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ABSTRACT

This thesis describes low temperature growth of wide band gap metal oxide thin
films deposited by thermal (T-) and plasma-enhanced (PE-) atomic layer
deposition (ALD) techniques in which high quality materials are grown with
atomic level precision.

Metal oxides are extensively investigated due to their exceptional physical and
chemical properties, including relatively wide band gap, high dielectric constant
and high thermal stability. This variety of properties results in a wide range of
different applications. Thin films of indium oxide (InOy), gallium oxide (GaOy),
zinc oxide (ZnOx), and quaternary InOx/GaO,/ZnOx (IGZO), in addition to the
well-known aluminum oxide (AlOx), and the catalyst cerium oxide (CeOx), have
proven to be superior candidates for many applications; from microelectronics and
optoelectronics to gas sensor devices. The demanding requirements of low-
temperature deposition processes for thermal sensitive substrates, which include
high layer homogeneity and conformality over large areas, makes ALD a pioneer
deposition technique. Although many oxides have been grown by TALD and
PEALD, the deposition of wide band gap oxides at low temperatures are rarely
reported and/or being investigated.

In this work, the deposition method of the individual binary oxide films and
combining the respective binary processes into the developed super-cycle growth
of quaternary compound have been investigated at relatively low-temperatures by
TALD and PEALD. Besides, the growth characteristics and chemical properties
of the deposited films were evaluated by in-situ and ex-sifu characterization
techniques such as spectroscopic ellipsometry (SE) and X-ray photoelectron
spectroscopy (XPS), where the influence of ALD process parameters on the
growth mechanism and films composition are discussed in detail for any potential
applications.

Keywords: Thermal atomic layer deposition, Plasma-enhanced atomic layer
deposition, Indium oxide, Gallium oxide, Zinc oxide, Indium-gallium-zinc oxide,
Aluminum oxide, Cerium oxide.






ZUSAMMENFASSUNG

Diese Dissertation beschreibt das Tieftemperaturwachstum von Metalloxid-
Diinnfilmen mit breiter Bandliicke, die durch thermische (T-) wund
plasmaunterstiitzte (PE-) Atomlagenabscheidungstechniken (ALD) abgeschieden
werden, bei denen hochwertige Materialien mit atomarer Pridzision aufgewachsen
werden.

Metalloxide werden aufgrund ihrer auBergewdhnlichen physikalischen und
chemischen Eigenschaften, einschlielich einer relativ grolen Bandliicke, einer
hohen Dielektrizitdtskonstante und einer hohen thermischen Stabilitit, ausfithrlich
untersucht. Aus dieser Vielfalt an Eigenschaften ergibt sich ein breites Spektrum
an unterschiedlichen Anwendungen. Diinnfilme aus Indiumoxid (InOy),
Galliumoxid (GaOx), Zinkoxid (ZnOx) und quaternirem InOx/GaOx/ZnOx
(IGZO), zusitzlich zu dem wohlbekannten Aluminiumoxid (AlOx) und dem
Katalysator Ceroxid (CeOx), haben sich fiir viele Anwendungen als
ausgezeichnete Kandidaten erwiesen; von der Mikroelektronik und
Optoelektronik bis hin zu Gassensorgeriten. Die anspruchsvollen Anforderungen
von Niedertemperatur-Abscheidungsprozessen fiir thermisch empfindliche
Substrate, zu denen eine hohe Schichthomogenitit und -konformitit iiber grofle
Flachen gehoren, machen ALD zu einer bahnbrechenden Abscheidungstechnik.
Obwohl viele Oxide durch TALD und PEALD geziichtet wurden, wird die
Abscheidung von Oxiden mit breiter Bandliicke bei niedrigen Temperaturen
selten berichtet oder untersucht.

In dieser Arbeit wurden das Abscheidungsverfahren der einzelnen bindren
Oxidfilme und die Kombination der jeweiligen bindren Prozesse zu dem
entwickelten Superzyklus-Wachstum der quaterndren Verbindung bei relativ
niedrigen Temperaturen durch TALD und PEALD untersucht. AuBerdem wurden
die Wachstumseigenschaften und chemischen Eigenschaften der abgeschiedenen
Filme durch  [In-situ- und  Ex-situ-Charakterisierungstechniken  wie
spektroskopische Ellipsometrie (SE) und Rontgen-Photoelektronenspektroskopie
(XPS) bewertet. Dabei wurde der Einfluss von ALD-Prozessparametern auf den
Wachstumsmechanismus und der Filmzusammensetzung im Detail fiir mogliche
Anwendungen diskutiert.

Schliisselworter:  Thermische  Atomlagenabscheidung,  Plasmaunterstiitzte
Atomlagenabscheidung, Indiumoxid, Galliumoxid, Zinkoxid, Indium-Gallium-
Zinkoxid, Aluminiumoxid, Ceroxid.
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Chapter 1

INTRODUCTION

Motivation, objective and structure of this PhD thesis

The microelectronic devices are continuously shrinking to the nanometer
scale in order to rise the number of thin film transistors (TFTs) per unit of area,
and thus increasing the power while reducing costs. At the same time, thin film
deposition technology is pushed toward high conformal and homogeneous layers
over large areas, while there is an effort to reduce the thermal budget of the
fabrication process. Besides, retaining films properties when increasing the
number of stacked layers, plays an important role in manufacturing high aspect
ratio of three-dimensional nanostructures for the integrated circuit (IC) industry.
One of challenges in scaling down the electronic devices is to overcome the
leakage current which impacts product efficiency and performance. Therefore, the
use of high-k gate dielectric material would improve and/or solve such deficiency.

Nowadays, thin films of oxide-based materials have been extensively
studied due to their wide variety of excellent optical and electrical properties. For
example, transparent conductive oxides (TCO) show high transparency in the
visible range and high charge mobility at relatively low substrate temperatures.
Therefore, to comply with such properties, an accurate modification of fabrication
parameters is essential and directly influences the capability of deposited films for
a variety of applications, i.e. high-k gate dielectric in electronics and particularly
in the optoelectronics areas.

To meet these requirements, atomic layer deposition (ALD) is an
exceptional technique in which layer-by-layer growth is achieved by successive
self-limiting reactions that might facilitate deposition at low temperatures (< 200
*C) and deliver high-quality thin films. Considering these features, ALD has
become a promising technique in producing ultra-high density storage devices and
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ultra-high resolution display panels.?) Moreover, plasma-enhanced ALD
(PEALD) can improve the growth rate by increasing the chemical reactions on the
surface even at lower temperatures, which is particularly necessary for thermally
sensitive substrates.) For many years, ALD has proven to be a superior
deposition technique for producing high-quality metal oxide thin films where
metal precursors and oxidants meet each other in a controlled cyclic process to
form a layer-by-layer growth mechanism.

The represented study discusses in detail the functionality of thermal and
plasma phases of ALD on the promising comprehensive wide band gap oxide
materials along with their optical and spectroscopic characterizations to develop
new semiconductor-based devices. For this purpose, a low-temperature full-
PEALD super-cycle process of the complex IGZO films was established after
intensive investigation of the corresponding individual binary oxides of InOkx,
GaOx, and ZnOx (in collaboration with the industry partner SENTECH
Instruments GmbH). In addition, the reconfiguration of the homemade in-situ
ALD (attached to the XPS system) was fulfilled with the capability to operate in
two modes: pump- and flow-modes. Both configurations were tested and/or
evaluated by deposition of two oxide-based materials (common AlOx and catalyst
CeOy).

This dissertation is organized into five chapters. Current chapter one
represents the motivation and thesis configuration. Chapter two introduces
promising metal oxide thin films and their applications, continuing with the
discussion of different aspects of the ALD growth mechanisms, where a careful
approach is required to obtain high-quality thin films. Subsequently, chapter
three displays the employed materials and methods to reveal an efficient
deposition of oxide-based materials. Accordingly, the characterization techniques
used to evaluate the optical and chemical properties of deposited films are
introduced. In chapter four, the analyzed data are profoundly discussed and
compared with literature to indicate the advantages and potential issues of the
deposited films. Chapter five summarizes all obtained results and discusses its
potential applications. Besides, considering that the presented research is not an
endpoint, an outlook will draw several potential research paths from which the
scientific work could be extended. The provided appendix section lists the
scientific contributions from a bilateral research collaboration with the industry, in
addition to the utilized tables, figures, and abbreviations. Finally, the reference
section reveals the cited literature and/or works in this thesis.






Chapter 2

BACKGROUND AND STATE OF THE ART

2.1 Wide band gap metal oxide thin films and their
applications

Metal oxides are an important class of materials that exhibit a wide range
of properties from research and technological perspectives. Oxide-based materials
can potentially pave the way for current scientific challenges in fabricating low
energy consumption devices and high-efficient renewable energy sources.
Furthermore, thin films of metal oxides play a crucial role due to their relevance
in micro/nanostructures and their ability to passivate the layers or act as buffer
layers. Oxide-based semiconductors have attracted much attention as new
promising materials that may replace their semiconducting counterparts, such as
silicon and gallium arsenide (GaAs), to remove some obstacles in the fabrication
process, i.e. diffusion of silicon into the deposited layer.” In fact, oxides have
more freedom and can be tuned in terms of the properties at the molecular level
that might lead to wunusual functionalities. Nowadays, development and
breakthrough in thin film deposition are sensible, particularly for the growth of
complex metal oxide-based multilayers. Their prominent properties include a high
dielectric constant, reactive electronic transition, and good electrical, optical, and
electrochromic characteristics.*!" To date, a wide range of applications have
been reported for metal oxides in the fields of optoelectronics!!?, sensors!),
piezoelectric!?, catalysts'> and solar cells'® because of their distinct properties
as well as their superior chemical and thermal stability!!” '®. Moreover, they are
fundamentally important as heterogeneous industrial catalysts either as stand-
alone catalysts (e.g., molybdenum trioxide for methane conversion to
formaldehyde)!” or in combination with other oxides and/or metals (e.g., ceria-
based catalysts for auto-exhaust treatment)®”. In fact, the nature of the oxide
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influences the catalytic properties. For instance, the defects concentration®! 2%,
the oxide morphology®* 2¥, the dopants®, and the effects of surface
polarization®> 2® have all been found to impact catalysis directly. Furthermore,
thin oxide films can be used as supports for metals in catalysis, suggesting
prominent advantages in comparison with their bulk counterparts due to the strong
metal-oxide interaction. In principle, oxide thin films on metal substrates can
allow charge transfer between metal catalysts and the buried metal/oxide
interfaces.?”-2%

In recent years, transparent conducting oxides (TCOs) have proven to be a
brilliant class of materials because of their superior optical and electrical
properties.?” Such oxides arise from the unique mixture of high transparency and
electrical conductivity. Materials with low electrical resistivity (10* - 107), such
as metals, are not typically able to transmit visible light, whereas most transparent
materials, such as glass, pose high electrical resistivity (>10!° Q.cm) being
electrical insulators. Therefore, a single material with a mixture of both mentioned
properties is highly demanding for developing transparent optoelectronic
devices.®% 3D In principle, TCOs materials can be classified into two different
groups, with wide and narrow band gaps (as shown in Fig. 2.1)6?,

Wide band gap TCOs such as InOx®¥, GaO®¥, and ZnO:®Y, are
transparent to visible light due to posing relatively large band gaps (> 3eV). By
doping these materials, mobility and carrier concentrations can be modified,
altering their electrical conductivity.®® On the contrary, narrow band gap TCOs
such as cadmium oxide (CdO) are not transparent to visible light owing to
relatively low band gaps (< 1eV).®” However, a blue shift of their band gap (Eop)
can be induced by doping, which triggers optical transparency (as indicated in Fig.
2.1). Such phenomenon is known as the Moss-Burstein effect.®
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Figure 2.1. Schematic demonstration of different types of TCOs; Wide ban gap
(a), and narrow band gap (b) in which Fermi level denotes electron chemical
potential for highly doped n-type materials.®?

In this research project, a promising class of binary metal oxide materials
(InOx, GaOx, ZnOx) has been investigated for subsequent deposition of the
quaternary IGZO films at low temperature by ALD, probing, in addition, their
promising properties for a wide range of applications from optoelectronic to
photovoltaic devices. Besides, the deposition of other two metal oxide materials
(AlOx and CeOx) was also considered using our homemade in-situ ALD system,
where the chemical properties of the prepared layers were in-situ studied by XPS
for any potential applications, especially in the field of gas sensors.

2.1.1 Indium oxide (InOx)

Indium oxide is a transparent conducting oxide (TCO) material that is
being intensively investigated due to its good material properties, including a
direct and an indirect band gaps of about 3.7 and 2.6 eV, correspondingly®- 49,
high optical transparency in the visible range", excellent electrical properties®?,
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and good chemical stability*®. Based on these properties, InoO3 has been used for
numerous applications such as gas sensors*?, optical and antistatic coatings®> 46,
catalysts*”, heat mirrors*®, and electrochromic devices”’. The electronic
structure of In O3 single crystals has been comprehensively examined in several
studies.®® > Apart from the use of single crystals, thin In2Os films with high
transparency and low electrical resistivity (~107> Q.cm)®? are demanded due to
their application in thin-film transistors®®, organic light-emitting diodes®¥, and
photovoltaics®>.

2.1.2 Gallium oxide (GaOx)

Among the oxide dielectrics, gallium oxide has gained tremendous interest
in recent years due to its excellent materials properties, including a wide band gap
(~5 eV)©® a high dielectric constant®”), a high breakdown electric field®®, and
high thermodynamic stability®”. Thin films of Ga,Os are nowadays widely used
in numerous applications, including high power and high voltage field-effect

(60) 62 gate dielectric, and passivation
{(63-65)

, photovoltaics®", spintronics
layers in III-V semiconductor-based devices to reduce the leakage curren
Owing to the possibility of controlling the electrical conductivity between
insulating and semiconducting (typically n-type) behavior, and because of its high
optical transparency (~80%), gallium oxide is a promising candidate for

transistors

transparent conducting oxides and thin-film transistors®®. In addition, Ga>0;3
exhibits gas-dependent conducting behavior at elevated temperatures, making it
one of the most suitable materials for gas sensing®”.

2.1.3 Zinc oxide (ZnOx)

Zinc oxide (ZnO) has been extensively used as a transparent conducting
oxide (TCO) in electronic and optoelectronic devices due to a wide band gap
(~3.3 eV)© ) high electron concentration (> 10" cm™)"9, relatively high
ultraviolet (UV) emission arising from a large exciton binding energy of 60
meV"Y, high thermal stability and high dielectric constant’?, Recent progress in
processing ZnO material has paved the way for many applications in the fields of
gas sensors'’®, surface acoustic wave (SAW) devices¥, solar cell panels’?,
transparent conductors’®, ferroelectric memories’”, and organic light-emitting
diodes”®. ZnO is a promising alternative candidate for the indium tin oxide (ITO)
of TCO materials due to its non-toxicity, availability, and posing optical and
electrical properties comparable with those of the ITO features.”* 80
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2.1.4 Indium-gallium-zinc oxide (IGZO)

In recent years, the quaternary oxide semiconductor indium-gallium-zinc
oxide has attracted much attention due to its high optical transparency and
electron mobility®), low leakage current®, and low fabrication costs®®. These
properties make IGZO a promising candidate to be utilized in TFTs for the next
generation of ultrahigh-resolution organic light-emitting diode displays and
flexible electronic devices.®¥

To date, several techniques have been reported to deposit binary and
quaternary oxides materials, including pulsed laser deposition (PLD)®, radio-
frequency (RF) magnetron sputtering®, solution processing®®, chemical vapor
deposition (CVD)®?, and ALD®? where the film quality and thus its
optoelectronic properties are highly dependent on the used growth method. For
example, in PLD and RF magnetron sputtering, the composition and layers
thickness are difficult to control and, in addition, high-energy plasma species can
damage the films and lead to the formation of interfacial defects during the
deposition. Moreover, inexpensive production methods based on solution-
processing are challenging to scale as well as it is very hard to optimize the
properties of the films produced by these methods in a controlled way. However,
metal oxide TFTs fabricated by ALD showed an excellent performance with
accurate thickness controllability and highly conformal deposition.®?

2.1.5 Aluminum oxide (Alumina; AlOy)

Aluminum oxide is an electrical insulator with excellent features like a
high dielectric constant (~9)®¥, and a relatively high thermal conductivity (30
W/m'K™1).> The breakdown field for the bulk Al>O3 has been reported to be 10
MVem™! increasing to 30 MVem™' for thin films.®® ALD-prepared AL,O; has a
wide band gap value of 6.7 eV, which has been documented in the literature.®”
Furthermore, thin films of Al,O3 in combination with other TCOs have widened
the field of applications; they have been widely investigated for optical and
electronic applications such as gas diffusion barriers, interfacial buffering for
high-k dielectrics, dynamic random-access memory capacitors, metal-oxide-
semiconductor field-effect transistors, nanolaminates, surface passivation of
photovoltaic devices and even porous silicon nanostructures.®®

2.1.6 Cerium oxide (Ceria; CeQOy)

Among metal-oxide semiconductors, ceria is a promising candidate for
modifying the carrier concentrations based on the dual-oxidation states of the
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metal cerium (Ce*’, Ce*") when exposed to different ambient conditions
(temperature and pressure) as well as the chemical environment.®” To date,
cerium oxide has been applied for a variety of applications such as catalytic
converters!!°) high k-dielectric materials!'°", and as oxygen sensors(!%? due to
many attractive properties, including high relative permittivity!’®), durability,
high refractive index as well as high transparency in the visible and near-infrared
regions!% 105 It has also been reported that CeOx can be used as a buffer layer
(in order to avoid/suppress the chemical reactions at the layer/substrate interface)
for high-temperature superconductors and ferroelectric materials.(1%¢ 107
Moreover, ceria can be utilized as a compatible intermediate material for

multilayer structures.%®)

2.2 Atomic layer deposition (ALD)

ALD is an exceptional growth technique capable of depositing a variety of
thin film materials from the vapor phase. ALD has proven to be a promising
technique in semiconductor processing and energy conversion technologies.
Concerning the miniaturization and more demanding of complex materials
structure in the semiconductor industry, leading to the requirement for atomic-
level control of thin film growth, ALD has illustrated potential advantages over
other deposition techniques such as chemical vapor deposition (CVD) and various
physical vapor deposition (PVD) methods. Scaling down thickness to the order of
nanometers has brought very high aspect structures that need to be deposited
conformally (also called step coverage) with accurate control over growth
mechanism following thickness and composition. To date, no alternative growth
techniques could meet the high conformity and layer homogeneity (uniformity)
achieved by ALD on high aspect complex structures. Moreover, the deposition of
pinhole-free films in semiconductor-based devices has also put the focus on the
ALD technique for applications in low leakage current of magnetic read/write
heads!® and diffusion barrier coatings with low gas permeability.!!9 All
mentioned unique characteristics of ALD process originate from a cyclic self-
saturation of surface reactions that provides a layer-by-layer growth mechanism.

Therefore, ALD is definitely part of the semiconductor technology
roadmap because of its ability to control growth at the atomic level in conformal
deposits on very high aspect ratio structures. Figure 2.2 schematically displays the
prominent features of ALD.
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Figure 2.2. Representation of ALD unique features: precise thickness control,
high conformity/step coverage and, good uniformity over large substrates.

2.2.1 History

The history of ALD dates back to the 1970s in Finland. ALD was initially
introduced as atomic layer epitaxy (ALE) by Suntola and Antson in 1974 who
developed and deposited ZnS for flat panel displays in 1977.4!D The first report
on ALE process published in 1980 documents ALE application in
electroluminescent displays.(!? Such displays made by ALE were publicly
demonstrated in the Helsinki airport for the period from 1983 to 1998. The first
commercial manufactured ALE reactor was the F-120 (Microchemistry, 1988),
taking place two years after the first ALE meetings. With further developing ALE
processes, many materials, metals and metal oxides were deposited
nonepitaxially, hence, the more general name of ALD was adopted to refer
this.''® Nowadays, ALE is more addressed for atomic layer etching. Table 2.1
lists the used common names to refer ALD.(!!¥
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Table 2.1. Different names of ALD.

Name Abbreviation
Atomic layer epitaxy ALE
Atomic layer evaporation ALE
Atomic layer deposition ALD

Atomic layer chemical vapor deposition ALCVD

Atomic layer growth ALG
Digital layer epitaxy DLE
Molecular layer epitaxy MLE
Molecular layering ML

Molecular stratification -
Molecular lamination -
Molecular deposition -

Chemical assembly -

ALD has been widely introduced in a series of meetings from early 2001
and has continued through the present date as a promising deposition technique. It
should be taken into account that many ALD procedures were developed from a
variety of CVD processes. However, contrary to CVD, and as explained in detail
in the next section, the ALD benefits from alternating chemical precursors to react
with the surface in the frame of self-limiting mechanism to form the desired
monolayer of material at a low-thermal budget.!''> There are several papers on the
basics and applications of ALD in microelectronics and nanotechnology.(!16-121)

Regarding the International Technology Roadmap for Semiconductors
(ITRS), ALD is a pioneer growth technique for high dielectric gate oxides in the
metal oxide semiconductor field-effect transistor (MOSFET) structure for copper
diffusion barriers in backend interconnects.'?? Figure 2.3 exhibits miniaturization
and requirements to control better and better the lower thickness for
semiconductor technology processing by 2025.(02%
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2.2.2 ALD process

A general ALD process is shown schematically in Fig. 2.4. It consists of
alternating pulses of chemical precursors that reacting with the substrate. A
typical ALD cycle is divided into four steps, including: (i) a precursor pulse time,
where a precursor, which is typically an organometallic compound (i.e., a metal
center surrounded by chemical functional groups called ligands), is pulsed into a
chamber for a designated amount of time to allow the precursor fully react with
the substrate surface through a self-saturation process; (i1) a purge and/or pump
step using an inert carrier gas (typically N2 or Ar) to remove any remaining
unreacted precursor or byproducts; (iii) a co-reactant pulse time, typically
including non-metal such as O, N, S, etc., and involving a small molecule to
create up to one monolayer of the desired material; and (iv) a final purge and/or
pump step. These individual gas-surface reactions (called “half-cycle”) are then
cycled until the appropriate film thickness is achieved.
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Figure 2.4. Schematic representation of an ALD-Al>O3 process consisting of first
half-cycle (precursor) and second half-cycle (co-reactant) in a self-limiting
process that terminates when all available surface sites are occupied. The two
half-cycles are separated by purging steps.

Note that as schematically shown in Figure 2.4 for the typical ALD
process of the aluminum oxide, the precursor molecules and co-reactants do not
react with themselves but rather with the surface occupied by the hydroxide
groups. This is vital to avoid reactions between precursor and co-reactant
molecules directly in the gas phase or on the surface, as this might lead to an
unwanted CVD-like behavior. Therefore, for a typical ALD process, film remains
extremely smooth and conformal to the original substrate because the reactions
are completed during every half-cycle.!!?» Nevertheless, the films are ideally
continuous and pinhole-free because no surface sites are left behind within the
film deposition. This phenomenon is crucial for the growth of high-quality
dielectric films.'*® One superior feature of ALD is that it can be applied for very
large substrates and even to parallel processing of multiple substrates. In fact, the
precursors of ALD are in gas-phase molecules, and they saturate all available
substrate surface independent of substrate geometry and do not need a line of
sight to the substrate.?) The parameters which limit the functionality of ALD are
the high-amount of wasting precursor and the low growth rate.
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2.2.3 Deposited materials

Figure 2.5 shows a wide range of materials deposited using ALD,
including main-group of elements, transition metals, and lanthanides where the
elements have been color-coded to be easily distinguished.!!?® To date, ALD is a
well-known growth technique capable of depositing single elements (metals) as
well as complex and/or multi-component materials such as binary, ternary and
quaternary films due to the prominent feature of the stepwise approach. Therefore,
binary compounds consisting of metal and non-metal elements can produce a
variety of metal oxides, nitrides, carbides, and chalcogenides. In principle,
fabricated materials by ALD present an amorphous phase. Although depending on
the applied substrate temperature, a polycrystalline phase can also form (even
epitaxial growth has been achieved).®® Among different kinds of materials
deposited by ALD, metal oxides are very common because of the thermodynamic
stability of metal bonded to oxygen. However, progress in the thin films made by
ALD, makes it possible for complex ternary and especially quaternary compounds
to grow through a super-cycle approach.
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Figure 2.5. Materials deposited by ALD. Illustration of pure elements as well as

different compounds by color-coding the squares.2)
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2.2.4 Precursors and co-reactants

In ALD, precursors are a class of molecules typically formed by metal
centers surrounded by ligands and their volatility plays a pivotal role in the
determining the precursor characteristics. For an ideal ALD process, the metal
sources should meet some criteria: 1) the metal precursor must be reactive enough
towards the surface groups and leave reactive surface groups; otherwise, the ALD
feature cannot occur because reactants would not undergo into surface chemical
reactions; ii) the precursor molecules must not react with themselves or with its
surface-adsorbed species. Besides, the metal precursors should have relatively
high decomposition temperature to avoid undesirable decomposition of
precursors, limiting control over the self-saturation process. Furthermore, an ALD
precursor should have some demanding properties such as low cost and toxicity,
easy to handle, high volatility at low temperatures, as well as not decomposing
quickly, being the final factor to be easily synthesized and scaled up. An ideal and
non-ideal ALD precursor has been shown in Fig.2.6.(127
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Figure 2.6. Mass loss plot of ideal and non-ideal precursors as a function of
temperature. Data has been acquired using thermogravimetric (TG) analysis.(!?”

Co-reactants in ALD technique are materials with specifications of volatile
and small molecules such as elements (H> or Oz), hydrides (H.O, NH3) and alkyl
compounds (Bets or AsMe3). Metal oxides are the most demanding compounds
grown by ALD, where the oxygen sources or oxidants as co-reactants are Oo,
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H>0, H>0,, and many oxygen-containing organic molecules. However, according
to literature O source is restricted for oxidizing the catalytic metals that are more
thermodynamically stable than their respective oxide.'?” Besides, the use of the
specific oxidant depends also in the chemical nature of the organometallic
precursor and the energy barrier that is needed for the oxidation. The conventional
oxidant in the ALD process of metal oxides is H>O, considering some deficiencies
that include: 1) it cannot be easily purged out from ALD reactor, especially at low
temperatures because it strongly bonded to surface. ii) not sufficiently reactive at
low temperatures; therefore, relatively higher temperatures should be considered.
However, using other oxidants such as Oz, H>Oz, O3, and O, plasma could
overcome the aforementioned deficiencies that exist for H>O in the ALD process.
There are some papers in which the effect of different ALD oxidants has been
discussed in detail.(!28-13D

2.2.5 Chemical and physical mechanisms

In ALD process, upon exposing precursor molecules to the substrate
surface, one monolayer of adsorbed precursor saturates all available sites onto a
surface. Adsorption can occur based on two main mechanisms: physisorption or
chemisorption. On the one hand, physisorption is referred to intermolecular forces
such as Van der Waals attraction or hydrogen bonding between the precursor and
substrate surface. On the other hand, chemisorption results from a chemical
reaction between the precursor and substrate surface, forming a new chemical
bond. In a self-limiting chemical reaction, a precursor molecule should react only
with the surface, not with itself, to comply with a layer-by-layer growth behavior.
It should be noted that volatile byproducts of a chemisorption process should
desorb/purge from the surface and ALD reactor to obtain desirable irreversible
chemisorption.(!*? Physisorption cannot be considered as a main mechanism of
ALD process for two reasons. Firstly, weak intermolecular forces (often <10
kcal/mol) between the precursor and substrate surface might facilitate the
desorption of the precursor from the surface in the purging step.!** Secondly,
Van der Waals forces in physisorption are not just between the adsorbed
precursors and surface but also between different precursor molecules and surface,
which does not have an inherent mechanism for self-limiting process. However, in
many theoretical calculations of ALD processes, the physisorption of precursors
onto the substrate surface plays an important role and might help in the
subsequent chemisorption process.(!3% 13%)

In ALD chemisorption process, different mechanisms happen between the
reactants as follows13?:
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i) Ligand-exchange. One of the important mechanisms in the
chemisorption process is referred to as ligand-exchange, where reactions involve
interchanging the ligands between two species, as schematically shown below:

A-B+A'-B'"—-A-B'+A'-B (2.1)

In which A/A’" and B/B’ are referred to as metal centers and their ligands,
respectively. For the chemisorption process, the represented exchange is between
a ligand on the substrate surface and on the precursor, which results in a new
surface-precursor bond,

§ B-A+A'-B'>§-B-A'+A-B (2.2)

where § is a notation of surface. A model of this mechanism can be simply
explained based on ALD-AOs3 process in which the chemisorption of
trimethylaluminum [AI(CH3)s] onto a hydroxyl terminated surface releases
methane as the byproduct.!!¥

§ “O —H + (CH3):Al —CH3z — § — O — AI(CH3)2 + H— CH3 (2.3)

As mentioned, the first ligand-exchange (between precursor and surface OH
groups) is required for the chemisorption process, interchanging can continue
until the nearby active sites are available, resulting in multiple precursor surface
bonds. 139

ii) Dissociation. Splitting a compound into two or more fragments is
referred to as dissociation, which is often triggered by a form of external energy
such as heat or light,

A-B—A+B (2.4)

In principle, chemisorption through dissociation can occur in two ways: classical
dissociative, which typically arises from a surface assisted pathway and lead to
whole fragments of the precursor being chemisorbed to the surface.

§+A —B — §~A + §-B (2.5)

However, it is likely that one or more of the dissociated fragments not readily
chemisorb to the surface but rather desorb into the gas phase, remaining only one
of the chemisorb fragments.
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§+A-B—§A+B (2.6)

As such reactions (Eq. 2.6) are not fully considered dissociative chemisorption
because not all fragments remain on the surface, one could name these reactions
as dissociative substitutions.

The represented dissociative chemisorption typically happens onto high surface

energy substrates such as platinum or ruthenium metals substrates and for

metalorganic precursors by assisting in the dissociation of organic ligands.(37-13%

Besides, dissociative chemisorption can also happen for co-reactants such as O
by splitting it into its atomic counterpart that facilitates increment of its reactivity

toward the next precursor pulse!!4% 14D
§+02—§0+§0 2.7)

Furthermore, dissociative chemisorption may involve substrate-bond breaking to
create a binding site for a precursor fragment. For example, trimethylaluminum
has been shown to undergo dissociative chemisorption onto siloxane bridges
where the Si—O bond is broken and replaced with a new Si—C bond arising from
one of the trimethyl ligands of Al precursor.(14% 143

§-Si — O —Si§ + (CH3)2Al — CH; — §-Si — CH3+ §-Si — O — AI(CHs), (2.8)

Such reactions are similar to a ligand-exchange (as discussed above) where both
CH3 and AIl(CH3); fragments remain bonded to the surface. However, it is
categorized as dissociative chemisorption.

iii) Association. Association is not a very common chemisorption
mechanism that happens when no bonds are broken (either in precursor or
substrate surface), and a new bond is formed between a precursor and substrate.
The created bond through an association mechanism is often referred to as a
coordination bond. Such a mechanism only occurs after a gas-phase dissociation
process and leads to an electron deficiency.

$tfA-B—>§—-A—-B (2.9)

iv) Oxidation. Oxidation is another mechanism that can be classified into
the chemisorption mechanisms for ALD process. However, it depends on the
specific ALD recipe and materials. Several oxidizers include Oz, H2O, and strong
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oxygen sources of ozone (O3) and O> plasma for removing organic fragments
from metalorganic precursors via combustion reactions. These oxidants are
necessary for the formation of the metal oxide as the oxygen is also incorporated
into the layer.!!"*+1%9) It should be mentioned that introducing the oxygen to the
substrate surface might result in partial oxidation of the surface that significantly
helps to chemisorb the next cycle of metal precursor through oxidation of the
ligands.#! 147) In these cases, the chemisorption mechanism is often a mixture of
both dissociation and oxidation, but it is not easy to distinguish experimentally.

2.2.6 ALD window

The processing temperature range where the growth is saturated depends
on the ALD mechanism, which is the so-called “ALD window” and refers to a
region of nearly ideal ALD behavior between the non-ideal regions (as indicated
in Fig.2.7). In principle, temperatures below or above the window generally lead
to poor growth rates and/or non-ALD type deposition. At low temperatures, the
reactions may not have enough thermal activation energy to comply with process
completion, or the reactants could condense on the surface as a condensation
effect. On the contrary, rapid desorption of the surface species or thermal
decomposition of the reactants might induce a CVD process at higher
temperatures. These effects directly impact the growth per cycle (GPC) so that
higher and lower GPC values outside of the ALD window (at higher
temperatures) could arise from decomposition and desorption of the reactants,
respectively. Therefore, to benefit from the many advantages of ALD, it is
necessary to stay within the designated ALD window. According to the literature,
out of the temperature window, the surface reactions do not meet the process
completion, which causes considerable porosity that might led to their easy
oxidation. 1)
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Figure 2.7. Idealized ALD temperature window, displayed by the growth per
cycle as a function of temperature.

2.2.7 Growth modes, nucleation and nucleation delay

In ALD growth mechanism, there are three different growth modes*”:

i) Layer-by-layer or Frank-van der Merve (FM) growth: In this mode,
the film atoms have a stronger bond to the substrate surface than each other. In
other words, each layer is completely saturated on the available sites onto the
surface prior to introducing the next layer.

ii) Island or Vollmer-Weber (VW) growth: In this mode, the film atoms
have a stronger bond between them than to the substrate surface, which triggers
three-dimensional islands on the surface.

iii) Layer-plus-island or Stranski-Krastanov (SK) growth: In this
mode, an intermediate state between the FM and VW exists where the growth of
three-dimensional islands starts after full saturation of the two-dimensional layer.

In general, among the introduced growth modes, a layer-by-layer growth
approach is referred as an ideal ALD process in which no more than one atomic
layer of the desired material can be expected. However, it is very hard to talk
about this ideal growth mode for the first cycle of ALD on a bare substrate
surface. In fact, when precursor molecule adsorption is highly demanding and
available active sites for chemisorption are in defect, precursor saturation is
primarily controlled using the steric hindrance effect of the adsorbed ligands of
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the precursor.(!!'% 132 150-152) Therefore, the presence of steric hindrance might
prevent the formation of a complete layer after a first ALD cycle. In the concept
of two dimensional and/or layer-by-layer growth, the subsequent ALD cycle (after
introducing the first ALD cycle) results in only deposition onto the unsaturated
surface until one monolayer is formed.(''¥)

Nevertheless, in ALD process the precursor molecules have more tendency
to be chemisorbed onto the deposited material rather than onto the bare substrate
surface. Such behavior can be also referred as an island growth process (explained
above) either in the presence or absence of surface diffusion. In the absence of
surface diffusion, one could expect a linear behavior between the diameter of
particles and number of cycles so that each cycle results in one monolayer of
adsorbed precursor on the surface of the island.!> However, in the presence of
surface diffusion the diameter of particles deviates from linearity. Figure 2.8
schematically shows layer-by-layer deposition as well as island growth with and
without diffusion. It should be noted that diffusion in ALD process has a pivotal
role in thin films deposition, i.e. diffusion of trimethylaluminum precursor into the
polymer film for the initial ALD cycles.">® It has been also documented a
simulation of different growth mechanisms and different diffusion effects in ALD
process. 15

Layer-by-layer Island growth without diffusion Island growth with diffusion
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Figure 2.8. Representation of layer-by-layer growth (red), island growth without
(green) and with (dark blue) diffusion.

In ALD mechanism, nucleation delay is defined as an ALD process in
which a desirable nucleation process and/or a steady saturation of GPC cannot be
achieved due to the absence of precursor chemisorption onto the substrate surface.
In fact, the reasons might be either incompatibility of precursor chemisorption
with the exposed substrate surface that triggers very slow reactions (over
hundreds of ALD cycles) or lack of strong co-reactant (oxidants) to react with the
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chemisorbed precursor. For the latter case, it has been reported that the using a
strong oxygen source can increase the chemical reactions on the surface and
reduce the amount of impurities and/or defect states.(!*15®) Besides, those
precursors that resist ligand-exchange such as cyclopentadienyl (Cp) often
promote a nucleation delay and accordingly dissociation.(1>% 160

Therefore, the role of the substrate could have a significant impact in the
chemisorption mechanisms, so that the reactivity of surface terminated —OH
groups strongly depends on the nature of the substrate and differs from one
substrate to other substrate.!6!: 192 Moreover, different active sites and binding
states on the substrate surface in addition to the role of temperature can also result
in different reactivity.(!% 169 It should be noted that in case of no precursor
chemisorption, a high free energy substrate might assist remarkable dissociative
chemisorption of precursor ligands onto the surface, i.e., considerable
chemisorption of TMA on high surface energies of platinum (Pt) and palladium
(Pd).(165. 166)

2.2.8 Advantages and disadvantages

ALD with a layer-by-layer growth mechanism leads to several superior
film properties and growth advantages such as:

e High conformity and layer homogeneity over large substrates.

e Precise control over thickness by changing the number of ALD cycles.

e Relatively low temperature deposition, especially for thermal-sensitive
substrate.

e Atomic-level control of sample composition.

e Preparing pinhole-free films even at a sub-nanometer thickness scale.

e ALD delivers extremely thin films in order of atomic scale.

e Ability to deposit complex and/or multilayer structures in a continuous
process.

e Preparing amorphous or crystalline films depending on substrate and
temperature.

e Availability of standard recipes for pure elements, oxides, nitrides, metals,
and semiconductors.

Nevertheless, some handful disadvantages of ALD can be referred to:

e A low growth rate and low precursor utilization efficiency.
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e ALD requires a high purity of substrate in order to achieve high quality of
films.

e Relatively high cost of ALD systems.

e The large amount of precursors is potentially wasted.

However, the abovementioned deficiencies/issues can be solved by adequate
design of reactor and precursor selection. Table 2.2 compares ALD with other
deposition methods.!6”

Table 2.2 An overview on comparison of ALD technique with other growth
methods of chemical vapor deposition (CVD), molecular beam eitaxy (MBE),
sputtering, electron beam evaporation (EB Evap.), and pulsed laser deposition

PLD).

Methods ALD : CV])) MBE Sputtering EB Evap. PLD

Low-temperature growth v X Ve v v v
Uniformity/layer homogeneity v X fair v fair fair
Conformity/step-coverage v X  poor poor poor poor

Growth rate low fair v v v

Film density v v v v v v
Pinhole-free v v v fair fair fair
Preparing multilayer structures v fair Vv v fair fair
Interface quality v poor v poor fair fair
Industrial applicability v v v v v poor

2.2.9 ALD systems

For performing growth in ALD systems, activation energy is the most
critical factor in enabling the exchange chemical reactions between the substrate
surface groups and precursor molecules. Such activation energy can be supplied
using heating the substrate. However, if thermal activation of ALD cannot
sufficiently comply with the ALD mechanism, a plasma-assisted mode of ALD is
employed to increase chemical reactions at the lowest possible temperatures by
introducing high energy ions of radicals such as oxygen, nitrogen or hydrogen. In
principle, each ALD system can operate in two different modes of either pump-
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type or flow-type reactors, depending mainly on the vapor pressure of the
precursors (technical details are discussed in the next chapter).

2.2.9.1 Thermal atomic layer deposition (TALD)

In principle, thermal atomic layer deposition (TALD) is referred to a
conventional ALD process in which surface reactions occur at relatively high
temperatures where no plasma source is used. To date, several examples of TALD
arising from binary reaction CVD processes have been reported.1®170 Among
them, the growth of aluminum oxide layer with the use of TMA and water is the
most studied among the TALD technique, and can be considered as a model for
an ideal ALD based-system because of extremely high reaction enthalpy (AH = -
364 kcal) of the overall reaction.!!+ 171

2.2.9.2 Plasma-enhanced ALD (PEALD)

In general, PEALD is an energy-assisted ALD technique that employs a
plasma source to raise the reactivity of the incoming gas phase co-reactant(s) (e.g.,
NH3s, N2/Hz or O») to energetically activate the chemical reactions on the substrate
surface at room temperature, on contrary to thermally activated processes. 11 172)
Therefore, due to the presence of highly reactive plasma species, the rates of
growth increase and high quality of films can be achieved at lower temperatures
(even room temperature).!’®) The plasma species involve all those energetic and
chemically active particles formed within the discharge region, such as ions,
radicals and electrons, where radicals act as highly reactive agents for film growth
while ions could induce physical changes.!”® It should be taken into account that
the deposition of single-element films of metals and semiconductors by TALD is
not easy and/or straightforward, and with the use of introduced radicals in PEALD
process those films can be grown readily.??

Regarding the ALD reactor design, the configuration of PEALD is more
complicated than a TALD chamber, where appropriate and accurate design
determines the characteristics of the produced plasma species and
delivering/conducting towards the substrate surface. In principle, the reactor
design of PEALD can be classified into three main configurations:

i) Radical-enhanced ALD:

Figure 2.9a displays the first ALD reactor in which thermal-based
configuration of TALD is modified with a plasma generator, where plasma
generation takes place externally at a relatively far distance from the substrate
surface. Therefore, the generated plasma species have to travel through the reactor
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between the plasma source and reaction chamber. In fact, many surface collisions
happen during the flow, resulting in recombination between electrons and ions,
and consequently they are lost before reaching the substrate surface. These surface
collisions of plasma species might considerably decrease the radicals flux
approaching the substrate surface. To have more efficiency for this plasma
configuration, the choice of radicals is crucial so that hydrogen radicals show a
relatively low and high probability of surface recombination on quartz and metals
surfaces, respectively. However, for metallic surfaces allowing a very long
radicals exposure time is required to comply ALD reactants saturation.

ii) Direct plasma ALD:

Figure 2.9b shows the second ALD reactor configuration taken from
plasma-enhanced chemical vapor deposition (PECVD). For the PEALD purpose,
a capacitively-coupled plasma (CCP) is generated between two parallel plates
(electrodes) at a radio frequency (RF) of 13.56 MHz where one plate is powered,
and another one is attached to a grounded substrate. The assigned name of direct
plasma ALD is because the substrate is directly located at one of the electrodes,
which contributes to the plasma generation. For this configuration, gases are
introduced into the ALD reactor either through a showerhead in the powered
plate, named shower-head type!”> or from the side of plates, called flow-type in
presence of sufficiently high-pressur'’®. According to the literature, the
operational pressure during the plasma generation should be in the order of 1 Torr
or < 100 mTorr.!77 17® Note that for such configuration, the flux velocity of
plasma radicals and ions is very high due to vicinity of plasma source and
substrate surface which enables uniform deposition over the large area with a
short feeding pulse of plasma. However, close proximity of the plasma generated
species with the substrate surface might trigger surface damages due to presence
of high energy ions. To overcome this issue, with variations of power as well as
the operational pressure, one could tune the ions energy approaching substrate
surface.

iii) Remote plasma ALD:

Figure 2.9c represents the third ALD reactor configuration of PEALD in
which plasma source is placed remotely from the substrate surface; therefore, high
energy species of plasma cannot damage the surface as the substrate is not
involved in the plasma generation. This type of plasma configuration is more
demanding concerning the generation of downstream plasma where the flux of
plasma radicals and species is much higher than in radical-enhanced ALD
counterparts. Furthermore, contrary to direct plasma, in remote plasma ALD
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substrate and plasma conditions can be varied and/or controlled independently of
each other, e.g., a change in substrate temperature cannot impact the gas
temperature and subsequently the density of plasma generated species.> "9
Therefore, remote plasma ALD could optimize the plasma operating conditions
and properties, particularly for ion bombardment and the influence of plasma
radiation.'”® Considering the abovementioned features, a reactor configured by
remote plasma ALD would be a promising PEALD system to meet a high degree
of flexibility for process design and industry purposes. Furthermore, many plasma
sources can be utilized in remote plasma ALD such as inductively-coupled plasma
either as a planar triple spiral antenna or cylindrical coil'®®, electron cyclotron
resonance (ECR)"®D, and microwave plasma'®?.

Plasm
(a) (b) Plasma gas & (C) e
Precursors Dielectric tube
Electrode with coil
Microwave with “' e
/ cavity showerhead o Precursm.j,
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-
H =N

"’qp:lﬂ Pump
Precursors

Figure 2.9. Different types of PEALD reactor configurations.!%3 Radical-
enhanced ALD (a), direct plasma ALD (b), and remote plasma ALD (c)

Pump Pump

The preparation of thin films using PEALD has been proven to be as a
pioneer deposition technique in the field of ALD and semiconductor technology
because of superior advantages, including improved material properties!!34189),
driven lower substrate temperatures especially for thermal-sensitive substrates!!*":
188) "a wide selection of precursors and substrate materials('®-1°D, accurate control
of film composition!?>1%, achieving higher GPC!?> 1°% and more flexibility in
processing!?7199),






Chapter 3

EXPERIMENTAL

3.1 Characterization methods

The optical and spectroscopic characterization techniques employed to
investigate and probe the properties of the ALD films are discussed below.

3.1.1 Spectroscopic ellipsometry (SE)

In order to ascertain the thickness and the optical constants of the ALD
prepared thin films, spectroscopic ellipsometry is widely wused in its
characterization using polarized light. An ellipsometer measures changes in the
light polarization after reflection on the surface of grown films, providing
information about the roughness and thickness of the layer (ranging from sub-
nanometer to a few microns), in addition to the optical characteristics of refractive
index and absorption coefficient, which impact the incident polarization state of
the light. 2% Thickness and roughness can be measured with a resolution in the
order of angstrom by utilizing the phase information of the polarization state of
light despite the inherent diffraction limitation of optical methods.°"

3.1.1.1 Principles and operation

Figure 3.1 displays an ellipsometer basic configuration based on the light
reflection on a sample. In principle, the polarized light waves consisting of p and s
components are irradiated onto a sample at an oblique incident angle (for an ideal
condition), denoted as a Brewster angle, where the difference between the
amplitude reflection coefficients (R, and R;) is maximized. Besides, at this angle
the measurement sensitivity increases. During an ellipsometry measurement, the
change in the polarization states of the incident and reflected (transmitted) light
waves are described using p- and s-polarization coordinates depending on the
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oscillatory direction of its electric field as well as light wave components. The
directions of the electric field vectors for p- and s-polarizations are reversed on
both incident and reflection sides. Therefore, the optical film properties are
determined according to the changes in amplitude and phase in the light reflection
components of p- and s- polarizations, typically referred to a change in the
polarization state.??

Figure 3.1. Representation of ellipsometric measurement.®%?)

A complex reflectance ratio (p) is applied according to the basic equation

of ellipsometry to determine the films thickness and the optical constants: (2% 20%)

p =2 = tan(yh) exp(iA) (3.1)

Where R, ad Ry are refer to the light polarized parallel and perpendicular to the
surface plane, respectively, tan(i) shows the amplitude ratio after reflection, and
A 1s assigned to the phase shift. As ellipsometry is an indirect measurement, the
use of an appropriate model should be taken into account to interpret the results.
This means the acquired parameters of W and A are fitted with a model over a
wide range of wavelengths to extract the optical properties. According to
Fresnel’s equations, a model is established to determine the values of the ¥ and A
for the desired layer and/or individual layers in a multilayer structure.?%* 2% The
acquired experimental data of the ¥ and A are compared with the related
determined ¥ and A values, and an accurate fit is performed using the root mean
squared error (RMSE), given as:

1 2 2
RMSE = [t (! — )+ (a0~ 227)] (3.2)
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In which 7 is referred to the number of data points in the spectra, m is assigned to
the number of variable parameters in the mode, and cal/ and exp exhibit the
calculated and experimental data, respectively. The RMSE evaluates the accuracy
of the applied fitting model in comparison with the collected experimental data.

In this research, ellipsometry measurements were done using a
spectroscopic ellipsometer within the UV/VIS/NIR spectral range (SENTECH
SER 850 DUV) and in a wavelength range of ~ 290 to 1000 nm at three incidence
angles of 60°, 65°, and 70° (Fig. 3.2). The acquired spectra were fitted based on a
model consisting of the Si/SiO» substrate and the grown layer, where Tauc-
Lorentz and Drude oscillators applied for the VIS range (transparent region) and
the IR range, respectively. The used procedure suggests the advantages of
combining all dispersion contributions to the optical model for the whole spectral
range.

Figure 3.2. SENTECH spectroscopy ellipsometer.

The SENTECH UV-VIS-NIR optical spectrophotometer also provides
optical information about the absorbance or band gap value of the ALD prepared
films. The optical absorption of the layers is determined as a function of
wavelength: monochromatic light is passed through the sample and the reference
sample, and the measured light extracted from the layer is compared to the light
belonging to a reference sample.?%® Based on the obtained result of transmittance
measurement, the band gap is calculated, where the absorption coefficient (a) is
ascertained using absorption data (A) for each wavelength with the following
equation:
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a:

NN

(3.3)

Where A is a wavelength in nm units, although it is multiplied by 1077 to get the
absorption coefficient in the unit of cm™. Therefore, according to the obtained
values, the band gap can be determined by fitting the absorption coefficient in the
following Tauc’s relation :%7

(ahv)" =B (hv — Ej) (3.4)

The energy of the incident photons, the absorption edge, and band gap are
represented by hv, B, and Eg, respectively. The value of 7 is either 2 for direct or
1/2 for indirect band gaps. With the use of Tauc-Lorentz plot analysis, the band
gap value of the layer is determined by plotting (ahv)" as a function of photon
energy and extrapolating the linear part of the graph.

3.1.2 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is a surface sensitive chemical
characterization technique operates based on the photoelectric effect in which the
sample surface is irradiated by X-rays, generating photoelectrons. The main
particularities of XPS are inherent surface sensitivity, high sensitivity to the
oxidation state, and ability to probe depth chemical information of the elements
(except hydrogen and helium) in the layer. In principle, XPS operates according to
the photoelectric effect discovered by Heinrich Hertz in 1887 when he found
irradiated surfaces emit electrons. Later in 1905, Albert Einstein fundamentally
described such physical phenomena and received the Nobel Prize in physics in
1921. Robinson and Rawlinson made the first observation of the photoemission
arising from X-ray irradiation in 1914, and Steinhardt and Serfass presented the
first application of that effect in 1951.%%) The development of XPS technique was
accomplished by Siegbahn in 1950s and 1960s, winning the Nobel Prize in 1981
for his work on high-resolution electron spectroscopy (being XPS also known as
electron spectroscopy for chemical analysis (ESCA)).%)

3.1.2.1 Principles and operation

Figure 3.3 shows the schematic working principle of XPS. When X-ray
interact with the core level electrons, these are photoemitted from the electronic
shell.?!9 In other words, the electron is emitted with a kinetic energy that depends
on the difference between the photon energy and the binding energy of the
particular core level. In most cases, the produced hole is filled by an electron from
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a higher energy level (the valence shell) resulting in a release of energy. Although
this energy is released in the form of an emitted photon, the energy can also be
transferred to another electron, which is ejected from the same level with fixed
kinetic energy independent of photon energy; this second ejected electron is called
an Auger electron.
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Figure 3.3. Principle of photoelectron emission and Auger relaxation effect of
XPs.eth

Finally, the kinetic energies of the photoemitted electrons are collected
through a detector and subsequently the corresponding binding energies are
determined based on the following equations:?!%212)

hv = BE + KE + ®gpec, (3.5)
BE = hv — KE — ®gpec (3.6)

Where the energy of the X-ray (hv) is equal to the sum of the binding energy (BE)
of the electron (means how tightly it is bound to the atom/orbital to which it is
attached), the kinetic energy (KE) of the photoemitted electron, and the work
function (®) of the spectrometer as a constant value. The binding energy of the
photoelectron is measured with regard to the sample Fermi level (not the vacuum
level), which is the reason for the presence of @spec (as indicated in Fig. 3.4).
During the measurement, the sample and analyzer are electronically connected,
establishing a potential that equilibrates the Fermi levels. It should be noticed that
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equation (Eq. 3.6) only depends on the work function of the analyzer and not
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Figure 3.4. Energy level diagram of XPS basic equation.

In XPS data, the collected photoelectron peaks are identified by the
element and orbital from which the electrons were ejected. Although the binding
energies of the electrons are independent of the used photon energy, the kinetic
energy of the electrons is the main parameter that changes with different photon
energies, as described by Eq. 3.6. Any electron with binding energy lower than
the applied photon energy should be emitted from the layer and accordingly
observed in XPS spectra.

During XPS measurements the sample should be grounded. Although there
is no shift in XPS spectrum for conducting samples,>'> 2! probable charging
effects may appear, artificially shifting the spectra to higher binding energies.
This issue affects samples with low electrical conductivities, such as oxide-based
materials (here InOx, GaOx, ZnOx, IGZO, as well as AlOx and CeOx). In these
cases, a binding energy calibration should be taken into account, where carbon is
the most common element and the energy position of C 1s is taken as a reference
for the calibration process of ex-situ prepared films.!>216)

The surface chemistry analysis of the layers is carried out according to the
state of the different chemical bonds arising from changes in the binding energy
of the electrons that are redistributed around the constituent atoms of the
crystal.!7?)

Prior to quantitatively analyze the ex-situ prepared films by XPS, a surface
cleaning process is required to remove surface contamination and/or adventitious
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carbon impurities. Hence, most XPS systems are commonly equipped with an Ar”
ion gun sputtering source (as an example schematically indicated in Fig. 3.5). The
principle of operation is based on the electrical discharge which is produced
between the anode and cathode by applying a potential in the gas cell. This type of
source is also called cold cathode ion source since it uses an inert gas such as Ar"
that is continuously fed into the gas cell through the leak valve and provides a
pressure difference between the gas supply and the ion source. The generated
electrons in the discharge process hit the gas particles creating the cations. A
permanent magnetic field over the source facilitates the acceleration of electrons
and enables the discharge process to be performed at relatively low pressures.
Finally, the created ions are extracted from the gas cell through an aperture and
introduced into the flight tube where ions pass and are focused onto the sample
surface. It should be taken into account that the sputtering process using ion
source is a very common and effective surface cleaning. However, ion
bombardment could physically damage the layer and/or chemically change the
bonding state because of interaction between the sample and the ions.?!% 219
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Figure 3.5. Configuration of ISE5-cold cathode ion sputter source.???

Furthermore, deeper probing into the materials might be required to
intensively investigate not only the chemical bonding state on the surface, but
within the bulk or even at the interface to the substrate. Therefore, a depth
profiling approach using an ion source sputtering is applied as a surface etching
process in which the layer is sputtered for a short period of time following XPS
measurement and data acquisition until the sputtering has probed to the desired
material depth. Note that depending on the purpose and material, such experiment
might need much time to probe tens of nanometers into a sample.
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3.1.2.2 Photoemission peak analysis and fitting

Determining the atomic concentration of the elements is one of the
superior features of XPS technique that can be fulfilled after defining and
confining the binding energy region, following subtraction of background and
extracting of the raw area under a peak. The background selection strongly
depends on the core level spectra under analysis, i.e. the general Tougaard and
Shirley background shapes are typically applied for doublet (spin-orbit splitting)
and single core level signals. However, the use of raw area lonely is not enough to
calculate the atomic concentration, and a sensitivity factor must be employed,
which is specific for each element, core level and analyzer as described in
equation 3.7.

ny = (L/Sx)/(Z(1/Sh)) (3.7)

In which n, 1, S, and I are atomic concentration, all possible species, the sensitivity
factor, and the peak raw area or intensity, respectively. In principle, the sensitivity
factor consists of several individual parameters as collected in equation 3.8:

S = fAST(Ekin)yM Ekin)0 (3.8)

Where parameters of f and A refer to photon flux for a certain anode and area,
respectively, (common to all samples and measurements), ¢ is the atomic cross
section which is plotted in Figure 3.6 for some core levels versus photon
energy®?V), T(En) is the transmission function of the analyzer as its determination
described in the literature®??, y is an efficiency parameter in the photoelectric
process for the formation of photoelectrons of the normal photoelectron energy,
MExn) is the inelastic mean free path of photoemitted electrons®?®, and 0 is the
magic angle of 54.7°??1 which is the angle between X-ray source and analyzer.
The sensitivity factors differ slightly from system to system due to some
instrument-specific parameters belonging to the analyzer, i.e. the transmission
function (TF). It should be mentioned that the sensitivity factor, also called atomic
sensitivity factor (ASF), has been explained and determined for the elements in
the literature.?>¥ However, the given empirical values corrected for the
transmission function of the used analyzer as described below.
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Figure 3.6. Atomic cross section of the desired elements as a function of photon

energy.

To determine the TF, an in-situ ALD prepared AlOx sample (at RT;
thickness of ~ 5 nm) was employed for XPS measurement in a medium lens size
using two photon energies of Al Ka (1486.6 eV) and Mg Ka (1253.6 V), in two
different modes of the analyzer; constant analyzer energy (CAE) and constant
retarding ratio (CRR). According to the following equation (Eq. 3.9), both
measured spectra have the same intensity at a kinetic energy (Ekin) of ~ 800 eV
related to the product of pass energy (PE) and retarding ratio (RR).

_ (Exin)-Wf
PE

RR (3.9)

In which, Wf'is the work function of the material and was assumed to be zero. The
transmission function of the analyzer can be calculated assuming that TF is
proportional to the kinetic energy of the electrons in the CAE mode (which is
mainly used for XPS measurements):

1

TFcae(Ekin) = E
kin

(3.10)

Where the parameter of x is a correction factor that should be taken into account
and can be calculated from the following equation:

[(PE)RR)]?
R(Ekin) = =22 3.11)
Ep)



EXPERIMENTAL 47

In which the intensity ratio (R(En)) is determined (as given underneath) based on
the intensity of the collected spectra in two different modes of CAE (Icag) and
CRR (Icrr) where two excitations of Al and Mg Ka were also considered.

I
R(Ekin) = ﬁ (3.12)

The calculated intensity ratio is plotted as a function of the kinetic energy in both
excitations (Al Ka and Mg Ka), and then fitted following expression 3.11.

Figure 3.7 shows the obtained transmission function of the analyzer in two
excitations versus the kinetic energy of the electrons.
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Figure 3.7. Transmission function of the in-situ and ex-situ XPS systems as a
function of the kinetic energy of electrons for both excitations of Al Ko and Mg
Kao.

XPS has a detection limit typically in the range of 0.1 — 1%. However, it
depends on the sensitivity factor of the element and the layer matrix.*'® There are
some examples in the literature in which detection limit of all elements have been
predicted with a range of 0.003 to 30%.%%5 Accuracy of XPS data acquisition and
analysis is about ~ £+ 10%.?2% However, it strongly depends on several factors,
including peak shape, selection of background, precise peak fitting, and the
correct use of ASF which could range from 4 to 5%.%2722®) As mentioned before,
XPS is a surface sensitive technique that is very sensitive to the elements located
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in the surface or sub-surface regions, probably overestimating the atomic
concentration from the top region compared to the layers underneath. Besides, for
determining the concentration of the layers using equation 3.7, a homogeneous
layer is assumed although in general this is not the real situation.

In principle, XPS is a surface sensitive technique, and its sensitivity is
ascertained by how far into a sample an electron is photoemitted with a given
kinetic energy. In fact, the photoelectron loses its energy when it travels through
the material, process known as inelastic scattering. Such scattering can be
described based on the Lambert-Beer law equation:

I=1Io (e_%) (3.13)

In which, Ip and I are the measured intensity of photoemitted electrons before and
after passing through a sample. The parameter d is the thickness of the layer and A
is defined as an inelastic mean free path (IMFP) of electrons which describes how
far an electron can travel through a material before losing kinetic energy.*?®) The
penetration depth of electrons into a material is determined based on the TPP-2M
formula of QUASES-IMFP-TPP2M software (Ver. 3.0) in which IMFP values
were calculated for elements, organic and inorganic compounds from measured
energy loss functions for each solid with a relativistic version of the full Penn
algorithm.®?* 239 Figure 3.8 represents the universal curve for estimating the
IMFP as a function of kinetic energy of the electrons.?*D It should be noted that
the represented universal curve is just a first approximation of IMFP.
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Figure 3.8. Universal curve indicating IMFP (or A) versus kinetic energy of
electrons.?*!
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Based on this curve, the electrons with kinetic energies of ~ 1 keV posing an
IMFP in order of a few nanometers. Such sampling depth is defined as the
maximum depth normal to the sample surface where chemical information can be
extracted.®?”)

Another prominent feature of XPS is to estimate the coverage or thickness
(d) of a layer A on top of a substrate B with the use of following equations:

d

I, =I2(1 — e *wrr(E,)cos0)) (3.14)
__a_
Ig =12 (e *mre(Eg)cosh)) (3.15)

Where Ia and Ig are referred to the areas/intensities from the top layer and
substrate, respectively. I3’ and Ig are the areas/intensities from reference A and
reference B. Afyppand AR ppis the inelastic mean free path of A and B,
correspondingly. The last parameter of 0 is the angle between the path of the
emitted electrons and the sample surface (also known as take-off angle). With
changing that angle (tilting the sample), we can measure either bulk-sensitive (6 =
90°) or surface-sensitive (0 < 50°) XPS spectra. It should be taken into account
that for the given equations a continuous and homogeneous layer is assumed.

XPS measurements were carried out after in-situ surface cleaning process
in the XPS system (as exhibited in Fig. 3.9) using Ar" ions created by a cold
cathode ion source (ISE 5, Scienta Omicron) with an accelerating voltage and
pressure of 500 eV and 4 x 10~ mbar, respectively. In addition, the films were
also characterized in the as-introduced state before the surface cleaning. To
characterize the chemical composition of the films, XPS was performed using the
hemispherical energy analyzers (Omicron EA125 for in-situ XPS, PHOIBOS
HSA3500 for ex-situ XPS) with a dual AI/Mg X-ray anodes providing photon
energies of 1486.6 and 1253.6 eV, respectively. The photo-emitted electrons were
collected at normal emission, i.e., a take-off angle relative to the sample surface
plane of 90° (bulk sensitive), to maximize the escape depth of the photoelectrons.
Wide- (survey) and narrow-scan (core levels (CL)) XPS spectra were obtained
with fixed pass energies of 50 and 20 eV and energy steps of 0.5 and 0.1 eV,
respectively. When setting the pass energy to 20 eV, an overall resolution of 1.0
and 0.9 eV for Al and Mg Ka excitations was determined for our ex-situ XPS
system in which those individual binary (InOx, GaOx, ZnOx) and quaternary
(IGZO) oxides have been measured. Considering the same pass energy of 20 eV,
an overall resolution of 1.0 eV was determined for Mg Ka excitation of in-situ
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XPS system in which those AlOx and CeOx samples have been characterized.
Furthermore, before performing any chemical analysis, we compared the acquired
spectra for both Al and Mg Ko excitations to avoid spectral overlaps with
additional Auger and/or satellite lines in the region of interest. The data
acquisition was performed with the SpecsLab Prodigy program of ex-situ XPS
(ver. 4.65.2-r89237, SPECS Surface Nano Analysis GmbH) and the SpecsLab
processing software of in-situ XPS (ver. 2.39-r14670, SPECS Surface Nano
Analysis GmbH); the CasaXPS software (ver. 2.3.20revl.le, CASA Software
Ltd) was used to analyze and determine the elemental composition and
particularly the metal to oxygen ratio of the films. To estimate surface
composition, we weighted the raw spectral area with the respective atomic
sensitivity factor, where the empirical values®*® have been corrected for the
determined transmission function (7F) of the analyzer (as described above).

The bonding states of the main elements of the films were determined by
fitting the CL spectra by peak decomposition considering a symmetric pseudo-
Voigt function (Gaussian/Lorentzian product function) and a Tougaard
background®*?). Prior to the fitting procedure, sample charging was corrected by
calibrating the position of the main component of the C 1s CL spectra to 284.8
eV.%19 In the applied fit model, the peak widths of all chemically shifted
components of a certain core level were fixed to the same value (taking into
account the natural line width and the experimental resolution), while their energy
positions were allowed to vary freely within a corresponding narrow energy range
(typically + 0.1 eV). The atomic concentrations of the desired elements were
calculated by taking the raw area after background removal.
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XPS systems in the chair of applied physic and
semiconductor spectroscopy of BTU.

Figure 3.9. In-situ and ex-sitl

3.1.3 Field-emission scanning electron microscopy (FE-SEM)

The surface morphology of the prepared IGZO samples was examined
using field-emission scanning electron microscopy (FE-SEM, Tescan Mira 3), as
shown in Fig. 3.10. This system is also equipped with energy-dispersive X-ray
spectroscopy (EDX, Bruker XFlash 6/10) to identify the elemental composition
and to evaluate a homogeneous distribution of the elements. For these
measurements, the working distance (WD) was fixed at 15 mm and the
accelerating voltage was set to a low value of 7 kV to reduce charging effect.
Besides, the maximum spatial resolution was about 2.0 nm. Further instrumental
details are available elsewhere.???)



52 EXPERIMENTAL

ﬂf.ﬂ s ’- R ] = i‘;‘/;—'\
Figure 3.10. Tescan Mira3 instrument equipped with EDX. Nanomaterials group,
Faculty of Mathematics and Physics, Charles University.?2?

3.1.4 Near-ambient pressure hard X-ray photoelectron
spectroscopy (NAP-HAXPES)

The chemistry of the in-situ ALD prepared CeOx layers was quantitatively
investigated by SpAnTex (spectroscopic analysis with tender X-rays) end-station
(Fig. 3.11), which was implanted at the KMC-1 beamline at the BESSY II
synchrotron of the Helmholtz Zentrum Berlin. This station was designed for doing
near-ambient pressure hard X-ray photoelectron spectroscopy (NAP-HAXPES)
experiments to investigate a variety of materials from solid to liquid phases. The
employed X-ray source includes a double crystal monochromator (DCM) with
three pairs of in-situ exchangeable silicon crystals having plane directions of
(111), (311), and (422), delivering photon energies ranging from 2.0 — 14.0 keV
with a minimum approximated spot size of 0.4 mm (vertical) x 0.7 mm
(horizontal). It should be noted that the location of such beamline is in the
downstream of the focal point resulting in relatively larger spot sizes. The end-
station benefits from a hemispherical energy analyzer (PHOIBOS 150 HV NAP,
SPECS GmbH) where the angle between the incoming electrons and sample
surface relative to the axis of the electron spectrometer pre-lens were set to 90°
and ~ 5° (polar angle), respectively. The aperture between the first differential
pumping stage of the spectrometer and the analysis chamber was 0.3 mm,
enabling measurements up to 30 mbar pressure. The spectrometer parameters of
pass energy, step size, and dwell time were correspondingly fixed to 30 eV, 0.1
eV, and 0.2 s. The spectral acquisition was carried out using SpecsLab Prodigy
software (SPECS GmbH). Further instrumental details are available at>*3,
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Figure 3.11. Beamline KM-I and SpAnTeX end-station at BESSY II,_ Berlin.®*%

3.2 ALD system

The successful preparation of high quality conformal thin films in a layer-
by-layer growth mode requires an accurate and well-designed ALD system where
the desired self-limiting reactions occur. However, to avoid undesirable mixing of
two reactants, which results in uncontrolled deposition yielding non-conformal
and rough layers, the deposition process must be made in two sequential reactant
exposures under vacuum conditions. It is worth mentioning that using vacuum-
base pressure during the ALD process causes the surface composition to remain
unchanged or at least to reduce contamination inside of the reactor before and
even during the deposition. Nevertheless, the use of in-situ ALD allows surface
chemistry investigation of the deposited layers using a wide range of surface
science techniques such as spectroscopic ellipsometry®¥, X-ray photoelectron
spectroscopy®®®, Auger electron spectroscopy®*®, and low energy electron
diffraction®”), All provide detailed information on the ALD growth process.

In general, ALD systems can be divided into two standard configurations:
pump-type (without inert gas flowing) compatible with high vapor pressure
reactants, and flow-type with the use of inert gas flowing such as N> or Ar to
deliver low/very low vapor pressure reactants through the ALD lines. Note that
ALD mechanism based on the sequential pulses of reactants is typically slow for
the pump-type ALD system in comparison with other configuration (i.e. flow-type
ALD system). Therefore, an alternative way to expedite ALD process is to
separate two half ALD cycles of reactants using purging step with introducing an
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inert gas (either Nz or Ar) that cleans the reactor from by-products and allows the
exposures to be fulfilled closely together in a short period of time. (38240,

3.2.1 Commercial SENTECH ALD system

Figure 3.12 displays the ALD system (SENTECH’s SI ALD LL)
developed by SENTECH for high-quality thin films and multilayers deposition
using thermal or plasma processing. Such ALD system is able to be configured for
depositing different classes of materials such as oxides, nitrides, and metals with
high layer homogeneity and conformity from several microns scale down to
nanometer size. Thermal and plasma ALD operation is supported in one reactor,
allowing ultra-fast in-sifu monitoring the layer-by-layer film growth using an
ALD Real Time Monitor by spectroscopic ellipsometry through an optimal
shutter.

Figure 3.12. SENTECH ALD system (a), and associated load-lock chamber for
introducing wafers (b).

The ALD reactor is equipped with a capacitive coupled plasma
(SENTECH’s CCP) source designed by SENTECH Instruments (as illustrated in
Fig. 3.13) to fabricate high-quality films at lower temperatures, with lower
processing time, and higher growth per cycle. This PEALD system provides a
stable pulse operation in ALD cycles, synchronizing its plasma discharges to the
growth process timing, triggering very efficient and stable pulsing. The plasma
source is located on the upper flange of ALD reactor, operating with a radio
frequency of 13.56 MHz where the substrate is placed outside the plasma
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generation zone during the growth process. Therefore, according to PEALD
configuration, the high energy of ions produced by plasma cannot damage the
layer, and the surface does not see the light arising from plasma generation region.
This configuration allows large area substrates, including wafers with a diameter
of up to 200 mm. The main parts of the system are equipped with individual
heaters and temperature controllers that enable applying specific temperatures to
the chamber and reactants lines (three precursor lines and associated co-reactants
lines), capable of heating up to 150 °C and 200 °C, respectively. Moreover, the
substrate heating is carried out using a heating stage where temperature can be
accurately controlled in a temperature range from room temperature to 500 °C.

The ALD process can be characterized under operando conditions using
ALD Real Time Monitor (SENTECH’s ALD-RTM; integrated into SENTECH
ALD systems), which is a novel optical diagnostic tool allowing ultra-high
resolution (20 ms) and a very high signal-to-noise ratio (6A = 0.01°) of single
ALD cycles, particularly for development and optimization of ALD recipes and
systems. The use of spectroscopic ellipsometry operates within the wavelength
ranges of UV-VIS (SE 800, SENTECH Instruments), enabling the determination
of films property such as layer homogeneity, refractive index, growth rate per
cycle, and thickness.

( b } Gas inlet
Carrier gas é CCP source

vahe o

T Precursors
inlets yvy
Precursor Pump
container

Figure 3.13. SENTECH PEALD system equipped with an in-situ ALD-RTM (a),
and schematic representation of CCP source (b).

3.2.2 Homemade BTU ALD system

Figure 3.14 displays an image of our homemade in-situ ALD reactor
capable of operating in two different ALD modes of pump and flowing
approaches. From a technical point of view, the reactor is constructed from
stainless steel components with an inner diameter of 20 cm. The desired sample is
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loaded through an UHV-based introduction chamber and then transferred using a
magnetic manipulator into a well-prepared vacuum-base pressure of the ALD
reactor. It should be mentioned that the necessity of having high vacuum-base
pressure (2x 107 mbar) is because the ALD reactor is directly attached to a XPS
system for an in-situ characterization without exposing the sample to ambient
conditions. Samples can be at room temperature or heated with or without the
presence of gases using radiation heating. The temperature is initially calibrated
using an infrared pyrometer (RAYMML TSSF1L, Raytek).

Figure 3.14. In-situ ALD system in the BTU’s chair of applied physic and
semiconductor spectroscopy.

A detailed description of ALD system is discussed below:

i) Flow-type reactor: For deposition of low-vapor pressure reactants, the
use of flow-type reactor by ultrahigh purity nitrogen (in our case) is necessary to
ease delivering materials towards the substrate. To accurately control the flux of
nitrogen, two digital thermal mass flow controllers (F-201CV EL-FLOW,
Bronkhorst High-Tech Inc.) with a maximum flow range of 200 sccm are applied
on the individual ALD lines of precursors and co-reactants for deposition of the
desired oxide-based materials. In principle, nitrogen (Nz) is introduced from high-



EXPERIMENTAL 57

purity (99.9999%) container/bottle (ALPHAGAZ) to a flux controller and then
flows inside of defined ALD lines and related chamber to finally be exhausted
using a scroll-pump. The designed bypass-pumping approach for the introduced
ALD system enables pumping either with the turbo pump plus scroll (pump-type)
or just with the scroll-pump that isolates turbo-pump (flow-type). The pressure
inside of the flow tube can be manually controlled based on conductance variation
using the throttle (membrane) valve placed above the exhaust pump. A
capacitance manometer (UHV pressure gauge) is required to read out the flow
tube pressure. ALD process is typically run under a pressure of 1 mbar. However,
it depends on the reactor design and the chemical nature of reactants and/or
materials.

ii) Pump-type reactor: The most straightforward approach is to directly
introduce high vapor pressure reactants through a pressure difference between the
reactor chamber (in vacuum) and the reactant vessel. A high-purity N> gas is used
to reduce the purging time between sub-cycle, i.e. exposure to different reactants.
The flux of N> for the purging process is precisely controlled using a mass flow
controller.

iii) Substrate heating/applying temperature to a substrate: Our ALD
system is able to heat the substrate using radiation (lamp) which is powered by a
dc power supply. Temperature calibration is initially performed using a pyrometer
(RAYMML TSSFI1L, Raytek), where the reactor temperature could be maintained
at a maximum temperature up to 350 °C.

iv) Reactants pulsing: Figure 3.15 shows a schematic drawing of the
valves arrangement of the homemade in-situ ALD system, where the individual
sub-lines have been designed according to the low, medium, and high vapor
pressure reactants. Such ALD sub-lines configuration was done for pulse
switching the reactants of metal oxide based materials such as AlOx with the use
of TMA + water, and CeOx with the use of either commercial Ce(thd)4 + Os. For
such configuration, the gas pulse switching typically uses VCR connections with
the sizes of 2 and 4 inches, providing more flexibility and easy reconfiguration
of the components to have desired arrangements. One of important benefits of
VCR connections is that we can add more reactant channels to the reactor or even
reconfiguring the switching valves to install a vessel (bubbler) is very
straightforward. Besides, they can also be baked out to reach very low pressures.
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Figure 3.15. Demonstration of ALD system and applied valves.

The introduction of reactants into the ALD lines are carried out using the
manual valves directly attached to the reactants container, and we can manually
control the amount of materials. To digitally switch on/off pulsing reactants into
the ALD lines, solenoid valves (Swagelok Inc.) are required which activate with
the help of pneumatic valves (MAC Valves Inc.) and powered by a general
multichannel valve driver (ADVANTECH USB-5862) interfaced to a computer.
In the purge stage, all reactant valves are closed, and only N> flows from a mass
controller through the needle valve and following a solenoid valve into the
corresponding line and chamber, being finally conducted to the exhaust line using
turbomolecular and/or rotary pumps. Such purging process using nitrogen flow,
prevents accumulation of residual particles from reactants inside the reactor. It
should be mentioned that for those low vapor pressure reactants, N> should also
flow through the individual lines of reactants during pulsing to facilitate the
transportation of particles towards the reactor and substrate.

v) Running the system: in order to operate the ALD cycling process in
both pump and flow modes, a laboratory-based computer equipped with analog
and digital input/output boards is utilized to monitor and control the electrical
connections and ALD cycle through several application programs such as
Advantech Device Manager (to control the multichannel driver and associated
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valves), Mass controller (to define the flow rate), and Labview (Ver. 2020,
National Instruments Corporation) where solenoid valves of ALD system can be
activated. In addition, the multiple-channel pressure gauge controller
(EDWARDS) monitors the pressures inside the ALD reactor.

3.3 Thin films deposition

This section discussed the fabrication process of the deposited wide band
gap metal oxide in detail. All thin films have been prepared using TALD or
PEALD techniques. For deposition of the individual binary oxides (InOx, GaOx,
and ZnOy) and their combination in a quaternary IGZO compound a commercial
SENTECH ALD reactor with the capability of direct monitoring during ALD
cycles was employed. In the case of the growth of the AlOx and CeOx, our
homemade ALD reactor was utilized.

3.3.1 Growth of metal oxides by SENTECH ALD reactor
3.3.1.1 InOx deposition using PEALD

The indium oxide thin films were grown on 4-inch n-type Si (100)
substrates at relatively low temperatures ranging from 80 to 200 °C using a
PEALD system (SENTECH Instruments GmbH) equipped with a capacitively
coupled plasma source as well as an ellipsometer for in-situ ALD real-time
monitoring (SENTECH, ALD Real Time Monitor, ALD-RTM). For the
determination of the ALD temperature window the substrate temperature was also
increased up to 300 °C (Figure 4.2). In this deposition process, trimethylindium
(TMlIn) and oxygen plasma (Oz) were periodically fed into the ALD reactor where
the temperature of the precursor container was maintained at 45 °C to keep the
precursor material in the solid state, i.e. below its melting point of 88 °C. This
temperature warrants a sufficient vapor pressure enabling the low-temperature
ALD process.

One ALD cycle was optimized to a sequence of TMIn/N»/O2/N> with the
feeding durations of 0.5 s/2 s/8 s/1 s, in which high-purity N> (99.999%) was used
as carrier and purging gas with a flow rate of 100 sccm through the reactor. These
optimized pulse and purge durations are based on the evaluation of the parameter
variations to achieve steady-state conditions where the deposition was controlled
by the ALD-RTM for a time-efficient optimization. The optimized process
parameters are listed in Table 3.1. The samples with 10 and 30 nm thick InOx
layers were prepared for X-ray photoelectron spectroscopy and spectroscopic
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ellipsometry, respectively. The optical characterization was done at wafer scale,
while 10x10 mm? pieces were used for the ex-situ XPS characterization separated
from the middle of the 4-inch substrates.

To evaluate the film thickness evolution of the InOx films, an operando
measurement of delta (°) ellipsometric parameter was carried out. The acquired
delta values were modeled using a one-layer modeling with a fixed refractive
index of 1.86 (at 632.8 nm), determining the film thickness. Figure 3.16 exhibits
the obtained delta and film thickness data versus ALD process time for the indium
oxide thin films prepared at different temperatures. From these results, it can be
clearly seen a step-like evolution (increasing and decreasing tendency) for all
films at different temperatures because of the chemical adsorption of precursor
and removing the ligands, where identical nucleation behavior and a linear film
growth mechanism of ALD were observed.
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Figure 3.16. Ellipsometric parameter of delta (a), and evolution of InOx film
thickness as a function of the process time for different substrate temperatures
within PEALD process (b). The thickness was obtained by modeling the in-situ
ellipsometer data with a one-layer model with a constant refractive index of 1.86
(at 632.8 nm).

3.3.1.2 GaOx deposition using PEALD

The gallium oxide thin films were deposited on 4" n-type Si (100)
substrates by PEALD with alternating pulses of trimethylgallium (TMGa) as Ga
precursor and oxygen (O2) plasma as co-reacting oxidant. The deposition process
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was carried out at four different substrate temperatures (80, 100, 150 and 200 °C)
in the SI ALD reactor (SENTECH Instruments) equipped with a capacitively
coupled plasma source as well as an ellipsometer for in-situ ALD real-time
monitoring (SENTECH, ALD Real Time Monitor, ALD-RTM).

High-purity N2 (99.999 %) was used as a carrier gas of TMGa with a flow
rate of 90 sccm. The precursor line was closed during the plasma step and the
nitrogen flow stopped. In this fabrication process, the plasma power and O> (high
purity of 99.998 %) flow rate were set to 200 W and 150 sccm, respectively. One
ALD cycle includes a 10 ms pulse of TMGa followed by a purge pulse of 2 s, an
oxygen plasma pulse of 5 s, and a 2 s purge step. In this fabrication process, the
GaOx layers with thicknesses of 10 and 30 nm were deposited for spectroscopic
and optical characteristics, respectively, where the optical measurements were
done at wafer scale. Moreover, for XPS measurements, the samples were prepared
in the size of 10x10 mm? from the middle area of the wafers. The utilized PEALD
parameters for deposition of the GaOx are summarized in Table 3.1.

Figure 3.17 shows the in-situ measurement of delta ellipsometer parameter
and film thickness as a function of process time for the different applied substrate
temperatures. The measurement shows film growth from the first cycle onwards,
where the nucleation behavior for all four samples is very similar, and linear film
growth was achieved for all applied temperatures. As typical for ALD, an
increment and a reduction trend were observed in the film thickness due to
precursor adsorption and ligand removal.

The film thickness increased while opening the ALD line before the actual
precursor pulse. The second trend of increasing thickness is observed as soon as
the precursor was dosed in the reactor. Remarkably, this double adsorption
process was not attained during the first cycle of the films growth and occurs
independent of substrate temperature. We assume that a certain amount of the
precursor remained in the ALD line after closing due to its high volatility. When
the ALD line was reopened and the flow of N2 carrier gas was restarted, excess
material was accidentally introduced into the reactor. Since the ALD lines were
evacuated before initiating the deposition process, this double adsorption does not
take place during the first cycle.
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Figure 3.17. Ellipsometric parameter of delta (a), and evolution of GaOx film
thickness as a function of the process time for different substrate temperatures
within PEALD process (b). Color-coded of magenta denotes valve stop. The
thickness was obtained by modeling the in-situ ellipsometer data with a one-layer
model with a constant refractive index of 1.86 (at 632.8 nm).

3.3.1.3 ZnOx deposition using TALD

The ZnO thin films were grown on n-type Si (100) substrates at low
deposition temperatures ranging from 80 to 200 °C using an ALD system
(SENTECH Instruments GmbH) equipped with an ellipsometer for in-situ ALD
real-time monitoring (SENTECH, ALD Real Time Monitor, ALD-RTM). In this
gas phase process, diethylzinc (DEZ) as a source of Zn and H>O as an oxidant
were subsequently fed into the ALD reactor until the desired film thickness was
obtained. The ALD cycle structure was composed of a feeding sequence of
DEZ/N>/H>O/N> with 40 ms/5 s/80 ms/5 s, respectively. The through-reactor flow
rates of high-purity (99.999%) N> carrier (for DEZ) and purging gas and water
were adjusted to 60 and 80 sccm, respectively. The ZnOx films with different
thicknesses (10 and 30 nm) were grown for ex-situ XPS measurement and optical
characterization purposes. It should be mentioned that the optical measurement
was done at the wafer scale, while for XPS characterization, samples were
prepared in the size of 10x10 mm? from the middle area of the wafers. Table 3.1
lists the fabrication parameters of the TALD-ZnOx films.
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Figure 3.18 shows the change in the ellipsometric parameter of delta and
the derived layer thickness as a function of the processing time. During the first
cycle, a similar nucleation behavior was observed for all applied substrate
temperatures. After the first diethylzinc pulse, there is no increase in layer
thickness. This behavior is also reflected in the optical parameter delta (see Fig.
3.18 (a)). From the second cycle, the layer thickness increases. However, there are
differences between the substrate temperatures. In general, it can be deduced that
higher substrate temperature increases layer thickness after the DEZ pulse.
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Figure 3.18. Ellipsometric parameter of delta (a), and evolution of ZnOx film
thickness as a function of the process time for different substrate temperatures
within TALD process (b). The thickness was obtained by modeling the in-situ
ellipsometer data with a one-layer model with a constant refractive index of 1.86
(at 632.8 nm).

3.3.1.4 ZnOx deposition using PEALD

A low-temperature (150 °C) PEALD process of the zinc oxide layer using
diethylzinc (DEZ) and O plasma was established on Si (100) substrate for
preparation of the quaternary PEALD-IGZO film. In this process, the ALD
system (SENTECH Instruments GmbH) equipped with an ellipsometer for in-situ
ALD real-time monitoring (SENTECH, ALD Real Time Monitor, ALD-RTM)
was utilized. The ZnOx deposition was fulfilled considering the ALD pulse cycles
of 0.04s DEZn/4s N2/5s Oz plasma/ls N2 in which high-purity N2 (99.999%) with
the flow rates of 120 and 150 sccm used to purge out the remaining precursor and
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co-reactant, respectively. Table 3.1 lists the introduced experimental parameters
of the individual PEALD and TALD prepared binary-oxides of the InOx, GaOx,
and ZnOx.

TABLE 3.1. Main ALD parameters of the InOx, GaOx, and ZnOx films. Parameters
are referred to plasma power (P,), substrate temperature (75), precursor pulse
duration (#,), co-reactant pulse duration (), purge time (Z,u-¢c) and total pressure
(Py), respectively.

Process parameters PEALD-InOx PEALD-GaOx TALD-ZnOx PEALD-ZnOx
Precursor TMIn TMGa DEZ DEZ
Co-reactant 0)) 0)) H>O 07}
P,(W) 200 200 - 200
T; (°C) 80, 100, 150,200 80, 100, 150,200 80, 100, 150, 200 150
1 (s) 0.5 0.01 0.04 0.04
tc (s) 8 5 0.08 5
tourge (S) 2,1 2,2 55 4,1
P (Pa) 13.5 13.5 9 20

3.3.1.5 IGZO deposition using PEALD

The complex IGZO super-cycle was designed following a bottom-up
approach, i.e. by initially defining the ALD growth characteristics (nucleation
delay, growth per cycle (GPC) and total thickness) of each binary oxide and
subsequently combining them in order to provide a multicomponent compound.
Figure 3.19a shows the scheme of a generic super-cycle: each ALD deposit of an
individual binary oxide A, B and C is carried out X, y and z times, respectively,
and then the whole super-cycle n times to achieve the desired thickness. Figure
3.19b displays the order of the ALD super-cycle in our particular case:
[(ZnOx)x/(GaOx)y/(InOx),]o/native SiOx/Si (100). Moreover, as shown in Fig.
3.19¢, IGZO thin films were deposited at 150 °C substrate temperature after
defining a common ALD temperature window for all individual binary oxides via
PEALD and TALD.

The ALD growths were carried on a SI ALD reactor configured with a
capacitively coupled plasma source (SENTECH Instruments GmbH)?*) and
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equipped with an ellipsometer for in-situ ALD real-time monitoring (SENTECH,
ALD Real Time Monitor, ALD-RTM)?*). The PEALD-IGZO films were
prepared considering the sequence reactants pulses of [0.04s TMIn/4s No/5s O»
plasma/ls Nz], [0.01s TMGa/2s N2/5s O> plasma/ls Nz], and [0.04s DEZn/4s
No/5s O; plasma/ls N»] applied for the individual sub-oxide-cycles of the InOy,
GaOx, and ZnOx, respectively. Within the ALD process, high-purity N2 (99.999%)
was used for purging the reactor from unreacted precursor molecules of TMIn,
TMGa, and DEZn with a flow rate of 100, 90, and 120 sccm, correspondingly,
where a flow rate of 150 sccm was fixed for purging the remained co-reactant of
O; plasma. Table 3.2 summarizes the technical details for the PEALD (InOx,
GaOx, ZnOx) and TALD (ZnOy) recipes used for each binary oxides. Finally, 4-
inch n-type Si (100) wafers with a native oxide layer of about 1.7 nm were used as
substrate.
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Figure 3.19. Schematic of a super-cycle approach (a), sub-layer sequence of IGZO
super-cycle (b), and ALD temperature windows for individual InOx, GaOx and
ZnOx deposits to evaluate the IGZO process temperature (indicated by a vertical
straight line) (c).
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Table 3.2 Deposition parameters for PEALD (InOx, GaOx, ZnOx) and
PEALD/TALD (ZnOy) recipes of the IGZO layers. Parameters are referred to
plasma power (P,), substrate temperature (7), precursor pulse duration (¢,), co-
reactant pulse duration (¢.), purge time (Zu¢e) and total pressure (P;), respectively.

Process PEALD TALD
parameters [0,  GaOx  ZnOx ZnOx
Precursor TMIn TMGa DEZ DEZ
Co-reactant 07} (0)} 02 H>O
P, (W) 200 200 200 -
T;(°C) 150 150 150 150
1 (s) 0.04 0.01 0.04 0.04
te (s) 5 5 5 0.08
tourge () 4,1 2,1 4,1 5,5
P; (Pa) 10 20 20 9

3.3.2 Homemade BTU ALD reactor
3.3.2.1 AlOx deposition using TALD

The aluminum oxide thin films were deposited on 10x10 mm? of titanium
(T1)-coated Si (100) substrates at room and 200 °C temperatures using an ALD
system equipped with in-situ XPS system. Before deposition, using thermal
evaporation technique, Si wafers were coated with titanium as a buffer layer.
According to the literature®** 2*9), titanium material thin films can be utilized as a
barrier and/or protective coating because of their barrier and anti-corrosion
properties. Nevertheless, the bilayer of AlO3/TiO2 has been reported as a
promising multilayer configuration for a corrosion-resistant coating. (>4 249
Preparation details are described underneath.

3.3.2.1.1 Ti growth

The pure metallic Ti wire (99.99%, Alfa Aesar) was used for Ti
evaporation. As schematically demonstrated in Figure 3.20, the Ti evaporator
consists of a UHV flange in which three metals feedthrough are assembled for
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biasing and holding the wires. Such three legs connections allow installing two
different Ti filaments configuration where one connector acts as a common bias
leg. For the first configuration, three wolframs (tungsten; W) wires with length
and diameter of 120 and 0.25 mm were twisted together, respectively. The
provided Ti wire with a diameter of 0.25 mm is covered the middle part of the
tungsten filament. The first prepared evaporator is mounted on two of three legs
with the help of screws and bolts. The second evaporator includes one Ti wire
with a length and diameter of 120 and 1 mm, respectively, directly installed on the
common and third connection legs.

U J 1]

Figure 3.20. Configuration of Ti evaporator system in the BTU’s chair of applied
physic and semiconductor spectroscopy.

The initial pressure in the prep-chamber was in the range of ~ 2x10® mbar.
At this point, the Ti evaporation on Si (100) substrates was initiated by passing a
current of 13 A through the desired configured legs with a voltage fixed at 4.1 V.
The duration of evaporation was 95 min (appropriate time to cover the substrates
entirely) in the pressure of ~ 4x10°8 mbar. Figure 3.21 displays the performed Ti
evaporation.
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Figure 3.21. Demonstration of Ti evaporation in ALD-XPS prep-chamber of the
chair of applied physic and semiconductor spectroscopy of BTU.

3.3.2.1.2 AlOx growth at room temperature

The prepared substrates (Ti/Si (100)) were loaded into an in-situ ALD
reactor with a base pressure of ~ x10® for the growth of aluminum oxide with
trimethylaluminum (TMA) as an aluminum source and H>O as an oxidant source.
A high-purity N2 (99.9999%, ALPHAGAZ) with a flow rate of 50 sccm was
employed in a pump-type approach to remove any remaining by-products of
precursor and co-reactant from the ALD reactor. For this process, each ALD cycle
consists of 0.5 s TMA/1 s N2/0.5 s H2O/1 s Na. The time between two cycles was
set to 15 s. Two sequential (0.5 s) purging processes for individual half-cycle
were used to purge the reactor efficiently. During the ALD process, the base
pressure inside of the reactor slightly increased to ~ x10° where the individual
pressures of TMA, N, and H,O were ~ x10™, x10, and x10~ mbar, respectively.
It should be noted that the total number of ALD cycles was fixed to 100, and the
temperature of precursor, co-reactant, and nitrogen lines was kept at room
temperature. The thickness of the deposited AlOx film was determined by XPS
technique analysis and estimated to be ~ 10 nm.

3.3.2.1.3 AlOx growth at 200 °C

For deposition of 100 cycles AlOx at 200 °C, the same growth process and
associated parameters as at room temperature were considered. The reactor was
also heated to 120 °C to provide a homogeneous temperature inside the chamber
to avoid potential condensation at the walls, while the temperature of precursor,
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co-reactant, and nitrogen lines was kept at room temperature. Figure 3.22 shows
in-situ heating the substrate by radiation technique. The base pressure inside the
reactor slightly increased to ~ x10, while the individual pressures of TMA, N,
and H>O were kept similar to AlOx growth at room temperature (~ x104, x1073,
and x107 mbar, respectively). The surface chemistry investigation of the half and

complete cycles was done using an in-situ XPS system.
k \ E g N, g
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Figure 3.22. In-situ heating using radiation technique in ALD-XPS prep-chamber
of the chair of applied physic and semiconductor spectroscopy of BTU.

Nevertheless, post-deposition annealing (PDA) in sequence temperature
steps of 200 °C was carried out using heating to investigate the effect of annealing
treatment on the film composition and the evolution of carbon presence, which
originates as a residue from the TMA precursor during ALD cycle. The used
deposition parameters of the TALD-AIOx are listed in Table 3.3.
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TABLE 3.3. Main TALD parameters of AlOx films. Parameters are referred to
substrate temperature (75), post-deposition annealing (PDA), precursor pulse
duration (#,), co-reactant pulse duration (z.), and purge time (#yuree), respectively.

Process parameters TALD-AIO
Precursor TMA
Co-reactant H20O
15 (°C) RT, 200
PDA (°C) 200 - 800
t (s) 0.5
tc (s) 0.5
tourge (S) 1,1

3.3.2.2 CeOx deposition using TALD

Here the growth of the cerium oxide at ~ 250 °C using cerium
tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionato) (Ce(thd)s) (99.99%, EpiValence)
as a source of cerium and ozone (O3) as a strong oxidant is reported. The CeOx
thin films were deposited on different substrates of 300 nm thick SiO, and 10 nm
AlOy/Si (100) to investigate the role of different interfaces on the growth of
cerium oxide thin layer. It should be noted that because of low-vapor pressure of
Ce(thd)s precursor, pseudo-boost conditions are required to obtain enough vapor
to be delivered to the ALD reactor chamber.?*” Transportation of the cerium
precursor and ozone co-reactant onto the substrate surface was carried out in a
Sflow-type fashion by high-purity (99.9999%, ALPHAGAZ) nitrogen (N2) carrier
gas.

It is worth mentioning that the critical growth parameters of cerium
evaporation temperature, time between two ALD cycles, and substrate
temperature have been optimized in order to obtain growth rates close to 0.2
Alcycle,®* 2%) where the remaining parameters of flow rate, temperatures of
ALD reactor and lines (N2, O3) were fixed to 20 sccm, 120 °C, and 90 °C,
respectively. First, different applied temperatures of 140, 160, and 180 °C to the
cerium bubbler were considered (Fig. 3.23) to find the optimum vapor pressure of
the Ce precursor. According to the literature,?*” the appropriate Ce(thd)s
evaporation can be obtained at a temperature of 140 °C. However, in this work,
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the optimum temperature was found to be 160 °C, with enough vapor pressure and
fewer impurities such as sodium. Precisely the presence of sodium mainly
originates from sodium hydroxide (NaOH) used to synthesis the cerium
precursor.?*? Such expected impurity could be controlled via optimizing the
deposition parameters.

Survey spectra No. cycle of individual grown layers: 50
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Figure 3.23. Optimizing the cerium evaporation temperature.

One important growth parameter that impacts the deposition process is the
time between two ALD cycles, when the ALD reactor is purged. Figure 3.24
displays the influence of time between cycles on the intensity of the main core
level spectra corresponding to the cerium oxide thin film. There is no significant
change (considering the baselines) between the applied reaction times of 20, 25,
and 30 s. However, it has been found that 20 s can provide enough time for
chemical reactions on the substrate surface to obtain a relatively higher growth
rate.
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Figure 3.24. Optimizing time between two ALD cycles.

The substrate temperature is the last optimized parameter that plays an
important role in ALD mechanism. The ALD window for the cerium oxide thin
film using Ce(thd)s precursor and Os is 175 to 250 °C.?* The represented
optimization of substrate temperature (Fig. 3.25) was carried out using a lamp
(OSRAM, 60 W halogen lamp) and applying different voltages where the value of

7 V was found as an appropriate voltage that can deliver an estimated temperature

of ~250 °C.
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Figure 3.25. Optimizing the substrate temperature of the ALD-cerium oxide thin

film.
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Based on the performed optimization, the precursor evaporation and
substrate temperatures were fixed to ~ 160 and ~ 250 °C, respectively. Besides,
the temperature of the nitrogen and O3 lines was kept at ~ 90 °C in addition to the
deposition zone (chamber’s wall) temperature of ~ 120 °C.

The ozone was produced from high-purity (99.9999%, ALPHAGAZ)
oxygen source in an ozone generator (OXP-Series, Oxidation Technologies,
LLC.), where the inlet and outlet pressures were adjusted to be 20 and 10 psi,
respectively. The pulse times for Ce precursor and O3 oxidizer were relatively
optimized to be 1 s and 2.5 s, correspondingly, with a purging time of 1.5 s and 3
s between pulsing the reactants. It should be mentioned that the time between two
ALD cycles was 20 s to provide enough reaction time on the substrate surface.
Furthermore, the pressure of the Ce, N2, and O3 individual pulses during the ALD
cycle was recorded with the values of ~ 2.2, 2, and 1.5 mbar, respectively. The
growth parameters of the cerium oxide deposited by TALD are listed in Table 3.4.

TABLE 3.4. Main parameters of TALD-CeOx films. Parameters are referred to
substrate temperature (75), precursor pulse duration (#,), co-reactant pulse duration
(tc) and purge time (Zyurge), respectively.

Process parameters TALD-CeOx
Precursor Ce(thd)s4
Co-reactant 03
T: (°C) ~250
1 (s) 1
tc (S) 2.5

tpurge (S) 1.5,3







Chapter 4

RESULTS AND DISCUSSION

This chapter documents the study of the promising binary oxides of InOx,
GaOx, ZnOx for a bottom-up fabrication of complex quaternary indium-gallium-
zinc oxide compound, following, quantitative investigation of the synthesized
IGZO films. Subsequently, the in-situ surface chemistry analysis of the aluminum
oxide and cerium oxide samples is also documented.

4.1 PEALD of InOx thin films

This section discusses the optical and chemical analysis of the PEALD
prepared binary indium oxide layers using TMIn and O; plasma at low-
temperatures of 80 to 200 °C.

4.1.1 Growth and optical characteristics

The growth mechanism and optical properties of the low-temperature
deposited indium oxide thin films were investigated by ellipsometric
measurements. Figure 4.1 reveals a linear increment of the film thickness as a
function of the ALD number of cycles. On the one hand, a linear behavior begins
from early processing time for substrate temperatures of 80 and 200 °C. Such
linearity evolution of thickness reveals that the growth of the films was taking
place without any nucleation delay. During the deposition process, a slight
deviation in film growth rate was observed for samples deposited at 80 and 200
°C. On the other hand, intermedium temperatures, i.e. 100 and 150 °C, show a
growth delay, starting a linear evolution from 500 cycles.
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Figure 4.1. Films thickness evolution as a function of process time for PEALD-
InOx films deposited at different substrate temperatures.

Figure 4.2 shows the growth per cycle (GPC), thickness inhomogeneity,
and refractive index values of the InOx films as a function of substrate
temperature. The GPC increases from 0.52 A/cycle at 80 °C to 0.64 A/cycle at
200 °C with relatively constant values around 0.56 A/cycle in the temperature
range of 100 to 150 °C. During the ALD-process optimization, a wide range of
substrate temperatures was investigated from 100 to 300 °C in 25 °C steps (inset
of Fig. 4.2a). The low and high GPC values at temperatures of 80 and > 200 °C,
respectively, could be due to incomplete surface chemical reactions at low
temperatures and the thermal decomposition of TMIn at higher temperatures.>"
232) 1t should be highlighted that the obtained growth rate of ~ 0.56 A/cycle using
PEALD with TMIn and O plasma within a low-temperature range of 100 to 150
°C 1is higher than the reported indium oxide films deposited by ALD with
TMIn/H20 and TMIn/O3, where GPC values of ~ 0.4 and 0.46 are reported.?>*
259 Probably, the presence of high-energy O» plasma ions in the PEALD process
causes a significant increase in the chemical reactivity of the film surface, leading
to an increase of GPC in comparison with the oxidants of HoO or 03.0G% 259
Therefore, the combination of TMIn precursor and O2 plasma offers a constant
GPC within the ALD window of 100 and 150 °C, which is accompanied by a
highly uniform film thickness that only exhibits a slight variation of 1.2% across
the 4-inch wafers (see Fig. 4.2b). However, the film thickness homogeneity
significantly decreases at a substrate temperature of 200 °C which could be related
to the TMIn decomposition. A considerable increase in GPC at a higher
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deposition temperature of ~ 250 °C was also observed for the ALD of indium

oxide using TMIn and H»0.(336:257)
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Figure 4.2. GPC (a), inhomogeneity (b), and refractive index (c) of the as-

deposited PEALD-InOx films in dependence on the substrate temperature. The
inset of (a) shows the GPC for a wider substrate temperature range up to 300 °C.

The applied PEALD process using TMIn and O; plasma delivers very high
layer uniformity over large substrates and works at considerably lower deposition
temperatures, making it particularly suitable for thermally sensitive substrates.
Furthermore, most of the indium precursors provide more complex surface
chemistry than TMIn, which might lead to undesirable side reactions during the
growth, resulting in relatively high amount of carbon in the range of ~ 7% in the
bulk.?*® On the contrary, TMIn enables the growth of high-quality InOx films in
analogy to the metal sources of trimethylaluminum and trimethylgallium in the
ALD of aluminum oxide and gallium oxide materials.®* 2*» Besides, there is a
very similar reaction mechanism for the trimethyl ligands of the metal precursors
(Al, Ga, In) and the oxygen plasma in the PEALD process of the corresponding
oxides. Moreover, its combination with Oz plasma supports low-thermal-budget
processes.
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The optical properties (refractive index and band gap values) of the
PEALD-InOx film were investigated by ellipsometry. Figure 4.2c¢ shows the
refractive index (at 632.8 nm) of the deposited layers, obtained using SE
measurements and revealing a slight increase from 2.04 at 80 °C to 2.07 at 150
°C, with an abrupt reduction to 2.02 for the layer deposited at 200 °C. The highest
refractive index of 2.07 at 150 °C is comparable to the reported values ranging
from 2.07 to 2.09 for films deposited by TMIn/O3 at 100 — 250 °C*¥, close to the
value of 2.09 reported for bulk indium oxide.*>® Some hypotheses could explain
the changes in the refractive index. Firstly, the refractive index depends on the
material density; a low refractive index value indicates that the film is less dense
and possibly in an amorphous phase. In particular, reduction of the film densities
may imply a porous morphology of the layers, probably causing air trapping,
which would influence the optical properties of the indium oxide films.??
Therefore, the low refractive index values at lower deposition temperatures could
indicate an amorphous structure.®® In the case of high-temperature depositions
(200 °C), indium oxide films prepared by ALD with TMIn/H>O have shown a
decrease in the grain sizes while increasing the deposition temperature due to
changes in the nucleation rate.®>¥ An abrupt reduction in the refractive index of
the PEALD prepared InOx film at 200 °C might be due to the partial
decomposition of TMIn precursor resulting in reducing the order of the film as the
growth velocity increases. On the contrary, when indium oxide layers are
deposited by other techniques such as magnetron sputtering, CVD, and even by
ALD  with  InCp/H202 or  dimethyl  (N-ethoxy-2,  2-dimethyl-
carboxylicpropanamide)indium/H>0O, a densification of the films with increasing
temperature has been observed.(260-263)

Figure 4.3 illustrates the extracted optical direct and indirect band gaps
from the absorption coefficient spectra (as shown in the inset of Fig. 4.3) for the
as-deposited PEALD-InOx films at different substrate temperatures. It can be
clearly seen that the band gap values increase as the deposition temperature rises,
moving from 3.0 eV at 80 °C to 3.5 eV at 200 °C. Those band gap values are in
agreement with the literature®> 2. It should be mentioned that the obtained
direct band gap of the as-deposited films is slightly lower than the reported values
(3.5 to 3.6 V) at 150 °C for the PEALD of indium oxide layers prepared with
Et:InN(SiMes), and O» plasma.*? Moreover, for the indirect band gap a constant
value of 2.7 eV was found between 80 to 100 °C, with an increment trend to 2.9
eV at 200 °C, which is comparable to that of indium oxide single crystals, where a
fundamental band gap of 2.7 and 2.9 eV was determined by photoemission
spectroscopy.®* 269 The observed tendency of the direct and indirect band gaps
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with increasing substrate temperature for the prepared PEALD-InOx films might
be due to the chemical state of the layers, e.g., reduced carbon contents,
incorporated hydroxyl groups, more considerable atomic distances due to oxygen
vacancies, changes in atomic coordination, and/or elimination of defect states, of
the as-deposited layers®> 269, These possibilities have been investigated by XPS
(see next section). Table 4.1 summarizes the optical properties of the indium
oxide films.
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Figure 4.3. Direct (filled squares) and indirect (open circles) band gaps of the as-
deposited PEALD-InOx films depending on growth temperature.

Table 4.1. Optically determined properties of InOx layers prepared by PEALD at
different substrate temperatures.

T,[°C] GPC[A/cycle] Inhomog.[%] n[@632.8nm] Direct E, [eV] Indirect Eg [eV]
80 0.52 1.5 2.04 £0.51 2.98 £0.02 2.68 £0.02
100 0.53 1.2 2.06 £0.44 3.00 £0.01 2.67+0.01
150 0.57 1 2.07+£0.36 3.13+£0.01 2.86+0.01
200 0.64 2.1 2.02+0.34 3.53+0.06 2.92+0.01
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4.1.2 Ex-situ XPS study

The chemical composition and carbon surface contamination of the as-
introduced and surface-cleaned InOy layers were evaluated by XPS. Figure 4.4
shows survey spectra acquired within the binding energy range of -5 to 1200 eV
for the as-introduced films. The most intense photoemission and Auger lines
correspond to the indium and oxygen signals.

It should be noted that the C 1s peak appears for all as-introduced films
and probably originates from unavoidable surface contamination (adventitious
carbon), which is mainly related to the exposure of the samples to air due to ex-
situ storage and subsequent XPS characterization. Besides, the carbon signal
might also arise from TMIn precursor residuals (i.e., methyl groups) that were not
completely removed from the ALD reactor in the purging step. The concentration
of carbon on the surface (as-introduced) and in the bulk (after surface cleaning) of
the layers was calculated based on the C 1s core level spectra. The atomic
concentration of carbon for the as-introduced films deposited at 100, 150 and 200
°C are nearly identical (17 £ 0.1%). In contrast, the layer grown at 80 °C shows a
slightly higher value, of 19.7 £ 0.1% (as illustrated in Fig. 4.9a). Lower deposition
temperatures typically trigger more carbon contamination (details are discussed
below). However, after the surface cleaning (sputtering for 2 min), the carbon
signal vanished completely (below the XPS detection limit). This finding proves
that the carbon is located at the surface of the film and reveals that the films are
carbon-free. The slight variation of the carbon concentration of the as-introduced
films is likely related to the deposition process in which low temperatures induce
more carbon contribution. Besides, different storage durations of the wafers
before XPS analysis under non-UHV conditions (i.e. sample exposed to air) can
also introduce non-deliberate impurities to the samples. Consequently, carbon-free
InOx thin films can be prepared using PEALD with TMIn and O2 plasma at
deposition temperatures of 80 to 200 °C, suggesting high-quality films.
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Figure 4.4. XPS survey spectra of the as-introduced PEALD-InOx films prepared

at different temperatures from 80 to 200 °C, as labeled in the diagram. Al Ka
radiation was used as the excitation source.

To further prove the formation of the indium-oxygen phase in the InOx
films, indium MNN Auger spectra, which is very sensitive to the indium chemical
bonding states, were recorded to determine whether any metallic-like indium is
present in the films or not. Figure 4.5 displays the indium MNN-Auger spectra of
the InOx layers after surface cleaning. The overall lineshape with two prominent
peaks at kinetic energies of 400.1 = 0.2 eV and 406.2 + 0.1 eV confirms the
formation of indium oxide®®”, without any traces of metallic indium species for
the films prepared at different temperatures. This fact is in agreement with the
literature.(>6®)
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In MNN Auger spectra /" 2 min sput.

Intensity [arb. units]

380 390 400 410 420
Kinetic energy [eV]
Figure 4.5. In MNN Auger XPS spectra of the surface-cleaned InOx films

deposited in the temperatures range of 80 to 200 °C, as labeled in the diagram. Mg
Ka radiation was used as the excitation source.

The In 3d core level spectra of the surface-cleaned indium oxide films and
their peak fitting are shown in Figure. 4.6, in which the spin-orbit-splitting peaks
of the In 3ds» and In 3ds;» are located at 444.7 £ 0.1 eV and 452.2 £ 0.1 eV,
respectively.®? 2¢9) These doublet peaks exhibit an energy separation of 7.5 + 0.1
eV where the location of the In 3ds» component is in good agreement with the
reported peak position for the indium oxide.?'® The weak signals at the higher
binding energy side of the main peaks (In 3ds2 and In 3ds2) suggest the presence
of OH groups and defect states; the spurious intensity on the low binding energy
side is attributed to the Koz and Koy X-ray satellite lines where both peak
positions and relative intensities have been fixed with respect to the main line of
the In 3ds/, signal.?'®
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Figure 4.6. In 3d core level XPS spectra of the surface-cleaned InOx films

prepared at 80 (a), 100 (b), 150 (c), and 200 °C (d). Al Ka radiation was used as

the excitation source.

Figure 4.7 shows the O 1s spectra of the InOx films after surface cleaning.
The O 1s can be decomposed into two components. For the surface-cleaned
samples, the intense peak observed at 530.1 + 0.1 eV is assigned to O-In bonds,
confirming indium oxide formation. Besides, the low peak located at 531.4 + 0.3
eV could be attributed to hydroxyl groups (oxygen bonded to hydrogen, O-H, or
hydrides) and to defects in the films.?!® 279 With increasing the growth
temperature from 80 to 200 °C, the O-In peak intensity (i.e., its relative weight)
the area) increases from 73.7 to 82.6%, while the contributions of hydroxyl
groups and defect states decrease from 26.3 to 17.4%. The energy position of the
oxygen bonded to the indium peak remained nearly constant within the
investigated substrate temperature range. It can be deduced that at low deposition
temperatures, an incomplete surface reaction leads to more hydrogen
incorporation into the layer, causing more O-H related bonds and carbon
contamination. In contrast, the growth at higher temperatures facilitates the
decrease of carbon and defects such as OH groups in the prepared InOy films.?¢"
The formation of hydroxyl species may introduce oxygen vacancies within the
indium oxide films.?’" Therefore, the O 1s core level decomposition data
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corroborate the existence of hydroxyls and other defects within the PEALD-InOx
films as already deduced from the In 3d core level spectra (see above); however,
their signal contribution is more pronounced in the O 1s data.
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Figure 4.7. O 1s core level XPS spectra of the surface-cleaned InOx films
prepared at 80 (a), 100 (b), 150 (c), and 200 °C (d). Al Ka radiation was used as
the excitation source.

An additional XPS measurement was performed on the layer deposited at
150 °C to investigate if the chemical nature of the minor peak on the shoulder of
the main O-In peak is more related to bulk-like defects or hydroxyls. The take-off
angle was changed to 50° to reach a higher surface sensitivity. Figure 4.8 shows
the O 1s region of the as-introduced 150 °C sample (spectrum collected at 90°)
and after surface-cleaning, where the spectra were collected with two different
take-off angles of 50° and 90°. According to Figure 4.8a, it can be clearly seen
that the as-introduced layer contains distinctly less oxygen bonded to indium
(59.5%) and a higher amount of adventitious impurities (40.5%) that originate
from ex-situ nature of this initial XPS characterization. However, after surface
cleaning (Fig. 4.8b), a considerable decrease in the impurity-related signal
(~23.6%) was observed. The comparison between Figures 4.8b, 4.8c shows that
the change of the take-off angle in the data corresponding to the surface-cleaned
film does not significantly alter the intensity of the decomposed peaks (Figs. 4.8b,
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4.8c). Therefore, it can be deduced that the structural defects are present along
with all the film, whereas the contribution of OH groups and adventitious carbon
is more surface related.
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Figure 4.8. Contribution of sub-peaks in the O 1s spectra of the InOy film
prepared at 150 °C. As-introduced (a) and surface-cleaned (b, ¢) film with two
different take-off angles of 90° (a, b) and 50° (¢).

Finally, the atomic indium to oxygen ratio of the PEALD-InOx thin films
was determined from the XPS peak decomposition using the total peak areas of
the In 3ds» and O 1s core levels after background removal. The In:O ratio of the
surface-cleaned layers slightly increases from 0.74 at 80 °C to 0.76 at 200 °C (as
depicted in Fig. 4.9b). The deviation from the ideal ratio of 2:3 reveals that the
grown films exhibit oxygen vacancies for low-temperature deposition of 80 to 200
°C. However, by increasing the deposition temperature, a higher relative
contribution of the In-O bonds was observed while the relative defect-related
contributions decreased. Concerning the literature, an incomplete surface reaction
would preferentially occur during low-temperature growth, resulting in more
oxygen vacancies in the ALD process.®? Yeom et al. reported that the indium
atoms of an indium oxide film prepared by PEALD with EtInN(SiMes):
precursor and O> plasma have a stronger tendency to bond with oxygen at
relatively low deposition temperature leading to a rise of oxygen deficiency in the
films with increasing temperature.? According to the XPS data, the overall
reduction of the O 1s intensity (relative to the In 3d intensity) indicates a net
oxygen deficiency within the films that slightly increases with temperature (Fig.
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4.9b). Remarkably, the as-introduced films prepared at 150 and 200 °C exhibit
almost ideal indium to oxygen ratio; increasing after sputtering-cleaning.
Although sputtering itself may preferentially promote the removal of oxygen
compared to indium resulting in an oxygen-deficient indium oxide phase, a search
in the literature shows a significant number of reports where indium-rich films are
obtained for most indium precursor and co-reactant at different growth
temperatures up to 300 °C,3% 2%, 260. 261 ‘Therefore, considering the hypotheses
above, such oxygen deficiency seems to be a typical result of ALD indium oxide
films. A summary of the obtained XPS results for the PEALD-InOx films is listed
in Table 4.2.
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Figure 4.9. Dependence of adventitious carbon (a) and the In:O ratio (b) of the as-
introduced (filled squares) and surface-cleaned (open circles) InOx films on the
substrate temperature.

Table 4.2. Calculated carbon contamination, indium to oxygen ratio and relative
intensities of the components in the O 1s spectra after surface cleaning (2 min

sputtering).
T5[°C] C[%] In:O O-H,defect[%] O-In[%]
80 0 0.74 26.3 73.7
100 0 0.74 24.7 75.3
150 0 0.76 23.6 76.4
200 0 0.76 17.4 82.6




RESULTS AND DISCUSSION 87

4.2 PEALD of GaOx thin films

This section discusses the optical and chemical analysis of the PEALD
prepared binary gallium oxide layers using TMGa and O> plasma at low-
temperatures of 80 to 200 °C.

4.2.1 Growth and optical characteristics

The growth mechanism and optical properties of the low-temperature
deposited gallium oxide thin films were investigated by ellipsometric
measurements. Figure 4.10 illustrates the linear increment of the film thickness
during the PEALD process time for all applied substrate temperatures. Almost no
difference was observed within the first stage of the ALD process (until the film
thickness of 10 nm). However, the slopes of the curves progressively deviate with
time up to a final thickness of 30 nm. This deviation indicates a reduction of the
GPC from 0.70 A/cycle (80 °C) to 0.63 A/cycle (200 °C), as shown in figure
4.11a. This phenomenon can be explained by the reaction of the terminating
hydroxyl groups forming a bridging oxygen species,*? causing a decrease in the
film thickness and changes in the nucleation behavior. This well-known effect has
been already documented for other materials such as titanium oxide?’* 273, The
obtained GPC value of ~ 0.66 A/cycle for the GaOx thin films deposited at low
temperature of 80 — 200 °C is higher than the reported constant value of ~ 0.53
Alcycle for the gallium oxide films deposited by PEALD at temperatures of 100
to 400 °C 7,
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Figure 4.10. Measured thickness evolution as a function of process time up to a
total thickness of 30 nm for the PEALD-GaOx films.
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The growth and optical characteristics of the as-deposited 10 and 30 nm
gallium oxide films were evaluated by considering the influence of temperature.
The GPC, inhomogeneity, refractive index across the 4” Si wafer and band gap of
the layers were determined using the Tauc-Lorentz model to fit the SE data. The
used process parameters lead to similar results and very low inhomogeneity (in
the range of 1.5 to 2 %) for all substrate temperatures (as shown in Fig 4.11b).
These results indicate a very good process control over the large substrate area.

Figure 4.11c shows the refractive index and the band gap values of
PEALD-GaOx films versus different substrate temperatures. The refractive index
of the grown GaOx films at low-temperatures of 80 to 200 °C is relatively constant
in the value of 1.86 + 0.01 (at 632.8 nm). The obtained value is in good agreement
with the literature for the same PEALD process’* 27 and even higher than those
reported values (~ 1.6 — 1.8 at a comparable wavelength) for the gallium oxide
thin films prepared by other deposition methods®’¢?’®_ The refractive index
depends on the material densification®’® 289); therefore, amorphous films with
low-density could be prone to air trapping in the layer’s pores leading to an
effective reduction of the refractive index (in comparison with post-annealed
samples reported in the literature®)). The band gap of the GaOx layers slightly
decreases with increasing substrate temperature. However, the deviation is in the
range of ~ 100 meV considering the measurement error bars. The achieved result
agrees with the data of Choi et al.%®, where no significant changes in the band
gap in the temperature range of 150 to 250 °C were observed for layers prepared
by TALD with GTIP and water. The obtained optical band gap value of 4.63+0.05
eV is slightly lower than other values (4.8eV at 200 °C) reported in the literature
for the same PEALD process®®). The obtained optical properties are listed in
Table 4.3.
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Figure 4.11. Growth rate (a), inhomogeneity across a 4” Si wafer (b), refractive
index and band gap (c) of the as-deposited PEALD-GaOx layers in dependence on
the substrate temperature.

Table 4.3. Summary of the optical data for the PEALD-GaOx layers prepared at

different low-temperatures. The tabulated parameters are substrate temperature

(Ts), GPC, inhomogeneity (inhomog.) across 4" Si wafers, refractive index (n),
and optical band gap (Ey).

T;[°C] GPC [A/cycle] inhomog. [%] n[@632.8nm] Eg[eV]

80 0.70 1.6 1.85+£0.005  4.68+0.02

100 0.67 1.8 1.85+0.003  4.66+0.03

150 0.66 1.6 1.86+0.004  4.61+0.02

200 0.63 2.0 1.87£0.006  4.57+0.02
4.2.2 Ex-situ XPS study

The atomic composition of the as-introduced and surface-cleaned GaOx
thin films was determined using XPS. Figure 4.12 displays the survey spectra of
the as-introduced samples within the binding energy of -5 to 1350 eV. It can be



90 RESULTS AND DISCUSSION

seen that the spectra contain the expected most intense photoemission and Auger
lines of the gallium and the oxygen-related signals. As the samples have been
exposed to the air (during preparation and ex-situ measurements), the C 1s spectra
exhibit a contribution from adventitious carbon. Besides, the methyl groups of
TMGa precursor might also introduce carbon during deposition due to an
incomplete purging process. The amount of undesired carbon contamination was
calculated based on the C 1s core level spectra. For the as-introduced GaOx layers,
the atomic concentration of carbon was found to be almost constant (11.5 = 0.1%)
for the samples grown at 100 and 150 °C, while the samples deposited at 80 and
200 °C revealed a slightly higher amount, 17.1 + 0.1% and 15.2 = 0.1%,
respectively (as shown in Fig. 4.17a). However, after surface cleaning for 2
minutes, the amount of carbon significantly decreased to ~ 2% for the lower
temperatures of 80 and 100 °C, while the carbon signal completely vanished
(below the XPS detection limit) for the films prepared at 150 and 200 °C. The
obtained results indicate that the carbon impurity originates from the layer’s
surface, and the PEALD-GaOx films are carbon-free in the XPS detection range.
However, the observed negligible amount of carbon for the layers of 80 and 100
°C could be related to the incomplete surface reactions at lower temperatures. It
should be mentioned that the slight variation of the carbon concentration for the
as-introduced layers might arise from ex-sifu preparation of the samples and
different storage time under low-vacuum environment prior to XPS
characterization. Therefore, the high-quality gallium oxide thin films can be
grown using PEALD process with TMGa and O plasma at low-temperatures of
80 to 200 °C.
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Figure 4.12. XPS survey spectra of the as-introduced PEALD-GaOx thin films
prepared at different substrate temperatures. The spectra were recorded with the
Al Ka excitation source.
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The formation of gallium oxide phase and investigation of whether any
metallic-like gallium exists or not in the GaOx layers, were clarified by the
gallium LMM Auger spectra, that is very sensitive to the gallium chemical
bonding states. Figure 4.13 shows the collected Ga LMM Auger spectra after
surface cleaning of the PEALD-GaOyx films prepared at different substrate
temperatures of 80 — 200 °C. The formation of the gallium oxide phase without
the presence of metallic species can be confirmed according to the spectra,
including one intense signal located at 1061.1 + 0.1 eV and a shoulder at 1065.1 +
0.1 eV, which is in agreement with the literature. (382283

Ga LMM Auger spectraﬂ 2 min sput.

Intensity [arb. units]
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Figure 4.13. Ga LMM Auger XPS spectra of the surface-cleaned GaOx films
deposited in the temperature range of 80 to 200 °C as labeled in the diagram. Al
Ka radiation was used as the excitation source.

Figure 4.14 illustrate the XPS fit of the Ga 2p and Ga 3d spectra after
surface cleaning. From Figure 4.14a the spin-orbit splitting nature of the Ga 2p
core level with doublet peaks of Ga 2pi» and Ga 2ps3» can be seen where a
binding energy separation of 26.9 + 0.1 eV was observed, which is in agreement
with the literature.?'® The appeared minor peaks at a higher and lower binding
energy of the main signals (Ga 2pi2 and Ga 2p32) could be assigned to the OH
species and defect state (formation of gallium vacancy and interstitial Ga),
respectively.?3% 285 Besides, weak signals that appear at the low binding energy
are attributed to the Koz and Koy X-ray satellite lines, where both peak positions
and relative intensities have been fixed to the corresponding signals.?!® Figure
4.14b exhibits the decomposition of the Ga 3d spectra into four sub-peaks where
the presence of the highly intense peak confirms the formation of Ga-O bonds
corresponding to the binary GaOx films®?™® and two further sub-peaks at the
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higher and lower energy position of the Ga-O peak (~ 23 eV and ~ 20 eV) could
be attributed to the OH species and defect state (formation of gallium vacancy and
interstitial Ga), respectively.?!® 285 Besides, there is no obvious spin-orbit
splitting for the Ga 3d spectra because of the energy resolution of the analyzer
combined with the low spin-orbit shift between the two Ga 3ds» and Ga 3ds»
components. The observed weak peak at higher binding energy (~ 24 eV) is
identified as the O 2s core level®'®, which might slightly impact the Ga 3d raw
area and lead to deviation of the gallium concentration.
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Figure 4.14. Ga 2p (a) and Ga 3d (b) XPS spectra of surface-cleaned PEALD-
GaOx films grown at 80 - 200 °C. Al Ka and Mg Ka were used as excitation
sources for the Ga 2p and Ga 3d core levels, respectively.

The O 1s XPS core level spectra of the surface-cleaned PEALD-GaOy thin
films were decomposed into two distinct components, as demonstrated in Figure
4.15. The detected intense peak at a binding energy position of 531.5 = 0.1 eV is
related to the O-Ga bonds that confirm the formation of gallium oxide, and the
observed weak signal at a higher energy position of 533.3 = 0.2 eV might be
attributed to hydroxyl groups as well as to defects in the films.?!% 278 286) The
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relative intensity of the oxygen bonded to gallium increases from 92.7 to 94.1%
with rising substrate temperature from 80 to 200 °C, whereas the contribution of
hydroxyl groups and defect states decreases from 7.3 to 5.9%. It should be noted
that the binding energy peak position of the O-Ga remained nearly constant within
the investigated substrate temperature range. Consequently, deposition of the
GaOx films at lower temperatures result in more incorporated impurities such as
hydroxyls (O-H) and defects in the films. At the same time, the growth at higher
temperatures expediates the reduction of such impurities that might induce
electron trapping in the gallium oxide layers.?®”) Therefore, the obtained results
from the decomposition of the O s spectra corroborate the presence of OH
groups and defect states within the PEALD-GaOx films, as already represented
from the Ga 2p and Ga 3d core levels spectra (see above). However, their relative
peak intensity is more pronounced in the O 1s data.
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Figure 4.15. Decomposition representation of the Ols core level spectra of
PEALD-GaOx layers prepared at different temperatures of 80 °C (a), 100 °C (b),
150 °C (c), and 200 °C (d). Mg Ka radiation was used as the excitation source.

Moreover, an additional XPS measurement was carried out on one of the
samples (deposited at 150 °C) to evaluate whether the observed weak signal at a
higher binding energy position on the shoulder of the intense O-Ga peak is more
like to be surface hydroxyls or bulk-related defects. It should be taken into
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account that the sputtering process itself might create surface defects on the
layer’s surface. Figure 4.16 exhibits the O 1s core level signal of the sample
grown at 150 °C at a normal take-off angle (90°) for the as-introduced and
surface-cleaned states and at a more surface-sensitive take-off angle of 50°.
Concerning Figure 4.16a, the as-introduced sample reveals a low relative intensity
of O-Ga (77.7%) and a high contribution of adventitious impurities (22.3%)
because of ex-situ preparation of the layer. However, Figure 4.16b shows that the
surface cleaning (for 2 min sputtering) can decrease the amount of impurities to
6.2%. According to the obtained data of different take-off angles (Figs.4.16b,
4.16¢), it can be deduced that the peak intensities of the impurities and O-Ga sub-
peaks did not change significantly with changing the take-off angle from bulk-
sensitive (90°) to surface sensitive (50°). However, at 50° a minor peak appeared
at the low binding energy side of the main O-Ga peak and might be due to the
either detecting slight part of sample holder or excess adsorbed oxygen during
PEALD process that impact Ga:O ratio.?!® In consequence, the adventitious
impurities are not accumulated at the surface (unlike carbon contamination);
otherwise, a significant increase of the surface-sensitive signals would be
expected when decreasing the take-off angle.
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Figure 4.16. Relative intensity of the components in the O 1s spectra of the GaOx

layer prepared at 150 °C. As-introduced (a) and surface-cleaned (b, c) film with
two different take-off angles of 90° (a, b) and 50° (c).

The carbon concentration and the atomic ratio (Ga:O) of the PEALD-GaOx
thin films were calculated based on the main core levels of Ga 3d, O 1s, and C 1s
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before and after surface cleaning (as shown in Fig. 4.17), where more bulk
sensitive of the Ga 3d (posing high kinetic energy of the electrons) was employed
instead of the surface sensitive Ga 2p spectra. The gallium to oxygen ratio of the
GaOx films was ascertained after XPS peak decomposition and taking the whole
areas of the Ga 3d and O 1s core level peaks. Figure 4.17b represents the gallium
to oxygen ratio of the as-introduced and surface-cleaned films. For the as-
introduced samples, the calculated gallium to oxygen ratio remained nearly
constant within the temperature range of 80 to 150 °C and slightly increased to
0.54 at 200 °C, which might be due to the reduction of adventitious impurities at
relatively higher deposition temperature. However, after surface cleaning by
sputtering (for 2 min), the ratio remained nearly constant (0.54) within the applied
substrate temperatures. The observed deviation in the Ga:O ratio from the ideal
atomic value of 2:3 reveals oxygen-rich phase of the GaOx layers at relatively low
deposition temperatures from 80 to 200 °C, which might be related to the
incomplete chemisorption of the precursor at low deposition temperatures.
According to the literature, the gallium oxide films grown by ALD at low
temperatures are rich in oxygen, whereas high process temperatures (> 300 °C)
could result in oxygen deficiencies.®> Table 4.4 lists the XPS data of the PEALD-
GaOx films.
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Figure 4.17. Carbon contamination (a), and gallium to oxygen ratio (b) of the
PEALD-GaOx films as a function of substrate temperature.
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Table 4.4. Calculated carbon contamination, gallium to oxygen ratio and relative

intensities of components in O 1s spectra after surface cleaning (2 min sputtering).

T,[°C] C[%] Ga:O O-H, defect[%] O-Ga[%]

80 2.6 0.54 7.3 92.7
100 1.2 0.54 6.3 93.7
150 0 0.54 6.2 93.8

200 0 0.53 59 94.1
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4.3 TALD of ZnOx thin films

This section discusses the optical and chemical analysis of the TALD
prepared binary zinc oxide layers using DEZ and H>O at low-temperatures of 80
to 200 °C.

4.3.1 Growth and optical characteristics

The ellipsometric measurements were carried out to evaluate the growth
mechanism and optical properties of the low-temperature (80 — 200 °C) prepared
zinc oxide layers. A linear film thickness evolution can be seen in Figure 4.18, in
which the thickness of the films linearly increases during the growth process.
Such behavior reveals that the deposition of the ZnOx films on Si substrate was
fulfilled without nucleation delay. However, the observed deviation (less GPC) in
the film thickness (up to 30 nm) during the deposition process is more pronounced
for the films deposited at lower temperatures of 80 and 100 °C, which might be
related to the incomplete surface reactions.
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Figure 4.18. Film thickness behavior versus deposition time for TALD-ZnOx
films prepared at different substrate temperatures.

Figure 4.19 displays the optical properties of the GPC, refractive index,
and band gap values of the zinc oxide layers as a function of substrate
temperature. From Figure 4.19a, the growth rate rises from 0.86 A/cycle at the
lower temperature of 80 °C to 1.56 A/cycle at 200 °C. For TALD prepared ZnOx
films with DEZ/H>O, a relatively constant GPC value of 1.53 A/cycle was
achieved within the temperature range of 150 to 200 °C, which can be set as the
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ALD window of the ZnOx deposition. The obtained low GPC values at low-
temperatures of 80 and 100 °C might be due to the lower thermal energy which
could not wholly activate the surface reactions between the DEZ precursor and
H,O co-reactant.?®®) Besides, the acquired higher GPC values in the range of 150
to 200 °C might be due to the thermal decomposition of either the DEZ precursor
at higher substrate temperatures®®® 29 It is worth mentioning that the attained
GPC value of 1.53 A/cycle within the ALD temperature window is slightly lower
than the growth rate values of ~ 1.8 and ~ 1.9 A/cycle for the zinc oxide films
using DEZ/H,0 and DEZ/O3, respectively.?% 29 Moreover, it has been reported
that the growth rate of the zinc oxide film prepared by PEALD with the use of
DEZ and O; plasma within the substrate temperature range of 75 — 150 °C is
identical to those GPC values obtained from ALD process using DEZ and
water.®*!) In our case, the growth rate of the ZnOx films deposited by ALD with
DEZ and water increases with substrate temperature, in agreement with the
literature®®. Finally, it has been also reported that above the ALD window the
growth rate decreases with increasing temperature for the ALD process of zinc
oxide-based materials.?°> 2%

The refractive index (at 632.8 nm) and band gap values of the TALD-
ZnOx layers prepared at different temperatures within the range of 80 to 200 °C
were investigated by SE and represented in Figure 4.19b. It can be seen that the
refractive index increases with rising substrate temperature from 1.93 at 80 °C to
1.96 at 200 °C. Similar tendencies of the refractive index with the applied
temperatures have been documented for the TALD- and PEALD-ZnOx layers.
However, those reported values are slightly higher than the obtained refractive
index of 1.94 + 0.02.2%% 2% Nevertheless, the acquired refractive index is higher
than the value of ~ 1.7 (at comparable wavelength) that has been reported for the
zinc oxide films prepared by other deposition techniques such as spray
pyrolysis.*?® The reason for this change in the refractive index by increasing the
temperatures might be due to the phase transition from amorphous to crystalline
structures as temperature rises. According to the literature, the start of
crystallization for the zinc oxide films prepared by TALD with DEZ and H>O was
observed at a growth temperature of > 170 °C.?%) However, the structure and
phase transition also depend on the deposition technique and process parameters,
1.e., it has been reported that the PEALD of the zinc oxide films with DEZ and O-
plasma facilitate the crystallization of the film even at lower temperatures of 150
°C.®) Furthermore, the refractive index could be taken as an indication of
material densification so that low refractive index values at low-temperatures
reflect low-density films that result in air trapping in the layer’s pores. On the
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contrary, the high refractive index values could be correlated with low hydrogen
incorporated films.?°” The optical band gap of the zinc oxide layers remained
constant with the value of 3.1 eV within the applied substrate temperature range
of 80 to 200 °C. The band gap is slightly lower than the reported value of 3.3 eV
for the zinc oxide films prepared by TALD with DEZ and H»O at a temperature of
200 °C®*). However, the achieved band gap (3.1 eV) is comparable to those band
gap values of 3.15 and 3.18 eV, which have been documented for the zinc oxide
layers prepared by other deposition techniques.®% 2%
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Figure 4.19. Growth rate (a), refractive index and band gap (b) of the as-deposited
TALD-ZnOx layers as a function of the substrate temperature.

4.3.2 Ex-situ XPS study

The spectroscopic characterization of the as-introduced and surface-
cleaned ZnOx layers was fulfilled using XPS, where the chemical states of the
films as well as carbon surface contamination have been evaluated. Figure 4.20
illustrates the survey scan spectra (-5 to 1300) of the as-introduced zinc oxide
films deposited at a different substrate temperature range between 80 to 200 °C.
The C 1s signal appeared for all as-introduced layers, which denotes surface
contamination and arises from ex-situ samples preparation and subsequent XPS
characterization. The amount of such carbon contamination either on the layer’s
surface (as-introduced state) or in the bulk of the layers (after surface cleaning)
because of probable insufficient purging process of byproducts from ALD reactor,
can be determined from the C 1s core level spectra. The carbon contribution of the
as-introduced layers decreases with increasing substrate temperature from 28.4 +
0.1% at 80 °C to 21.4 + 0.1% at 200 °C, while after surface cleaning (2 min
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sputtering), the carbon signal completely vanished (below the XPS detection
limit) for all applied temperatures (as shown in Fig. 4.25). These results reveal
that the presence of adventitious carbon was only on the surface of the samples
and after sputtering the films are carbon-free. Therefore, the high-quality ZnOx
films can be prepared using TALD process with DEZ and HO at low-temperatures
of 80 to 200 °C.
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Figure 4.20. XPS survey spectra of the as-introduced TALD-ZnOx thin films

prepared at different substrate temperatures. The spectra were recorded with Al
Ko excitation.

Figure 4.21 exhibits the zinc LMM Auger spectra of the surface-cleaned
ZnOx samples, where the state of zinc-oxygen formation can be evaluated
concerning the high sensitivity nature of the Auger spectra. The spectra show no
trace of metallic-like zinc for all applied low-temperatures of 80 to 200 °C, and
the overall observed signals consist of the significant peak at the kinetic energy of
987.8 + 0.2 eV and the weak peak with the kinetic energy position of 991.1 + 0.5

eV confirming the zinc oxide formation which is in agreement with literature.®”
283)
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Figure 4.21. Zn LMM Auger XPS spectra of the surface-cleaned ZnOx films
deposited in the temperature range of 80 to 200 °C as labeled in the diagram. Al
Koa radiation was used as the excitation source.

The Zn 2p core level peak fitting of the zinc oxide thin films at different
low-temperatures is shown in Figure 4.22, where doublet signals of the Zn 2pi2
and Zn 2p3» were located in the binding energy position of 1044.4 £ 0.1 eV and
1021.3 £ 0.1 eV, respectively, with a binding energy separation of 23.1 + 0.1
eV.(16. 300 The presence of minor signals at a higher binding energy of the main
Zn 2p12 and Zn 2p3.2 peaks could be related to the hydroxyl species (OH groups)
and defect state (oxygen vacancy).?!% 3% Besides, the observed weak signals at
lower binding energy and in the middle of spectra correspond to the Kas and Kou
X-ray satellite lines where both peak positions and relative intensities have been
fixed with respect to the main lines.?!®)
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Figure 4.22. Zn 2p core level XPS spectra of the surface-cleaned ZnOx films
prepared at 80 (a), 100 (b), 150 (c), and 200 °C (d). Mg Ka radiation was used as
the excitation source.

Figure 4.23 shows the O 1s core level peak fitting of the surface-cleaned
ZnOx thin films, which could be decomposed into two distinct sub-peaks of O-Zn
at energy positions of 530.0 = 0.1 eV, confirming zinc oxide formation and
adventitious impurities (O-H, defect) at a higher binding energy of 531.7 £ 0.1
eV.302.303) The relative intensity of the oxygen bonded to zinc slightly increases
from 79.3% at 80 °C to 81.7% at 200 °C, whereas the contribution of hydroxyl
groups and defect states decreases in parallel. The reduction of the impurities by
increasing the temperature might be due to an incomplete surface reaction
between reactants at low growth temperatures, which triggers a relatively higher
amount of hydrogen impurity.®®® It should be noted that the energy position of
the main O Is component (O-Zn) remained constant within the applied substrate
temperatures of 80 to 200 °C. According to the analyzed O 1s spectra, the
presence of OH groups and defect states within the zinc oxide films deposited by
TALD can be also verified from the Zn 2p core level spectra (as shown earlier).
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Figure 4.23. O 1s core level XPS spectra of the surface-cleaned ZnOx films
prepared at 80 (a), 100 (b), 150 (c), and 200 °C (c). Mg Ka radiation was used as
the excitation source.

The observed minor impurity peak on the shoulder of the main O-Zn peak
of the O 1s core level spectra can be further investigated by XPS to realize
whether such signal is more like to have more content of surface hydroxyl groups
or bulk-related defect states. Hence, one of the ZnOx samples (deposited at 150
°C) was employed and evaluated by considering two different take-off angles of
50° (more surface sensitive) and 90° (more bulk sensitive) in as-introduced and
after surface-cleaned states (as shown in Fig. 4.24). Figure 4.24a, shows that the
as-introduced layer reveals a low relative intensity of the O-Zn (54.2%) and a high
amount of adventitious impurities (45.8%) arising from ex-situ measurement.
However, the contribution of impurities reduced significantly after performing a
surface cleaning (Fig. 4.24b). Concerning Figures 4.24b, and 4.24c, the peak
intensity of components increased in six points when modifying the take-off
angle. It can be deduced that the observed defects are more like to be created from
the sputtering process, which consequently might influence the stoichiometry state
of the TALD-ZnOx layers. Taking into account that the ZnOx material typically
poses a peak on the shoulder of the main O-Zn signal, which is partially related to
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surface stabilization via H and OH groups (because ZnOx has a polar
structure).%9
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Figure 4.24. Contribution of sub-peaks in the O 1s spectra of the ZnOx film

prepared at 150 °C. As-introduced (a) and surface-cleaned (b, ¢) film with two
different take-off angles of 90° (a, b) and 50° (c).

The atomic metal to oxygen ratio (Zn:O) of the TALD prepared zinc oxide
layers was determined after peak decomposition of the Zn 2p3»2 and O 1s core
levels spectra, where the whole respective areas were considered. Figure 4.25b
shows the calculated zinc to oxygen ratio of the as-introduced and surface-cleaned
samples. Based on the data, the zinc to oxygen ratio of the as-introduced films
decreased when rising the deposition temperature from 0.76 (at 80 °C) to 0.57 (at
100 °C), then, slightly increased and remained constant (0.59) for 150 and 200 °C.
After surface cleaning using sputtering for 2 minutes, the Zn:O ratio increased to
an almost constant ratio of 1.25, indicating oxygen-deficient films. According to
the literature, a deviation in the zinc to oxygen ratio within the low-temperature
range of 80 to 200 °C could also originate from an incomplete surface reaction
that typically happens at low deposition temperatures during ALD process.%
From analyzed O 1s spectra (Fig. 4.23), the incorporated hydroxyl groups might
also induce oxygen deficiency for the ZnOx layers, similar to that of the atomic
layer deposited indium oxide films where oxygen vacancies have been observed
for low-temperatures of 80 to 200 °C.*¥ Furthermore, the oxygen deficiency of
the ZnO material has been also reported in the literature.®%: 37 Concerning the
Figure 4.24, it can be deduced that the ZnOx layers prepared at low-temperatures
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of 80 to 200 °C pose inherently defective states and doing sputtering might induce
more defects which leads to a deviation in the calculated Zn:O ratio. Nevertheless,
the impact of the preferential sputtering could be another reason why more
oxygen atoms are removed compared to with the zinc atoms and resulting in more
oxygen vacancies®?®. However, there is no indication of the metallic zinc in the
Auger and Zn 2p spectra (Figs. 4.21, 4.22). The acquired XPS data of the TALD-
ZnOx layers are listed in table 4.5.
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Figure 4.25. Estimated carbon contamination (a) and the Zn:O ratio (b) of the as-
introduced (filled squares) and surface-cleaned (open circles) ZnOx films versus
substrate temperature.

Table 4.5 Calculated carbon contamination, zinc to oxygen ratio and relative
intensities of the components in the O 1s spectra after surface cleaning (2 min

sputtering).

Is[°C] C[%] Zn:O O-H, defect [%] O-Zn [%]
80 0 1.41 20.7 79.3
100 0 1.40 19.8 80.2
150 0 1.43 18.0 82.0
200 0 1.35 18.3 81.7
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4.4 Bottom-up establishment of IGZO thin films

This section discusses the optical and chemical analysis of the ALD
prepared quaternary indium-gallium-zinc oxide layers after quantitative
investigation of the individual binary oxides and probing a common temperature
window.

4.4.1 Growth characteristics

As schematically shown in Fig. 3.19, the preparation of IGZO films has
been done at a substrate temperature of 150 °C according to the overlapping
between the three ALD temperature windows of each binary oxide: InOx, GaOx
and ZnOx (more information regarding the individual deposits of GaOx and InOx
can be found elsewhere,®* 3% respectively). However, precise control of film
composition requires an exact knowledge of the number of ALD-cycles
corresponding to each binary oxide during the pertinent sub-cycle, which depends
on the GPCs and nucleation delays over a specific surface. To illustrate how the
bottom-up approach can potentially overcome the previous technical issues to
design the complete IGZO super-cycle, the growth optimization of the ZnOx sub-
layer should be taken into account.

Figures 4.26 and 4.27 exhibit the study of two different ALD methods of
TALD and PEALD for deposition of the ZnOx where its growth on the GaOx and
InOx was compared to evaluate if the underneath layer could influence the
nucleation delay. On the one hand, the TALD-ZnOx approach reveals a nucleation
delay on both PEALD prepared InOx and GaOx layers. On the other hand, the
PEALD process for the zinc oxide showed no nucleation delay. However, a higher
growth rates of 0.92 and 0.85 A/cycle were found by in-situ SE measurements for
the ZnOx grown on the GaOx layer in comparison with the InOx, respectively,
suggesting the critical parameter is the nature of the ALD process. It should be
noted that a nucleation delay would imply the use of more cycles to achieve the
same composition (illustrated in Table 4.6 by the use of 12 or 2 ZnOy sub-cycles
for a target composition of 1/1/1 - In/Ga/Zn- if TALD or PEALD is used,
respectively).
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Figure 4.26. Growth evaluation of TALD prepared ZnOx on both PEALD

prepared InOx (a), and GaOx (b) underneath layers.
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Figure 4.27. Growth evaluation of PEALD prepared ZnOx on both PEALD
prepared InOx (a), and GaOx (b) underneath layers. No nucleation delay for the
complete PEALD process.

To precisely control the layer composition of the IGZO films, we
subsequently determined the GPCs of the individual sub-layers on the respective
underlying sub-layer (see Fig. 4.28). GPCs of 0.61, 0.92, and 0.72 A/cycle were
achieved for the PEALD growth of GaOx on InOx, ZnOx on GaOy, and InOx on
ZnOx, respectively. Table 4.6 illustrates well the differences in the needed number
of cycles depending on the growth characteristics of each binary oxide sub-layer.
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From the 1/1/1 sample, although the growth rates of the individual oxides do not
differ significantly from one another using TALD or PEALD, more feeding cycle
of the ZnOy layer needs to be used to compensate for the nucleation delay. From
the industrial scaling point of view, this translates into a waste of precursors and
higher deposition process time, leading to increased production costs. In addition,
compared to the TALD, the PEALD is expected to allow better mixing of the
elements during the growth process and avoiding post-annealing treatments due to
inherently benefiting from the high energy of ions which might increase chemical
reactions on the surface. Besides, using a single ALD method (PEALD) with a
single oxidant (plasma O») for all sub-layers allows better optimization of the
ALD recipe, facilitating the standardization of industrial film processing.
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Figure 4.28. Growth rates of the respective binary oxides on the associated
underlying oxides, as applied in the super-cycle (a), and in-situ real-time
monitoring of the thickness evolution within PEALD-IGZO super-cycles

comprising 3 InOx, 3 GaOx, 2 ZnOx sub-cycles (i.e., target composition of 1/1/1,
see Table 4.6) (b).

Therefore, the bottom-up approach requires a deep characterization of the
individual oxides and the interactions established among them, considering
different recipes and a minimum number of super-cycles to establish a thick
enough representative IGZO film (> 10 nm) where intermixing the elements
occurs. This way, a set of IGZO films deposited by PEALD were prepared with
different target element ratios (In/Ga/Zn) of 1/1/1, 1/1/2, 2/1/1, and 1/2/1 (see
Table 4.6). A 1/1/1 film using TALD for the ZnOx sub-cycle was grown for
comparison purposes. All films contain 12 super-cycles to ensure a final layer
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thickness of ~ 11 nm. The sub-cycle sequences for the PEALD series and that of
TALD-ZnOx sample are given in Table 4.6, which also shows the estimated
compositional ratios determined by EDX and XPS (details are discussed below).
We found a good correlation between the analyzed XPS data and the target
element compositions defined by the PEALD super-cycle process. Concerning
collected data (Table 4.6, last row), we can deduce that observed deviations are
more pronounced for the TALD-ZnO sub-layer of the IGZO compound, which
indicates that this process is more challenging because of the delay in the
nucleation process.

Table 4.6. Sample names, target elemental composition, sub-cycle ratio within
one super-cycle, EDX actual ratio of the as-deposited layers, and XPS actual ratio
of the surface-cleaned PEALD (InOx, GaOx, ZnOx) and PEALD (InOx,
GaOx)/TALD (ZnOx) IGZO layers with considering the core levels of In 3d/Ga

3d/Zn 2p.
Process Sample Target Super-cycle Actual metal ratio
name metal ratio ratio In/Ga/Zn

In/Ga/Zn InOx/Gan/ZnOx EDX XPS
PEALD PE(1/1/1) 1/1/1 3/3/2 1.0/1.0/1.0 1.0/1.0/2.0
PE(1/1/2) 1/1/2 3/3/4 1.0/1.0/2.0 1.0/1.0/3.0
PE(2/1/1) 2/1/1 6/3/2 2.0/1.0/1.0 2.0/1.0/2.0
PE(1/2/1) 1/2/1 3/6/2 1.0/1.4/1.0 1.0/2.0/2.0
PEALD/TALD 1,11y 111 3/3/12 1.0/1.0/2.0  1.0/1.0/3.0

4.4.2 Ex-situ XPS study

The growth characteristics are not the only parameters that must be
carefully studied to determine a specific sub-cycle, but chemical features such as
composition, degree of oxidation, and impurities should also be considered.
Figure 4.29 shows the survey spectra of the PEALD-IGZO films with different
element ratios at a deposition temperature of 150 °C. The ex-situ nature of the
XPS measurement results in surface contamination if no surface cleaning is
performed (adventitious carbon previously described in the binary oxides) before
surface cleaning. The contribution of carbon on the surface and within the sub-
surface layers of as-introduced compounds was determined to be around 10%.
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However, after gentle cleaning (sputtering for 35 s), carbon was reduced to only
2-4%. Further cleaning leads to complete carbon removal (carbon content below
the XPS detection limit).
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Figure 4.29. XPS survey spectra of the as-introduced PEALD-IGZO films were

prepared at 150 °C. The target elemental ratios are represented as X/Y/Z. Mg Ka
radiation was used as the excitation source.

The metallic-elements Auger lines were evaluated to prove that the use of
TALD leads to an almost complete oxidation state of the ZnOx sub-layer in
comparison to the PEALD prepared zinc oxide sample for a common target
composition of 1/1/1. Figure 4.30 displays the Zn LMM Auger spectra after gentle
surface cleaning (35 s of sputtering), where the PEALD-ZnO sub-layer
(Fig.4.30b) reveals a tiny component of metallic zinc (~ 995.2 eV)?$?, which
suggests that the O plasma source of ALD cannot fully oxidize the DEZ
precursor of the ZnOx material at 150 °C in comparison with the H,O thermal
route (Fig.4.30a). These oxidation differences could also be explained by the total
number of ZnOx sub-cycles used in each case (12 and 2 for TALD and PEALD,
respectively) since in the sense that more oxidant was present during the TALD
approach. This example illustrates that even though the initial investigation of the
binary oxides constitutes an excellent first step, complex interrelations will
emerge and need to be carefully studied.
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Figure 4.30. Zn LMM Auger spectra of the IGZO samples T(1/1/1) (a), and
PE(1/1/1) (b). Al Ka radiation was used as the excitation source, and the data
were recorded after a gentle surface cleaning (35 s of sputtering).

XPS depth profile of the PEALD-IGZO samples is given in Fig. 4.31,
where sequential sputtering steps were taken until the IGZO/substrate interface
signal was detected. The obtained results reveal a nearly constant atomic
concentration of the composition elements (In, Ga, Zn) through the films, with
smoothly variations of the individual elements arising from different ALD sub-
cycle of the In/Ga/Zn. We found that those samples with more zinc (PE(1/1/2),
Fig. 4.31b) and indium (PE(2/1/1), Fig. 4.31c) contents exhibit a significant
homogeneous distribution of the elements in the bulk of the films. However, the
IGZO films with equal elemental ratio (PE(1/1/1), Fig. 4.31a) and more gallium
contribution (PE(1/2/1), Fig. 4.31d) slightly deviate from the specified target
element ratio. The formation and increment of Ga rich state during the depth
profiling process might be due to a preferential sputtering phenomenon®®”)
(different sputtering yield for In, Ga and Zn) and/or a real increase in Ga
concentration within the super-cycle deposition. From EDX data (Table 4.6), the
expected target ratios can be seen for all samples except for PE(1/2/1), which
reveals less Ga content (1.0/1.4/1.0). As mentioned before, we found a gradual
decrease of the carbon percentage during the first sputtering cycles, which is more
like adventitious carbon (due to ex-situ preparation and characterization) rather
than probable incomplete reactions and/or insufficient purging of the precursors
ligands. According to the elemental composition ratios estimated by XPS (probing
surface and sub-surface regions) as documented in table 4.6, an overestimation of
Zn element can be clearly seen due to the place of ZnO sub-layer on top of the
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IGZO compound. The abundance of Zn contribution might be more related to the
position of the ZnOx sub-layer on top of the layers and also considering the very
low kinetic energy of the collected Zn 2p electrons that induce more surface-
sensitive measurement. Furthermore, the composition of the film can be
controlled by selecting a specific number of cycles and/or modification of the
elemental cycle ratio, which might significantly impact the material property of
the super-cycle PEALD-IGZO films for promising applications.®!?
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Figure 4.31. Bulk composition of the 11 nm thick IGZO films with different target
element ratio of 1/1/1 (a) 1/1/2 (b) 2/1/1 (c), and 1/2/1 (d) evaluated by XPS depth
profiling.

EDX measurements were carried out on the prepared IGZO samples to
verify elemental composition and degree of homogeneity distribution. According
to the EDX data (Figs. 4.32, 4.33), all films reveal the expected target elements
ratio for the applied PEALD process (see Table 4.6) and exhibit a homogeneous
distribution of the elements in correlation with the performed XPS depth profiling
data (Fig. 4.31), in which nearly constant atomic concentrations of In, Ga, and Zn
were observed through the films.
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More in detail, Figures 4.34 and 4.35 illustrate the XPS fit of the In 3d, Zn
2p, and Ga 3d spectra after gently cleaning the film’s surface. The most intense
signals of the In 3ds2, Zn 2p3,, and Ga 3d appear at ~ 444.4 eV, ~ 1022.1 eV, and
~ 20 eV, respectively, and correspond to the metal-oxide formation of the
quaternary IGZO films. The In 3d spectra are shown in Figure 4.34a with the
spin—orbit-separated peaks (main lines of In 3ds3» and In 3dsz) and the weak
shoulders at the higher binding energy side of the main lines, suggesting the
presence of OH groups and defect states®®. From decomposition of the Zn 2p
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spectra (see Fig. 4.34b), we found two weak signals of metallic zinc located at
1043 £ 0.1 eV and 1019.5 + 0.1 eV related to the Zn 2pi2 and Zn 2p3); signals,
respectively. However, their contributions were estimated to be < 3% and might
arise from not complete oxidation of the PEALD process (see also Fig. 4.30).
Taking advantage of the different inelastic mean free paths, in addition to the
more intense Ga 2p core level, we have also analyzed the more bulk-sensitive Ga
3d spectra (Fig. 4.35) to clarify if the increase in Ga concentration estimated from
depth profiling corresponds to changes on the Ga oxidation state. However, the
analysis of Ga 3d region is tricky due to the overlapping with the O 2s (~ 23.5 eV)
and In 4d components of the In-O. In general, all core levels indicate a good
oxidation degree for all samples, although defects and OH species are reported,
which might indicate not ordered films probably related to the ALD low-
temperature used in this investigation.
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Figure 4.34. In 3d (a) and Zn 2p (b) XPS core levels spectra of the surface-
cleaned PEALD-IGZO films prepared at 150 °C. The sample names are indicated

within each plot. Mg Ka was used as the excitation source.



RESULTS AND DISCUSSION 115

Ga 3d 35s sput.

Ga-0 { &7
M Indd,,-O

O-H, defect {
/ In4d, O

PE(121) =] |

Normalized intensity [arb. units]

30 25 20 15 10
Binding enrgy [eV]
Figure 4.35. Ga 3d XPS core levels spectra of the surface-cleaned PEALD-IGZO
films prepared at 150 °C. The sample names are indicated within each plot. Mg
Ka was used as excitation source.

Auger spectra have been demonstrated to be more sensitive to slight
changes in the oxidation state for many transition metal oxides.?*? Figure 4.36
shows the In MNN, Ga LMM and Zn LMM, respectively. The In MNN Auger
spectra (Fig. 4.36a) depict the typical shape of indium oxide, in agreement with
the literature,?®® having the main signal at ~ 398.2 eV and a weaker peak at ~
405.4 V. In the same way, the Ga LMM Auger spectra (Fig. 4.36b) of the IGZO
samples present two peaks with the kinetic energies of ~ 1062.2 eV and ~ 1065.6
eV that confirms the formation of gallium oxide for all samples.?®? Finally,
Figure 4.36¢c shows the Zn LMM Auger spectra appearing features for the
different samples. Although the obtained spectra reveal Zn-O bonds characterized
by peaks at ~ 987.6 eV (main signal) and ~ 990.8 eV (weak signal) for all ALD
recipes, different grades of metallic Zn (not completely oxidized Zn) can be
derived from contribution at ~ 995.2 eV as well as relative intensity increase of
the shoulder at ~ 990.8 eV.*¢” In this sense, samples with target element ratios of
PE(1/1/2) and PE(2/1/1) exhibit typical ZnOx spectral feature which are in
agreement with the reported paper®'", while those with PE(1/1/1) and PE(1/2/1)
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target ratios show incomplete oxidation of zinc. This metallic Zn contribution is
more pronounced for the sample containing more gallium in the target
composition PE(1/2/1). However, the sample with more indium PE(2/1/1) shows a
relatively broad signal without Zn metallic phase (even though the exact number
of ZnOx sub-cycles is used) which might be related to the incorporated defects in
the ALD indium oxide film, which is in agreement with our previous report.>
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Figure 4.36. Auger XPS spectra of the surface-cleaned PEALD-IGZO films
deposited in a low-temperature of 150 °C. The sample names are indicated beside
each line. Excitation source of Mg Ka radiation was used for the In MNN and Ga
LMM Auger lines, while Al Ko was applied for the Zn LMM Auger spectra.

Based on the performed analysis of the core levels spectra (see Figs. 4.34
and 4.35), the chemical properties of the cation components were investigated and
compared with the target element ratio (see Table 4.6). Accordingly, the cation
ratios (In/Ga and Ga/Zn) were determined by EDX as well as XPS (considering
the core levels of the In 3d/Ga 3d and Ga 2p/Zn 2p), and plotted as a function of
target element ratio (as shown in Fig. 4.37) with the corresponding data fitting.
From XPS data, it should be remarked that the (Ga 2p)/(Zn 2p) ratio is more
surface sensitive than the (In 3d)/Ga 3d) ratio due to the photoemission of the
electrons. Therefore, the composition of the PEALD-IGZO films can be
controlled by the definition of sub-cycle ratio within the super-cycle of the
process, as can further be confirmed from EDX data which almost reflect the
expected target element ratios. This enables the modification of the material
properties of the super-cycle PEALD-IGZO films for promising applications.®1?)
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Figure 4.37. Comparison of the target and actual ratios of In to Ga (red circles)
and Ga to Zn (blue open rectangles) of the PEALD-IGZO layers determined by
(a) XPS, and (b) EDX. The solid lines represent the corresponding linear
regressions where their slopes are given near each line.

The defect states of the PEALD-IGZO films were evaluated by XPS
decomposition of the O 1s core level (as depicted in Fig. 4.38). The O 1s spectra
were fitted into double sub-peaks with respect to the performed O 1s
decomposition of the individual binary oxides (InOx, GaOx, ZnO), where we
found the main sub-peak (oxygen-metals) located at an energy position of
530.3+0.1 eV. Following an equivalent procedure, two components can be used in
the O Is fitting: a unique to the O-Me (In, Ga, Zn) peak at lower binding energy
(530.3 eV) and impurity related-oxygen (O-H, defects) at higher BE (531.9
eV).33 312 It should be taken into account that due to the energy resolution of our
analyzer and the close overlapping between the individual O-Me components of
the binary oxides in the O 1s spectra of the quaternary IGZO film, distinguishing
between individual metals bonded to oxygen in the respective spectra is not
possible. The considerable O 1s peak shifting was also detected for the sample
with more indium content PE(2/1/1), which might be due to abundant oxygen
deficiency and indium-rich structure, as abovementioned and in our previous
report®®). Considering the relative intensity of the sub-peaks, we found that the
Ga-rich film (PE(1/2/1)) spectrum suggests fewer impurities (13.2%) with a high
O-Me peak intensity of 86.8%, whereas that of In rich compound (PE(2/1/1))
delivers a higher impurity level of 16.3% with a low intensity of metals bonded to
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oxygen peak (83.7%) originating from oxygen-deficiency. According to the
literature, the contribution of defect states increase from growth temperature of
130 to 170 °C for the atomic layer deposited IGZO films.®!'® The presence and
variations of these impurities might significantly impact device performance (i.e.
electrical characteristics) and ALD film quality.

O1s 35s sput.

O-M

o
O-H, defect ¢ S
g \, 86.8%

Q

13.2%

Normalized intensity [arb. units]

51|36 - 532 - Sé8 |
Binding energy [eV]
Figure 4.38. XPS O 1s decomposition of PEALD-IGZO films with different

elements concentration. The target elemental ratios are represented as X/Y/Z. Mg
Ko radiation was used as the excitation source.

4.4.3 Ex-situ structural and morphological study

The structural properties of the PEALD-IGZO films were investigated by
GIXRD measurements (Fig. 4.39). Although there were no sharp peaks in the
GIXRD patterns, a broad signal appeared in the range of 20 = 28°-33° could be
assigned to the c-axis growth direction of IGZO peak (009)3'¥ and/or to the
diffraction peak of (222) corresponding to the In-rich PE(2/1/1) film, which is
consistent with Sheng et al., who reported the increase and widening of an already
broad peak at 32° when the thickness of indium oxide sub-layer in PEALD-1IGZO
films was increased from 0.3 nm to 1.8 nm.®'> In one recent work on PEALD-
InOx thin films®?), the onset of crystallization was reported at 150 °C, precisely
the temperature used in the current work. Here, the grown IGZO films shown a
low degree of crystallinity. The super-cycle deposition promotes c-axis growth
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with inter-diffusion®!®,

resulting in a uniform and homogeneous elemental
distribution from depth profiling (see Fig. 4.31), which further suppresses crystal
growth®!>, It has been reported that the IGZO films prepared by sputtering and
ALD techniques are in an amorphous structure at a deposition temperature of 250
°C, even after post-deposition annealing at 400 °C.19

In addition to the diffraction result, the surface morphology of the
PEALD-IGZO film was also investigated by FE-SEM (in the inset of Fig. 4.39).
A featureless and pinhole-free film surface can be seen from microscopic images,
suggesting high-quality PEALD-IGZO layers resulting from a complete super-
cycle-based layer-by-layer growth mechanism at low-temperatures. The present
result is comparable to those amorphous ALD-IGZO films with high density
grown at relatively higher temperature of 200 °C ©!>, The higher morphological
film quality achieved by the PEALD-IGZO process than other deposition
techniques, resulting in porous films, could translate into better device

performance and increase their applicability.®!?
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Figure 4.39. GIXRD patterns of PEALD-IGZO films with sample names labeled

beside each data line. The inset shows the FE-SEM surface morphology of the
PE(1/1/1) sample.
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4.5 TALD of AlOx on Ti-coated Si (100)

In this section, the growth mechanism and the surface chemistry analysis
of the AIOx/Ti samples deposited at different substrate temperatures (RT and 200
°C) using a pump-type ALD reactor are discussed for any applications in the
fields of photovoltaic (as a passivation layer) and microelectronic (as a high-k
gate dielectric layer). Besides, the effect of post-deposition annealing on the
chemical state of the layers is also reported.

4.5.1 Deposited at room temperature and 200 °C

The early growth stages of the aluminum oxide thin films deposited at
room temperature and 200 °C by TALD on titanium-coated Si (100) are
discussed. The chemical nature of the substrate surface and the chemical reactions
at the interface severely influence the film growth mechanism (here AlOx)
because of potential surface diffusion, aggregation, and chemical reactivity of the
reactants.®!% 319 Such effects could be investigated accurately at the beginning of
the film growth when the deposited material directly contacts the substrate
surface.

4.5.1.1 Growth mechanism

Figure 4.40 exhibits the growth evaluation of the thin AlOx films deposited
on the Ti substrates at RT and a relatively higher temperature of 200 °C. For such
investigation, XPS core levels peak intensity of the Al 2p and Ti 2p were
collected as a function of ALD cycles (from early stage until a final thickness of ~
10 nm). The data were fitted using a defined layer-by-layer growth function in
which the equations (see Eqs. 3.14 and 3.15 ) were applied for the film and
substrates peaks, respectively.®2? It can be seen that with an increment of the
ALD cycles, the Al 2p peak intensity increases exponentially as an indication of
the aluminum oxide growth. In parallel, the exponential reduction of the Ti 2p
peak intensity during the deposition process also confirms a layer-by-layer growth
mechanism of the ALD. The function mentioned above also provides an
estimation of the AlOx growth rate from both the depositing layer and the
underneath substrate. At RT, the values of 0.98 and 0.97 A/cycle were obtained,
while at 200 °C nearly the same value of 1.00 A/cycle was achieved. Therefore,
according to the estimated GPC values, a self-limiting process is achieved under
both substrate temperatures.
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Figure 4.40. XPS peak intensities of the Al 2p (of AlOx film) and Ti 2p (of the
substrate) as a function of ALD cycle at RT (a), and at 200 °C (b).

4.5.1.2 In-situ XPS study
4.5.1.2.1 Oxidation of Ti by H20 exposure

Before growing the AlOx, the oxidation state of the titanium substrate was
investigated at RT by considering the main core level spectra of the Ti 2p and O
Is in addition to the C 1s (as shown in Fig. 4.41). For this investigation, the Ti
substrate was exposed to sequential pulses (equivalent to the H>O sub-cycle of the
complete TMA/H20O ALD process) of water at RT in parallel to in-situ XPS
measurements to investigate the evolution of the oxidation state of the Ti. From
Figure 4.41a, the spin-orbit splitting nature of the Ti 2p shows two components,
Ti 2p12 and Ti 2psp2, at higher and lower binding energies, respectively. During
the substrate oxidation with water, the main peak position of the Ti 2ps/2 remained
unchanged with the energy of ~ 453.8 eV that could be attributed to the metallic
Ti(0), while that of its counterpart (Ti 2pi12) slightly shifted to the lower binding
energies in addition to a broadening as an indication of forming Ti(IV)-oxide of
TiO> which are comparable to the data base.*” 32 Such peak shift tendency,
broadening as well as appearing satellite feature (at higher binding energy), are
more pronounced for the higher number of cycles. Figure 4.41b, represents the O
Is core level spectra in which partial oxidation of Ti substrate is evident with a
peak located at 531.5 eV that might be related to some adsorbed OH species from
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XPS chamber. However, after introducing water to the surface by cycling process,
the same peak position of ~ 530.4 eV was observed where the collected signals
from the higher oxidation stages show more contribution of O-Ti bonds of the
Ti0O; layer. The C 1s core level region is shown in Fig. 4.41c. In general, all the
spectra reveal a prominent peak located at a binding energy of ~ 284.7 eV,
indicating C-C bonds (negligible contribution for the Ti substrate) corresponding
and a minor peak appeared in the energy position of ~ 282.0 eV (which is
dominated in the Ti substrate) corresponds to the Ti-C (titanium carbide). A weak
signal (at ~ 286.3 eV) on the shoulder of the main peak represents the probable C-
O (carbonyl), and its contribution increases by raising the number of H>O cycles.
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Figure 4.41. XPS core levels spectra of Ti 2p (a), O 1s (b), and C 1s (¢)

corresponding to the titanium substrate as a function of H>O exposure at RT. The
numbers indicate the applied ALD cycle.

Figure 4.42 demonstrates the variation of atomic concentration (at RT) for
the main elements of titanium, oxygen and carbon at two different XPS take-off
angles, 90° (bulk sensitive) and 50° (surface sensitive). During the oxidation of
the Ti substrate via sequential pulses of H>O (as an oxygen source), the surface is
getting rich in oxygen, whereas the concentration of titanium decreases to 15.7%
after 200 H>O cycles, with a saturation state of O with the percentage at 75.6%.
The amount of carbon is almost constant (~ 9%) within the applied cycles.
However, a slight increase in carbon contamination to 11% was observed for the
first cycles. In order to evaluate whether such undesired carbon contamination has
more contribution to the surface or in the layer, the take-off angle of
photoelectrons was altered to 50°. It can be seen that the concentration of carbon
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increased by only one point, revealing that the carbon contamination has been
introduced during the whole process and might arise from a not very clean ALD
reactor. Besides, no significant change was observed for the O (78.6%) at this
surface-sensitive conditions. Therefore, an almost similar 3% concentration
difference (considering two applied angles) can be realized for the both C and O
pointing to the formation of C-O like contamination bonds (see Fig. 4.41¢) during
oxidizing the Ti substrate via ALD cycles.
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Figure 4.42. Evolution of atomic concentration corresponding to the main core
levels of Ti 2p, O 1s, and C 1s as a function of ALD cycle during oxidizing Ti
substrate.

The deposition of the aluminum oxide was initiated after investigating the
oxidation state of the titanium substrate by H>O exposure at room temperature.
Such deposition process was fulfilled along with in-sifu XPS measurements where
different ALD cycles were considered. For a better understanding the surface
chemistry of the AIOx growth, the data are classified into the two parts, including
the overview spectra of the significant core levels (at RT and 200 °C) and then
moving to a quantitative study of the early stages of growth, where the ALD
process and XPS analysis were conducted repeatedly.

4.5.1.2.2 Overview of the complete cycles

Figure 4.43 shows the Ti 2p core level spectra after a series of complete
cycles concerning AlOx films deposited at RT and 200 °C. The Ti 2p spectra show
the expected doublet, Ti 2p12 and Ti 2p3» with binding energy values of about
460 and 454 eV (with an energy separation of 6 eV). The film prepared at 200 °C
reveals relatively broader peaks, indicating that the Ti substrate is not completely
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in the Ti(0) metallic phase rather there is a slight transition to the Ti(Il) oxide
phase.¢”- 32D The deposition of AlOx up to 100 cycles results in the gradual
decrease of Ti 2p intensity, which is significantly pronounced for the layers at 200
°C where the signal completely vanishes after 100 ALD cycles. If we focus on the
binding energy position of the dominant peaks, the layers prepared at RT show
almost the same peak position until the final cycling process, whereas the growth
at 200 °C reveals a slight tendency to higher binding energies due to more
oxidation. It should be noted that the titanium is known as a getter material for
oxygen as we saw by exposing the Ti to H>O at RT. However, during the ALD
process, the substrate surface is passivated with the AlOy layer, which suppresses
further Ti oxidation, as can be realized by comparing the Ti spectra of Figs. 4.41a
and 4.42. Therefore, it can be concluded that the AlOx/Ti deposition at RT
remains the same during ALD cycles, while deposition at 200 °C could introduce
a limited oxidation of the Ti substrate, which in any case could happen during the
warm-up process and not during the AlOx deposition. excess of oxygen during
cycling (up to 50 cycles) and can facilitate the surface chemical reactions and film
coverage (for complete 100 cycles).
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Figure 4.43. XPS Ti 2p spectra of AlOx complete ALD cycles on Ti substrate
considering different temperatures of RT (a), and 200 °C (b). The numbers
indicate the applied ALD cycle.

The O 1s core level spectra corresponding to the individual complete ALD
cycles of the grown AlOx layers on the titanium substrates at RT and 200 °C is
displayed in Figure 4.44. The presence of an unexpected weak and noisy signal
for the O 1s spectra of the Ti substrate (at RT and 200 °C) indicates partial
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adsorption of the OH species onto the substrate surface during in-situ sample
transferring from the prep-chamber (for Ti evaporation) to the analyzer chamber.
However, their contribution is negligible compared to the Ti 2p core level spectra
(see above). In general, a peak shift to higher binding energies appears from 10
cycles to 100 cycles in both room and 200 °C temperatures, suggesting more
oxidation and formation of O-Al. However, the layer deposited at RT shows the
peak position saturation at ~ 532.5 eV for the 50 and 100 ALD cycles, while for
that of the 200 °C sample the saturation binding energy shift was not observed.
Furthermore, comparing the line width of O Is spectra for both temperatures, it
can be deduced that setting a substrate temperature of 200 °C could reduce the
amount of incorporated impurities and narrow the O 1s signal.
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Figure 4.44. XPS O 1s spectra of AlOx complete ALD cycles on Ti substrate
considering different temperatures of RT (a), and 200 °C (b). The numbers
indicate the applied ALD cycle.

Figure 4.45 illustrates the Al 2p core level spectra of the individual
complete ALD cycles corresponding to the AlOx films deposited on the Ti
substrates at RT and 200 °C. The peaks show a clear shift tendency to the higher
binding energies as the layer’s thickness increases, pointing to the aluminum to
oxygen bonds forming within the complete ALD cycles. Comparable to the O 1s
spectra (Fig. 4.44), the film grown at RT reveal an energy position saturation at ~
75.5 eV for the 50 and 100 ALD cycles, whereas there is no saturation in the peak
position (up to 100 cycles) for the film prepared at 200 °C.
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Figure 4.45. XPS Al 2p spectra of AlIOx complete ALD cycles on Ti substrate
with considering different temperatures of RT (a), and 200 °C (b). The numbers
indicate the applied ALD cycle.

The C 1s core level spectra of the individual complete ALD cycles of the
deposited AlOx layers on the titanium substrates at RT and 200 °C is depicted in
Figure 4.46. The substrate spectra reveal clear signals at a binding energy of ~ 282
eV, indicating the presence of carbon bonded to titanium as titanium carbide
(TiC))®*?, in addition to an almost negligible amount of carbon located at ~ 285
eV.C19 Tt can be seen that with increasing the ALD cycles, the carbide
contribution remarkably decreases and finally vanishes after 100 cycles. From 10
cycles, the dominant carbon peak shifts to the C-C component as AlOx thickness
increases. For the RT deposition, a saturation on the energy position (at ~ 284.7
eV) was found for the last two ALD cycles. Such observed shift is similar to that
shown by O 1s and Al 2p core levels spectra (Figs. 4.44 and 4.45). However, for
the sample at 200 °C the main peak position remained nearly constant. It is worth
to mention that ALD process of aluminum oxide at temperatures above RT (here
200 °C) can considerably reduce the amount of carbon.®*® The collected noisy
spectra of the C 1s corresponding to the sample prepared at 200 °C confirm that
during the first ALD cycles, because of surface reaction between the reactants and
Ti substrate, there is relatively more contribution of carbon in comparison with
the last 100 cycles where a negligible amount of carbon was observed.
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Figure 4.46. XPS C 1s spectra of AIOx complete ALD cycles on Ti substrate with
considering different temperatures of RT (a), and 200 °C (b). The numbers
indicate the applied ALD cycle.

Figure 4.47 displays the dependence of atomic concentration on the ALD
cycles for the prepared AlOx samples at RT and 200 °C. The ALD cycle axis can
generally be divided into the two regimes: transition regime (below 50 cycles) and
steady regime (above 50 cycles). In the transition regime, the main films
composition signals of aluminum and oxygen increase while those of titanium
substrates and carbon contamination decrease. On the one hand, an almost steady
composition signals were observed in the steady regime in which the saturation
state of the main elements is evident. It can be clearly seen that Ti and C are
completely disappeared at 200 °C and that of RT deposition reveals a negligible
amount of Ti (below the XPS detection limit) in addition to the carbon
concentration of ~ 5%. The observed abundant amount of oxygen might be related
to that H,O (oxygen source) has a less molecular weight in comparison with TMA
molecules (aluminum source) causing more diffusion probability of water into the
layers during deposition which leads to an excess oxygen.®?? Further analysis is
discussed below.
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Figure 4.47. Atomic elemental concentration of AlOx films as a function of the
complete ALD cycles at different temperatures of RT (a), and 200 °C (b).

4.5.1.2.3 Qualitative analysis

Figure 4.48 exhibits the peak fitting corresponding to the energy region of
the Ti 2p spectra for the early stage of the growth until the final ALD cycling. As
discussed above, considering the energy position of the main peaks, the Ti 2p
spectra are in the Ti(0) metallic phase®?". However, there are minor amounts of
the O and TiC that their contributions are negligible when compared to the major
intensity of Ti 2p signals. The presence of Ti(Il) oxide®?) formation is more
pronounced for the sample at 200 °C with two components located at higher
energy (~ 456.0 and 460.0 V)2V side of the main signals (Ti 2p3» and Ti 2pi.),
respectively. In fact, the appeared partial oxidation of Ti substrate (in the first
stage of ALD cycle) might arise from heating the ALD reactor during deposition
which is caused to adsorb some residual gases (i.e. oxygen species) to the sample
surface. Afterwards, the Ti spectra exhibits almost the same feature during the
process. With increasing ALD cycle, the AlOx more passivates and/or covers the
underneath titanium substrate surface where an increment of TiOx components
was found due to more interface contribution and less metallic Ti signals from the
bulk. For the sample prepared at RT, the Ti 2p spectra were observed even for 100
cycles, while deposition at 200 °C reveals complete coverage for 100 cycles,
without any fingerprint of the Ti 2p signals. Such observation confirms the
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absence of pinholes and a better chemical reaction on the surface at high substrate
temperatures.

Normalized intensity [arb. units]

Binding energy [eV] Binding energy [eV]
Figure 4.48. XPS Ti 2p peak decomposition of ALD-AIOx on Ti substrate
considering different temperatures of RT (a), and 200 °C (b). The numbers
indicate the applied ALD cycle.

The XPS O 1s core level spectra of the AlOx/T1 are shown in figure 4.49
for both RT and 200 °C deposition temperature. The collected spectra could be
decomposed into three and two components for the titanium substrate and the
early stage, as well as complete ALD cycles, respectively. To minimize errors in
the ratio determination (see below), a model was applied in the fitting process of
the O 1s spectra, so that firstly the last 100 cycles stage (for both RT and 200 °C
samples) was fitted assuming an ideal Al:O ratio of 0.66 considering the Al 2p
raw area and O-Al component of the O 1s region. Afterwards, the established
model (i.e., impurity-related oxygen and O-Al contributions with their
corresponding fit parameters, except components area) was propagated to the
stages to understand the role of different ALD cycles and temperatures on the
atomic ratio (Al:O) of the AlOx films.
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As mentioned earlier, the bare Ti substrate shows a negligible amount of
oxygen in comparison with the Ti 2p peak intensity (Fig. 4.48). The fitted O 1s
spectrum reveals a main peak related to O-Ti and low intense contributions that
could be attributed to adsorbed oxygen-related bonding (at low binding energy)
and undeliberate impurities arising from the metal hydroxide groups©®?> as well as
small amount of carbonates and/or hydrocarbon (hydrogen bonded to carbon) (at
high binding energy)©@!% 322, After initiating the ALD cycle (which starts from the
first half cycle of TMA), the O 1s spectra show two distinct major and minor
components, the metals-oxide (Ti-O-Al) and metal hydroxides (Ti-OH-Al),
correspondingly.©®?°32”) However, in this decomposition, it is assumed that the
available oxygen sites are more occupied by Al-O and Al-OH rather than Ti
counterparts. According to the ALD mechanism, the Al-CHj3 ligands of the TMA
precursor develop on the top during the TMA pulse, and they exchange for the Al-
OH bonds after introducing the second half cycle of H2O. This is the reason to see
the presence of OH species bonded to the aluminum within the ALD cycles of the
AlOx using TMA and H>O reactants.®?® Typically, such ligands exchange with
the oxidant cannot be done perfectly, leading to the small contributions of
hydrogen and carbon residue in the prepared AlOx layer.(2% 3% The relative
intensity of the OH groups increases with the number of ALD cycles, becoming
more pronounced when the surface is exposed to the oxygen source (here H>0)
during the early stages (up to three cycles). At the stage of 10 cycles, such
undesired impurity (OH species) remarkably increased to 38.6% for RT sample,
which might be an indication of interfacial reactions and/or more OH bonds at the
interface between the Ti substrate and the AlOx layer, resulting in an oxygen
excess (oxygen-rich) of the AlOy layers comparable to the literature.3% 33D,
Whereas, 200 °C sample revealed a reduction of impurity with the amount of
19.6%. However, for 100 cycles, the contribution of hydroxides reduces to a
relative weight of 33.9% (RT) and negligible contribution of 4.7% (200 °C),
indicating deposition at relatively higher temperatures considerably reduces the
incorporated impurities in the bulk of the layer. According to the data, the O Is
spectra shift to higher binding energies with the number of cycles. In this way, for
the RT growth, the O Is peak position remained almost constant (~ 531.2 eV)
during the first 3 cycles, and afterwards, it saturates at ~ 532.9 eV for 50 and 100
cycles. On the contrary, the 200 °C deposition shows the main peak binding
energy of ~ 530.9 eV up to 3 cycles, and then the energy position continually
increased to ~ 532.9 eV at 100 ALD cycles.
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Figure 4.49. XPS O 1s peak decomposition of ALD-AlOx on Ti substrate
considering different temperatures of RT (a), and 200 °C (b). The numbers
indicate the applied ALD cycle.

Figure 4.50 shows the Al 2p core level spectra of the ALD-AlOx cycles on
Ti substrates at RT and 200 °C. It can be fitted with three peaks, one main and
two minor contributions. As it can be seen from the initial stages of the growth,
the main dominant signal corresponds to the Al-O, while two minor sub-peaks
could be linked to the Al-Ti (at the interface) and/or AI-(OH)x bonds (indicated
with *) at low energy position and the related impurities (hydroxides,
hydrocarbon) at high binding energies.?!® 332 333 By increasing the number of
ALD cycles, the relative peak intensity of the aluminum bonded to the oxygen
increases while the intensity area of those sub-peaks decreases. The presence of
the minor peaks is more pronounced for the first three cycles, and their
contributions considerably reduce for the complete ALD cycles of 10, 50 and 100.
Considering the evolution of the Al 2p spectra, it can be deduced that the Al 2p
signal of the RT sample is nearly in the same energy position of ~ 74.9 eV for the
first three ALD cycles and slightly increased to an energy position saturation of
75.9 eV at 50 and 100 ALD cycles. Similar behavior was also observed for the
sample prepared at 200 °C, where the binding energy of the Al 2p peak remained
almost in the same energy position (~ 74.6 eV) for the early three ALD cycles.
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However, with increasing the ALD cycles, a peak shift to higher binding energies
continues without any saturation (comparable to the shown O 1s spectra), where
the peak position of ~ 76.2 eV was recorded for the total 100 cycles of ALD. The
reason for these peaks shift could be explained as a result of charging effect for
insulating layers such as AlOx which increases as thickness of the layer rises.
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Figure 4.50. XPS Al 2p peak decomposition of ALD-AlOx on Ti substrate
considering different temperatures of RT (a), and 200 °C (b). The numbers
indicate the applied ALD cycle.

The C 1s core level spectra of the AlOx samples deposited at room and 200
°C temperatures were decomposed into five components, as represented in Figure
4.51. The presence of the components from lower to higher binding energies,
those contributions can be assigned to the TiC, C-related precursor bonds (arising
from Al-CH3), C-C/C-H and carbon bonded to the oxygen species (C-O/C-OH
and/or C=0/0-C-O, labelled with #), respectively.?!% 34336 [t should be noted
that by increasing the number of ALD cycles, the relative peak intensity of TiC
decreased to only about 2% for the last complete cycles of the RT sample and
completely vanished for the sample prepared at 200 °C. On the other hand, the
contribution of the C-C bonds becomes more important, especially for the
complete ALD cycles (10, 50 and 100). However, its peak intensity is negligible
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for the 100 cycles of ALD performed at 200 °C. Moreover, considering the main
C-C component of the decomposed C 1s spectra from the early deposition stages
until the complete cycles, it can be realized that there is no significant shift
tendency for the 200 °C film. Unlike, the layer deposited at RT reveals a slight
shift to low binding energies for 10 cycles. It is worth mentioning that the peak
labelled with C and located at a binding energy of ~ 283.9 eV could be attributed
to the remained fragments of TMA precursor that could not be completely
desorbed from the ALD reactor during the purging process.®?” Based on the
initial growth stages spectra, those C and C-C components are typically absorbed
on the surface with TMA exposure, where the C-C signal increases with the ALD
cycles while the sub-peak intensity of C increases with pulsing the TMA and
decreases upon introducing H>O. During the growth process, the contributions of
carbonyl and carbonates increase with the thickness, estimating a relative weight
of about 19% for the last 100 ALD cycles of RT sample. Therefore, it can be
concluded that deposition at temperatures above RT could reduce the amount of
carbon on the surface and in the bulk of the layers.®>® Furthermore, an increase of
growth temperature might facilitate oxidizing the chemisorbed TMA molecules
on the surface, consequently reducing the amount of carbon.
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Figure 4.51. XPS C 1s peak decomposition of ALD-AlOx on Ti substrate
considering different temperatures of RT (a), and 200 °C (b). The numbers
indicate the applied ALD cycle.
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Figure 4.52 illustrates the evolution of the aluminum to oxygen (Al:O)
atomic ratio versus the number of ALD cycles, where the element ratio is
calculated from the XPS decomposition of the O 1so-a1y and Al 2p core levels. It
should be taken into account that the limited signal-to-noise ratio of the analyzed
XPS spectra for the low number of ALD cycles, as well as in the determination of
the baseline for background subtraction, might impact the calculated ratio in this
study. Based on the obtained results, we report an excess of oxygen for the initial
cycles up to 50, and more pronounced for the sample prepared at 200 °C. With an
increment of the number of ALD cycles, the layers are approaching the
stoichiometric state where the Al:O ratios increase from 0.37 (RT sample) and
0.34 (200 °C sample) to the expected ratio of 2:3 (as explained before, fixed for
the 100 cycles growth). The observed oxygen excess and related deviations in the
ratios could be due to the interface and/or nucleation effects in the deposition
process. Moreover, H>O oxidant presents less molecular weight than TMA
molecules, and therefore, the diffusion probability of water into the layers during
ALD cycles should be taken into account, that promoting the oxygen-rich of the
films.®2% Considering the surface chemistry, the oxygen atoms typically
accumulate more at the interface®?”), and hence, the thin layers of the AlOx (early
ALD stages between 10 and 30 cycles) exhibit more incorporated oxygen. Such
interface effect is more noticeable for the applied temperature of 200 °C, which is
comparable to the literature.®*” Besides, it has been reported that the aluminum
oxide films are rich in oxygen at low temperatures of < 200 °C due to the
considerable contribution of OH groups, resulting in a higher amount of oxygen
and hydrogen in the deposited layers.**®
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Figure 4.52. Atomic Al:O ratio of AlOx as a function of ALD cycle number.
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In-situ XPS depth profiles of the aluminum oxide films deposited at room
temperature and 200 °C are shown in Figures 4.53 and 4.54, where the atomic
percentage of the composition elements is plotted as a function of the sputtering
time. The inset of the figures magnifies the sputtering time zone from 0 to 300 s.
In fact, the depth profile of the AlOx using the sequential sputtering steps provides
useful chemical information about the distribution of the layer’s elements from
the surface and sub-surface regions, as well as within the bulk of the layers until
reaching the films/substrates interfaces.

The acquired data reveal a homogeneous concentration of the main
elements (Al and O) through the prepared AlOx layers, particularly for the sample
deposited at 200 °C. A slight variation of the elements was observed for the RT
sample at the initial stages of sputtering, where the atomic concentration of the
aluminum and oxygen has an increasing trend. Afterwards, the amplitude of
deviations decreases within the bulk of the film. The presence of carbon
contamination for the first sputtering steps confirms the adventitious carbon is
only at the surface of the layers, being no trace of carbon in the bulk of the films.
It should be noted that the observed carbon contamination at the early sputtering
stages of the 200 °C sample was negligible, suggesting the AlOx film deposited at
relatively higher temperature of 200 °C is carbon-free from top to bottom of the
layer.

As discussed earlier, the deposited aluminum oxide layers are rich in
oxygen, as can be confirmed from depth profiling data. Such an abundant quantity
of oxygen could be related to the nucleation effect and interfacial reactions
between the prepared Ti substrate and the grown layer of AlOx. However, it has
been reported that the pulse length of H>O (oxygen source) and the associated
purging process might significantly influence the atomic percentage of oxygen in
the aluminum oxide film prepared by ALD.®*® It should be taken into account
that the observed oxygen-rich state of the layers has been also reported for the
aluminum oxide layer deposited by PEALD at 100 °C.(%7)
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Figure 4.53. XPS depth profile of AlOx film deposited at RT. The insert shows a
narrow window of sputtering time up to 300 s.
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Figure 4.54. XPS depth profile of AlOx film deposited at 200 °C. The insert shows

a narrow window of sputtering time up to 300 s.

Figure 4.55 shows the XPS peak decomposition of the Al 2p, O 1s and C
Is core levels for the sample deposited at RT. The Al 2p spectra (Fig. 4.55a)
reveal a single component related to Al-O at 75.7 eV before and after sputtering,
where the integrated peak area was increased after sputtering, confirming the
reduction of surface contamination (carbon and OH groups). In the O Is
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decomposed spectra (Fig. 4.55b), the presence of the main and minor sub-peaks
could be assigned to the O-Al and impurities, respectively, in correlation with the
represented data (see Fig. 4.49). According to the obtained result, the as-deposited
sample shows a relatively low peak intensity of O-Al (77.6%) and a high amount
of impurities (22.4%), including the adventitious carbon and OH groups.
However, after 10 min sputtering, the O-Al increases (85.2%) and the contribution
of incorporated hydroxides is remarkably reduced to 14.8%. It should be
mentioned that a slight peak shift of ~ 0.3 eV to lower binding energy was
observed in the O 1s spectra of the sputtered sample for 10 min, which might be
due to the partial removal of O-H under the sputtering process. Figure 4.48c
shows the C 1s spectra before and after sputtering. It can be seen that the as-
deposited sample was decomposed into two components of C-C and C-O.
However, after 10 min sputtering, the very low intense signal dominates the
spectra, indicating a negligible amount of carbon in the bulk of the film. Such
noisy spectra could be fitted with three peaks, revealing more contribution of
carbonates in the bulk of the layers, which might originate from incomplete
reactions between the reactant molecules, which are more probable at lower
temperatures.*®)
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Figure 4.55. XPS surface (as-deposited) and depth (10 min sputtering) analysis of
AlOx film at RT with considering core level spectra of Al 2p (a), O 1s (b), and C
Is (c).

4.5.1.3 In-situ XPS of post-deposition annealing (PDA)

The effect of in-situ post-deposition annealing (PDA) on the chemical
properties of the AlOx film deposited at RT was investigated by applying
sequential thermal steps (as shown in Fig. 4.56). The collected corresponding core
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level spectra of the Al 2p, O 1s and C 1s were decomposed and compared with the
analyzed data of the sample prepared at RT (indicated in the bottom frame of the
figures, respectively). The as-deposited and the annealed layers generally reveal
almost the same energy position of ~ 75.8 eV and ~ 532.7 eV for the Al 2p and O
Is spectra. According to Figure 4.56a, the full width at half maximum (FWHM)
of the Al 2p main signal (Al-O) slightly increased from 1.85 (for as-deposited) to
1.92 (for lhr annealing at 200 °C), and remained constant for the following
annealing steps suggesting no further re-ordering the alumina matrix. From the O
Is decomposition data (as shown in Fig. 4.56b), after the first annealing step, the
contribution of the impurities decreased from 15.4% to 7.4%, while that of O-Al
increased from 84.6% to 92.6% and the relative peak intensity of the components
(impurities and O-Al) did not change significantly during the whole annealing
steps. In Figure 4.56c, the C 1s fitted spectra for the as-deposited and annealed
samples are shown. The as-grown sample reveals three distinct components that,
from low to high binding energies, and could be assigned to the carbide, main
signal of C-C and the minor peak of carbonyl, correspondingly. The relative
intensity of Ti-C contribution was estimated to be around 1.7% for the as-
deposited sample and during thermal treatment, its contribution considerably
increased to 9.6% for the first annealing, then slightly decreased and remained
constant (7.0%) for the next annealing steps. Concerning the result, the in-situ
annealing process (inside of the ALD reactor) develops C-O bonds in the layer,
where the corresponding relative peak intensity increases from 13.4% (1hr @ 200
°C) to 18.1% (2hrs @ 200 °C), remaining constant (19.7%) for the last two steps
of annealing. Therefore, it can be concluded that PDA treatment could reduce the
total amount of carbon residue, but develops carbon bonded to oxygen species to
the deposited layer in agreement with the literature in which carbon contribution
increased from 20.0% to 25.0% for the annealed aluminum oxide film.®?
However, it should be taken into account that the annealing process might trigger
the possible diffusion of carbon from the bulk to the surface and could activates
the chemical reactions on the surface. Nevertheless, it has been reported that the
presence of carbon might be related to the incomplete desorption of CH3 ligands
of the TMA precursor.®*? Although, typically ALD of the aluminum oxide films
poses less carbon contamination than other deposition methods, such as
metalorganic chemical vapor deposition (MOCVD) where a relatively high
amount of carbon was reported for the Al,Os films.**) Comparing the obtained
results with that of AlOx sample deposited at 200 °C, we can deduce that growth
at relatively higher temperatures facilitates reduction of carbon contribution where
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the layer at 200 °C (Fig. 4.51) revealed a negligible amount of C-C and no trace of
TiC sub-peak.

Norm.inten. [arb. units]

Binding energy [eV]

4h
b

100 cycles

C

rs @200 °

3h

1
rs @ZOM

2h

rs @200 °C

1h

|
r @200 °C :

LS AT SR
1hr @200 °C
carbonat

' '5':’;0' '
Binding energy [eV]

295

290 285 280
Binding energy [eV]

Figure 4.56. XPS peak decomposition of core levels spectra of Al 2p (a), O 1s (b),
and C 1s (c) corresponding to PDA treated ALD-AIOx film grown at RT.
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4.6 TALD of CeOx on SiOx and AlO,/Si (100)

This section discusses the role of different substrates on the growth
mechanism of the CeOx layer deposited by in-situ ALD for any potential
applications in the field of gas sensor devices. As described in the experimental
chapter, the ALD reactor has been already reconfigured to use low/very low vapor
pressure precursors such as Ce(thd)s. However, the optimization of the growth
process (in particular controlling the temperature) is still ongoing to overcome
some undesirable growth issues, including the presence of flakes that point to
incomplete surface coverage for thickness below 5-10 nm.

4.6.1 In-situ XPS study of ALD Ceria growth

The role of different interfaces and thicknesses on the growth of cerium
oxide thin films was investigated using an in-situ XPS characterization. For such
study, two different substrates of 300 nm thick SiOx and 10 nm ALO; layer
(grown on Si (100) at RT, as-explained in section 4.5) by homemade in-situ ALD)
were used for the deposition of the cerium oxide thin layers using Ce(thd)s
precursor as a source of cerium and ozone (O3) as a strong oxidant. Figure 4.57
exhibits the Ce 3d core level spectra of the CeOy thin films on both SiOx and AlOx
substrates, where different ALD cycles were also considered. In general, the
cerium oxide spectra consists of several doublets which are related to the spin-
orbit splitting (Ce 3ds»2 and Ce 3d32) nature of Ce 3d core level, where in our case
a spin-orbit shift of 18.6 and 19.6 eV was recorded for the CeOx/SiOx and
CeOx/AlOx substrates, respectively, which is comparable to the data base.?®” It
should be noted that the slight energy difference of 1 eV between two energies
separation might arise from the interfacial reactions of two different substrates to
the cerium oxide layer.

According to the collected data, the layers present a relatively rich
concentration of the Ce*" state for the initial stages of ALD. The Ce 3d Ce**
spectrum is formed by four components located at around 883, 887, 901, and 905
eV, labelled as v°, v/, u’, u’.®*» These components are more pronounced for the 50
cycles layer grown on the SiOy substrate, where their contributions decrease when
increasing the number of ALD cycles, so called moving to the Ce*" states. The
presence of peak (labeled with u™) at higher binding energy of Ce 3d region is a
characteristic and/or fingerprint of Ce*" originating from a transition of the 4f
initial state to the 4f final state.®*3-**3 In principle, the Ce 3d spectrum for the
Ce*" oxidation state poses six peaks of v, v, v", u, u”, u”, corresponding to three
doublets for the Ce 3ds» and Ce 3ds» components.?4*) For the atomic layer
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deposited cerium oxide those features are more pronounced for the higher number
of ALD cycles (thicker layers) due to a transition in the oxidation state or
reduction of Ce*'/Ce*" ratio with increasing layers thickness, comparable with
other deposition methods.?

For the early stage of 50 cycles, initial Ce*" signal was observed for
CeOx/AlOx sample in comparison with CeOx/SiOx sample, with no evident u”
peak. The reason could be due to the interfacial reactions between the reactants
and the insulating layer(s) (aluminum oxide in this study, or SizN4 from
literature®>Y) that inherently passivate the surface and might play as buffer
layer(s) for the deposition of the cerium oxide film to favor the presence of Ce**
component. Therefore, it can be deduced that the substrate surface layer
influences the growth of CeO, layer at the interface®’> 3. Flege et al,
documented that well-ordered epitaxial ultrathin cerium oxide film can be
prepared on the passivated Si (111) by chlorine layer.®>¥ It has been reported that
for other deposition techniques such as magnetron sputtering, a remarkable
contribution of Ce*" and Ce*" were observed for 25 nm films of CeO/Si and

Ce0,/Si3N4, respectively.®5V
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Figure 4.57. XPS Ce 3d spectra of CeOx thin films on different substrates of SiOx
(a), and AlOx/Si (b). The numbers indicate the applied ALD cycle.

Figure 4.58 shows C 1s XPS spectra of the cerium oxide thin films
deposited on different the two substrates. First, both substrates show the
fingerprint of adventitious carbon due to ex-situ preparation in the air before in-
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situ deposition of the CeOx layers. After characterization of the substrates (initial
state), different ALD cycles were applied to investigate the role of the ceria
thickness on carbon contamination. It can be seen that from bare substrate to the
50 ALD cycles, there is a slight peak transition (labelled I) from C-C to C-O
(carbonyl) as the number of cycles increases. The spectra also reveal a minor
component (labelled II) that could be attributed to the carbonates, and/or Ce 4s,
which overlaps with C 1s.?!® The presence of such contributions (Ce 4s and
carbonates) increases with the increment of the ALD cycles (as expected for the
Ce 4s contribution), particularly for the cerium oxide grown on the prepared

aluminum oxide substrate.
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Figure 4.58. XPS C 1s spectra of CeOx thin films on different substrates of SiOx
(a), and AlO/Si (b). The numbers indicate the applied ALD cycle.

4.6.2 Reactivity of ALD-CeOx layers

The surface chemistry interaction of the cerium oxide film with hydrogen
(H2) was investigated by NAP-HAXPES (as shown in Fig. 4.59). For that
experiment, the CeOx sample was deposited by ALD on the SiOx substrate to
evaluate the reduction and re-oxidation states of the film. The corresponding Ce
3d and Ce 2p core levels spectra were collected considering the photon energy and
different photoelectron mean free paths. According to the decomposed Ce 3d
spectrum (Fig. 4.59a), the as-introduced film reveals a mixture of Ce*" and Ce*'
states, dominating the Ce**, with components of v"”’, v, v, u””’, u” and u belonging
to Ce*", and peaks of v°, v/, u” and u’ belonging to Ce**, with a fit comparable to
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the literature.®>” After H»/N» gas exposure with a partial pressure of 20 mbar at
room temperature, the slight reduction process occurs in the bulk of the film,
increasing the intensity of Ce®" sub-peaks. It has been reported that the cerium
oxide material poses higher contribution of Ce*" species after reduction process
under hydrogen gas at various temperatures up to 700 °C.*>» The re-oxidation of
the CeOx layer was completed after exposing to the atmospheric air.

Figure 4.59b, shows the Ce 2p3» spectrum that can be fitted by the
Gaussian/Lorentzian product function into the sub-components of r, r”, r'"" of the
complete re-oxidation CeO: which are corresponding to the three final state
configurations of 2p°4f2, 2p°4f', and 2p’41°, respectively, besides, two sub-signals
of 1% r' arising from Ce,O3+CeO (appeared for as-introduced and during
reduction) could be attributed to the two final state configurations of 2p°4f> and
2p°4f!, correspondingly.®>® The presence of broad signal at the energy position
region of the ' sub-component is assigned to bulk plasmons. By comparing the
spectra, it can be clearly seen that the as-introduced sample reveals mixture of two
cerium oxide states (Ce203 and CeOz) where the contribution of Ce>O3 sub-peaks
are more pronounced for the reduction stage of the film that more like to be
happened on the top layer region. A complete re-oxidation state of the layer was
obtained by exposure to the ambient air with the major sub-signals of the CeO»
structure. Allahgholi et al., reported that the observed relatively large FWHM for
the middle sub-peak (1”) of the CeO> could be compared with the v"” component of
the Ce 3d spectra, where presence of complex sub-components is likely.3>%
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Figure 4.59. NAP-HAXPES spectra of Ce 3d (a) and Ce 2p3/2 (b) core levels

corresponding to as-introduced, after reduction and re-oxidation of the grown

CeOy/Si0x layers.






Chapter 5

CONCLUSIONS AND OUTLOOK

This PhD project documents the atomic layer deposition and film

properties of wide band gap metal oxides, including InOx, GaOx, ZnOx, and their

mixing as a quaternary IGZO compound. In addition, the work has also covered
AlOx and CeOx layers. This work aimed to develop and study the ALD growth
process and characterization of the aforementioned oxide-based candidates in
detail. The following lines present the conclusions according to the obtained
results and outlook.

5.1 Summary and conclusions

InOx thin films were deposited on Si (100) substrate using PEALD with
TMIn and Oz plasma at the low-temperature range of 80 to 200 °C. The
prepared layers were characterized by optical and spectroscopic methods.
Ellipsometry data revealed an increment of the growth rate when rising
deposition temperature, where a self-saturated growth with a GPC of 0.56
Alcycle and an excellent inhomogeneity of 1.2% (across 4-inch wafer)
were achieved within the 7 range of 100-150 °C. The refractive index
was found to be 2.07 £ 0.36 for the layer grown at 150 °C, and it abruptly
decreased to 2.02 + 0.34 at 200 °C. Besides, the films exhibit indirect and
direct band gaps with the values of 2.8 £ 0.1 and 3.3 + 0.2 eV,
respectively. According to the XPS analysis, the films are carbon-free after
surface cleaning, and a temperature-dependent off-stoichiometry was
observed, suggesting oxygen vacancies in the layers where their
abundance slightly increases with rising substrate temperature. For the O
Is core level decomposition, the relative contribution of hydroxyl groups
and defects decreases with increasing substrate temperature while the
relative intensity of the O-In component rises. Furthermore, surface-
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sensitive angle-dependent XPS confirms that the defect states are
homogeneously distributed within the layers.

In conclusion, high-quality indium oxide thin films can be deposited at
large wafer scale in a low-temperature PEALD process using TMIn/O;
plasma, which is suitable for high-performance optoelectronic and
photovoltaic devices where low-thermal budget of processing is required.

GaOx thin films were deposited on Si (100) substrate using PEALD with
TMGa and O; plasma at the low-temperature range of 80 to 200 °C. The
prepared layers were characterized by optical and spectroscopic methods.
A constant growth rate of ~ 0.66 A/cycle and a very high homogeneity
range of 1.5 to 2% were obtained from ellipsometry measurements,
confirming that the chosen substrate temperatures are within the ALD
window. Moreover, the refractive index and optical band gap showed
values of 1.86 £ 0.01 and 4.63 + 0.05 eV, respectively. The XPS results
proved that all prepared films are nearly in carbon-free, with an oxygen-
rich phase of Ga:O ratio around 0.54. Besides, decomposition of the O 1s
core level spectra corroborated the overwhelming presence of O-Ga bonds
in the films, whose fraction increases with rising substrate temperature,
whereas the relative peak intensity of the hydroxyl species and defect
decreases. Further XPS investigation was carried out by collecting surface-
sensitive spectra and revealed that the undesirable impurities are more
presence in the bulk of the layers.

In conclusion, high-quality gallium oxide thin films can be grown at a
large wafer scale in a low-temperature PEALD process with TMGa/O2
plasma, rendering the prepared layers well suited for electronic and
optoelectronic applications where low-temperature deposition is required.

ZnOx thin films were deposited on Si (100) substrate using TALD with
DEZ and water at the low-temperature range of 80 to 200 °C. The
prepared layers were characterized by optical and spectroscopic methods.
According to the ellipsometry measurement, the growth rate rises with
increasing substrate temperature, where a relatively constant GPC of 1.53
Alcycle was achieved within the ALD temperature window of 150 to 200
°C. Besides, the data also revealed the refractive index and band gap
values of 1.94 + 0.02 and 3.1 eV, respectively. From the analyzed XPS
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spectra, the films are carbon-free within the applied temperatures and pose
a Zn:O ratio of 1.25, pointing to an oxygen-deficient state. Based on the O
Is decomposition spectra, it has been derived that the contribution of OH
groups and defects decreases with increasing temperature. Concerning the
surface-sensitive XPS data, the contributed impurities arise from the ZnOx
bulk layers, not from the surface.

In conclusion, high-quality zinc oxide thin films can be deposited by
TALD using DEZ and H>O in a low-temperature range of 80-200 °C with
the capability to be applied in electronic and optoelectronic devices where
low processing temperature is required.

e Quaternary IGZO thin films were deposited on Si (100) substrate by
PEALD with variations in the target element ratio of the In/Ga/Zn by
means of changing the ALD cycles. The deposition temperature was fixed
at 150 °C according to the best overlap between the ALD windows of each
grown binary oxides (InOx, GaOyx, ZnOx). The prepared films composition
consists of equal (1/1/1), indium rich (2/1/1), gallium rich (1/2/1), and zinc
rich (1/1/2) states, where the order follows the top to bottom pattern of
Zn04/GaOx/InOx. By comparing TALD and PEALD we could discuss
general ALD issues in complex super-cycles, particularly the nucleation
delay of the ZnOx sub-cycle. The prepared films were characterized by a
variety of techniques such as SE, XPS, GI-XRD, and FE-SEM (equipped
with EDX). The GPC of the prepared PEALD binary layers of GaOx on
InOx, ZnOx on GaOx, and InOx on ZnOx were determined from
ellipsometry data, estimating values of 0.61, 0.92, and 0.72 A/cycle,
respectively. All films contain 12 super-cycles, resulting in a final layer
thickness of about 11 nm. To further investigate the role of different
preparation processes on the IGZO compound, a combination of TALD
(for ZnOx) and PEALD (for GaOx and InOx) was taken into account. XPS
Auger spectra of the Zn LMM reveal a complete oxidation state of the
layer deposited via TALD/PEALD with the element ratio of 1/1/1.
However, that PEALD sample (1/1/1) showed no complete oxidation
where a weak metallic zinc signal was observed in the corresponding
spectra. Based on the XPS data, the films pose a negligible amount of
carbon (2-4%). Besides, O 1s decomposition spectra exhibit low and high
contribution of impurities (OH group and defects) for the PEALD-1GZO
samples of (1/2/1) and (2/1/1), respectively. XPS depth profiling analysis
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reveals a nearly constant atomic concentration within the bulk of the films
where the high homogeneous distribution of the elements was observed for
the Zn- and In-rich samples (PE(1/1/2) and PE(2/1/1)). However, the
PE(1/1/1) and Ga-rich PE(1/2/1) samples show an increase in the gallium
content within the bulk of the films. GI-XRD and FE-SEM were used to
investigate the structural and morphological properties of the IGZO films.
The results represent featureless and pinhole-free films with an appeared
broad diffraction peak indicating crystallization at low-temperature of 150
°C, which is more pronounced for the In-rich (2/1/1) sample. The applied
target element ratio and homogenous distribution of the IGZO
composition elements were confirmed by EDX measurement and
associated mapping evaluation. Therefore, the new established super-cycle
PEALD of IGZO film enables precise control over the fabrication process
and film composition, which significantly develops its performance and
productivity for any potential applications in microelectronics.

In conclusion, a full PEALD super-cycle process can be established at
low-temperature of 150 °C for deposition of high-quality quaternary IGZO
films with relatively high growth rate in absence of undesired nucleation
delay.

AlOx thin films were deposited via ALD with TMA and H2O on thermally
Ti-coated Si (100) substrates at room temperature and 200 °C. The growth
mechanism and surface chemistry using the early stages were
quantitatively investigated using in-situ XPS. Based on the data, the AlOx
follows a layer-by-layer growth behavior, where the growth per cycle was
estimated to be 1.00 A/cycle at both RT and 200 °C.

First, the oxidation state of the Ti substrate was studied by exposing the
substrate to H>O at room temperature and taking into account the main
core level spectra of the Ti 2p, O 1s, and C 1s. By considering the number
of oxidizing cycles, a broadening of Ti spectra and more contribution of
O-Ti of the O 1s, as well as carbonyl component of the C 1s, were
observed. Besides, oxidizing the Ti substrate can be easily achieved during
the exposure to water; Ti signal decreases while O increases until their
saturation states. The carbon concentration remains almost constant during
water exposure, with an estimated atomic concentration of ~ 9% and could
be related to the unclean ALD reactor.
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After evaluation of the Ti substrate oxidation state, the early stages of
growth were studied at two different temperatures: RT and 200 °C. First,
the dependence of atomic concentration on the ALD cycles was
investigated, and it was found that the concentration of Al and O increased
until reaching a saturation state while the atomic percentage of Ti and C
decreased, vanishing for the 200 °C sample. where their contributions
disappeared for 200 °C sample. However, RT sample revealed a negligible
amount of Ti and ~ 5% carbon. According to the decomposition of the
core levels, the O 1s spectra show two components of the metals-oxide
(Ti-O-Al) and metal hydroxides (Ti-OH-Al), correspondingly, where the
contribution of the hydroxides is more pronounced for the RT film than for
the 200 °C sample. Thus, higher temperatures can inhibit the presence of
OH groups improving the quality of the films. From C 1s spectra, the
incorporated major C-C bonds and minor Ti-C component increase and
decrease with the ALD cycles, respectively. Notably, carbide contribution
completely disappeared for the layer prepared at 200 °C. With increasing
the ALD cycles the layers approach to stoichiometric state where the Al:O
ratios increase from 0.37 (RT sample) and 0.34 (200 °C sample) to the
expected ratio of 2:3. XPS depth profile analysis shows a homogeneous
concentration of the main elements (Al and O) within the deposition
process, particularly for the sample deposited at 200 °C. Concerning the
post-deposition annealing (PDA), the process develops carbonates to the
layer where the relative peak intensity increases from 13.4% (1hr @ 200
°C) to 18.1% (2hrs @ 200 °C) and remains constant (19.7%) for the last
two steps of annealing. Besides, annealing treatment cannot significantly
reduce the carbide contribution rather slightly increase its contribution.

In conclusion, the ALD of AlOx film can be prepared in almost carbon-
free state at relatively high temperature of 200 °C. The presence of carbon-
related bonds during ALD cycles and particularly for the sample grown at
RT, could be attributed to the methyl ligands of TMA precursor due to
incomplete desorption in purging step and/or incomplete surface reaction
at low-temperatures. PDA treatment proved that applying temperature
might introduce some residual gases/particles (from ALD reactor) to the
film surface during deposition. The use of Ti as a buffer layer can suppress
undeliberate surface contamination and/or excess oxygen to deposit high-
quality AlOx film. Although titanium substrate can be easily oxidized
during experiment/measurement, ALD of AlOx passivated completely the
underneath Ti substrate with preservation of the metallic state.
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Ceria section displays the preliminary results, and show the success
reconfiguration of the homemade ALD reactor with capability to operate
in two different modes of pump-type and flow-type.

To evaluate the flow-type mechanism, CeOx thin films were grown on the
substrates of 300 nm thick SiOx and 10 nm AlOx grown by in-situ ALD on
Si (100) substrate with commercial Ce(thd)s4 precursor and O3 oxidizer at
substrate temperature of ~ 250 °C. The role of different thicknesses
(increasing the ALD cycles) and interfacial reactions were in-situ
investigated by XPS. The analyzed data revealed that the layers are rich in
the Ce* state for the initial stages of ALD, which is more pronounced for
the CeOx film deposited on the SiOx substrate. However, with enhancing
the number of cycles a transition to Ce*" state dominates the Ce 3d core
level spectra because of a reduction in the ratio of Ce*'/Ce*" with
increasing layers’ thickness. It has been observed that the first 50 ALD
cycles of the CeOx/AlOx pose the fingerprint of Ce*" signal, which might
be related to the interfacial reactions between the reactants and the
insulating nature of AlOx layer, which acts as a buffer layer. Considering C
Is spectra, it can be seen that the major C-C signal replaced with the
dominated C-O peak by increasing the ALD cycles. It should be noted that
the high energy part of the C 1s spectra overlaps with the Ce 4s core level,
which contribution increases with the ALD cycles especially for the
CeOx/AlOx sample. In order to comply with sensor device requirements,
the surface chemistry interaction of the CeOx with the H> gas was
evaluated by NAP-HAXPES, where ceria reduction of the oxygen was
observed under exposure to H2/N> gas at room temperature. The reduction
is reversible after exposing the sample to atmospheric conditions at room
temperature. and in the UHV condition. Upon exposing to the atmospheric
air, the re-oxidation process completely occurs with the dominated Ce*"
components of the Ce 3d core level spectra.

In conclusion, the use of insulating and/or buffer layers such as the ALD
prepared AlOx can facilitate the deposition of ultrathin CeOx film which is
rich in Ce*" state. Nevertheless, the growth of ceria using ALD technique,
exhibits promising behavior in reduction/oxidation process that enables the
fabrication of high-sensitive H> gas-based sensors.
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5.2 Future works

Based on the performed comprehensive study of the promising binary
and quaternary metal oxide thin films prepared by TALD and PEALD, further
research needs to be done to achieve optimal stoichiometry at low deposition
process temperatures. Nevertheless, a wide variety of metal oxide can be
deposited using the introduced fabrication approach to develop an ALD
process of high-quality films for functional materials and nanostructures with
an extremely high surface area that certainly paves the way for manufacturing
micro/nano devices.

As a possible follow-up of this intensive research, high-energy ions of
O plasma generated from a CCP source of PEALD process might be applied
for different kinds of precursors, which are rich in indium, gallium, and zinc
metals, to deposit thin films of binary oxides at low-temperatures with a low
amount of undesired contamination and structural defects. Afterwards, the
deposition of the corresponding ternary and quaternary compounds using
InOy, GaOy, and ZnOx could be studied, where the impacts of growth
parameters and material composition on the physical and chemical properties
of the deposited films should be extensively investigated. Furthermore, high-
quality of novel transparent conducting oxide such as indium-gallium-zinc
oxide (IGZO) can be optimized and synthesized as channel layers in the
fabrication of thin-film-transistors (TFTs) for transparent and flexible
electronics applications. The introduced binary oxides can be also combined
and/or laminated with the catalytic CeOx layer (i.e. CeOx/InOx) to fabricate
high sensitive H> gas sensors. It has been already documented that the
interface of heterojunction-based compounds such as AlOx/ZnOx can be
optimized/controlled using ALD technique. Therefore, preparing other
heterostructure materials such as ZnOx/GaOx by establishing a complete
PEALD process would be a promising deposition approach to overcome the
reported nucleation delay and develop interfacial properties.

Nevertheless, the use of different characterization techniques including
atomic force microscopy (AFM), scanning electron microscopy
(SEM)/tunneling electron microscopy (TEM), and X-ray diffraction
(XRD)/grazing incidence X-ray diffraction (GIXRD) can provide
comprehensive information about surface morphology and structural phase of
the ALD/PEALD prepared thin films to probe more properties for any
potential applications.
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IV. List of abbreviations and acronyms

ALCVD
ALD
ALE
ALG
AlOx
ASF
AsMes
BE

Bets
CAE
CCP
CdO
Ce(dpdmg)3
Ce(thd)4
Ce203
CeOx
CL
CRR
CVD
DEZ
DLE
EBE
ECR
ESCA
Et2InN(SiMes)»
FM
FWHM
GaAs
GaOx
GPC
GTIP
H>O
H>0-

IC
1IGZO
IMFPs
InCp

Atomic layer chemical vapor deposition
Atomic layer deposition

Atomic layer epitaxy, Atomic layer evaporation
Atomic layer growth

Aluminum oxide

Atomic sensitivity factor
Trimethylarsine

Binding energy

Triethylborane

Constant analyzer energy
Capacitively-coupled plasma

Cadmium oxide

Tris(N,N’-diisopropyl-2-dimethylamidoguanidinato)cerium(I1I)
Cerium tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionato)

Silicate

Cerium oxide

Core level

Constant retarding ratio
Chemical vapor deposition
Diethylzinc

Digital layer epitaxy
Electron beam evaporation
Electron cyclotron resonance
Electron spectroscopy for chemical analysis
Diethyl[bis(trimethylsilyl)amido]indium
Frank-van der Merve

Full width at half maximum
Gallium arsenide

Gallium oxide

Growth per cycle

Gallium tri-isopropoxide
Water

Hydrogen peroxide
Integrated circuit
Indium-gallium-zinc oxide
Inelastic mean free paths
Indium cyclopentadienyl
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InOy Indium oxide

ITO Indium tin oxide

ITRS International technology roadmap for semiconductors
KE Kinetic energy

MBE Molecular beam epitaxy

ML Molecular layering

MLE Molecular layer epitaxy

MOCVD Metalorganic chemical vapor deposition
MOSFET Metal oxide semiconductor field effect transistor
NaOH Sodium hydroxide

NAP-HAXPES Near-ambient pressure hard X-ray photoelectron spectroscopy
NH3 Ammonia

OH Hydroxide

PDA Post deposition annealing

PE Pass energy

PEALD Plasma-enhanced atomic layer deposition
PECVD Plasma-enhanced chemical vapor deposition
PLD Pulsed laser deposition

PVD Physical vapor deposition

RF Radio frequency

RMSE Root mean squared error

RT Room temperature

RTM Real time monitor

SAW Surface acoustic wave

SCCM Standard cubic centimeters per minute

SE Spectroscopic ellipsometry

Si3N4 Silicon nitride

SIMS Secondary ion mass spectrometry

Si02 Silicon dioxide

SK Stranski-Krastanov

TALD Thermal atomic layer deposition

TCOs Transparent conducting oxides

TF Transmission function

TFTs Thin film transistors

TG Thermogravimetric

TiC Titanium carbide

TMA Trimethylaluminum

TMGa Trimethylgallium
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TMIn Trimethylindium

UHV Ultra-high vacuum

uv Ultraviolet

VIS/NIR Visible/near-infrared

Vw Vollmer-Weber

XPS X-ray photoelectron spectroscopy

Zn0Ox

Zinc oxide
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