-n structure, where the lowest un-
occupied molecular orbital (LUMO) of the intrinsic semiconductor is aligned with the
n-type layer/cathode and the highest occupied molecular orbital (HOMO) is aligned
with the p-type layer/anode. But instead of collecting the charges created by light, the
charge carriers are injected into the active layer, where they can recombine to emit light.
Here, the band gap energy determines the wavelength, i.e., the colour of the emitted
light. To analyse the performance of OLEDs, not only the IV-curves are measured to

characterize their electrical behaviour, but also the luminance is acquired to determine
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INTRODUCTION

the amount of light that is emitted. The luminance introduces another key parameter for
OLED performance: the turn-on voltage, i.e., the applied bias necessary to overcome a
certain luminance threshold (in this thesis 1 cd/m?). The smaller the turn-on voltage, the
smoother the energy band alignment of the different layers and the more efficient the
charge carrier injection. The efficiency of an OLED will be reported as current efficacy;,
obtained by dividing the luminance by the current density, yielding a measure of how

much light is emitted per input current.

1.3 THE ROLE OF TRANSITION METAL OXIDES IN OPTOELECTRONICS
1.3.1  General electronic structure

The use of transition metal oxides (TMOs) in (opto)electronics stems predominantly from
their particular electronic structure. Due to the ionic character of oxides, the total density
of states can often be separated in contributions from the O 2p and the metal d orbitals.
Although a detailed understanding of the energy bands requires the computation of
orbital hybridization, the general electronic features of most TMOs can be well described
by considering the d-band occupancy. The O 2p states are completely filled and form the
majority of the valence band, while the conduction band has mainly d band character.
The occupancy of d bands can be related to the average oxidation state and determines
the electronic character of the oxide, as presented in Figure 1.2. TMOs with totally empty
d bands are insulators, which is the case for the completely stoichiometric oxides, e.g.
TiOz p MOO3 ’ WOg.

i) Class 1: i) Class 1a: iii) Class 2: iv) Class 3: v) Class 4.

Empty d-bands Empty d-bands, Partial filled d-band, Partial filled d-band, Full d-bands
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Figure 1.2: Schematic energy band diagrams of various transition metal oxides, reproduced with
permission (8.2) from [12].
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1.3 THE ROLE OF TRANSITION METAL OXIDES IN OPTOELECTRONICS

However, they have a natural tendency to form an oxygen deficiency, making them
primarily n-type materials. With increasing oxygen deficiency, a defect state is formed
within the band gap, arising from a shallow filling of metal d states (TiO,_x, MoOs3_y) and
making them semiconducting. When the d states are partially occupied, the electronic
structure becomes metallic or semi-metallic, being the case for e.g. TiO, M0oO,, WOx.
When the number of electrons in the d bands becomes larger, the electronic properties are
determined by electron-electron interactions, yielding Mott-Hubbard insulators (e.g. NiO,
CuO) [12].

1.3.2 Energqy level alignment and the importance of the work function

For devices like solar cells, thin film transistors or organic LEDs to operate efficiently,
the energetic barrier for charge extraction/injection between the electrode and the active
material needs to be as small as possible. To achieve close alignment of the respective
energy levels, thin oxide buffer layers are often introduced to facilitate the charge transfer
across the interfaces. Because of the broad diversity in electronic properties of TMOs, they
are particularly versatile buffer layers for all types of electrodes. The decisive parameter
for energy alignment is the oxide’s work function [13]. Metal oxides with high work
function are used as hole transport material for anodes, including for instance MoOj3,
WOj3; and NiO. The low-work-function TMOs on the other hand are used as electron
transport buffer layers at the cathode, predominantly TiO, and ZnO [14, 12].

1.3.3 Oxide layer fabrication by sputter deposition

Metal oxides can be deposited using various vapour- and solution-phase techniques,
each having their advantages in terms of controllability, scalability and costs [15]. One
common technique for depositing (semi)conducting metal oxides is magnetron sputtering.
The main advantages include the possibility of film growth at room temperature, and a
precise control of film thickness and composition via the deposition parameters, such as
sputtering power and pressure.

To date, sputter deposition of oxide layers generally involves two of the following sput-
tering modes: reactive DC mode sputtering from a metallic target or RF sputtering from
an oxide target. While the latter enables direct sputtering of insulating materials in
their targeted composition, the former technique involves reaction processes at the target
surface, the gas phase and on the substrate surface [16]. During reactive sputtering,
oxygen is added to the process gas such that the metal atoms react with the oxygen and
an oxide film is formed. Although the specific reactions can be complex, the average
oxygen content in the film can be directly controlled via the oxygen partial pressure. Both
options usually lead to a decreased deposition rate, making the technique less appealing
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for industrial purposes, where high deposition rates of several nm/min are required, e.g.

for roll-to-roll manufacturing.

1.4 TRANSPARENT ELECTRODES

The efficient operation of optoelectronic devices like solar cells and OLEDs largely de-
pends on the performance of transparent electrodes. The challenge is to efficiently conduct
electrical current while transmitting as much light as possible. The most commonly ap-
plied transparent electrode is tin-doped indium oxide (ITO). Its wide band gap (>3.5eV),
high charge carrier density (~ 10?! cm®) and high mobility (~ 20 — 100 cm?/V/s) make it
a unique material for this purpose [17, 18]. However, due to the scarcity and high cost
of indium, other transparent conductive oxides have been explored to complement ITO
on the electronics market, the most popular being fluorine-doped tin oxide (FTO) and
Aluminium- or Gallium-doped zinc oxide (AZO, GZO) [17, 19, 20]. These oxides have
different electronic properties which is another point of consideration for the implementa-
tion in devices.

When aiming for flexible applications, these transparent conductive oxides have common
disadvantages: they are rather brittle, they require a certain thickness to achieve low
resistivity and, often, elevated deposition or annealing temperatures (<200°C) are involved
which damage most flexible substrates like Polyethylenterephthalat (PET), Polyethylen-
naphthalat (PEN), polycarbonate, or cellulose-based foils. Although flexible ITO electrodes
are commercially available, the performance of ITO on PET is drastically reduced as
compared to glass because of the omitted high-temperature processing, leading to higher
sheet resistance and lower average transmittance. Furthermore, due to the thickness of
hundreds of nanometers and the brittleness of the oxides, bending leads to the formation
of cracks which impede the flow of electrical current. Alternatives for flexible transparent
electrodes include metal networks and nanowires, carbon nanotubes and graphene, or
organic semiconductors like PEDOT:PSS [21, 22].

Another compelling solution that is sometimes overlooked is presented in the form of
oxide/metal/oxide triple layers [20]. In this case, a thin metal layer reduces the sheet
resistance and it preserves the conductivity under bending due to its intrinsically high
ductility. The transmittance can be maximized by choosing the oxide thicknesses such
that destructive interference of the reflected light is achieved (see Figure 1.3)[21]. To
this end, several configurations using ITO, AZO, GZO, FTO and many more have been

investigated [21, 20, 23].

Furthermore, as the metal interlayer yields very good lateral conductivity such that
the oxide layer does not have to be highly conductive itself, also non-conductive layers can
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Figure 1.3: Schematic representation of the internal reflections within an oxide/metal/oxide stack.
I is the incoming light, which is partially reflected (Rp) at the first interface. Another part is
transmitted but is again partially reflected at the oxide/metal interface and contributes to the
overall reflectance when passing the first interface as R;. The overall transmittance (Tq, T»,...) is
maximized by choosing the oxide thickness such that the reflected light Ry, Ry, Ry, ... interferes
destructively.

be used to form a dielectric/metal/dielectric (DMD) structure. This offers a much wider
range of materials to tailor the optical properties of the transparent electrode without
loss of conductivity. The early DMD structures have been studied for application as
transparent heat-mirrors using TiO, /Ag/TiO, stacks that show high reflectivity (<9o%) in
the near infra red while having high transmittance (>80%) in the visible regime [24]. Since
then, DMD structures have also been studied as transparent electrodes using various
high refractory metal oxides, mainly including transition metal oxides like ZnO, TiO,,
MoOs, WOs [25, 26, 27, 28, 29, 30, 31, 32]. This gives an additional advantage in terms
of device-specific design of the electrode. When using DMD electrodes as cathode, it is
beneficial to chose a dielectric with low work function, whereas for an anode, the work
function should be high to facilitate charge carrier transport. In this way, the transparent
electrode additionally undertakes the role of a charge transport layer, where the top

dielectric layer replaces the oxide buffer layer.

1.5 AIM AND STRUCTURE OF THE THESIS

In the present thesis, different transition metal oxides are investigated for the use in
DMD electrodes which simultaneously act as selective charge transport layers. More
specifically, the focus lies on abundant transition metal oxides that have the potential to
make transparent electrodes a more sustainable component for optoelectronic devices
in terms of material criticality and production costs, and ideally increase the device
efficiency by suitable energy band alignment. In chapters 2, 3, and 5 the properties
of the sputtered oxide layers are characterized and optimized for the use in the DMD

7
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transparent electrodes. The objective is to use sputter deposition at room temperature
and at high deposition rates to ensure compatibility with flexible (plastic) substrates and
industrial large-scale fabrication. With this, it is intended to develop a viable alternative
to the commercial ITO. Chapter 4 focuses on the stability of the TMO layers in humidity
and water. The surface reactions with water influence not only the durability for further
processing and long-term reliability but also important electronic properties like the
oxide’s work function. This can have an impact on the applicability in optoelectronic
devices. The implementation of the DMD electrodes in flexible perovskite solar cells and
organic LEDs is finally shown in chapter 6. The experimental details, used methods and

materials are all summarized in the Appendix 8.1.
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Partial results of the work presented in this chapter have been published in:

Goetz, S. et al. Fast sputter deposition of MoOy/metal/MoO, transparent electrodes on glass and
PET substrates. Journal of Materials Science 56, 9047—9064 (2021). [33], reproduced under the
corresponding copyright agreement (8.2).

Molybdenum oxides comprise a large family of materials with different stoichiome-
tries and corresponding properties. Depending on the oxygen deficiency, there exists
a range from stoichiometric MoO3 (with Mo®" oxidation state), to MoO, (with Mo*"
oxidation state). While MoQO3 is an n-type semiconductor with wide band gap (~3¢€V),
MoO; is reported to have significantly lower band gap or (semi-)metallic properties
[34, 35, 36]. In between these stoichiometries, oxygen-deficient oxides, such as MogO»g,
Mo130s5;2 or Mo4Oq1, have an average oxidation state between 6+ and 4+. As the oxygen
deficiency increases, the band gap is lowered and states are induced within the band
gap, which leads to broad optical absorption around goonm and changes the visual
appearance of the oxide from transparent (MoQO3) to blue (MoO3_«) [36, 37]. In MoOs the
valence band consists mainly of O 2p orbitals while the conduction band is dominated
by the empty Mo 4d orbitals. As oxygen is removed, the Mo 44 states are partially occu-
pied and the increasing amount of metallic Mo-Mo bonds finally leads to the predicted
metallic behaviour of MoO; [38]. The electronic band structure gives MoOj3 its high work
function (between 4.7 and 6.9eV [14, 39, 40]), making it a compelling hole-extraction or
hole-injection layer in solar cells and organic LEDs [41]. This wide range in the reported
work function values is mainly caused by surface reactions with water, when MoOs is
exposed to ambient conditions [42, 40]. As will be discussed in more detail in Chapter 4,
MoO; has a high affinity to react with humidity, leading to larger variations in the work
functions. Furthermore, variations in the oxidation state as well as in the crystal structure
also lead to different work function values [39].

The most stable crystal phase of stoichiometric MoO3 is the orthorhombic a-phase, which
is characterized by a stratified (two dimensional) morphology. This is composed of double
layer sheets of distorted MoOg octahedra, held together in the vertical direction by weak
Van der Waals forces [43]. The MoOg building block is common even for amorphous
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MoOy (having a local coordination, without the long-range order), where the octahedra
are connected via vertices instead of edges [40].

In this chapter, sputtered MoOs layers are investigated. With a properly engineered MoOy
target, providing high electrical conductivity and compactness, it was possible to deposit
all layers in direct current (DC) magnetron sputtering mode, leading to high deposition
rates for MoOs, which are compatible with industrial scale production. MoOs-based
dielectric/metal/dielectric (DMD) transparent electrodes are demonstrated on glass and
PET substrates, where the latter shows a higher figure of merit than the reported evapo-

rated electrodes in the literature.

2.1 CHARACTERIZATION OF MOLYBDENUM OXIDE THIN FILMS
2.1.1  DC magnetron sputtering of MoOy

This section includes additional data that has not been published in [33].

A suboxide MoQO,; target (10.16 cm in diameter) was specially designed by mixing
MoO; and MoO3; powders as starting material, which were then hot-pressed in a graphite
mold. The target was finally machined and bonded onto a copper back plate, as shown in
Figure 2.1 (a). This target was used to prepare MoOj thin films (with x < 3). The electrical
conductivity of the target is above 10*S/m, which enables operation in DC magnetron
sputtering mode, leading to high deposition rates that are compatible with industrial
fabrication. Unless stated otherwise, a sputtering power of of 163 W (corresponding to
a power density of 2W/cm?) is applied for the deposition, yielding sufficiently high
deposition rates without jeopardizing the lifetime of the target. As comparison, for typical
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Figure 2.1: (a) Photograph of the MoO; 7 target with the copper back plate. (b) Sputter deposition
rates as a function of sputtering power at different oxygen contents.
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2.1 CHARACTERIZATION OF MOLYBDENUM OXIDE THIN FILMS

Figure 2.2: (a) Sputter deposition rate as a function of oxygen content. The inset shows a
photograph of 50nm thick films sputtered with different oxygen content. (b) Transmittance and
reflectance spectra of sonm thick films sputtered with o, 4, 6.6, 10 and 20% O,. (c) Refractive
index n and extinction coefficient k of o, 4 and 6.6% O, samples.

RF sputtering from an insulating MoOj target sputtering rates of 1.6 - 4.7nm/min are

reported for the same power density of 2 W/cm? [44].

Without the addition of oxygen to the process gas, deposition rates of 45 nm/min (see
Figure 2.1 (a)) are achieved. However, in this conditions the sputtered film visually appear
dark grey, suggesting increased light absorption and a lack of oxygen. Therefore, in order
to obtain transparent films, oxygen is added to the process gas. As the deposition rate
generally decreases with increasing content of reactive gas (see Figure 2.2 (a)), only the
minimal amount of oxygen is added that can be technically realised with the sputter
system (6.6% O»). This results in a deposition rate of 31 nm/min, yielding a transparent
layer. In fact, it was found that a higher oxygen content in the plasma of 10% and 20%
O,, respectively, does not further increase the transparency of the layer (see Figure 2.2
(b)). However, without sufficient purging of the gas lines or pre-sputtering of the target, a
sample with intermediate oxygen content between 0% and 6.6% was obtained (denoted
as 4% O,), which is interesting to study in terms of the dependence of optical properties
on the oxygen content. Figure 2.2 (b) shows a gradual decrease in transmittance of 50nm
thick films with decreasing oxygen content. The 4% sample demonstrates the impact of
oxygen vacancies which generate a broad absorption around goonm ([37]). It should be
noted at this point, that the small difference between the 10% and 20% is also attributed
to a small lack of oxygen due to the sputtering history, leading to an accumulation of

reduced Mo on the target surface.

The increased optical absorption is also confirmed when calculating the refractive index
using a TMM algorithm 8.1.3. The result is shown in Figure 2.2 (c). While the imaginary
part of the refractive index, k, is negligible for the 6.6% sample, it increases when oxygen
is removed from the system. Firstly, a maximum around goonm is observed for the 4%
sample, which indicates the formation of a defect band around 1.5¢€V, related to electrons

trapped in oxygen vacancies (also visible in the absorption coefficient &, shown in Figure

11
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Figure 2.3: The absorption coefficient & for samples sputtered with o, 4 and 6.6% O, as a function
of the photon energy

2.3) [45, 46]. The lower oxygen content leads to reduced oxidation states of Mo (Mo™* and
Mo™°) which serve as acceptor states. The absorption processes are then associated with
a charge transfer from lower to higher Mo oxidation states [37]. A further lack of oxygen
(as in the 0% sample) leads to an increase in optical absorption and a broadening over the
whole visible range as metallic Mo-Mo bonds are formed and an increased number of
electrons occupy the d-d bands [34].

The optical band gap is extracted from the optical spectra using the Tauc method (8.1.4).
Assuming an indirect band gap, the reactively sputtered films yield similar values of
2.93, 2.95, 3.01 and 3.0eV for 4, 6.6, 10, 20% O», respectively. Only the non-reactively
sputtered layer (i.e. 0% O,) shows a significantly reduced band gap of 2.53 eV. An error of
approx. 0.02eV can be assumed depending on the fitting range in the linear Tauc fit. All
values agree well with the reported values in the literature ranging from 2.4eV to 3.5¢€V,

sensitively depending on the oxygen content [43, 47, 14, 48].

Furthermore, the electrical resistivity is obtained from linear current-voltage curves after
sputtering Au contacts for an in-line 4-wire resistivity set-up. The measurements confirm
the more metallic nature of non-reactively sputtered, suboxidic films yielding a resistivity
of 30)-cm for a 100nm thick film. For comparison, the resistivity of a reactively sputtered
film with the same thickness is 350 (2-cm. These resistivity values agree with the values in
the literature ([45, 34]) and are consistent with the observation that the electrical resistance
decreases when oxygen is withdrawn from the system. As the d-d bands are partially

filled, the Fermi level shifts to higher energies, leading to an increased conductivity.
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2.1 CHARACTERIZATION OF MOLYBDENUM OXIDE THIN FILMS

2.1.2  Crystal structure and annealing effects

The following section is additional data which has not been published elsewhere

All sputtered MoOy layers are amorphous without any additional heat treatment. The
XRD patterns show no refraction peaks, irrespective of the oxygen content or the film
thickness, as shown in Figure 2.4 (a). The SEM cross-sections in Figure 2.4 (b) confirm
the amorphous nature of the thicker films, where no intrinsic nanostructure is visible.
The non-reactively sputtered film (0% O,) appears very dense and shows a 5-1onm thin
top layer with slightly darker contrast. This may be related to a top layer with a higher

degree of oxidation due air exposure.

When exposing the films to elevated temperatures (e.g. on a hot plate), they start to
crystallise. For s5onm thin films, first peaks arise in the XRD pattern (not shown) at a
temperature of 300°C and small crystallites start to form. However, the diffraction peaks
are rather small and obscure. Thus, further annealing is performed with 300-400 nm
thick films at 350°C for 2 hours in air. As shown in Figure 2.5 (a), distinct reflections
are detected after the annealing. The most pronounced reflections correspond to the
orthorhombic MoOj3 phase (COD-1011043). Interestingly, there is a strong preference
in the (0n0) direction, where 7 is an even number, i.e. the (020) at 12.70° (040) at
25.56°and (060) at 38.76°. Additionally, there are some smaller peaks which can not be
assigned to any MoOy phase. Instead, they agree best with a Sodium Molybdenum Oxide,
Nag(Mo0190O33) (COD-1534417). This means, that during the annealing process, Na diffuses
from the glass substrate to the MoOs film where it reacts and forms a composite crystal
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Figure 2.4: (a) XRD diffractogram of as-deposited, amorphous films on glass. (b) SEM cross
section images of 300 nm thick films sputtered with (bottom) and without oxygen (top).
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Figure 2.5: (a) XRD measurement of 300 nm thick films after annealing for 2 hours at 350°C in air.
(b) Tauc plots for indirect transitions of the annealed and as-deposited films. (c) Corresponding
SEM images of the annealed films.

phase. Similarly, this Nag(Mo19O33) phase even dominates the XRD pattern of annealed,
sonm thin MoOj3 films, because it is easier to diffuse through a thin MoOj3 layer. EDX
measurements confirm the agglomeration of Na- and Mo-rich crystallites in the annealed
samples.

Figure 2.5 (c) shows the Tauc plots before and after the annealing of 300 nm thick MoOy
films. For the non-reactively sputtered films, the band gap increases from 2.4 €V to 2.8 eV.
As the annealing is performed in air, additional oxygen is incorporated in the film, nar-
rowing the defect band and reducing the absorption. Similarly, for the reactively sputtered
film, the band gap increases from 2.9€eV to 3.0€eV after the annealing. In this case, the
films becomes fully stoichiometric MoOj3 as the defect band around 1.5eV vanishes due

to the filling of oxygen vacancies which are still present in the as deposited sample.

2.2 TRANSPARENT ELECTRODES BASED ON MOLYBDENUM OXIDE
2.2.1  DMD electrode architecture

With MoOj3 being a known hole transport/injection layer in solar cells and organic LEDs,
its implementation as the dielectric layer in dielectric/metal/dielectric (DMD) electrodes
could combine the functionality of a transparent electrode and a hole-selective layer.

For the reported DMD electrodes, the MoO3/metal /MoOj architecture is realized with
Ag and Au as metal layer. While Ag is the metal of choice concerning low optical losses
and lower cost, its lower stability and tendency to react may in turn favour Au as metal
layer. When using Ag in the MoOg3-based DMD electrode, the Ag film is oxidized during
the reactive sputtering of the top MoQOs layer, leading to detrimental losses of the elec-
trode’s conductivity. Therefore, a work around has been implemented, as depicted in
Figure 2.6(a), introducing an additional layer of MoOy sputtered without oxygen, D,. This
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Figure 2.6: Schematic representation of the DMD electrode architecture using (a) Ag (where an
interfacial layer D, is sputtered without O,) and (b) Au as metal layer. (c),(d) TMM simulations
where the average optical transmittance (400-700 nm) is calculated for different top and bottom
MoOx layer thicknesses with Ag and Au as metal layer, respectively.

interfacial layer has to be chosen in a way that minimizes optical losses, but sufficiently
protects the underlying Ag from oxidation during the reactive deposition of the top MoO3
layer, Ds. Since it was found that the transmittance of non-reactively sputtered MoOy
increases as the sputter power is decreased, the intermediate layer D, is deposited at low
power (21 W) to keep the optical losses to a minimum. As a result, the thickness of D,
is chosen at 10nm yielding sufficient protection of the Ag layer without compromising
the transparency. When using Au as metal layer, no protective interfacial layer is needed.
This simplifies the electrode architecture and, thus, reduces the deposition time 2.6 (b).

In order to determine the layer thicknesses which maximize the visible transmittance
of the DMD electrode, TMM simulations (8.1.3) are performed. The refractive index of
the metal layer is taken from literature and the thickness is set to 14nm for Ag and to
1onm for Au. The interfacial layer for the case of Ag is omitted for simplicity, assuming a
homogeneous top MoOjs layer in all cases. The refractive index is from 2.2 and the top
and bottom MoQj thickness is varied from o to 100 nm. The results are shown in 2.6 (c-d),

yielding a broad window where the average transmittance is maximized (dark red region).

As next step, the DMD electrodes were experimentally realized with the aim to obtain an
optimum trade-off between high optical transmittance and low sheet resistance. Figures
2.7 (a) and (b) show the transmittance spectra and the sheet resistance (R;) values for
Di(45nm)/Ag(t)/D2(10nm)/D3(35 nm) electrodes, with t=10,11,12,14nm on the glass
and PET substrates, respectively. Sheet resistance values range from 14-5()/sq, decreasing

15
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Figure 2.7: Average visible transmittance (in solid black squares) and figure of merit (in open blue
squares) versus metal thickness for (a) electrodes with Ag on glass, (b) electrodes with Ag on
PET, (c) electrodes with Au on glass, and (d) electrodes with Au on PET. (b) and (d) also include
dashed blue lines showing the figure of merit for the two commercial PET/ITO electrodes (ITO_6o
and ITO_21).

with increasing Ag thickness, as expected. Likewise, Figures 2.7 (c) and (d) show the
spectra and sheet resistance values for the D;(40nm)/Au(t)/ D3(40nm) electrodes, with
t=8,10,12 nm on glass and PET, respectively. Sheet resistance values range from 18-10()/sq,
again decreasing with increasing Au thickness.

Figures 2.7 (b) and (d) show spectra for two reference commercial ITO electrodes on
PET, one with 60()/sq (denoted at as ITO_60) and the other with 21 (/sq (denoted as
ITO_21) sheet resistance, for comparison. From the number of the interference fringes of
the transmittance spectra it is clear that the ITO film with the lower sheet resistance is
considerably thicker.

The average optical transmittance in the visible range 400-700nm, T,,, is calculated from
the optical spectra and summarized in Figure 2.8, together with the Haacke figure of
merit, ® = T)/R; [49]. The electrodes on glass with Ag(12) have lower figure of merit
(® = 0.0081 1) than the highest performing evaporated electrodes in the literature
with T, = 0.78, Ry = 7.22Q)/sq and ® = 0.0115 Q7! [50]. On the other hand, the
electrodes on PET with Ag(12), Ag(14) and Au(8) have higher ® value than both reference
ITO electrodes (ITO_60 and ITO_21). These electrodes have also a higher ® value
(0.0040,0.0057 and 0.0021 Q! respectively) than the best reported MoOx/Ag/MoOx
evaporated electrodes on PET [28] with a © = 0.0029 Q' (T, =0.72and Rs = 13Q)/ sq).
It is therefore demonstrated that the sputtered DMD electrodes not only are deposited
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Figure 2.8: Average visible transmittance (in solid black squares) and figure of merit (in open blue
squares) versus metal thickness for (a) electrodes with Ag on glass, (b) electrodes with Ag on
PET, (c) electrodes with Au on glass, and (d) electrodes with Au on PET. (b) and (d) also include
dashed blue lines showing the figure of merit for the two commercial PET/ITO electrodes (ITO_60
and ITO_21).

faster than the evaporated ones, but also show better performance, represented by the

higher figure of merit.

2.2.2  Surface morphology, electronic structure and composition

5 x 5um? AFM images of the MoOy/Ag/MoOy electrodes on glass and PET are presented
in Figure 2.9. The electrodes on glass show low root mean square (RMS) roughness of
2.0 £0.2nm (2.9 (b)). For comparison, the bare glass substrate has an RMS roughness
of 1.5+ 0.1nm (2.9 (a)). The surface roughness is much larger for the electrode on PET,
reaching an RMS value of 20.4 & 1.5nm (2.9 (d)), with 14.5 & 1.0nm the background
roughness of the bare PET substrate (2.9 (c)). This shows that the electrode roughness is
mostly determined by the background roughness of the substrate.

The XPS measurements of MoOy /metal/MoOy electrodes on glass and PET are shown
in Figure 2.10. The position of the Mo 3d peaks in Figure 2.10 (a) indicate that mainly
stoichiometric MoQs, i.e. oxidation state Mo®", is found on the surface. Figure 2.10
(c) focuses on the Ag 3d region, where a significant amount of Ag (Ag/Mo ratio of 2.7
at.%) is found on the electrode’s surface when PET is used as substrate. Interestingly, for
the same electrode on glass, much less Ag (Ag/Mo ratio of 0.5 at.%) is detected on the
surface while the DMD electrodes with Au show only molybdenum and oxygen on the
surface (Figure 2.10 (d)). This observation is attributed to the generally high migration
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Figure 2.9: AFM images of (a) bare glass, (b) MoO3/Ag/MoOj3 electrodes on glass, (c) bare PET,
and (d) MoO3z/Ag/MoOj3 electrodes on PET.
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Figure 2.10: XPS spectra of (a) Mo 3d, (b) O 1s, (c) Ag 3d, (d) Au 4f peaks of MoO3/metal/MoO3
electrodes on glass and PET as described in 2.2. (e) XPS spectrum in the Ag 3d region, where the
whole top MoOxy layer is sputtered non-reactively.
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Figure 2.11: UPS measurements of MoOy/metal/MoOx electrodes in (a) the valence band (VB)
and the (b) secondary electron cut-off (SECO) region.

potential of Ag, also reported by others [51]. As the Ag migration predominantly takes
place at the grain boundaries, the effect is more pronounced for electrodes on PET due
to the increased surface roughness compared to glass. More specifically, Ag ions are
generated through photoexcitation or energy transfer during sputtering and are then
drawn towards the surface by negatively charged oxygen species from the reactive plasma
during the deposition of the top MoOj layer. Indeed, when the whole top MoOy layer is
sputtered non-reactively, there is no Ag detected on the electrode’s surface, irrespective of
the substrate (Figure 2.10 (e)). However, humidity can also cause electrochemical reactions
within the grain boundaries that produce Ag ions which then diffuse to the surface [52].
So, when exposing the electrodes to ambient conditions, the Ag migration is fostered and

Ag can be found on the surface of all aged electrodes.

Figure 2.11 shows the UPS measurements of the MoO,/metal/MoOy electrodes. It is
noted at this point, that there is no difference in the results whether Ag or Au is used
as metal layer. The valence band maximum is found 2.9eV below the Fermi level (at
oeV in binding energy scale). From the secondary electron cut-off (SECO), displayed in
kinetic energy scale, the work function can be directly extracted, yielding 5.0eV. These
values agree with what has been reported in the literature for MoOy films (with x~ 3)
which were exposed to ambient air before the measurement [53, 54]. This is important to
note, as literature values for the work function of MoOy range from below 5eV to almost
7€V depending on the water adsorption and hydroxylation on the surface as well as film

stoichiometry and crystallisation [42, 41].

2.2.3 Mechanical, thermal and chemical stability

The mechanical stability of the DMD electrodes upon tensile stress is tested using a mo-
torized tension/compression test stand at a speed of 1 m/min. The sample is contacted
with Ag paste and Cu adhesive tape and the electrical resistance of the electrode was
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Figure 2.12: (a) Evolution of the relative resistance of MoOy/metal/MoOx electrodes on PET
as a function of bending cycles under tensile stress in comparison to commercial PET/ITO. (b)
SEM image of the ITO layer after 20 bending cycles and (c) SEM image of the DMD electrode
(MoOx/Ag/MoQOy) after 5200 cycles.

measured along the strain direction from one edge to the opposite edge of the sample in
the relaxed (unstrained) state (see in the inset of Figure 2.12 (a)). A bending radius of
r = 5mm is applied, yielding a strain of € = d/(2r), where d is the substrate thickness
[55]. For the 175 mm thick PET substrate, this gives a strain of € =1.75%. Figure 2.12
(a) shows the relative increase in resistance of the DMD electrodes in comparison to a
commercial PET/ITO electrode. While the ITO undergoes catastrophic failure after a few
bending cycles, the relative resistance of the DMD electrodes increases only to ~1.5 times
the initial value after more than 5000 bending cycles. The high mechanical stability of
the DMD electrodes is attributed to the ductility of the metal layer which maintains the
conductivity even when the dielectric layer develops cracks. Moreover, the cracks in the
MoO;3 layer (Figure 2.12 (c)) are restricted in length, being in the range of 2 to 1opm. In
contrast to that, the ITO layer develops large cracks across the whole sample (Figure 2.12

(b)), which soon impede the current flow.

The thermal stability of glass/MoO3/metal/MoOj3 electrodes was tested by annealing
experiments on a hotplate in ambient air as well as inside an N-filled glovebox. Using
Ag as metal layer, a different piece from the DMD stack is used for each annealing temper-
ature, ranging from 150 to 300°C. Each sample was ramped from room temperature to the
target temperature, where it remained for 30 min and then ramped back down to room
temperature. Figure 2.13 displays the evolution of the average visible transmittance and
the sheet resistance as a function of the annealing temperature for both cases. Annealing
in air leads to an increase of average transmittance until 250°C, followed by a significant
drop at 300°C. At 250°C, the sheet resistance increases from 6 to 11 ()/sq and reaches up
to 200()/sq at 300°C. These changes indicate firstly the removal of oxygen vacancies by
oxidation of the MoOy layer until the Ag layer begins to oxidize at temperatures above
250°C, which reduces the electrodes transparency and conductivity. In N, atmosphere on
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Figure 2.13: Average visible transmittance and sheet resistance of glass/MoOy4/Ag14/MoO19,30
electrodes as a function of annealing temperature after 30 min on a hotplate in ambient and N
(glove box) conditions.

the other hand, a gradual decrease of the average transmittance is observed, while the
sheet resistance practically remains constant. In this case, the oxidation of Ag is prevented
but leads to reduced transparency due to the reduction of the MoOx.

Finally, the chemical stability against common solvents used in perovskite and organic
solar cells and LEDs was tested. The DMD electrodes do not show any signs of elec-
trical or optical degradation after spin coating with DMF (dimethylformamide), DMSO
(dimethyl sulfoxide), chlorobenzene, chloroform and toluene (in the form of toluene-based
PEDOT:PSS formulation Clevios HTL Solar). However, it was observed that spin-coating
of water-based PEDOT:PSS (Clevios PH1000) leads to complete dissolution of the DMD
electrodes. In fact, it is found that any contact with water leads to an immediate dissolu-
tion of the sputtered MoOs. This effect is discussed in detail in Chapter 4.

2.3 SUMMARY

The chapter reported the properties of sputtered MoOy (x<3) thin films. High sputter
rates, up to gonm/min, could be achieved for a sub-oxidic MoO, 7 target under DC
magnetron sputter conditions. Transparent MoOy layers are obtained when reactive
sputtering (with 6.6% O) is used. In the case of non-reactive sputtering, the layers have
increased optical absorption in the whole visible wavelength regime. The indirect band
gap of the amorphous MoOjy layers is ~2.9 eV. Transparent electrodes are designed in the
form of MoOy/(Ag or Au)/MoOx stacks, yielding high optical transmittance and low
sheet resistance. To avoid the oxidation of Ag during the deposition, a protective MoOy
slayer, sputtered without oxygen, was introduced. On PET, the electrodes achieve a higher
figure-of-merit than similar evaporated electrodes or commercial PET/ITO electrodes.
In addition, they have a dramatically higher stability upon bending, compared to ITO.
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From XPS/UPS measurements a work function of 5eV is extracted for the air-exposed
MoOy-based electrodes. Interestingly, Ag is found to diffuse to the electrode surface,
especially in the case of electrodes on PET, when MoOy is deposited by reactive sputtering.
The diffusion of Ag is driven by negatively charged oxygen species and enhanced by the
roughness of the PET substrate.
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The majority of the results presented in this chapter have been published in:

Goetz, S. et al. Transparent electrodes based on molybdenum—titanium—oxide with increased water
stability for use as hole-transport/hole-injection components. Journal of Materials Science 57,
8752-8766 (2022). [56], reproduced under the corresponding copyright agreement (8.2).

Due to the high work function (> 5eV), MoO3 is widely used as hole-extraction/ hole-
injection layer between the photon absorber/ emitter layer and the electrode, thus enhanc-
ing the device efficiencies of solar cells and OLEDs [14, 40, 57, 58, 59]. In the previous
chapter, MoOs is employed in dielectric/metal/dielectric (DMD) structures which could
simultaneously serve as hole-transport/hole-injection layer and transparent electrode.
However, it was observed that poorly textured or amorphous MoOs layers are extremely
instable when exposed to ambient humidity and liquid water. Moreover, water exposure
has strong influence on important material properties, such as the electron energy levels
[60, 61, 62], due to surface hydration or hydroxylation. Over long exposure periods,
humid air leads to the gradual degradation of thin MoOj layers. Further, the contact
with liquid water leads to the complete and rapid dissolution of the amorphous MoOs
layer, making processing with water-based solutions impossible (2.2.3). One possibility
to stabilize the MoQOj3 in water is by crystallisation of the layers, since crystalline layers
are less prone to hydrolysis and subsequent dissolution [63, 64, 65]. However, crystalline
layers are mostly achieved by annealing at high temperatures (300°C and higher), which
is not compatible with flexible substrates like polyethylene terephthalate (PET). These
substrates are widely used in industrial manufacturing (also for roll-to-roll production)
and low-cost flexible devices, but are instable at temperatures higher than ~120°C.

In the current chapter the aim is to increase the water stability of sputtered, amorphous
MoO3 layers without applying high temperatures, but by alloying with another refrac-
tory metal oxide to reduce hydrolysis and dissolution, while maintaining the essential
electronic properties (i.e. wide band gap and high work function) of MoOs. To this end,
titanium oxide is introduced to form a mixed molybdenum-titanium-oxide compound
material (MTO). TiO; is known to be stable in water and in a wide pH range of aqueous
solutions [66]. Additionally, TiO; is also composed of octahedral TiO¢ building blocks,
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analogous to the building blocks of MoOj3 [40], which gives both oxides a d-band domi-
nated electronic band structure [12].

So far, composites of molybdenum and titanium oxide are reported in the form of crys-
talline nanomaterials, for different applications. In the field of water electrolysis, Kim et
al. [67] reported on oxide composites as support for Ir catalyst for the oxygen evolution
reaction, using varying Mo content (0-36 at% Mo) to enhance the electrical conductivity
of TiO,. Similarly, Chen et al. [68] studied Mo-doped TiO, nanoparticles to support Pt
catalysts for the hydrogen evolution reaction and improve the performance, as well as
the durability of the catalyst. In both studies, the added Mo yields stronger interaction
with the metal catalyst and, thus, reduces corrosion. TiO,-MoO3z composites have been
also investigated in the field of photoactive components and photovoltaic devices. Khan
et al. [69] presented TiO,-MoO3; nanocomposites (with max. 9% MoQOs) prepared by
laser ablation in water to adapt the properties of TiO; for more efficient photodegrada-
tion processes for photocatalysis and for photovoltaic devices, through the lowering of
the band gap and the reduction of carrier recombination. Khlyustova et al. [70] also
reported on MoOy-decorated TiOy and TiOx-decorated MoOy materials synthesized by
underwater plasma discharges and their beneficial influence on the photocurrent when
used as electron transport layers in dye-sensitized solar cells. Liu et al. [71] elaborated
on the photocatalytic activity of the composite heterostructures, synthesized from pre-
cursor suspensions, while Li et al. [72] observed promising photochromic properties of
hydrothermally-synthesized TiO,-MoOj3 core-shell nanomaterials.

In contrast to the aforementioned reports, the present work introduces for the first time
compact, amorphous thin layers, deposited by sputtering from a mixed molybdenum-
titanium-oxide compound target. The sub-oxidic composition of the sputter target allows
fast deposition in direct current (DC) magnetron mode, achieving high sputtering rates
that are relevant for industrial applications. The sputtered MTO layers are investigated in
terms of their optical and electronic properties and, most interestingly, show significantly
increased water stability as compared to amorphous MoOs layers, while maintaining
the favourable energy band characteristics of MoOs. This enables the exploitation of
MTO as hole-transport/hole-injection layer, especially in devices where processing with
water-based solutions is required. Furthermore, the paper introduces the use of MTO
layers for the design and realization of transparent dielectric/metal/dielectric (DMD)

electrodes on glass and PET substrates.
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3.1 CHARACTERIZATION OF MTO THIN FILMS

3.1.1  DC magnetron sputtering of MTO

The sputter target (10.16 cm in diameter) was made by mixing MoO; and TiO, powders
with a Mo:Ti ratio of 1:1 and a resulting oxygen content of 71 at.%. Similarly to MoOy
before, the target is designed with sufficiently high electrical conductivity to allow sputter-
ing in DC mode. This generally permits higher deposition rates as compared to typical RF
sputtering from oxide targets. Again a sputter power of 164 W (corresponding to a power
density of 2 W/cm?) is chosen, yielding significant deposition rates without compromising
the durability of the target due to excessive heating. More efficient target cooling would,
however, allow for higher power densities yielding even higher deposition rates.

Analogously to MoOg3, highest deposition rates (20 nm/min) are achieved without adding
oxygen to the process gas, yielding, however, optically absorbing films with dark grey
appearance (see Figure 3.1 (a)). Adding oxygen to the sputter process results in transpar-
ent layers but leads to a reduction of the deposition rate with increasing O, content. The
minimal amount of oxygen that can be realised with the given sputtering system (6.6%
0,) is sufficient to achieve highly transparent layers and still yields a deposition rate of
17nm/min. Further addition of oxygen does not increase the transmittance of 50 nm thick
layers but reduces the deposition rate significantly (not shown).

Figure 3.2 (a) shows the transmittance and reflectance spectra of reactively and non-
reactively sputtered 5onm thick MTO films. While the reactively sputtered film has high
transmittance over the whole visible range, the non-reactively sample shows drastically
increased absorption due to the lack of oxygen. Interestingly, it is found that reducing
the sputtering power (to 21 W) leads to higher transmittance even without addition of
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Figure 3.1: Sputter deposition rates as a function of oxygen content. The inset shows a photograph
of sonm thick films sputtered with 0 and 6.6% O;.
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Figure 3.2: (a) Transmittance (solid lines) and reflectance (dashed lines) spectra of gonm thick
MTO films sputtered on glass with different oxygen partial pressures and different sputtering
power, (b) corresponding refractive indices (real part n presented as solid lines and imaginary
part k presented as dashed lines) calculated from the transmittance and reflectance spectra, (c),(d)
Tauc plots of indirect and direct transitions, respectively.

oxygen to the process gas which suggests a higher oxygen content in the film. These
characteristics are also reflected in the refractive index (shown in Figure 3.2 (b)) which is
calculated from the optical spectra using a TMM algorithm 8.1.3. While the film sputtered
without oxygen at high power yields a strongly increased extinction coefficient, k, over
the whole visible range, it is reduced for non-reactively sputtered films at low power until
it vanishes for the reactively sputtered layer. The real part of the refractive index of the
6.6% O, sample lies just within the reported literature values for MoOs3; and TiO; thin

films [73, 74, 75, 76].

Similarly, the extracted optical band gap (Figure 3.2 (c)) for the reactively sputtered films
yields 3.2eV which is in between the literature values for amorphous MoO3 and TiO,
[34, 77], assuming indirect transitions. However, also a direct optical transition is observed
at 3.6eV, i.e. 0.4€eV above the fundamental absorption edge (Figure 3.2 (d)). For reduced
oxygen content, as in the 0% O, sample sputtered at low power, the indirect band gap
value decreases to 2.8 eV. For the 0% O, film sputtered at 164 W the absorption coefficient
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« does not show a clear absorption edge making it impossible to extract the band gap
from the Tauc plot. The lack of oxygen leads to a partial occupation of the Mo 44 states,
giving rise to delocalised electrons and, thus, enhancing metallic absorption. This can
even result in the disappearance of the band gap, as reported for MoO; [38, 78]. However,
direct transitions are observed for both non-reactively sputtered samples at 3.5eV (21 W)
and 3.3eV (164 W), respectively.

Furthermore, the electrical resistivity is obtained from linear current-voltage curves after
sputtering Au contacts onto 100 nm thick MTO films for an in-line 4-wire resistivity set-up.
The 0% O film (sputtered at 164 W) yielded a resistivity of 0.7 ()-cm, while the transpar-
ent, reactively sputtered sample was found completely insulating, with resistances in the

GQ-range.

3.1.2  Crystal structure and annealing effects
The following section presents additional data which has not been published elsewhere.

According to XRD measurements, the sputtered layers are amorphous without ad-
ditional heat treatment (see Figure 3.3 (a)). Irrespective of the oxygen content or the
layer thickness, there are no peaks in the diffractogram other than the background from
the glass substrate. To investigate the compositional distribution of the mixed Mo-Ti
oxide, EDX elemental mapping is performed for a 3oonm thick, reactively sputtered
MTO film. The result is shown in 3.3 (b), where a homogeneous distribution of Mo
and Ti is observed even under high magnification, which leads to the assumption of a
nanocomposite material with a strong mixture of MoOy and TiOx phases.

The onset of crystallisation starts at temperatures around 400°C. 100 nm thick samples
are heated on a hotplate in air for 1 and 2 hours, respectively, and the resulting XRD
patterns are shown in Figure 3.4 (a). The inset shows SEM images, where only a partial

glass substrate
—— MTO,, (0% Q,)
—— MTO,, (6.6% 0,)
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—— MTOsy, (6.6%0,)
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[

Figure 3.3: (a)XRD characterization of sonm thick MTO layers on glass substrates, (b) EDX
elemental mapping of a a 3o0nm thick 6.6% O, MTO film with Mo in purple and Ti in yellow.
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Figure 3.4: (a) XRD pattern of 1oonm thick MTO (6.6% O;) annealed at 400°C for 1 and 2 hours,
the inset shows the respective SEM images (b) XRD graphs of 3o0nm thick MTO (0 and 6.6% O»)
annealed at 450°C and 550°C.

crystallisation of the film is observed. However, the increased annealing time resulted
in very different reflection patterns and both are difficult to assign to a distinct MoOy or
TiO4 phase. To promote more complete and thorough crystallisation, further annealing
was performed with 300nm thick MTO films (0 and 6.6% O;) in a muffle furnace at
temperatures of 450°C and 550°C for 4 hours. Although the reflections become more
pronounced under these conditions (see Figure 3.4 (b)), it is still not possible to explicitly
assign a corresponding MoOj or TiOy crystal phase. The occurrence and the position of
the peaks vary with different annealing temperature and oxygen content in the film.

Complementary SEM/EDX measurements (Figure 3.5) show that the crystallisation is still
inhomogeneous with crystallites protruding from an amorphous, sometimes porous back-
ground. The elemental mapping gives rise to a phase separation, where a higher amount
of Mo is found in the region of the crystallites. Interestingly, also an increased amount
of Na is detected in these regions, while Ti is still homogeneously or even inversely
distributed. Following the EDX elemental mapping, it is assumed that Na diffuses from
the glass substrate to the MTO film and forms a Sodium Molybdenum Oxide, as described
for pure MoOy in 2.1.2. Again, the Nag(Mo19Os3) phase agrees best with the measured
reflections. However, the variations in the peak positions and intensity distribution may
be a sign of texture, i.e. preferred orientations, or of the presence of a second phase, e.g.
one with less Na or even orthorhombic MoQOs. This can also be seen in Figure 3.5 for the
6.6%, 550°C sample, where two different crystals are observed: elongated, rectangular
crystals (further on the top of the image) mainly consisting of Mo and more undefined,
wavy structures with increased Na content.

In any case, the crystallinity and crystal orientation sensitively depends on both, the
initial sample properties as well as on the annealing conditions, giving rise to diverse
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3.2 TRANSPARENT ELECTRODES BASED ON MTO

- . !
0%, 450°C ~I 0 R 4 (%, 550°C

Figure 3.5: EDX elemental mapping for 3oonm thick MTO films with different initial oxygen
content, annealed at 450°C and 550°C. The colour scale bars indicate the weight percent.

XRD patterns. Another variable contributing to the ambiguities in assigning reference

patterns may originate from the presence of Ti atoms possibly leading to lattice distortions.

3.2 TRANSPARENT ELECTRODES BASED ON MTO
3.2.1  DMD electrode architecture

For transparent electrodes in a MTO/metal/MTO architecture, Ag is the preferred choice
as metal layer, having the lowest optical losses in the visible regime. However, as described
for the MoOy-based electrodes (2.2), the thin Ag layer is oxidized when sputtering the
top MTO layer with oxygen in the process gas. Therefore, an additional protective layer
of MTO (sputtered without oxygen) is introduced on top of Ag (see Figure 3.6 (a)). To
reduce optical losses, the protective layer MTO-2 is sputtered at low power (21 W), which
was shown to yield more transparent layers (3.1).

The optimal thicknesses of the top and bottom MTO layers (MTO-3, MTO-1) are de-
termined by TMM calculations (8.1.3) fixing 14 nm for the Ag layer and 10nm for the
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Figure 3.6: (a) Schematic representation of the DMD electrode design with Ag as metal layer,
where y is the thickness of the base and x the thickness of the top MTO layer. (b),(c) TMM
simulation results of the presented structure on glass and PET, respectively.

MTO-2 interlayer. The result is shown in Figure 3.6 (b) and (c) for glass and PET substrate,
respectively. In both cases, there is a broad window (in dark red) that maximizes the
average transmittance T, (between 400-700nm). On glass the simulated maximum is
Tww = 0.8 for a 39 nm thick bottom layer (MTO-1) and a 27 nm thick top layer (MTO-3)
and on PET the maximal value T,, was found at 0.77 for the same thicknesses.

The experiment shows the highest average visible transmittance for MTO4y/Ag14/MTO1 39
(Figure 3.7), where the subscripts denote the layer thickness in nm and the top layer is
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Figure 3.7: Transmittance (solid lines) and reflectance (dashed lines) spectra of MTO/Ag/MTO
electrodes with varying dielectric thicknesses on glass (left) and PET (right).
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3.2 TRANSPARENT ELECTRODES BASED ON MTO

deposited according to the recipe described above, including 10nm of the protective, non-
reactively sputtered MTO-2 layer. This electrode yields T;, = 0.79 on glass and T,, = 0.73
on PET. The sheet resistance R; is mainly determined by the Ag layer and is found to be
Ry =5.7+0.20)/sq on glass and R; = 4.7 0.1 Q)/sq on PET. Using Haacke’s figure of
merit [49] for transparent electrodes ® = T1/Rq, this electrode yields ® = 0.017 Q! on
glass and ® = 0.009 Q! on PET. For comparison, commercially available ITO electrodes
on glass and PET yield values below ® = 0.019Q~! and ® = 0.003Q !, respectively.
Furthermore, is demonstrated how the wavelength window for high transmittance (and
minimal reflectance due to destructive interference) can be tuned to specific applications

and device requirements by varying the dielectric thickness.

The electrodes are also tested with Au as metal layer using the same MTO thickness of
4onm. However, no interlayer is needed in this configuration as Au does not oxidize,
hence the whole top MTO layer can be sputtered reactively. For the same reason, the Au
thickness is reduced to 10nm lowering optical losses. The resulting transmittance and
reflectance spectra of the electrode on glass and PET are shown in Figure 3.8 (b). One
can see a reduction of the transmittance around 500 nm, where Au has its characteristic
d-band absorptions [79], leading to an average visible transmittance of T,, = 0.74 on glass
and T, = 0.71 on PET. With sheet resistance of R; = 12.5 +1.0()/sq on both, glass and
PET, the Haacke figure of merit yields ® = 0.004 Q™! on glass and ® = 0.003Q ! on
PET.
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Figure 3.8: (a) Schematic representation of the DMD electrode design with Au as metal layer,
where y is the thickness of the base and x the thickness of the top MTO layer. (b) Transmittance
(solid lines) and reflectance (dashed lines) spectra of MTOy0/Auyg/MTOyg electrodes on glass
and PET.
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3.2.2  Surface morphology, electronic structure and composition

Figure 3.9 displays the 1 x 1pm? AFM images of the DMD on glass and PET, as well
as the corresponding bare substrate. The morphology of the electrodes is mostly
governed by the underlying substrate. The extracted root mean square value (RMS)
for the glass substrate (3.9 (a)) is 1.8 = 0.1nm and 11.5 & 4nm for the PET substrate
(3.9 (b)). The RMS values of the DMD electrodes are even reduced, yielding RMS
= 1.0 £ 0.1nm for glass/MTO4/Ag14/MTO19,30 (3.9 (c)) and RMS = 4.8 +2nm for
PET/MTOuy/Ag14/MTO19,30 (3.9 (d)).

XPS and UPS measurements of the DMD electrodes on glass and PET are performed to
determine the electronic structure and composition of MTO. Figure 3.10 (a) shows the
XPS results, focused on the O 1s, Mo 34, Ti 2p and Ag 3d core level regions with scattered
dots representing the experimental data and solid lines for the fitted Gaussian/Lorentzian
mixed functions. The position and line shape of the Mo and Ti peaks (at 232.1 and 458.3 €V,
respectively) indicate that mainly Mo®" and Ti*" oxidation states are found at the surface.
The oxygen spectra are slightly asymmetric and have been deconvoluted in two peaks:
the main peak at 530€V is associated with the oxygen bond to Mo®" and Ti*", while
the second peak at 531.5¢€V is associated with additional oxygen and non-stoichiometric
components. The Ti/(Mo + Ti) ratio is extracted from the area underneath the peaks,

yielding approx. 35% on both samples.

S,

. RMS=1.0nm

Figure 3.9: AFM images of (a) bare glass, (b) bare PET, (c) MTO/Ag/MTO electrodes on glass,
and (d) MTO/Ag/MTO electrodes on PET.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3.2 TRANSPARENT ELECTRODES BASED ON MTO

(a)
E
e
S—
&,
>
—
‘»
c
]
—
£
o T ; - i . x
532 530 528 236 232 228 468 464 460 456 376 372 368 364
binding energy [eV]
(b) e () [
glass: SECO = 5.1 eV glass: VB onset = 2.9 eV
— ® PET:SECO=5.0§V —_ @ PET:VBonset=2.8eV
= g 3
el el
- e
i) S,
Z [/ =
(%] - w1
c = <
[} U
= -
= =

42 44 46 48 50 5.2 54 56 58 6.0 6.2 0.0 0.5 10 1.5 2.0 2.5 3.0 35 4.0 45
kinetic energy [eV] binding energy [eV]

Figure 3.10: (a)XPS spectra of MTO40/Ag14/MTO1 39 electrodes on glass (blue) and PET (red),
(b) UPS measurement in the secondary electron cut-off (SECO) region and (c) in the valence band
(VB) region.

The oxygen content was found to be approx. 72% (O/(Mo + Ti + O)), irrespective of the
deposition conditions. In fact, samples with a non-reactively sputtered top layer (MTOy/
Agis/ MTO,%") showed the same oxidation states and atomic ratios on the surface as
the reactively sputtered samples. Depth profiling by sequential Ar sputtering has been
performed to study the stoichiometry away from the oxidized surface. However, this
did not yield reliable results due to preferential sputtering during the Ar bombardment,

leading to oxygen loss in all studied cases [8o, 81].

Therefore, complementary EDX measurements (Figure 3.11) are performed on 300 nm-
thick MTO films on glass to investigate the elemental composition of reactively and
non-reactively sputtered MTO films. Although the oxygen contained in the glass substrate
contributes to the EDX signal and, thus, distorts the elemental quantification, the oxygen
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Figure 3.11: EDX spectra of reactively and non-reactively sputtered MTOj3y on glass.

content in the non-reactively sputtered film is significantly reduced (53 £ 6 at.%) com-
pared to the reactively sputtered film (68 &7 at.%). Interestingly, the Ti content also differs
depending on the deposition conditions, namely Ti/ (Mo + Ti) = 49% in the non-reactively
sputtered sample and Ti/(Mo + Ti) = 40% in the reactively sputtered sample.

Furthermore, the results of UPS measurements on the MTOy/ Agi4/ MTOq 39 electrodes
are displayed in Figure 3.10 (b) and (c). From the secondary electron cut-off (SECO),
shown in kinetic energy scale, the work function can be extracted, yielding 5.1 eV on glass
and 5.0eV on PET. The onset of the valence band (displayed in binding energy scale for
convenience) is found at 2.8 eV (glass) and 2.9 eV (PET) below the Fermi level (at 0eV in
binding energy scale). Interestingly, these values are very similar to what was obtained
for MoOs films (2.2.2), although TiO, generally has a lower work function. Indeed,
when mixing two materials with similar density of states but different individual work
functions ®, and P, the work function of the composite material, ®,,, can be assumed
as a weighted average of the component’s work functions: ®,, = x®, + (1 — x)®y, where
x is the amount of component a in the composite [82]. While the work function of
TiO; usually lies around ~4.5eV [83], the reported work function values for MoOj3 vary
between 4.7 to 6.9€V [41, 39]. This wide range in the observed work function depends on
the material’s exposure to water. In fact, the reduction of the work function after exposure
to ambient atmosphere has been reported for several metal oxides due to the formation
of surface dipoles through adsorption of water and subsequent hydroxylation [42]. This
effect is especially pronounced in MoOj3 because of its high affinity to hydrolyse (see
4). In contrast to that, the surface hydroxylation and the resulting changes in the work
function of TiO, are negligible [42]. Thus, for the work function of MTO it is assumed
that the expected reduction of the work function due to the mixing of MoO3 and TiO; is
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3.2 TRANSPARENT ELECTRODES BASED ON MTO

compensated by the overall smaller affinity of the composite material to react with the
ambient humidity (see 4).

Figure 3.10 (a) also displays the energy region for the Ag 3d levels. Analogous to the
MoO3/Ag/MoOs3 electrodes (2.2.2), Ag is also found on the surface of the MTO-DMD
under certain conditions. While on glass, no distinct Ag peaks are detected, a significant
amount of Ag is observed on the surface of the electrode on PET. Again, no metal is
detected on the surface by the XPS when Au is used or when the top MTO layer is
sputtered without oxygen. However, after exposure to ambient conditions for some weeks
or months, small Ag grains are also visible for non-reactively sputtered top layers and for
the electrodes on glass since the humidity causes further production of Ag ions through
electrochemical reactions in water channels within the grain boundaries and, thus, fosters
further Ag diffusion. Indeed, it was found that even after the removal of the Ag from
the electrode’s surface, the same amount of Ag is again detected on the surface after
subsequent exposure to ambient atmosphere. This has been measured using an ICP-MS
setup coupled to a flow-cell 8.1.2. To this end, the surface of a MTO4y/Ag14/MTO10,30
electrode on PET is exposed to a constant flow of DI-water, which is then analysed by the
ICP-MS. It should be noted at this point that this is a qualitative measurement and Mo/ Ti
dissolution will be studied in detail later (see Chapter 4).

During the first run shown in Figure 3.12 (a), one can see a significant amount of Ag
dissolving from the surface at the beginning of the measurement. The Ag dissolution
rate then decays to practically zero, suggesting the complete removal of Ag from the
electrode’s surface. After approx. 4 weeks of exposure to ambient conditions, the same
sample is re-measured in the ICP-MS (on the same spot). As shown in Figure 3.12 (b), the
same amount of Ag is again dissolved from the surface as in the first run, indicating that
Ag atoms/ions have migrated to the surface while the sample was stored in air.
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Figure 3.12: ICP-MS measurements of Ag dissolution from MTOy/Ag14/ MTOqq/39 electrodes
on PET.
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3.2.3 Mechanical and chemical stability

The mechanical stability MTO49/ Agia/ MTOqg,39 electrodes on PET is tested analogously
to MoOgz-based DMDs in section 2.2.3. With a bending radius of 5 mm, compressive and
tensile stress is applied for 2000 cycles and the resistance is measured in the unstrained
state along the strain direction. The relative increase of resistance as a function of bending
cycles is shown in Figure 3.13 for both cases. Exertion of compressive stress leads to a
relative increase of only ~1.2 after 2000 bending cycles. Under tensile stress, the DMD
shows a stronger increase in resistance after 7oo cycles up to a factor of ~3.3 after 2000
cycles. However, after releasing the sample from the test stand, a relaxation effect is
observed, resulting in a reduction of the electrode’s resistance. After a few days in the
relaxed state, the relative resistance increase after bending under tensile stress was found
below 2.2. The SEM image reveals small cracks in the dielectric after bending, similar to
the MoOgz-based DMDs, but the Ag layer is still intact, preventing electrical failure of the
electrode (as compared to common conductive oxides like ITO shown in section 2.2.3).

To test their chemical stability, the MTOy4/Ag14/MTOy,39 electrodes are spin-coated
with two different formulations of PEDOT:PSS, a toluene-based dispersion (Clevious
HTL Solar 3) and a water-based dispersion (Clevious PH1000). Contrary to MoOz-based
DMDs, both PEDOT:PSS formulations can be used without visible degradation of the
MTO-DMDs and they maintain their sheet resistance. Cross-sectional SEM images in Fig-
ure 3.14 confirm that the DMD stays intact even when water-based PEDOT:PSS (PH1000)

is applied, suggesting an increased water stability of MTO. Indeed, when exposing an
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Figure 3.13: Evolution of the relative resistance of PET/MTO.0/ Agi4/ MTOqq /3¢ electrodes as a
function of bending cycles. The inset shows a SEM image of the DMD surface after 2000 cycles
upon tensile stress.
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Figure 3.14: SEM cross-sectional image of glass/MTOy/Ag14/MTO; 39 coated with (a) toluene-
based HTL Solar 3 formulation of PEDOT:PSS and (b) water-based PH1000 PEDOT:PSS.

MTO layer to water, no immediate dissolution is observed, making processing with
water-based solutions possible. However, a detailed study of the water stability of MTO
in comparison to MoQO3 is presented in Chapter 4.

3.3 SUMMARY

The present chapter reported on the sputter deposition of mixed molybdenum titanium
oxide layers from a specially designed sputter target in DC magnetron mode. With
6.6% oxygen in the process gas transparent oxide layers and high deposition rates up to
17nm/min could be achieved. The optical and electronic properties of the MTO layers,
having an indirect optical band gap of 3.2eV and a work function of ~5eV, were found
similar to undoped MoQOs. In analogy of the previous chapter, MTO was used for the
design of MTO/(Ag or Au)/MTO transparent electrodes on glass and PET substrates.
With Ag as metal layer, the electrodes have an average visible transmittance above 70%
and low sheet resistance of ~5()/sq. Together with their significantly higher mechanical
stability, the MTO-based electrodes on PET outperform the commercial ITO.
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WATER STABILITY OF MOLYBDENUM OXIDE AND MTO

In the previous chapters the stability of sputtered molybdenum oxide layers in water was
mentioned briefly. In fact, the observation that MoOs-based electrodes quickly dissolve
when in contact with water has motivated the use of MTO, which allowed the processing
with water-based solutions.

For the chemical stability of MoQOj3, it is important to mention that hydrates of MoO3
(molybdic acids) are common and represented by the formula MoOs3-nH,O (e.g. the
dihydrate MoO3-2H,0, monohydrate MoOs-H,O, or hemi-hydrate MoO3-1/2H,0). The
hydration occurs either by substitution of an oxygen atom in the octahedron by a coor-
dinated water molecule, or by the insertion of water within the layers of the stratified
crystal structure [84]. The presence of water can lead to the dissolution of MoO3 through

the formation of such hydrates, according to the reaction[85, 86]:
MOO3(S)—|—TZH20(1) = MOO3'7’1H20(1)

Nevertheless, the (possible) dissolution of MoOjy thin films in water has not been discussed
widely in literature and can lead to seemingly contradictory results. This originates in the
fact that the dissolution of MoOy depends very sensitively on various material properties
such as the oxidation state, (surface) defects and the crystal structure.

For instance, Rietwyk et al. [42] investigated the effect of air exposure on the work func-
tion of several metal oxides and found a universal reduction of the work function due to
water adsorption. This effect is particularly pronounced in MoOx and significant changes
in the energy levels after air exposure have also been reported by others [34, 62, 61]. When
water interacts with a surface, it adsorbs and, depending on the material and surface
properties (such as stoichiometry, surface structure, coordination and defect concentra-
tion), it can dissociate into reactive H™ and OH ™ species, a process known as hydrolysis.
Sian and Reddy [63] studied the effect of the film stoichiometry and microstructure on
the hydrolysis behaviour of MoOx using Fourier Transform Infrared Spectroscopy (FTIR).
They found that structurally disordered, but stoichiometric films are especially prone
to hydrolysis, while crystalline or highly non-stoichiometric films show no or strongly
reduced water adsorption and hydrolysis. More recent experiments and calculations

have revealed the role of oxygen vacancies on leveraging the energy barrier for water
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adsorption on a MoOjs surface [64]. Another study by Head et al. [65] confirms that water
adsorption is suppressed on defect-free MoOs surfaces due to the stability of the terminal
oxygen. Only when oxygen vacancies are introduced can water adsorb to unsaturated
Mo sites, enabling its dissociation. However, an excess of oxygen vacancies, as in highly
non-stoichiometric MoOx, leads to metallic Mo-Mo bonds and a partial occupation of
the Mo 4d orbital (which is empty in stoichiometric MoOs), which hampers the dissoci-
ation of water as the charge transfer from the OH™ to the 4d orbital is hindered [63, 78, 38].

The objective of the studies presented in the following chapter was to investigate the effect
of the aforementioned material properties on the MoOy stability in water and compare it
with the mixed MTO.

4.1 DISSOLUTION EXPERIMENTS

The results in this section have been published in:

Goetz, S. et al. Fast sputter deposition of MoOy/metal/MoO, transparent electrodes on glass and
PET substrates. Journal of Materials Science 56, 9047-9064 (2021). [33]

and in

Goetz, S. et al. Transparent electrodes based on molybdenum—titanium—oxide with increased water
stability for use as hole-transport/hole-injection components. Journal of Materials Science 57,
8752-8766 (2022). [56]

While the dissolution of a quickly dissolving film is easy to observe empirically, the
temporal and elemental quantification of the dissolution process needs more experimental
effort. To this end, a special flow-cell setup connected to an inductively-coupled mass
spectrometer (ICP-MS) has been deployed to compare the dissolution of different molyb-
denum oxide samples. Upon flow of DI water through the cell and over the sample
surface, the element-resolved dissolution rate of the film was measured as a function of

time (for more details see 8.1.2).

4.1.1  The stability of MoOy in liquid water

It was empirically observed that the stability of the amorphous MoOy layers in water
depends on their stoichiometry. Prolonged exposure of reactively-sputtered, highly
transparent films as well as the MoOx-based DMD electrodes in ambient conditions of
humidity leads to their slow degradation, with the samples assuming a bluish tint that
suggests formation of reduced species. Visual changes become visible after few days of
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Figure 4.1: (a) ICP-MS experiments for two MoOj layers, one sputtered with oxygen and the other
without. (b) SEM images of the MoOx layer sputtered without oxygen, after being immersed in DI
water for increasing duration. For the largest duration (8o min) two regions from the same film, A
and B, are depicted at different degrees of film degradation.

ambient humidity exposure. The immersion of these films into DI or tap water leads
to their fast and complete disintegration. On the other hand, optically absorbing MoOy
films, sputtered without oxygen in the plasma, show much higher stability in ambient
conditions of humidity or when immersed in water.

To support these empirical observations, 40 nm-thick MoOy films were deposited on
glass, with and without oxygen in the plasma. The coated glass samples were mounted to
a flow cell, coupled with a downstream ICP-MS analysis, as shown in the inset of Figure
4.1. The film sputtered in 6.6% O, was completely dissolved within ~2 minutes. The
total amount of dissolved Mo is ~10000ng/cm?, which roughly corresponds to the Mo
quantity contained in the total film thickness (40 nm), if we assume the density of the film
to be close to the one of M0O;3, i.e. 4.7g/ cm? [87]. On the contrary, the dissolution of the
non-reactively sputtered film (also 40nm in thickness), is significantly reduced (Figure 4.1
(a)). The ICP-MS measurements yield that only the oxidized superficial layer (~5nm, with
stoichiometry close to MoQ3) is readily dissolved, while the subsequent dissolution of
the oxygen-deficient underlying layer is dramatically reduced. SEM observations of these
(non-reactively sputtered) films, after long immersion periods in DI water, showed that
slow degradation does take place, with pinholes in the films increasing in number and
size with the duration of immersion (Figure 4.1 (b)). In some areas of the film (region B in
Figure 4.1 (b)) these pinholes eventually grouped to form larger pits. A certain degree of
spatial inhomogeneity in the films’ stoichiometry or distribution of defects on the surface
may account for the existence of such regions in the film, where the water-triggered
degradation is more pronounced compared to other regions (such as region A in Figure
4.1 (b)). These observations are consistent with the findings of Sian and Reddy [63],
who studied MoOy films of different microstructures and stoichiometries exposed to
ambient air humidity, by infrared spectroscopy. They reported that amorphous, nearly
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stoichiometric MoOy films (with x =~ 3) contain the largest amount of hydrolyzed Mo-OH
bonds. In comparison, highly non-stoichiometric amorphous films contain the smallest
amount. These bonds arise from dissociative adsorption of water species (to H™ and
OH™) on the metal oxide surface, and the subsequent hydroxylation of the Mo-O bonds.
This is explained by the acid-base mechanism, where the electron lone pairs of OH™
(arising from H,O dissociation) must be transferred to the 4d vacant orbitals of Mo. In
non-stoichiometric films, 44 orbitals are partially filled, impeding the electron transfer, i.e.
the growth of hydrolyzed bonds is slowed down [63]. Interestingly, highly stoichiometric
but polycrystalline films did not show hydrolyzed bonds. In the present study, this could
not be verified, since all the investigated films were amorphous. It shows, however, that a

disordered, defect-rich surface catalyzes dissociation in water.

4.1.2  Comparing the stability of MTO and MoOy

Opposite to what was observed for MoOy, long-term exposure to ambient conditions
and even direct contact with water does not produce any changes on MTO films or
MTO-based DMD electrodes that are visible by eye. In order to quantify the stability of
MTO in water, 40 nm thick single layers were investigated using the ICP-MS setup. Figure
4.2 (a) presents the dissolution rate of Mo from a reactively sputtered MTO layer as a
function of time in comparison to the dissolution of MoOy (as shown in Figure 4.1). While
the MoOx (x ~ 3) layer is completely dissolved within the 10 minutes of the experiment
(again assuming a density of 4.7 g/cm?, the 40nm of MoOy contain approx. 10000ng/cm?
of Mo), the amount of Mo dissolved from the MTO layer is reduced by a factor of 20
to roughly 500ng/cm?. In a rough estimation, assuming the same density and a Mo:Ti
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Figure 4.2: (a) Dissolution rate of Mo from 40nm thick MoOyx and MTO layer as a function of time.
The insets show zoom-ins at different times and the legend includes the total amount of dissolved
Mo within 10 minutes. (b) EDX spectra of 40nm thick MTO layer before and after 26 hours of
immersion in DI water.
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4.2 HUMIDITY-DRIVEN DEGRADATION

ratio of 60:40, the total amount of dissolved MTO corresponds to approximately 2nm
that are dissolved within the 10 minutes of measurement. It should be noted at this
point, that the total amount of dissolved Ti was only 2ng/cm? and is therefore neglected.
As shown in the right inset of Figure 4.2 (a), the Mo dissolution rate remains constant
for MTO, after a peak-dissolution at the beginning (left inset). This implies that even
though the MTO is more stable than MoOy, Mo keeps dissolving from the MTO layer
as long as water flows over the sample. And since the Ti dissolution is smaller than
expected from the elemental ratio, a certain Ti passivation is expected, which further
slows down the Mo dissolution but cannot completely prevent it. In fact, immersion of a
gonm thick MTO layer in DI-water for 26 hours yields a Mo-depleted and Ti-rich residual
layer, according to EDX measurements (Figure 4.2 (b)). As responsible mechanism for the
observed significant reduction of the MTO dissolution in water, the following is proposed.
An oxide’s resistance to dissolution is strongly related to its affinity to hydrolyse, i.e. to
dissociate H,O molecules on the surface and form hydroxyl bonds. When the hydrolysis
process is viewed from the perspective of acid-base reactions between the metal cations
(Lewis acids) and the OH™ (Lewis base from the dissociation of H>O on the oxide surface),
the surface acidity is reduced with the decrease of the formal charge/oxidation state of
the cations [88]. The presence of Ti (in the form of Tit# ions) decreases the average cation

formal charge of the material and thus, decreases the tendency to hydrolyse.

4.2 HUMIDITY-DRIVEN DEGRADATION

This section is based on a manuscript with the title "Humidity-driven degradation of sputtered
molybdenum oxide and molybdenum-titanium-oxide thin films” submitted to the Journal of Mate-

rials Chemistry C.

To investigate the reaction with water, i.e. the hydrolysis, in more detail and in a more
quantifiable manner, the degradation of the films is monitored in controlled humidity
conditions over extended time periods of up to 30 days, leading to changes of the films’
composition, crystallinity and surface topography, depending on the relative humidity
level. The relative humidity (RH) was fixed using saturated salt solutions, which create
controlled air humidity levels above the solution inside a closed container. To this end,
approx. 30 g of magnesium nitrate hexahydrate (Mg(NO3), - 6H,O from Sigma Aldrich)
were dissolved in 20 mL DI-water, yielding 54% RH. Accordingly, 9 g of sodium chlo-
ride (NaNOj3 from Sigma Aldrich), 18 g of ammonium sulphate (NHy)>SO4 from Sigma
Aldrich), 10g of potassium chloride (KCl from Sigma Aldrich) and 4g of potassium
sulphate (KSO4 from Sigma Aldrich) were dissolved in 20 mL DI-water to create 78%,
81%, 84% and 97% RH, respectively.

The impact of humidity on sputtered MTO films is investigated by infrared (IR) spec-
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troscopy and compared to MoOs. To eliminate any absorption contributions from the
glass substrate, a 150 nm-thick Au layer was introduced between the substrate and the
MoOy and MTO films, yielding a distinct baseline for further absorption peak analysis.
It should be clarified at this point that in the following discussion the valleys in the
reflectance spectra are referred to as ‘peaks’, as they correspond directly to the absorption
peaks considering that the transmittance is zero. It is noted at this point, that the MoOy
films for this Chapter were sputtered from a different target, namely a MoO, target.
However, the sputtering conditions were the same as reported in Chapter 2 and the
resulting layers showed the same properties as the layers sputtered from the MoO; 7.

There are three IR absorption bands which have been associated with the hydrolysis of
MoOj; [63]. The stretching mode of H,O lies between 3400-3500cm ™! (peak 1), which is
related to adsorbed water molecules on the surface. The peaks at 3200-3250 (peak 2) and
3020-3040cm ! (peak 3) are associated with the formation of hydrolysed bonds. These
are formed through the dissociation of H,O on the surface, leading to H" and OH~
species, which then bind to O and Mo atoms for peak 2 and peak 3, respectively. To
study the hydrolysis behaviour and the related degradation of MoO3; and MTO, films are
exposed to controlled humid conditions with 54%, 81% and 97% RH at room temperature
(22-24°C) over a time period of 30 days.

The time evolution of IR reflectance spectra of 300 nm-thick MoO3z and MTO films (sput-
tered with oxygen) in 54% RH is shown in Figure 4.3 (a) and (b), respectively. There is
already a broad peak in the as-deposited MoO3 samples, measured directly after taking
them out of the vacuum, which is associated with adsorbed water molecules (peak 1).
This means that as soon as MoQOj3 is in contact with ambient humidity, water is adsorbed
on the surface. To estimate the peak height, a straight line between the data points at

1

2600 and 3800cm ™" is used as baseline and the difference between the baseline and the

spectrum at the peak position is then defined as the peak intensity. The peak intensity
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Figure 4.3: (a), (b) Time evolution of reflectance spectra of 300nm thick MoO3; and MTO films,
respectively, exposed to 54% RH. (c) Corresponding peak intensities extracted from the reflectance
spectra.
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Figure 4.4: (a), (b) Time evolution of reflectance spectra of 300nm thick MoO3; and MTO films,
respectively, exposed to 81% RH. (c) Corresponding peak intensities extracted from the reflectance
spectra.

as a function of the exposure time is shown in Figure 4.3 (c) for MoO3; and MTO films,
respectively. This shows that in MoOj3, peak 1 grows with the exposure time, indicating

L arises with

a continuous water uptake. Additionally, a new peak around 3240cm™
increasing exposure time, which corresponds to the O-H bond (peak 2) originating from
the hydrolysis process. After one week, peak 2 becomes higher than peak 1, suggesting
that the adsorbed water is continuously dissociated, and forms hydrolysed bonds. At
this point, also a shoulder at the position of the Mo-OH bond (peak 3) starts to form.
With H' being lighter, it can penetrate the film more easily than OH™, leading to a faster
growth of peak 2 [63]. For MTO, the water adsorption is reduced compared to MoOs3, as
the intensity of peak 1 is significantly smaller in the as-deposited sample and the growth
rate of the peak is also reduced. Moreover, the hydrolysis is hampered and no additional

peaks are observed, apart from a very weak shoulder of peak 2.

In the next step, the hydrolysis is further accelerated by exposing the 300 nm thick MoO3
and MTO films to a higher RH of 81%. The corresponding IR spectra and peak intensities
are shown in Figure 4.4. For MoOj3, similar changes of the IR spectrum are observed
in 81% RH as in 54%, but with much higher rate and intensity. Already after 4 days of
exposure, the water peak reaches a maximum and strong absorptions from the hydrolysed
bonds are visible. After 7 days, some of the adsorbed water is consumed to form further
Mo-OH and Mo-O-H bonds. As the hydrolysis proceeds, the intensity of peak 2 and peak
3 increases, while peak 1 is reduced until all available sites are saturated, and no further
changes are observed. It is noted at this point that the shape of peak 1 changes drastically
as soon as saturation is reached. This is attributed to a crystallisation process, which will
be discussed in more detail in the following. Also, it is worth noting that another peak
around 2850cm !
However, since this peak is growing at the same rate and with the same shape as peak 2
and peak 3, it could be attributed to overtone bands of OH absorptions. In contrast to

MoQOs3, the changes in the spectra of the MTO film are significantly smaller, indicating a

is continuously growing, which has not been assigned in the literature.
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Figure 4.5: (a), (b) Time evolution of reflectance spectra of 300nm thick MoO3; and MTO films,
respectively, exposed to 97% RH. (c) Corresponding peak intensities extracted from the reflectance
spectra.

strongly reduced reaction. The H,O peak grows significantly slower, reaching saturation
after 14 days of exposure at 21% of the maximal water uptake in MoOj3. Furthermore,
the formation of hydrolysed bonds is negligible in MTO as only a very weak shoulder of

peak 2 is observed in the IR spectra.

Finally, the same samples are exposed to 97% RH and the evolution of the IR spectra is
shown in Figure 4.5. Again, the IR spectrum of MoOj3; changes significantly as soon as
the sample is exposed to humidity. Peak 1 reaches a maximum intensity of 0.43 within 1
day and remains constant for prolonged exposure. Interestingly, only a small amount of
the adsorbed water is consumed to form Mo-O-H bonds in this high humidity: peak 2
only appears as a weak shoulder and peak 3 is completely absent. It is assumed that the
immediate saturation of available sites with H>O due to the high vapor pressure leaves
no active sites for subsequent hydrolysis, thus supressing the formation of hydroxylated
bonds. Similarly, there is no hydrolysis in the MTO film. However, the amount of ad-
sorbed water slowly increases with time until saturation is reached at a peak intensity
of approx. 0.11, which accounts for only 25% of the maximal H,O peak height in MoOs.
This confirms the reduced reaction rate for MTO compared to MoOs.

As described in the previous Chapter 4.1.2, the increased water stability of MTO is mainly
attributed to the incorporated Ti atoms. The tendency of a material to hydrolyse and
consequently to dissolve is reduced with the decrease of the average oxidation state [88].

Figure 4.6: SEM cross-section images of as-deposited (a) MoOj3 and (b) MTO film on glass/Au.
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Figure 4.7: AFM topography images of MoOs (top) and MTO (bottom) films on Au-coated glass
substrates at different degradation stages: (a), (b) as-deposited, (c), (d) after 30 days in 54% RH,
(e), (f) after 30 days in 81% RH and (g), (h) after 30 days in 97% RH. The root mean square (RMS)
roughness is shown for each case.

Since Ti is present in the form of Ti** cations, the average oxidation state in MTO is
reduced compared to pure MoO3 with Mo™®, making MTO less prone to water adsorption
and hydrolysis. In fact, the presence of TiO, does not only hamper the H,O on the Ti
sites but seems to also reduce the water uptake for the whole MTO layer, as the peak
height reduction is bigger than the Ti content in the film with 35-40%. This may also be
related to moderate changes in the film morphology. Indeed, when comparing the SEM
cross section images of MoO3 and MTO films (Figure 4.6), one can distinguish a more
columnar growth of the MTO layer compared to MoOs.

Even though both materials are amorphous according to XRD measurements (2.1.2, 3.1.2),
nanocrystalline, columnar structures appear in MTO. While MoO; exhibits a typical
amorphous network where water penetrates easily, the reduced structural disorder of
MTO may additionally decrease water ingress to the bulk. Since it is known, that (poly-
)crystalline MoO3 has much lower affinity to hydrolyse [65], the degree of structural
disorder is considered as influential factor here. Although the nanocrystalline structure
provides grain boundaries, where water can penetrate the MTO film, the grains them-
selves are assumed to be more structured and thus, more resistant to water ingress than
the completely amorphous MoOjs layer. However, these structural differences are rather
small and do not significantly affect macroscopic features such as the film density.

The humidity-driven changes in the discussed films are also observed in 2x2 um? AFM
images shown in Figure 4.7. The as-deposited samples present a compact and dense grain
structure with a root-mean-square (RMS) roughness of 2.0nm for MoO3 and 2.3 nm for
MTO. The surface topography is mostly dominated by the underlying glass/Au substrate
with RMS = 1.1nm. After the degradation in 54% RH for 30 days, the MTO surface
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morphology and the corresponding RMS value do not show any detectable changes. The
surface of MoO3, however, appears smoothened and with blurred grain contours, giving
rise to a reduced RMS roughness of 1.4nm. To rule out that the smoothening is caused by
tip-related artefacts, reference (non-degraded) samples were measured under the same
conditions and no such effect has been observed. The smoothening is thus attributed to
the adsorbed water on the surface. After exposure to 97% RH, the AFM images show a
transformed surface with a rather porous structure. Again, the effect is more pronounced
for MoO3 than for MTO, but both samples have drastically reduced RMS roughness of
0.5 and 0.8 nm, respectively. Exposure to 81% RH yields significant changes in the surface
topography in MoOs. While the MTO surface is mainly smoothened, with reduced grain
sizes and RMS roughness of 1.0nm, the MoO3 layer is completely transformed, with the
formation of crystallites, which cause the dramatic increase of the RMS roughness to
22.7nm. In fact, the AFM image reveals the presence of two different kinds of crystals:
small pyramid-shaped grains (at the bottom of the image), along with large accumulations
of needle-like crystals (at the top). XRD measurements, shown in Figure 4.8, confirm the
layer’s crystallisation. The as-deposited film is amorphous, having no additional peaks
other than the ones stemming from the Au substrate. Already after 10 days of humidity
exposure, distinct peaks appear at low diffraction angles, which increase in intensity after
30 days. However, the exact identification of the crystal phase was not possible from
these measurements due to the overlap of several possible crystal phases. Nevertheless,
some hypotheses can be made based on complementary EDX measurements (Table 4.1).
These show an increase of N in the degraded films (from approx. 4.5 to 9 at.%), which
may be related to the ammonium contained in the salt solution that could evaporate and
react with the MoOj film to form a hydrated ammonium molybdate phase. Another
possibility is the diffusion of Na from the glass substrate into the MoO3 film to form
a sodium molybdate compound. Such a Na accumulation has been observed for other
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Figure 4.8: (a) X-ray diffractogram of MoOj3 before and after the degradation in 81% RH. The
peaks marked with an asterisk (*) correspond to Au. (b) Zoom-in of (a) including the reference
reflections of possible crystal phases.
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sample N @) Na Mg Al Si S K Ca Mo  Au

as-dep. 4.567 65.267 2317 1.533 1.100 5.767 0.5333 0.450 0.883 9.767 8.300
3odays 9.267 65700 0.800 0433 0.233 7.167 1.533 0.200 0.767 7.700 6.267

Table 4.1: Elemental quantification of EDX measurements on 300 nm thick MoOj3 before and after
30 days in 81% RH. The values are the average of measurements of several different spots on the
sample, given in at.% and include the contributions from the underlying soda-lime glass substrate.

MoO;3 samples deposited on glass when exposed to humidity and cannot be excluded
according to the XRD results. In fact, the presence of both or even multiple phases is
possible, and the distribution of the respective phases and orientations appears to be very

sensitive and complex.

To verify the reaction mechanism, MoQO3 is additionally exposed to other salt solutions
in the vicinity of 80% RH, namely at 78% and 84% RH. The resulting IR spectra are
shown in Figure 4.9 and compared to the spectra of an ammonia-containing 81% RH
reference sample. In 78% RH, significant hydrolysis is observed, with an increased
reaction rate compared to 54% RH. However, the peak intensities after 30 days are still
much smaller (by a factor of 1/2 for the O-H peak (peak 2)) than for the 81% RH, which
cannot only be explained by the slightly lower humidity value. Instead, it is assumed
that the ammonia indeed reacts with the MoOs film and enhances the hydrolysis process
acting as catalyst for the water dissociation. It is hypothesised that NH3 species evaporate
from the salt solution and associate on the MoOj3 surface, where they contribute to the

water dissociation according to
NH3;+ H,O = NHI-{— OH™ .

This contributes additional hydrolysed bonds in MoO3, resulting in dramatically increased
peak intensities and finally leading to the crystallisation of the layer. At higher humidity
(84% RH), the IR spectrum changes again, yielding similar spectra as in 97% RH, where
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Figure 4.9: Time evolution of IR reflectance spectra of 300 nm thick MoOs3 films in (a) 78% RH
and (b) 84% relative humidity.
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an immediate saturation of active sites with H,O was observed. However, the reaction
rate and the peak intensities are decreased in 84% RH, such that saturation is only reached
after 21 days. In both cases (78% and 84%) no crystallisation is observed within the
considered time period, which confirms that increased reaction in 81% RH is caused by
NHjy. The observed reaction mechanism is consistent over the different solutions and
is thus attributed to the humidity. At first, the observed hydrolysis rate increases with
increasing RH, leading to similar patterns in the IR spectra but with increasing peak
intensities. Then, as the RH reaches a certain level, the adsorption rate of H20 becomes
too high and the active sites for hydrolysis are blocked, resulting in a dominant H,O
peak with a weaker shoulder at the position of the Mo-O-H bonds. We would like to
highlight at this point that the MTO is much more stable even under intensified conditions
when NHj is present. Hence, the additional Ti prevents not only the hydrolysis but also

stabilizes the material against other chemical reactions and crystallisation.

For comparison, oxygen-deficient MoO3_ (with x<1) and MTO films, which are sputtered
in pure Ar atmosphere, were exposed to 97% RH. When sputtering without oxygen,
both materials, MoOy and MTO, have increased optical absorption and higher electrical
conductivity, i.e. an increased amount of metallic bonds. While there is no change in the
oxygen-deficient MTO spectra, the spectra of MoOs_y are similar to the oxygen rich MoO3
films (in Figure 4.5), but the water adsorption proceeds with a lower rate (see Figure 4.10),
since the intensity of peak 1 gradually increases with time reaching saturation only after
3 weeks. As the adsorption rate is decreased, there are more reactive sites for hydrolysis.
Hence, the Mo-O-H bond (peak2) appears a bit more pronounced than for the MoOj3

sample.
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Figure 4.10: Time evolution of IR reflectance spectra of 300 nm thick, oxygen-deficient (a) MoO3_
and (b) MTO (0% O3) films in 97% RH. (c) Corresponding peak intensities of MoO3-x films as a
function of exposure time to 97% RH in comparison to MoO3
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4.3 SUMMARY

4.3 SUMMARY

Dissolution experiments using a flow-cell set-up coupled to an ICP-MS showed that
reactively sputtered MoOjs films are readily dissolved in water, while sub-stoichiometric,
non-reactively sputtered films are more resistant to water dissolution. Moreover, it was
demonstrated that the Mo dissolution from an MTO layer is reduced by a factor of 20,
even for the reactively sputtered MTO. The stabilizing mechanism is attributed to the
reduction of the average oxidation state of the material by the presence of Ti** compared
to pure MoOj3; with Mo ™.

Using infrared spectroscopy, the reaction processes of MoO; with water, i.e. water
adsorption, dissociation and formation of Mo-O-H and Mo-OH bonds, were observed in
controlled humidity conditions and compared to MTO. While the water ingress in MoO3
films leads to hydrolysis and detrimental changes in surface topography, the MTO layers
show around 75% reduced water adsorption and, subsequently, almost no hydrolysis is
observed. The reaction rates of MoOs; with H,O increase with increasing relative humidity
level, firstly enhancing the formation of hydrolysed bonds until water adsorption is
dominant above 84% RH. In fact, MoO3 is not only instable against water, but also reacts
easily with Na and ammonia, leading to crystallisation and phase transformation of the

film by exposure to humidity in the presence of the respective compounds.
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NIOBIUM-DOPED TITANIUM OXIDE - TNO

The following chapter is based on the article:

Goetz, S. et al. Low-Temperature-Processed Transparent Electrodes Based on Compact and Meso-
porous Titanium Oxide Layers for Flexible Perovskite Solar Cells. ACS Applied Energy Materials.
(2021). Reprinted with permission from https://doi.org/10.1021/acsaem.1c01129 [89], ac-
cording to the copyright agreement in 8.2. Copyright 2021 American Chemical Society.

In this chapter, sputter-deposited, niobium-doped TiO, (TNO) is investigated for the
design of flexible transparent DMD electrodes. In fact, TNO has been proposed as trans-
parent conductive oxide to replace ITO [9o, 91] with Nb>* acting as n-type dopant in TiO;,
to enhance electrical conductivity [92, 93, 94]. Here, the use of an oxide sputter target
doped with Nb offers the necessary electrical conductivity to permit sputter deposition in
DC magnetron mode, without obligatory use of reactive plasma. Under these conditions,
the sputter rate is significantly enhanced compared to conventional RF mode or reactive
sputtering, facilitating high-throughput, industrial-scale fabrication.

The combination with ultrathin Ag and Au layers yields flexible DMD electrodes on
polyethylene terephthalate (PET) substrate with visible transmittance above o.70 and
sheet resistance below 10()/sq. The idea is that the DMD electrode based on TiO; could
simultaneously act as transparent electrode and electron transport layer (ETL). There
are several reports on TiO,/Ag/TiOx multilayer stacks used as transparent electrodes in
flexible solar cells. For example, Jung et al. [95] report on flexible PSCs on nanopaper
using a TiOy/Ag/TiOy electrode. Similarly, Li et al. [96] employed the same DMD
structure for ultra-flexible PSCs on cellophane. However, in these works, additional ETLs
of ZnO and CPTA (C6o pyrrolidine tris-acid) were employed.

In contrast to that, the present chapter shows that the developed DMD electrodes can be
ideally combined with a low-temperature and solution-processed mesoporous TiO, layer

to act as electron transport layer for subsequent implementation in perovskite solar cells.


https://doi.org/10.1021/acsaem.1c01129
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5.1 CHARACTERIZATION OF TNO THIN FILMS

5.1.1 DC magnetron sputtering of TNO

Reactive sputtering, i.e. deposition of a metal oxide layer from a metal target in the
presence of oxygen, is known to have decreasing deposition rates for increasing supply
of reactive species, as well as complex reaction processes, causing different compound
stoichiometries [16]. However, industrial applications require high deposition rates (at
least several nm/min), good reproducibility and low processing temperatures (<100°C)
to enable high throughput fabrication of thin oxide layers, especially on flexible substrates.
To this end, a doped titanium oxide target is used in this work to sputter oxide layers in a
pure Ar atmosphere. Doping with Nb increases the electrical conductivity of the target,
thus, enabling sputtering in DC mode, which also contributes to higher deposition rates
in comparison to RF sputtering. The TNO films were sputtered from a 10.16 cm diameter
titanium oxide target doped with 5 at.% Nb (from Plansee, AT), at a process pressure of
5ubar and varying sputter power. With increasing sputter power, P, from 42 to 243 W, a
linear increase of the deposition rate, r, is observed (Figure 5.1), following the relation:
r = (0.069 £ 0.001)P. The deposition rate at a sputter power of 42 W (0.52 W/cm? power

density) is 2.9nm/min and reaches a value of 16.8 nm/min at 243 W (3 W/cm?).

So far, TNO was deposited using either RF sputter mode [97, 98] or reactive DC sputtering
[99, 100] from a metallic target, generally leading to smaller deposition rates. As a
comparison, for reactive sputtering from a Ti target, deposition rates of 0.8 nm/min for
a DC power density of 4.8 W/cm? [31], up to 3.6nm/min for a DC power density of
4.4 W/cm? [96] are reported. Similarly, a deposition rate of 2 nm/min is reported for a DC

power density [W/cm?]
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Figure 5.1: Deposition rate r versus power P and the corresponding power density for the sputtered
TNO films.
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Figure 5.2: Transmittance and reflectance spectra of TNO layers on (a) glass and (b) PET, sputtered
in Ar atmosphere and at different DC power. (c) Real (1) and imaginary part (k) of the TNO
refractive index. (d) Tauc plots used for the extraction of the direct (left axis) and indirect (right
axis) band gap BG.

power density of 2.3 W/cm?, when using reactive sputtering from a metallic, Nb-doped
(3.2 at.%) Ti target [94]. As shown in Figure 5.2 (a) and (b), non-reactive sputtering gives
transparent films in the applied sputter power range, on both glass and PET substrates.
The following experiments are all conducted at 123 W to prevent any damage to the
sputter target due to excessive heating and still have a considerable deposition rate of
7.9nm/min. The transmittance values of the gonm thick films deposited on glass and
PET (solid lines) are similar, suggesting similar growth of the films on both substrates.
The dashed lines in Figures 5.2 (a) and (b) present the reflectance spectra. The spectra of
the sample deposited at 123 W on glass are used to extract the complex refractive index
(Figure 5.2 (c)). The real part of the refractive index, n, shows high values, as expected
for TiO; and agree with results for Nb-doped TiO; in the literature [101, 102]. The small
values of the imaginary part k (the extinction coefficient) confirm low absorption within
the film. Additionally, the optical band gap energy (Figure 5.2 (d)) is extracted from the
transmittance and reflectance spectra of the films on glass using the Tauc method (8.1.4).
The Tauc plot for direct transitions (left axis, using n = 2 in the exponent of the ordinate
(a - hv)™), yields a band gap energy of 3.82¢€V. The plot for indirect transitions (right axis,
n = 1/2), yields a smaller band gap energy of 3.31eV. The error in the band gap extraction
is estimated at 0.05 eV, stemming from the uncertainty in the linear regime considered for
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the fitting. However, for amorphous materials, as it is the case for the presented layers
(shown later), one usually considers an indirect band gap [103], which also agrees well
with the values for Nb-doped TiO, around 3.3 eV reported in the literature [91, 104].

5.1.2  Crystal structure and annealing effects
The following section presents additional data which has not been published elsewhere.

As mentioned before, the as-sputtered TNO layers are amorphous, yielding no XRD
signals other than from the glass substrate (see Figure 5.3 (a)). In order to crystallize
the films, high temperatures of 400°C or larger are required. To this end, 1oonm thick
films are sintered in a small muffle furnace at 400°C, 500°C and 600°C. After ramping
the temperature up with a rate of 2°C/min, the final temperature was held for 1 hour
before letting cool down slowly. The resulting XRD patterns in Figure 5.3 (a) show the
formation of a TiO, Anatase (COD: 9008213) phase, independent of the temperature, with
a pronounced (o011) reflection.

Figure 5.3 (c) includes the SEM images after annealing, where domain boundaries
become visible. Interestingly, the domains of the 400°C-sample show a variation in the
contrast which suggests either differences in the electrical conductivity or different crys-
tallite orientations. The same is visible, but reduced for the 500°C-sample and vanishes
when annealed at 600°C. However, there is no evidence for preferred crystal orientation
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Figure 5.3: (a) XRD pattern of 10onm thick TNO layers on glass annealed at 400°C, 500°C and
600°C. (b) Tauc plots for indirect optical transitions and (c) SEM images of the respective samples.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

5.2 TRANSPARENT ELECTRODES BASED ON TNO

in the XRD data, where all samples show the same pattern. When measured with the
multimeter, the resistivity of all annealed films was above the detection threshold. As
the annealing is performed in air, without controlled gas flow, it is likely that oxygen
vacancies are removed. This agrees with the fact that the films are still not electrically
conductive and they become more transparent. The latter is confirmed in the Tauc plot in
Figure 5.3 (b), where the indirect band gap (BG) increases after annealing from 3.3€eV to
3.4.€V. The Tauc plots for direct transitions is also included in Figure 5.3 (b), but shows
less distinct linear behaviour than the one for the indirect band gap. However, for the
annealed samples, a linear fit is possible, yielding direct band gap values around 3.6 V.
In accordance with the band gap, the average visible transmittance increases continuously
from 77.5% to 81.1% in the annealed samples.

Generally, for the oxide to become conductive, reducing conditions are required to in-

crease the oxygen deficiency and to activate the Nb°>* dopant [94, 97].

5.2 TRANSPARENT ELECTRODES BASED ON TNO
5.2.1  DMD architecture

Despite the Nb doping, the sputtered TNO layers have a high resistivity of ~ 90 ()-cm
(measured for a 500nm thick layer, without annealing). However, due to the high refrac-
tive index, TNO can act as suitable dielectric layer in DMD (dielectric/metal /dielectric)
transparent electrodes to achieve high transmittance values. For what concerns the choice
of metal, Ag provides the lowest optical losses in the visible, followed by Au and Cu [79],
while it also features the highest electrical conductivity and moderate cost. On the other
hand, Ag (and Cu) is chemically highly reactive, which can be a disadvantage when it
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Figure 5.4: Calculated maximal average transmittance (T,y) as a function of the effective medium
thickness (d.¢¢) for TNO/metal/TNO stacks with tonm Ag and Au.
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comes to implementation in devices. In this respect, Au is known to be chemically inert,
but of course, with high cost. Further experiments were concentrated on both Ag and Au

metals, in consideration of their respective, aforementioned advantages.

To determine the layer thicknesses for the DMD that maximize the average transmittance
Ty in the visible range (400-700nm), TMM simulations are performed. While the Ag or
Au thickness is fixed to 1onm (where the metal layer is still transparent but well above
the percolation threshold), the thickness of the two TNO layers is varied between o and
1oonm. The substrates are assumed infinitely thick and the substrate/air interface is
added subsequently in the calculations. For the DMD on glass and PET, a 1 nm- and
2nm-thick effective medium layer (d,sf), respectively, is introduced on each side of the
metal layer to account for interface roughness [105]. The respective d,¢r values were the
ones yielding best agreement between simulated and experimental spectra. In general,
the thickness of this effective medium layer d,¢f has a critical influence on the average

transmittance values, as shown in Figure 5.4, with the maximum T,, decreasing with d, ff-
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Figure 5.5: TMM calculations of the average transmittance in the visible range (400-700nm)
of DMD stacks with varying TNO (dielectric) thickness for (a) glass/TNO,/Ag19/TNOy, (b)
PET/TNO,/Ag19/TNOy, (c) glass/TNOy /Auyg/ TNOy and (d) PET/TNO,, / Aujp/TNO.
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Figure 5.6: Transmittance (solid lines) and reflectance (dashed lines) spectra of the DMD electrodes
in comparison to the spectra of the corresponding substrate and the TMM simulation of the
respective layers (dots).

For Ag-based DMDs, the maximum T, is 0.83 and 0.78 for glass and PET, respectively,
achieved for a 41nm base and 35nm top TNO layer (Figure 5.5). For the Au-based
DMDs, the maximum T, is 0.78 and 0.75 for glass and PET, respectively, for a 44nm
base and 38nm top TNO layer. One has to take into consideration that the dielectric
layer thicknesses that maximize T, also depend on the layers in the final device. All

factors considered, the simulations show that for the introduced DMDs there exists a wide

window of dielectric thickness values (around 40nm) offering high optical transmittance.

Figures 5.6 show the measured transmittance (solid lines) and reflectance (dashed lines)

spectra of the sputtered electrodes in comparison with the bare glass and PET substrate.

The sputter power for the TNO films in the DMD stack was also 123 W. After a screening
of the electrode performance around the simulated maximum T,,, the optimal dielectric
thicknesses were experimentally determined at 35 and 32 nm for both TNO layers, for
Ag- and Au-based electrodes, respectively, giving rise to symmetric DMD stacks. The
resulting spectrum of TNO35/Ag19/TNOss features a plateau with high transmittance
in the visible, yielding T,, = 0.77 on glass and 0.73 on PET, with sheet resistance, R, of
7.3+ 1.0and 7.6 0.7 Q)/sq on glass and PET, respectively. For comparison, the simulated
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sample Tio  Tmax Rs[Q/sq] ®-10°3 [0 1]

glass/TNOs5/Ag10/TNOs5 077 081 73+1.0 10.1£1.3
PET/TNOz5/Ag10/TNOss 073 0.75 7.6+0.7 5.6 +0.5
glass/TNO32/Aug/TNOs, 074 0.77  89£1.2 55+0.7
PET/TNOs,/Aug/TNOs, 069 0.74 92+0.6 27402

Table 5.1: Summary of the optical and electrical performance of DMD electrodes, including
Haacke’s figure of merit (D).

transmittance and reflectance are calculated for the same architecture and added to the
graphs. For the TNOz;/Au;9/TNOs3; electrodes, T,, = 0.74 on glass and 0.69 on PET,
respectively, while the sheet resistance is 8.9 1.2 and 9.2 4+ 0.6 ()/sq on glass and PET,
respectively. Again, the calculated transmittance and reflectance spectra are added to the
graphs in Figure 5.6 for comparison. For all electrodes, there is increased absorption in the
experimental spectra with respect to the calculated ones, especially at low wavelengths,
which leads to reduced values for the average transmittance.

Table 5.1 summarizes the figures for the discussed DMD stacks, including Haacke’s figure
of merit [49], which is often used to quantify and compare the performance of transparent
electrodes. The figure of merit (®) is defined by ® = TY/Rs. It shows a high value of
0.01 Q! for TNO35/ Ag10/TNO3s5 on glass and 0.0056 Q1 on PET. With Au, the tigure of
merit is reduced (0.0055Q~! and 0.0027 Q! on glass and PET, respectively), but is still
in the same range as commercially available ITO on PET (below 0.003 Q) 1). It deserves
mentioning that an increase of the deposition power for the TNO layer (top and bottom)
to 203 W did not change the sheet resistance nor the transmittance of the DMD electrode,
which suggests that the metal morphology is not affected by the sputter power of the
dielectric in this regime.

The fact that the electrodes with Au have lower figure of merit than the ones with Ag is
a known issue which stems from the intrinsic electronic properties of Au. Contrary to
Ag, Au and Cu show an increased density of occupied d-states at lower binding energies,
leading to stronger absorption of photons in the blue end of the visible spectrum and
hence to lower transmittance values in this regime, as compared to Ag [79].

5.2.2  Surface morphology, electronic structure and composition

To better understand the optical properties of the electrodes, the metal growth on the base
TNO layer was investigated (Figure 5.7 (a)-(d)). Both metals, Ag and Au, show continuous
film growth on TNO in the SEM images, only featuring very occasional, small holes. For
glass/TNO3;/ Auyg, groups of grains, delimited by higher contrast regions (such as those
marked with arrows in Figure 5.7 (c)) are visible on the surface. Such formations have
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5.2 TRANSPARENT ELECTRODES BASED ON TNO

PET/TNO,,/Au,,

Figure 5.7: SEM images of (a) glass/TNOs5/Ag1g, (b) PET/TNO35/Agyg, (c) glass/TNOs3,/Auyg
and (d) PET/TNO3;/ Auyg surfaces. The insets show the corresponding AFM image, including
the RMS values. All scale bars are 200 nm.

been also observed for other smooth layers deposited on glass and are thus attributed to
the glass substrate. Contrarily, the Ag films show metal clusters on the surface, which
drastically modify the underlying substrate-morphology. The root-mean-square (RMS)
roughness of the metal layers was extracted from the 1 x 1 um? AFM images shown in the
insets of Figure 5.7 (a)-(d). The smoothest film is found for TNO/Au on glass, having an
RMS value of 0.9 nm, while the plain glass has RMS of 1.4nm. The observed roughness is
more than doubled for TNO/Ag deposited on glass. On PET, both metal layers exhibit
comparable RMS values of 10.5 nm, which is due to the high roughness of the PET foil
itself (9.2nm).

To exclude light scattering as a cause for reduced transmittance, the total transmittance
(direct plus diffuse) was measured using an integration sphere. It was found that no
diffuse transmittance due to surface roughness is present, since the two curves for direct
and total transmittance (Figure 5.8) practically coincide. It may be possible, that localized
surface plasmons are excited in the metal grains and holes, leading to discrepancies
between the simulated and measured spectra. Also, small deviations in the refractive
index can cause such discrepancy.

Figure 5.9 shows 1 x 1 pm? AFM images of the DMD electrodes with Ag (top) and Au
(bottom) on glass (left) and PET (right), respectively. The lowest RMS roughness with
0.4nm is found on glass using Au as metallic layer. When using Ag, the RMS increases
to 2.5nm due to the higher roughness of the Ag layer. The RMS is significantly larger
for the electrodes on PET, due to the larger substrate roughness. In all cases, it is shown
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Figure 5.8: Transmittance spectra measured using an integration sphere (total transmittance,
displayed as triangles) compared to the respective direct transmittance of the discussed DMDs
with (a) Ag and (b) Au.

that after the deposition of the top TNO layer, the RMS roughness is decreased, which
demonstrates the levelling effect of the sputtered amorphous layer.

The electronic properties of the TNO layers are investigated by XPS and UPS mea-
surements of DMD electrodes. Figure 5.10 (a) shows the XPS spectra for the Ti 2p, Nb
3d and O 1s orbitals. The spectra are fitted with a Gaussian Lorentzian line shape and a
Shirley background is used. The position of the Ti 2p%/2 and Ti 2p'/? peaks were found
at 458.8eV and 464.5 eV, respectively, which is interpreted as Ti*" states. The spectrum
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Figure 5.9: AFM images of the presented DMD electrodes on glass (left) and PET (right), including
the RMS values.
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5.2 TRANSPARENT ELECTRODES BASED ON TNO
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Figure 5.10: (a) XPS spectra of Ti 2p (left), Nb 3d (middle) and O 1s (right) regions with binding
energy scale. (b) UPS spectrum at the secondary electron cut-off region (left) and valence band
region (right); Fermi level is indicated at 0 eV on binding energy scale.

can be fitted consistently with two peaks separated by 5.7 €V, in accordance with the
spin-orbit splitting. Also, the peak area ratio of Ti 2p%/2 to Ti 2p'/? of 2.1 is close to the
theoretical value 2:1. This indicates, that there are no oxidation states other than Ti**
present at the sample’s surface. Analogous, the position of the Nb peaks at 207.2eV (Nb
3d%/2) and 209.9 eV (Nb 34%/2) imply Nb>* states at the sample’s surface. The O 1s region
shows a peak at 530.2 eV, which can be assigned to oxygen bound to a metal and one at
531.9 eV. The last-mentioned peak is probably a result of the contamination by exposure
to air, where potentially OH™ groups are formed at the surface. In case of oxygen, only
the peak at 530.2eV was taken into account for composition calculation. The relative
sensitivity factor (RSF) is 2.93 for O 1s and 7.81 and 8.21 for the doublets of Ti 2p and
Nb 34, respectively. Hence, from the peak areas and the RSFs, a Nb/Ti ratio of 9.4% was
calculated, yielding a ratio of roughly 3% Nb and 32% Ti in the whole film.

Figure 5.10 (b) shows the UPS results, where the secondary electron cut-off region (SE, left

side) and the valence band region (VB, right side) are presented on binding energy scale.

Note that the intensity scale is not the same for both regions. The intensity of the SE is by
a factor of 20 higher than in the valence band maximum (VBM) region. The secondary
electron cut-off edge is found at Egg cytoff = 17.0€V (i.e. the work function ¢ is 4.2 eV) and
the VBM lies at Eypy = 2.8 eV below the Fermi level Er. Further, the ionization energy
Eion can be calculated by subtracting the full spectrum width (Esg-cutoff — Evem = 14.2€V)
from the incident photon energy (21.2€V), yielding E;,, = 7 eV. This agrees well with the
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NIOBIUM-DOPED TITANIUM OXIDE — TNO

values above and, thus, charging effects can be excluded. The UPS results correspond
to the energy bands of the single TNO layer, as the top TNO is thick enough to exclude
contributions of the metal layer. When compared with undoped TiO,, the work function
of amorphous TNO is at the lower end of what is reported for undoped TiO, layers
exposed to water, namely 4.2 — 5eV (depending on the texture and oxidation state) [83].
Similarly, the values for Eypy under the above conditions range from 2.9V to 3.4V [83],
compared to the 2.8 eV extracted for the amorphous TNO layer.

5.2.3 Mechanical stability

To quantify the mechanical stability of the electrodes on PET, bending tests are performed,
as shown in Figure 5.11 (a). The samples are fixed between two clamps, such that the
bending radius rp is 3mm, as sketched in the inset. When the upper clamp is moving,
tensile strain € is exerted on the thin films, which can be estimated by € = d/(2rp) [55].
Since the thickness d of the substrate is 175 um, the estimation yields a strain of 2.9%.
Under these conditions, the TNOs5/Ag19/TNOgz5 stack shows a 4o-fold increase of the
initial resistance, while the relative resistance of TNO3y/Au;o/TNOj3g increases only by a
factor of 10 after 3000 bending cycles. The difference is not immediately clear, as both
samples exhibit continuous cracks in the SEM images (Figure 5.11 (b), (c)) which extend
at least for several hundred pm. The higher ductility of Au may be responsible for the
significantly larger resistance increase for TNO35/Ag19/TNOs3s for >500 bending cycles.
Oppositely to ITO, where broad cracks dramatically increase the relative resistance within
few bending cycles [33], the current flow in the DMDs is not fully hampered, as the
cracks remain narrow and the ductile metal layer partly stays intact throughout the crack.
A strong relaxation effect of the resistance was observed after un-clamping the sample
from the bending test-stand, with the resistance decreasing to less than half of its initial
value in the course of some minutes. This is attributed to the pronounced deformation

45
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Figure 5.11: (a) Resistance relative to the initial value Ry as a function of the number of bend-
ing cycles. (b), (c) SEM images of the TNO3y/Au;9/TNO3p and TNO35/Ag19/TNO35 surfaces,
respectively, after 3000 bending cycles at rg = 3 mm.
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5.3 MESOPOROUS TITANIUM OXIDE

of the PET substrates due to the small bending radius. When removed from the clamps,
the substrate partially relaxes over time and relieves strain from the DMD. The residual
resistance increase is associated with the plastic deformation of the substrate, which exerts
constant strain on the film. As soon as the sample is fully straightened, i.e. forced back to
its initial shape, the resistance drops to a relative resistance increase of a factor of approx.
5 in the case of Au and a factor of approx. 10 in the case of Ag. It is expected that the use
of a thinner, more elastic substrate would lead to a smaller increase of the resistance, as
reported by Li et al.[96]. Similarly, when exerting a larger bending radius of rg = 5mm,
the substrate does not experience remaining deformation and the observed increase of
relative resistance was negligible (< 1) (Figure 5.11 (a)). Furthermore, after 3000 cycles at
a bending radius of 5 mm, the DMDs show only very fine cracks, which are barely visible

in the SEM images.

5.3 MESOPOROUS TITANIUM OXIDE

The use of a mesoporous TiO; (mp-TiO,) scaffold layer is a common electron extraction
layer in perovskite solar cells to promote perovskite crystallization, charge extraction and
device stability [106, 107, 108]. The drawback of the mp-TiO; layer is the often required
high-temperature sintering step (above 400°C), necessary for layer crystallization and
uniformity, as well as for good adhesion properties and defect-free interfaces [109]. The
requirement of high-temperatures has hampered the use of a mesoporous n-i-p architec-
ture on flexible substrates. To overcome this issue, several alternative treatments have
been suggested to replace the high temperature sintering step, ranging from UV /ozone
[110, 111, 112] and plasma treatments [113], to photonic flash sintering [114, 115]. These
procedures are often time-consuming and/or require additional, elaborate preparation
steps. A few studies use binder-free TiO, pastes, which allow a sinter-free process us-
ing only a drying step (~150°C) to promote interparticle connectivity via dehydration
reactions [116, 117, 118]. In any case, these scaffold layers are usually combined with an
additional compact TiO; layer, to reduce carrier recombination at the interface with the
transparent electrode [108, 111]. In this section, the properties of the TNO-based DMDs
combined with a low-temperature processed mp-TiO, layer are presented, where the
compact TiO; layer is already integrated in the transparent electrode. The mesoporous
TiO, layer was spin-coated on the sputtered electrodes using a commercial Ti-Nanoxide
ink (HT-L/SC from Solaronix®). An approximately 180 nm-thick layer was obtained
when spinning statically at 4000 rpm for 30s, followed by drying on a hotplate, in ambient

atmosphere, at 100°C for 30 min.
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Figure 5.12: SEM and AFM images of the mp-TiO, surface deposited on the DMD on (a) glass and
(b) PET and in (c) the corresponding SEM cross section image on glass. (d) XRD diffractogram of
plain glass (black), TNO on glass (red), mp-TiO; on plain glass (blue) and on the DMD with Ag
(green) and Au (purple).

The deposited mp-TiO, on the DMD is shown in Figure 5.12, where a porous surface
is visible in the SEM images, irrespective of the underlying substrate. The insets of
Figure 5.12 (a) and (b) present the corresponding 1 x 1um? AFM images, yielding RMS
roughness of 6.4 nm on glass and 7.4 nm on PET. The surface roughness is now governed
by the pores and particles constituting the scaffold layer, rather than the substrate itself.
This way, the long-range roughness of the PET surface is evened out by the mesoporous
layer. In Figure 5.12 (c), a cross section SEM image of the DMD on glass with the mp-TiO,
on top, is shown. The metal layer (in this case Au) is clearly distinguishable from the
adjacent, compact TNO layers (that the upper TNO layer appears darker stems from
a small distance difference due to the uneven cleavage of the sample). The mp-TiO,
layer is shown to cover the substrate in a homogenous manner, yielding a thickness of
175 £ 15nm. An increased layer thickness was tested by repeating the deposition process,
which resulted in a similarly homogeneous layer with double the thickness.

As the ink is composed of dispersed anatase nanoparticles, the XRD investigation (Figure
5.12 (d)) of the mp-TiO; layer deposited on glass (in blue) shows distinct peaks of a TiO,
anatase (tetragonal) phase. The (101) peak at 25.5° is most pronounced but also peaks at
higher diffraction angles can be assigned to nanocrystalline anatase (COD ID: 1526931)



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

(a) ————glass/TNO,./Ag,,/TNO, (b)
1.0 —¢glass/TNOys/Ag,o/TNO35/mp-TiO, | 1.0 PET/TNO,5/Ag,o/TNO,g -
o9l ©  glass/TNO35/Ag,o/TNO5s/neff g 09l ——— PET/TNO,5/Ag, o/ TNO,o/mp-TiO, | |

transmittance / reflectance

0.0

400 500 600 700 800 900 1000 1100

5.3 MESOPOROUS TITANIUM OXIDE

(©) ———glass/TNO,,/Au,/TNO;,
10 ——— B1255/TNO,,/Au; o/ TNO,,/mp-TiO, ] 10 PET/TNO;,/ A,/ TNO;, M
0.9 o glass/TNO,,/Au,,/TNO, /neffg 1 0.9 ———PET/TNO,,/Al;/ TNO,/mp-TiO, 1
0.8 > 0.8 _

transmittance / reflectance
o
wu

—

1 1 I L

400 500 600 700 800 900 1000 1100
wavelength [nm]

1 1 1
400 500 600 700 800 900 1000 1100
wavelength [nm]

Figure 5.13: (a)-(d) Transmittance (solid lines) and reflectance (dashed lines) spectra of the DMD
electrodes without (red) and with mp-TiO, (blue) layer. (a) and (c) include the simulated spectra
for an effective medium 7, on top of the DMDs.

[119]. Figure 5.12 (d) also includes the diffraction pattern of a single TNO layer on glass
(in red), showing its amorphous character, as there is no difference to the plain glass
substrate. Furthermore, the pattern of mp-TiO; deposited on the DMD electrodes (in
green and purple) was added to the Figure, where the additional peak comes from the
(111) phase of the corresponding metal (COD IDs: 9011607 (Ag), 9011613 (Au)) [120].

Transmittance and reflectance spectra of the DMDs, with and without the mp-TiO, layer,
are displayed in Figure 5.13. The comparison shows that the mp-TiO; is a highly trans-
parent material, which practically does not alter the average transmittance (values in the
insets), nor the visible reflectance of the electrodes. The most significant change can be
seen in the near infra-red above 8oo nm, where the reflectance is significantly increased
by the scaffold layer. In order to explain this effect, a simple model was composed to
extract the optical properties, i.e. the refractive index of the mp-TiO,. Using the same
TMM calculations (for more details see 8.1.3) as for the DMD spectra in Figures 5.5,
the DMD stack with an additional material on top was simulated and compared to the

experimental spectra. Since the mp-TiO; encloses air, a compact TiO, layer with high
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refractive index is not representative. Therefore, a thick (180 nm) effective medium with
an effective refractive index (n.fs) is introduced (according to the Bruggeman effective
medium approximation) [105]. 7.¢s assumes values between 1.8 and 1.6, significantly
reduced with respect to compact TiO,. Comparing simulated and experimental spectra

(Figure 5.13 (a) and (c)), a decent agreement is obtained.

5.4 SUMMARY

This chapter reports on sputtered niobium-doped titanium oxide, which could be de-
posited from a conductive oxide target in DC magnetron mode. Transparent films are
achieved even in inert Ar atmosphere, thus allowing for increased deposition rates up
to 16.8 nm/min. Having a wide band gap of 3.3 eV and high refractive index above 2.3,
the TNO is used in TNO/(Ag or Au)/TNO stacks as transparent electrodes on glass
and PET. All DMDs feature transmittance above 0.7 and sheet resistance below 10 ()/sq.
Especially, the mechanical stability of the flexible electrodes on PET makes them a superior
alternative to the common ITO on PET. It was shown, that the combination of these DMD
electrodes with a mesoporous TiO; layer could serve as efficient electron transport layer
for flexible optoelectronic devices. To avoid thermal damage of the PET substrate, the
process temperature of the mesoporous TiO, was reduced to 100°C, resulting in a uniform

scaffold oxide layer.
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To prove the applicability of the electrodes presented in the previous chapters, they are
implemented in solar cells and OLEDs. In both cases, the idea was to simultaneously use
the DMD stacks as transparent electrode and as charge carrier transport layer. The focus
lies especially on the performance of the DMD electrodes on PET to produce flexible
devices, where the ITO lacks mechanical stability.

However, it should be noted at this point, that all devices only act as proof of principle,
where further optimization would be required to achieve high-efficiency devices, which
is out of the scope of this thesis. The detailed materials and methods of the device

fabrication are described in the Appendix (8.1).

6.1 PEROVSKITE SOLAR CELLS

Perovskite solar cells are one of the most studied photovoltaic technologies due to their
ease of fabrication, promising efficiencies and compatibility with flexible substrates. "Per-
ovskite" refers to the crystal structure of the absorber material in the solar cells. It is
based on organic-inorganic hybrid material, typically methylammonium lead iodide
(CH3NH3PblIz or MAPDI) [121]. The iodine is often (partially) replaced by other halide
atoms like Cl or Br. Recently, lead-free perovskites are investigated which are based on
Sn, Ge, Sb or Bi. [122, 7]. Other formulations include formamidinium (FA) or are fully
inorganic using Cs or Pb as cations [123].

In addition to the different materials, there are also several possible device architectures
depending on the layer sequence: the planar n-i-p or p-i-n (inverted) configuration, or the
mesoporous (or mesoscopic) structure, where oxide nanoparticles act as scaffold layer for
the perovskite [1, 123]. An even broader variety is reported for the charge selective layers,
including various organic and oxide materials. For flexible applications, the substrate and
transparent electrode are critical bottlenecks for achieving high efficiency and flexibility

[2].
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6.1.1 p-i-n structure using MTO

To test the performance of the MTO/metal/MTO electrodes, they are implemented in
prototype perovskite solar cells on both, glass and PET substrates. Since the idea was that
the MTO can simultaneously act as hole-extraction layer, the devices are prepared in the
inverted (p-i-n) structure with and without PEDOT:PSS as an additional hole transport
layer. In this architecture, ZnO nanoparticles (ZNO-NPs) are used as an electron transport
layer on top of the perovskite (see Figure 6.1 (a)) and Ag is evaporated through a shadow
mask as back electrode. It should be noted at this point, that both electrode designs, using
Ag and Au, were tested in our experiments. However, Ag-containing electrodes degraded
quickly when the perovskite was deposited, with the electrode resistance increasing to
several k() approximately a day after the device fabrication. This effect has been reported
before and is explained by the formation of silver-iodide species, depleting the conductive
Ag layer [124, 125, 126]. Therefore, any working devices were only achieved when using
Au as metal in the DMD electrode.

Figure 6.1 (b) shows the XRD pattern of the solar cells (excluding the back Ag elec-
trode) with and without the PEDOT:PSS, indicating a well-crystallised perovskite (beta-
methylammonium lead triiodide structure, COD ID: 4335638) in both cases. However,
when looking at the current-voltage (J-V) curves in Figure 6.1 (c), one can see a significant
improvement in performance when the additional PEDOT:PSS is used. Without PE-
DOT:PSS, the fill factor and the efficiency are very small with 30% and 0.5%, respectively.
From the J-V characteristic a high series resistance and low shunt resistance is evident,
yielding a small short circuit current (jsc) of 4.9 mA/cm? and open-circuit voltage (Voc)
of goomV. In contrast, the best-working devices on glass using PEDOT:PSS yield an
efficiency of 6.4%. With a Vpc of 8gomV and a jsc of 13.9mA /cm?, the main drawback is
the low fill factor caused by parasitic resistances. Especially the series resistance (derived
by the small slope at the V¢) is very high, which may be related with the design of the

top contacts. Since they are evaporated through a shadow mask with a very narrow gap,
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Figure 6.1: (a) SEM cross section image of a perovskite solar cell on glass (excluding the Ag
back electrode). (b) XRD pattern of the perovskite solar cell on glass with (blue) and without
(red) PEDOT:PSS. (c) J-V characterisation of the devices on glass and PET substrates, in dark and
illuminated (AM1.5G) conditions.
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6.1 PEROVSKITE SOLAR CELLS

they sometimes had increased resistance when the evaporated metal layer was too thin or
defective. In terms of energy alignment of the hole extraction layer, it is not immediately
obvious why the solar cells with PEDOT:PSS show significantly higher efficiency, since
both, MTO and PEDOT:PSS, have the same work function of 5.1 eV. However, PEDOT:PSS
is electrically conductive, while the gonm of MTO in the DMD is rather insulating, possi-
bly causing a smaller current density. Additionally, oxygen defects which are present in
the MTO, may also induce more recombination.

Figure 6.1 (c) also presents the best-performing solar cell on PET substrate with a V¢ of
720mV and a jsc of 11.2mA/cm?, yielding a maximum efficiency of 2.1%. The roughness
and water permeability of the PET substrates is a general challenge for flexible devices
and probably causes the decrease in solar cell performance. Improvement is expected

when introducing a polymer interlayer to smooth the substrate surface of PET [31].

6.1.2 mesoporous n-i-p structure using TNO

The following section is part of the published article:

Goetz, S. et al. Low-Temperature-Processed Transparent Electrodes Based on Compact and Meso-
porous Titanium Oxide Layers for Flexible Perovskite Solar Cells. ACS Applied Energy Materials.
(2021). [89], reproduced under the corresponding copyright agreement (8.2).

The developed electrodes based on Nb-doped TiO, (TNO, see chapter 5) incorporat-
ing the mp-TiO, layer, were implemented in mesoporous n-i-p perovskite solar cells.
Figure 6.2 (a) shows a cross-section SEM image of a freshly cleaved device on glass,
before the evaporation of the Au electrode. A continuous, ~300nm-thick perovskite
(PVK) layer covers the mp-TiO, layer. It should be pointed out, that the formation of a
continuous, crystalline and pinhole-free perovskite layer was achieved reproducibly and
with less effort on the mesoporous layer as compared to the planar DMD electrode. The
dark spiro-OMeTAD hole transport layer is distinguished on top of the PVK. A top view
SEM image of the PVK layer (without the spiro-OMeTAD) on PET is presented in the
inset of Figure 6.2 (a), showing densely-packed grains. The XRD pattern of the whole
device on glass, shown in Figure 6.2 (b), confirms full crystallisation of the perovskite
(peaks marked with an asterisk in the diffractogram using beta-methylammonium lead
triiodide structure reference, COD ID: 4335638), since no peaks of unreacted products
can be found. The Au reflections come from the evaporated back electrodes, also visible
on the photograph in the inset, and one peak is assigned to the anatase phase of the
mp-TiO; layer. The XRD results are only shown for the device on glass, since the strong
characteristic peak of the PET substrate superposes the diffraction peaks of the thin films
and hampers the identification of smaller peaks. However, the perovskite deposition
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Figure 6.2: (a) SEM cross section image of a perovskite solar cell on glass (excluding the
Au back electrode). The inset shows the top view of a perovskite layer deposited on
PET/TNO/Au/TNO/mp-TiO;. (b) XRD pattern of a perovskite solar cell on glass. The in-
set shows a photograph of the corresponding device on PET.

followed the same procedures and heat treatment for both substrates, and we expect the
same degree of crystallization on PET as on glass.

Again, both electrode designs, using Ag and Au, were tested in our experiments but
the Ag-containing electrodes degraded quickly when the perovskite was deposited (as
described in 6.1.1). This is contrary to recent reports on flexible perovskite solar cells
with similar DMD architecture using TiO,/Ag/TiO, electrodes [95, 96] - however, a
different interlayer (namely ZnO and CPTA) between the transparent electrode and the
PVK or a different morphology of the TiO, itself may have prevented diffusion in this
case. Additionally, other PVK formulations without iodine, especially wide band gap
PVK absorbers based on Br could be the key to improve the stability of Ag-based DMDs.
Indeed, in a recent study, it was demonstrated that Br-based perovskites slow-down the
degradation of Ag, paving the way for stable Ag-based electrodes [127]. Such an I-free
absorber, combined with a TiO,-based buffer, could be a promising combination against
Ag degradation.

Dark and illuminated (AM1.5G) current density-voltage (J-V) curves of solar cells on
PET and glass, both with an active area of 3.14 mm? are displayed in Figure 6.3 (c). Only
a small hysteresis between forward and reverse IV directions is observed. While some
hysteresis is common in most PVK solar cells, the origin of this delay between the change
of properties and the external stimulation is still under debate [128]. The cells on PET
yielded an open-circuit voltage (Voc) of 995 mV, a short-circuit current density (jsc) of
13.9 mA /cm? and a fill factor (FF) of 58.0% when scanned from 1.2V to -0.1V, and a V¢ of
981mV, jsc of 13.9mA/cm? and FF of 58.7% for the reverse scanning direction. On glass,
the cell performance was comparable, with a Voc of 1.01V, a short-circuit current density
jsc of 13.7mA/cm? and a FF of 57.4% when scanned from 1.2V to -0.1V, and a V¢ of
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6.2 ORGANIC LIGHT-EMITTING DIODES (OLEDS)
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Figure 6.3: (a) J-V curves of solar cells on PET and glass, in dark and illuminated (AM1.5G)
conditions. The solid lines represent the forward scanning direction and the dashed lines the
corresponding reverse scanning direction. The inset shows an EQE measurement of a cell on PET
(b) Efficiency measurements at the maximum power point (MPP) over time for a cell on PET.

1.0V, jsc of 13.8mA/cm? and FF of 57.4% for the reverse scanning direction. Additionally,
measurements at the MPP for the solar cell on PET yielded only small variations over
a time of 4 minutes (Figure 6.3 (d)). The power conversion efficiencies (PCE) derived
from the IV-curves are 8.01% for the cell on PET and 7.93% on glass. Considering that the
used perovskite ink generally reports an efficiency close to 12% on glass/ITO [129], the
results are promising but still leave room for improvement. Again, the losses are mainly
due to the low fill factor caused by a high series resistance. As mentioned in 6.1.1 this is
related to resistive top contacts and was improved in a subsequent experiment yielding
an increased efficiency of 9.4% on PET with concomitant increase of the jsc. Otherwise,
further improvement of the solar cell performance may be possible by reducing the
thickness of the mp-TiO; layer and by detailed interface optimization.

6.2 ORGANIC LIGHT-EMITTING DIODES (OLEDS)

Although the technology of organic light-emitting diodes (OLEDs) has already reached
the market in screens and displays, the research is still ongoing. The aim is to move
towards flexible devices and large-area fabrication. To this end the ITO, being the domi-
nant transparent electrode, has to be replaced to reduce production costs and to prevent
electrode failure under bending. In contrast, many of the light-emitting polymers are
compatible with flexible and (semi)transparent applications as well as large-scale fabrica-
tion techniques as most of them are solution-processable. In the following, the PDY-123
copolymer "Super Yellow" (SY) is employed as active layer, yielding OLEDs emitting

in the yellow wavelength range. Subsequently, the DMD electrodes from the previous
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chapters are implemented in OLEDs, resulting in both architectures, n-i-p (using TNO)
and p-i-n (using MTO).

6.2.1  mesoporous n-i-p architecture using TNO

The mesoporous configuration using mp-TiO,, which is common for perovskite solar
cells (section 6.1.2) has - to my knowledge - not been applied to OLEDs yet. Therefore,
the TNO/Ag/TNO/mp-TiO; electrodes from section 5.2 were implemented in prototype
OLEDs. In contrast to the perovskite solar cells, Ag can be used as metal layer, since
no reactions with the active material are observed. Generally, the application of TiO, in
OLEDs usually suffers from efficiency losses due to interfacial defects and insufficient
electron injection without suitable interface functionalization [130].

In order to obtain working devices, the mp-TiO, layer thickness had to be reduced by
diluting the commercial Ti-Nanoxide ink (HT-L/SC from Solaronix®) with ethanol in
a 1:4 volume ratio, resulting in continuous layers of approx. 6onm when spin coated
at 4000 rpm for 30s. Afterwards, a polyethyleneimine (PEI) solution was spin coated to
functionalise the TiO,, lowering the work function of metal oxides and, thus, improving
the energy level alignment with the organic emitter [131, 132]. A schematic of the energy
band structures of each layer is presented in Figure 6.4. The boxes are aligned by the
vacuum level and represent the band gap energy, limited by the valence band maximum
on the bottom and the conduction band on the top. The expected influence of the PEI
on TiO, is shown by the arrow, moving the work function of TiO, Anatase to smaller
values [132]. Similarly, the work function of the evaporated MoOs is estimated from
literature values but as the reported values vary strongly between 4.7 and 6.9 €V, a broader
range is considered here. Figure 6.5 (c) shows a cross section SEM image of the final
device architecture TNO/Ag/TNO/mp-TiO,/PEI/SY/MoOs3/Au (for fabrication details
see 8.1.1). It is noted at this point, that the PET substrate was coated with PMMA to
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Figure 6.4: Schematic representation of the energy band alignment for the n-i-p structure.
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Figure 6.5: (a) J-V characterization and simultaneous luminance measurement of the best element
achieved for TNO/Ag/TNO/mp-TiO, /PEI/SY/MoQO3/Au on glass and PET/PMMA substrate.
(b) Corresponding current efficacy [cd/A] as a function of the luminance. (c) SEM cross section
image of the whole device on glass.

reduce the RMS surface roughness of the substrate from around g nm down to 4nm [31].
The current density-voltage (J-V) curves and simultaneous luminance measurements of
the best devices on glass and PET, respectively, are shown in Figure 6.5 (a). Irrespective of
the substrate, both devices show small current densities, below 100 mA /cm?, which could
suggest, that the TiO; layer is blocking charge carriers due to the insulating character.
Also, the turn-on voltage (where the luminance is 1 cd/m?) is rather high at 4.5V, such
that the maximum luminance is only reached at an applied bias of 10 V. This is another
indication for poor charge injection, as high voltage is required to produce sufficient
charge recombinations for light emission. However, the working principle of the imple-
mented architecture is demonstrated when considering the current efficacy shown in
Figure 6.5 (b). Especially on the PET substrates, the efficacy yields promising results for
flexible OLEDs, achieving higher efficacy than on glass. It is expected that with further
optimization of the interfaces, layer thicknesses and optical properties, the performance

can be significantly increased.

6.2.2  p-i-n architecture using MTO

To show the applicability of MTO, prototype organic LEDs (OLEDs) are fabricated using
MTO-based transparent electrodes (described in 3.2, denoted here as MAM). With MTO
having a work function of 5 eV, the energy level alignment should be suitable for hole
injection to the Super Yellow (SY) polymer with a HOMO of 5.1 eV, similar to what
has been shown for MoOs;. However, other effects like interfacial defects and interface
reactions also influence the charge injection efficiency [12]. Therefore, PEDOT:PSS was
required as additional hole transport layer, resulting in the following device architecture:
MTO/Ag/MTO/PEDOT:PSS/SY /ZnO-NPs:PEI/Al.

Figure 6.6 schematically presents the energy band structure of the device. The values for
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Figure 6.6: Schematic representation of the energy band alignment for the p-i-n structure.

PEDOT:PSS and ZnO:PEI are taken from literature [133, 131]. While the work function of
MTO and PEDOT:PSS is basically the same, their band structure is different. However,
the low lying valence band of MTO should be energetically suitable for hole injection (as
known from pure MoOj [134]), supporting the assumption of interface defects preventing
the efficient hole transfer from MTO to the SY. On the other side, the effect of PEI is shown
in direct comparison to ZnO, demonstrating a significant decrease of the work function
and improving the alignment of the conduction band of ZnO with the LUMO of SY.
The same device configuration is fabricated on a commercial ITO electrode for reference.
Figure 6.7 (a) shows the J-V curves and luminance values of the best devices in each
electrode configuration on rigid (glass) substrates. The performance of both electrodes
is comparable, with a turn-on voltage (where the luminance is 1 cd/m?) of 2.2V for ITO
and 2.4V for MTO and with a maximum luminance well above 10000 cd/m?2. For both
electrodes, PEDOT:PSS was necessary to achieve performing devices. It is important
to underline that the use of MTO instead of MoOj3; permits device processing with the
water-based PEDOT:PSS, as MoO3 completely dissolves upon PH1000 application.
However, from preliminary tests we expect that with careful interface engineering of the
MTQO/SY interface as well as device-specific optimization of the MTO electrode, the use
of PEDOT:PSS can be avoided.

As a further step, the MTO/Ag/MTO electrode is used to make flexible OLEDs, using
the same architecture on PET substrates. Again, a commercial ITO-coated PET-foil is
used as reference. The J-V and luminance characterization of the best performing devices
are shown in Figure 6.7 (b). Again, the performance is very similar to the ones on
glass, but with the lack of heat dissipation on the thin plastic foil leading to significant
degradation above 5.5V, a strong kink in the luminance curve is visible. With this, the
maximum luminance on the MTO/Ag/MTO electrode is found at 3960 cd/m? but with a
low turn-on voltage of 2 V. When looking at the current efficacy (Figure 6.7 (c), (d)), the
flexible devices show even higher efficacy than the ones on glass. Although the devices on
MTO/Ag/MTO have approx half the efficacy of ITO, the MTO/Ag/MTO electrode has

the clear advantage of high mechanical stability under bending compared to the common
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Figure 6.7: ]-V characterization and simultaneous luminance measurement of the best elements
achieved for PEDOT:PSS/SY/ZnO-NPs:PEI/ Al on (a) glass/MTO-Ag-MTO(MAM) and glass/ITO,
(b) PET/MTO-Ag-MTO(MAM) and PET/ITO. (c), (d) Corresponding current efficacy [cd/A] as a
function of the applied voltage.

ITO (see 3.2). Furthermore, a maximal efficacy of 6cd/A is a successfully high values

when compared to other ITO-free OLEDs in recent publications [135, 134].

6.3 SUMMARY

In this chapter, the developed DMD electrodes were implemented in perovskite solar
cells and organic LEDs to test their device-specific performance as transparent electrodes
and charge transport components. While the TNO/metal/TNO/mp-TiO, electrodes
yielded efficient perovskite solar cells (with up to 9% power conversion efficiency) in the
designated configuration, the MTO-based electrodes required an additional PEDOT:PSS
layer to achieve working devices. Nevertheless, they suffered from low fill factor due to
high parasitic resistance within the device. For the OLEDs, the TNO-based electrodes were

modified using thinner TiO, layers and PEI-functionalization to obtain light emission.

However, more optimization is necessary to improve the efficiency of the devices in
this configuration. The inverted OLED structure was realized with the MTO/Ag/MTO
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electrodes. Again, PEDOT:PSS was required as additional hole transport layer, as the bare
MTO electrodes did not yield well-working devices within the available time and effort.
However, it was demonstrated that the MTO-based electrodes perform comparably well
as the reference devices on commercial ITO. And also in this case it is expected that with
further optimization of the MTO/polymer interface the PEDOT:PSS could be avoided.
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CONCLUSIONS AND OUTLOOK

In this thesis, three transition metal oxides were investigated for the use in transparent
electrodes and charge-selective layers. The deposition using DC magnetron sputtering at
room temperature provided compatibility with flexible substrates and the state-of-the-art
industrial fabrication processing of transparent electrodes. Based on the properties of
the single oxide layer, transparent dielectric/metal/dielectric electrodes were designed to
maximize their transmittance. The DMD electrodes, incorporating Ag or Au proved to be
highly flexible due to the ductile metal layer, irrespective of the adjacent oxide.

The first investigated material was molybdenum oxide, presented in Chapter 2. While
MoOy is already a commonly used and well-studied material for hole transport in opto-
electronic devices, this work explored a less established deposition technique of MoOy by
DC sputtering from a substoichiometric oxide target that allows higher deposition rates
than other PVD processes. It was found that transparent, stoichiometric MoOj3 layers can
only be achieved when oxygen is added to the process gas. To validate the deposition
process, MoOy thin films with different oxygen content have been characterized in detail
and tailored for the use in DMD transparent electrodes. Especially on flexible (PET)
substrates, these electrodes outperform the industrial standard (ITO).

In the following Chapter 3, a novel composite material was introduced: molybdenum
titanium oxide (MTO). Following the same objective to achieve high deposition rates
with DC sputtering, a mixed MoO,-TiO, oxide target is used to deposit thin films with
different oxygen contents. Subsequently, MTO/metal/MTO electrodes are deposited in
the same architecture, resulting in even higher figure of merit values than the DMDs based
on pure MoOy. Additionally, the MTO is proven to be much more stable in humidity and
water compared to MoOy, and most importantly the electronic properties of MTO such as

the high work function, are similar to MoOx.

The water stability of the two materials was studied in detail in Chapter 4. Firstly an
in-line flow-cell set-up coupled to an ICP-MS is used to quantify the dissolution of both
materials, MoOx and MTO, in pure water. These confirmed the qualitative observations
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CONCLUSIONS AND OUTLOOK

of MTO withstanding short exposure to liquid water, which has been found detrimental
for the MoOy films. In fact, the dissolution of Mo decreased in MTO by a factor of ~20
within 10 minutes of water exposure. Furthermore, the molecular water reactions on the
MoOx and MTO films were studied by infrared spectroscopy. The films were exposed to
controlled humidity conditions and their degradation was compared by the strength of
water adsorption and hydrolysis. Again, the MTO was confirmed as significantly more
resistant to water than MoOy due to the presence of Ti, making it a compelling material

when humidity is present or processing with water-based solutions is required.

Chapter 5 presented an oxide that is known as an electron-selective material in optoelec-
tronic devices, namely titanium oxide. In fact, niobium-doped TiO, (TNO) with 5at%
Nb was used to enhance the electrical conductivity of the sputtering target and, thus,
enabled DC mode sputtering from an oxide target to achieve a fast deposition. In this
case, no additional oxygen was required to obtain highly transparent thin films. These
were characterized and further implemented in DMD transparent electrodes on rigid and
tlexible substrates. The DMD electrodes were combined with a mesoporous TiO, layer,
processed at low temperatures (< 100°C) to make it compatible with the temperature-
sensitive flexible substrates. This combination made the electrodes an appealing substrate
for optoelectronic devices, where the mp-TiO, could act as scaffold layer for the active
material and simultaneously as electron-transport layer together with the TNO in the
DMD electrode.

This concept was tested by implementing the DMD electrodes in perovskite solar cells
and organic LEDs in Chapter 6. While the TNO/metal/TNO/mp-TiO, electrodes
yielded efficient perovskite solar cells, the best-performing OLEDs were achieved with a
MTO/Ag/MTO electrode only in combination with PEDOT:PSS. In fact, direct charge
transfer from the sputtered oxides to the active material was found insufficient in the
investigated device architectures. Without additional buffer layers or surface functional-
ization, the devices suffered from low efficiencies due to poor charge extraction/injection
and interfacial defects. However, from the interim results it is expected that more time
and effort concerning interface engineering and device-specific electrode design will
enhance the efficiencies and improve the direct charge-selective transport ability of the
DMDs. Moreover, on PET substrates the DMD electrodes have the clear advantage of

high mechanical stability, which ultimately enables reliable bendable devices.

In summary, the three different DMD stacks proved to be compelling electrodes for
flexible applications, outperforming the common ITO on PET substrates. However, to
simultaneously act as charge transport layers in optoelectronic devices, more detailed
interface engineering is required to reduce interfacial defects and improve the charge

transfer across the junction.
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APPENDIX

8.1 METHODS AND INSTRUMENTATION
8.1.1 Materials and deposition methods

Sputter deposition

2.5 x 2.5cm? glass (Menzel Glaser®) and PET (Melinex®504) substrates were cleaned in a
1% Hellmanex®/DI-water solution in an ultrasonic bath for 15 minutes, followed by 15
minutes of sonication in de-ionized (DI) water and finally in isopropanol. The substrates
were dry-blown with nitrogen before being transferred into the load-lock of the Leybold
Univex 450C sputter system. All layers were sputtered in DC magnetron mode with a
base pressure of 10~/ mbar and without substrate heating.

Ag and Au thin films were deposited at a pressure of 2 pbar and 42 W sputter power from
10.16 cm and 7.62 cm diameter targets, respectively, resulting in a sputter rate of 0.78 nm/s
for Ag and 0.8 nm/s for Au. The sputter deposition rates were determined by a surface
profilometer (KLA-Tencor, Alpha-Step 1Q), measuring the step height.

Perovskite solar cell fabrication

When PEDOT:PSS was used as hole transport layer, a water-based solution of PEDOT:PSS
(Clevious PH1000) was filtered through a 0.45 um PES filter onto the transparent electrode,
covering the whole substrate, and spin coating in air at 4000 rpm for 45s, followed by
3omin of drying on a hotplate at 100°C. After the transfer into the glovebox, the substrates
were again heated on a hot plate at 100°C to remove any water residue from the surface.
The perovskite ink (I2o1 from Ossila, UK) was preheated in the glovebox to 70°C for
2 hours and removed from the hot plate 15 minutes before its use. After covering the
whole substrate with the ink and leaving it to soak for 5 minutes, the spin coater was
run at 5000 rpm for 1 minute. 20 seconds into the spin coating, 30ul of chlorobenzene
were dispersed. Subsequently, the samples were annealed at 9o°C for 2 hours on a
hot plate. For the spiro-OMeTAD layer, 170 mg bis(trifluoromethane)sulfonimide Li-salt

(TFSI) were dissolved in 1 ml acetonitrile and 17 ul of this solution were added to a spiro-
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OMeTAD solution with 73 mg spiro-OMeTAD dissolved in 1ml chlorobenzene. After
one hour of stirring at room temperature, 29 ul tert-butylpyridine were added into the
spiro-OMeTAD /TSFI solution. The layer was then deposited by dynamical spin-coating
of 5ol at 4000 rpm for 50s without additional annealing. The samples were then taken
out of the glovebox and inserted into the thermal evaporator, where Au contacts were
deposited through a shadow mask with a diameter of 2mm at a rate of 0.4nm/s. The
cells were then encapsulated by applying a two-component epoxy glue (UHU® Plus
Sofortfest) over the surface of the sample and a glass cover slide on top of the glue, and

leaving to dry for 15 minutes.

OLED fabrication

p-i-n architecture:

When PEDOT:PSS was used, a water-based solution of PEDOT:PSS (Clevious PH1000)
was filtered through a 0.45 pm PES filter onto the MTO/Ag/MTO transparent electrode,
covering the whole substrate, and spin coating in air at 4000 rpm for 45s, followed by
3omin of drying on a hotplate at 100°Cbefore being transferred to the glovebox. The
Super Yellow (SY) solution was prepared by dissolving 5mg of the Super yellow light-
emitting PPV copolymer (PDY-132, Sigma Aldrich) per ml toluene. When deposited, the
whole substrate was covered with the SY solution and spin coated at 2500 rpm for 60s.
Subsequently, the samples were annealed for approx. 30 minutes at 50°C in the glovebox
and left to dry over night. In the following, polyethyleneimine (PEI) functionalized ZnO-
nanoparticles are spin coated at 2000 rpm for 60s and annealed at 60°C for 15 minutes. For
the ZnO-NPs solution the 2.4wt% Nanograde N-10 solution was diluted with isopropanol
to 1wt% and was then mixed with a 0.4wt% solution of PEI in isopropanol in a 2:1 volume
ratio. Finally, the samples were transferred to the evaporator and Al back electrodes were

thermally evaporated through a shadow mask.

n-i-p architecture:

Before the material deposition, PET substrates were coated with a 2wt% solution of
PMMA in acetone (spin coated at 1000 rpm for 120s) and dried at 100°C for 15 minutes.
The commercial Ti-Nanoxide ink (HT-L/SC from Solaronix®) was diluted with ethanol in
a 1:4 volume ratio to achieve thinner mesoporous (mp) TiO, layers. The TNO/Ag/TNO
electrodes were spin coated with the diluted mp-TiO, solution at 4000 rpm for 30s and
dried on a hot plate at 100°C for 15 minutes. The resulting layers have a thickness of
~6onm. Subsequently, 0.4wt% polyethyleneimine (PEI) dissolved in isopropanol were
spin coated at 5000 rpm for 60s, followed by another drying step at 100°C for 10 minutes.
After transferring the samples into the glovebox, the SY is deposited as described above,

before being transferred to the evaporator. Then 1onm of MoO; (from Kurt J. Lesker
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Company) were evaporated on the SY as hole transport layer before Au back contacts

were evaporated through a shadow mask.

8.1.2  Sample characterization

Sample surfaces were characterised by atomic force microscopy (AFM, Molecular Imaging
Pico Plus) in tapping mode, using SSS-NCHR tips from Nanosensors™ and by field-
emission scanning electron microscopy (SEM, Zeiss Ultra 40) with a beam acceleration
voltage of 5kV. The SEM was also used for energy-dispersive X-ray spectroscopy (EDX)
using an accelerating voltage of 20kV and an EDAX Octane Elect Plus detector (from
AMETEK). For spectral analysis and elemental quantification, the APEX software was
used, applying a standardless eZAF evaluation for quantification. The sample’s crystal
structure was determined by X-Ray diffractometry (XRD) at omega angle of 2-5° using
Cu-Ka (A = 1.5419) radiation (ThermoFisher Scientific ARLEquinox 100). The diffraction
patterns were evaluated by Match 3! Program (Crystal Impact, Germany) full pattern
profile fitting using the reference databases from Crystallography Open Database (COD).
Optical spectra were measured using a Fourier transform spectrometer (FT, Bruker Vertex
70), equipped with a visible, unpolarized light source. Visible direct transmittance spectra
were obtained at normal incidence, referenced to air and reflectance spectra were recorded
at 13° incidence angle in reference to a calibrated mirror (STAN-SSH-NIST, Ocean Op-
tics). Unless stated otherwise, the optical spectra are always measured with the beam
entering from the substrate side. A GaP and a Si detector were used to detect light in the
wavelength range from 300-550 nm and 550-1200 nm, respectively. Infrared (IR) spectra
were measured in reflectance mode at an incidence angle of 13° using a DLaTGS detector,
at room temperature. The reflectivity was referenced to a sputtered Au layer on a Si

substrate, acting as a reference mirror.

The electronic properties of MoOy and MTO were X-ray photoemission spectroscopy (XPS)
was conducted (in a JEOL JPS-9o030) using a monochromatic Al-Ka (1486 eV) excitation
source. Ultra-violet photoelectron spectroscopy (UPS) spectra were obtained using the
same system employing H Lyman-a lamp (Excitech) for photoexcitation. To measure the
secondary electron cut-off (i.e. the work function), 5V bias were applied between the
sample and the analyser. In contrast, photoelectron spectroscopy (PES) measurements of
TNO were performed with a Thermo Scientific MultiLab 2000. For X-ray photoelectron
spectroscopy (XPS), a monochromatic Al-Ka (1486 eV) X-ray source was used and for ultra
violet PES (UPS) a He gas discharge lamp was used for UV photon generation with energy
of 21.2eV (He I line). Photoelectrons were analysed with an Alpha 110 hemispherical

sector analyser, equipped with seven channel electron multipliers. For energy calibration
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of the spectra, a Au spot was deposited on the sample. XPS calibration was done with the
Au 4f7/? peak and UPS was calibrated by the Fermi edge of Au before the measurement
of the sample. In order to minimize potential charging effects, an electron flood-gun
was used for charge compensation in XPS experiments (not used for UPS). The sample
surface was biased with -2V during UPS measurements in order to separate the sample
surface work function from the internal work function of the spectrometer. The spectra
were corrected afterwards. Evaluation of the XPS spectra and extraction of peak fitting

parameters was done with CASA XPS software.

A 4-point, in-line probe (Nagy SD — 600) was used to measure the sheet resistance of
the electrodes. The resistivity of single TNO layers was obtained by the Van-der-Pauw
method, where the sample was contacted with Au pins and Ag paste at the corners of
a 1 x 1cm? sample and the voltage was measured at constant current using a Keithley
2000 Digital Multimeter. The resistivity of MTO and MoOy layers was measured by a
linear 4-point set-up (using an Agilent 4156C semiconductor parameter analyzer) after
sputtering Au contacts (~100nm thick) onto 100 nm-thick samples. For the bending
experiments, a motorized test stand (MARK-10 ESM303) was used. Bending cycles were
performed at a speed of 1 m/min. The electrical resistance of the sample from one edge
to the other, along the strain direction, was measured in intermittent steps. Silver-paste,
covered with Cu adhesive tape, were used to make the contacts and the resistance was
measured with the sample in the unstrained (relaxed) state.

Current-voltage (J-V) curves of solar cells were measured with two-point measurements,
using a semiconductor parameter analyser (Agilent 4156C), in ambient conditions, under
dark and AM1.5G-simulated illumination (LOT Oriel solar simulator). The performance
of the OLEDs was studied using a source measure unit - X200 from Ossila to measure
the J-V curves and a Konica Minolta LS-160 luminance meter. The voltage is increased in

0.1V steps with a 3 seconds time interval.

ICP-MS

The dissolution experiments were conducted by inductively-coupled mass spectrometry
(Agilent Technologies, 7900 ICP-MS, operated by MassHunter Software) using a spe-
cially designed flow-cell attachment, where ultrapure water (Milli-Q, with resistivity
18.2 M()-cm) is directed over the solid sample surface of approx. 7mm? (sealed by a 3 mm
diameter O-ring), and finally transferred to the ICP-MS. The laminar flow was monitored
by an in-line pressure sensor and by tracking the waste electrolyte exiting the instrument
over time to determine the average flow rate. External calibration was done for different

pressure values with multielement standard solutions (from Agilent).
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8.1 METHODS AND INSTRUMENTATION

8.1.3 Optical simulations

Optical simulations were performed using a transfer matrix method (TMM) [136, 137]
algorithm implemented and described by Ebner et al.[138] and Bauch et al.[105] in a
python code. Generally, the TMM accounts for several coherent layers with up to hun-
dreds of nanometres thickness and calculates the transmittance and reflectance of the
multilayer stack by considering the transmission/reflection of light at the interfaces as
well as the light propagation (absorption) within each layer using the Fresnel equations.
The (thick) substrate is assumed as infinitely thick and the air/substrate interface is taken
into account by calculating the transmittance and reflectance by the Fresnel equations.
Surface/interface roughness can be accounted for by introducing an effective medium
described by a weighted average refractive index of the two adjacent layers. Depending
on the specific implementation of the TMM, the calculated output can be the transmit-
tance/reflectance spectrum of a (multi)layer, the average transmittance as a function of
the layer thickness in the form of a heat map, or inversely the refractive index. However,
the calculation is always based on the basic Fresnel equations describing thee scattering
and propagation of light across (multiple) layers and interfaces [136].

The refractive indices of the sputtered oxides was extracted from the measured transmit-
tance and reflectance spectra also with a TMM calculation, while the refractive indices of

Ag [139] and Au[140] were taken from literature.

8.1.4 Tauc method

The optical band gap energies are determined using Tauc plots [103]. To this end, the
absorption coefficient « is calculated from the transmittance (T) and reflectance (R) spectra
of the thin films on glass as follows:
1. (1—-R)
a=—-In_——+~
d T/ Tglass
The absorption coefficient is related to the photon energy (hv) and the band gap energy
(Eg) according to the following equation:

(ahv)" = A(hv — Ey)

where A is a constant (band tailing parameter) and n indicates the nature of the band gap.
For direct optical transitions n = 2, while for indirect transitions n = 1/2. Plotting (ahv)"
versus the photon energy hv gives a straight line in a certain region. The intersection of
the hv-axis with a linear fit of this region then yields the band gap energy.

Depending on the chosen region of the fit, one can assume an average error of £0.05eV.
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