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INTRODUCTION

The constant development of materials and technology has led to smaller devices
in size but higher in functionality. This development, including miniaturization
and improvement, is ongoing. There remains a constant demand for new novel
materials or material combinations with new or improved functionalities for
existing and new applications.

Over the past few decades, the development of multilayer thin films has been
of great interest due to their fundamental properties and use in diverse techno-
logical applications [1]. The multilayer thin films have a unique geometry, with
layer thicknesses on the nanoscale (below 100 nm), causing them to have a wide
range of unique and novel properties not observed in bulk material [1]. Multilayer
thin films can be grown by combining many different materials while having high
control over thickness and composition. The properties of multilayer thin films
are, among other things, affected by thicknesses and the type of materials used
for the constituent layers [1]. These are some of the reasons why multilayer thin
films are and will continue to be widely applied in nanotechnology.

After the continuous evolution and successful scaling, the non-volatile flash
memory and other charge-based memories are approaching their miniaturization
limit due to physical limitations [2—6]. Furthermore, flash memories have some
disadvantages, such as high writing voltage, low operation speed and poor
endurance [4]. One way to overcome this problem and continue scaling further is
to switch from charge-storage based memory to a non-charge-storage based
memory [2, 5]. For example, to use resistance change as the property to store the
information instead of charge storage [5]. A promising candidate for the next-
generation non-volatile memory has been claimed to be a resistive switching
random access memory due to its high speed and efficiency, great reliability,
energy-saving characteristics, and excellent scaling capability [2—6]. Resistive
random access memory is based on the resistive switching phenomenon, which
is a sudden non-volatile and reversible change in the material’s resistance under
the influence of external electrical stimuli. Such materials showing the resistive
switching effect are, for example, insulating or semiconducting (transition) metal
oxides [2, 3]. A resistive random access memory cell comprises insulating or
semiconducting materials sandwiched between two metal electrodes [3, 4]. It
operates on the principle that the resistance between the two electrodes can be
altered by applying voltage on (or forcing current through) the device [5].

Another actively researched field for novel multifunctional materials is the
field of multiferroics and magnetoelectrics [7]. Multiferroics are materials in
which at least two out of three “ferroic” types are present [8]. These three pheno-
mena are ferroelectricity, ferromagnetism, and ferroelasticity [8]. The beneficial
interest in multiferroic materials is related to the possibility of strong magneto-
electric coupling [8]. These materials are attractive because there is a possibility
that the electric field not only reorients the electric polarization but also controls
the magnetic polarization, and the magnetic field can change the electric polari-
zation [8]. Multiferroics are attractive materials for novel memories [7, 9],
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magnetoelectric sensor materials [7, 9] and actuators [10], provided that these
properties are present at room temperature in materials with thicknesses in nano-
scale. However, the coexistence of ferromagnetism and ferroelectricity in the
material is rare but not impossible [7, 8]. There are very few materials with multi-
ferroic properties, especially in a thin film form. Still, those that have tend to have
significantly enhanced multiferroic properties compared to bulk materials [7, 10].

The difficulties with the processes resulting in reliably performing multi-
ferroic thin films are somewhat related to the commonly observed appearance of
multiferroic and magnetoelectric behaviour in ternary, quaternary or even more
complex compounds, which are, at the same time, to be formed in well-ordered
and chemically pure lattices. These demands essentially reduce the robustness
and reproducibility of the deposition process, which otherwise are the pre-
requisites for producing device-compatible material layers, especially on large
technologically relevant substrate areas and three-dimensional substrate structures.

Different horizontal multilayer heterostructures as well as single-phase layers,
i.e. thin film multiferroics, have been of interest, presumably providing coupling
between ferroelectricity and antiferromagnetism [11-13]. Regarding single-
phase materials, perovskite oxides, such as BiFeO; [7, 10, 11], BiMnOs [14] and
SmMnO; [15] deposited by sputtering or laser ablation, have been considered as
compounds able to perform as magnetoelectric layered solids. In the case of
multilayer heterostructures, it seems that, in some cases, the structures expected
to behave as promising multiferroics consisted of ferroelectrically and/or magneti-
cally polarizing complex oxides and ferromagnetic metal layers. For instance,
resonant ferroelectric and ferromagnetic switchings have been monitored in
stacks consisting of ferromagnetic metal alloys or oxides, and ferroelectric
perovskite oxide, as realized by NiFe layers sputtered on chemical solution de-
posited ferroelectric Pbg.g>Lag 08Zro.52Ti0430;3 films [16], (Pd/Co); deposited on a
monocrystalline Cr,O3 [12], or laser-ablated ferromagnetic CuFe,O4 layers on
sol-gel deposited ferroelectric Pb(Zro.s2, Tig4g)Os films [17]. Creating the multi-
ferroic materials artificially by combining ferromagnetic and ferroelectric materials
into multilayers has been recognized as a promising research focus in the field of
multiferroics [7].

Few works have so far been devoted to materials with abilities to polarize
nonlinearly and saturatively in both magnetic and electric fields and, in addition,
exhibit resistive switching characteristics. Saturative magnetization has been
influenced by electrical resistivity switchable in HfO,/Nb:SrTiOs stacks, where
HfO, films were laser ablated onto monocrystalline SrTiO; substrates [18].
Resistive switching has independently been recorded in laser-ablated ferromag-
netic La;,Ca,MnOs films [19]. Multiferroic behaviour was investigated for double
layers of oxides consisting of Bio.sPro2Fe0.9sMno.0s03/Bi3.06Gdo.04Ti2.0sWo.05012
stacks deposited by sol-gel technique [20] and also in Lag sPro sFeOs films obtained
in a dip-coating process using a polymeric organic solution [21]. Ferroelectric,
ferromagnetic and resistive switching abilities were all targeted in these latter
structures, although coupling between all the mentioned properties was not
registered.
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One can notice that the materials, which have tended to behave as multiferroics,
also appear often rather complex in terms of their stoichiometry. Synthesis of such
compounds and deposition of thin films with similar multinary composition on
large area wafer substrates, in accord with the demands for current nanoelec-
tronics, can be expectedly overwhelmingly complicated. Moreover, the films with
defined crystal structure and uniform chemical composition must be grown on
three-dimensional substrate structures to thicknesses in the range of few (tens of)
nanometers for today’s applications. For this reason, it would be highly desirable
if one could find solid materials of essentially simpler stoichiometry, in particu-
lar, binary compounds (e.g. HfO,, ZrO,, Fe;03), stabilized in phases exhibiting
advanced electrical and/or magnetic properties. The deposition and processing of
advanced functional materials would then become more convenient and feasible
on large-area 3D substrates, as required. In addition, in the multilayer (i.e.
superlattice-like) structures, different physical properties (for example, electrical
or magnetic polarizabilities or variable conductivity) of constituent binary com-
pounds could be usefully tailored while maintaining structural and compositional
uniformity in wafer scale.

Understanding the material’s behaviour at the atomic level and linking it with
properties can help build better products and shorten the development time. Along
with the development of technology and miniaturization of novel devices, the
importance of precise and advanced characterization tools, including micro-
scopical devices, has also emerged. Electron microscopy is a complementary
branch to nanotechnology for advanced and precise analysis of different material
types [22]. The most comprehensive techniques for advanced study of materials
are considered transmission electron microscopy, scanning electron microscopy,
focused ion beams, and atomic force microscopy [22]. Microscopy can, for
example, in combination with spectroscopy, provide information about material
characteristics, size, thickness, morphology, crystallinity and elemental composi-
tion in scales going down to single atoms. In addition, the possibility of creating
cross-sections of the samples using the focused ion beam technique and imaging
this cross-section with transmission electron microscopy is a powerful tool for
investigating multilayer thin films. Studying cross-sections is valuable because,
among other things, it provides information about whether the deposited layers
are mixed and the thicknesses of the layers.

The purpose of this study was to contribute to the search and characterization
of new and novel material combinations that would show ferromagnetic, ferro-
electric and/or resistive switching behaviour at room temperature, which are
attractive properties for novel memory devices. The aim was to combine poten-
tially ferromagnetic and ferroelectric materials (mainly metal oxides) into multi-
layer structures (nanolaminates) and mixed films. It was speculated that the
attractive properties of the different metal oxides would also remain present in
nanolaminates. There may be additional beneficial effects present at the inter-
faces of the layers or thanks to multilayer structure. It was also acknowledged
beforehand that overcoming the challenges in stabilizing specific metastable
phases of the material might enhance the material’s behaviour due to the specific
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nature of this phase and the correspondingly increased amount of defects. One
example is the rare and metastable orthorhombic &-Fe>O;3 phase, which is known
for its unusually high coercivity and multiferroic properties [23—25]. One example
from the ferroelectric materials point of view is a metastable orthorhombic HfO,
phase previously acknowledged for its ferroelectric properties [26—30].

The atomic layer deposition (ALD) method was selected to fabricate thin films
and nanolaminates due to its ability to provide high-quality thin films and precise
thickness control over large substrate areas through alternate self-limiting surface
reactions [31-33]. Besides, ALD has already proven itself a suitable and widely
used method in many research and industrial applications [32—-39], including the
field of microelectronics [32, 33, 37].

In the present Thesis, the ALD multilayer structures studied were Fe,O3-BiOCl
composites [I], Er,03-Fe>O3; mixed thin-film structures [II], ZrO,-Co304 nano-
laminates [I1I], ZrO,-Al,O3; and HfO,-Al,O3; mixed films and nanolaminates [IV,
V]. The characterization of the deposited films mainly focused on examining the
phase composition, investigating surface morphology and/or cross-sections, and
studying the samples’ magnetic and electrical behaviour. In the latter case, the
samples’ polarisation characteristics in the presence of an external magnetic or
electric field were determined, and resistive switching behaviour was studied.
Complementarily, cross-sections of the selected films deposited on high aspect
ratio three-dimensional (3D) substrates were studied to examine the thin film
growth’s conformality to these substrates.
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THE CLAIM OF THE THESIS

The author of this Thesis claims that the atomic layer deposition method can be
used to create such mixed thin films and nanolaminates that show ferromagnetic,
ferroelectric and resistive switching behaviour at room temperature. Further,
under certain deposition conditions, it is possible to stabilize metastable phases
in multilayer structures, improving their magnetic and electrical properties. In
addition, electron microscopy (both scanning and transmission electron micro-
scopy) is necessary and valuable to characterize nanolaminate structures’ quality
and carry out research on an adequate level.

Five original and published scientific papers (denoted I-V) are presented to
justify and discuss the claim.
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ATOMIC LAYER DEPOSITION

Atomic layer deposition (ALD) is a gas-phase chemical deposition method and a
thin film deposition technique based on the sequential use of self-terminating gas-
solid reactions [31, 32, 40]. Self-terminating means that these reactions continue
until there are suitable reactive sites available on the substrates, after which the
reactions will naturally stop [31]. ALD precursors can be gases, volatile liquids,
or solids [41], and there can be two or more precursors used for the deposition.
The precursor’s vapour pressure should be high enough for feasible evaporation
and effective mass transportation [41], and all solid and some liquid precursors
need to be heated [41]. Sequential use of gas-solid reactions in the ALD context
means that the precursor gases and vapours are alternately pulsed into the reaction
chamber and onto the substrate surface, where subsequent chemisorption or sur-
face reaction steps of the precursors take place [42, 43]. The separation of pre-
cursor pulses is required in ALD to avoid the precursors’ simultaneous presence
in the gas phase and consequent uncontrolled chemical vapour deposition (CVD)
growth [31].

One ALD cycle consists of four characteristic steps, also known as pulses
(Figure 1):

1. The first precursor pulse — The first precursor A (e.g. ZrCly) is transported into
the reaction chamber, where it reacts in a self-limiting manner with the avail-
able functional groups on the surface covered with hydroxyls.

2. Purge — The unreacted precursor A molecules (e.g. ZrCly) and the reaction by-
products (e.g. HCI) are purged from the reaction chamber by an inert carrier
gas (N2).

3. The second precursor pulse — The second precursor B (e.g. H>O) reacts in a
self-limiting manner with the first precursor’s surface species.

4. Purge — The unreacted precursor B (e.g. H,O) and the reaction by-products
(e.g. HCI) are purged from the reaction chamber by an inert carrier gas (N2).

This four-step ALD cycle is repeated as many times as needed until the thin film’s
desired thickness is achieved. By the end of one completed ALD cycle, up to one
monolayer of film material can be deposited on the substrate. Even though the
growth is usually less than one monolayer of film material per cycle, the growth
of one full monolayer per cycle might be possible when small molecules and
elements are used as precursors [41]. As the thin film is deposited layer-by-layer,
the film’s thickness can be tailored by the number of ALD cycles [32]. Such
thickness control of the deposited thin films at the subnanometer level is con-
sidered one of the advantages of the ALD process [31, 32].

Thanks to its operation principle based on separate, sequential and self-termi-
nating reactions dependent on the substrate’s receiving capability, ALD can
provide conformity, allowing uniform coverage of complicated and deep cavities
and high aspect ratio 3D structures [31, 32, 40, 44]. Other advantages of ALD are
low deposition temperatures [31, 41], tunable film composition [32], control of
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the stoichiometry of the films [31], pinhole-freeness [31, 34] and high density of
the films [31], and convenient process control [31]. ALD can also be used for
depositing mixed thin films and different multilayer structures [42, 45].

These advantages have made ALD emerge as a powerful tool for many
research and industrial applications [32—39]. Some examples are optoelectronic
devices, including thin film electroluminescent displays [33, 34, 37] and organic
light-emitting diode (OLED) panels [34, 37, 46, 47]; microelectronics, including
metal-oxide-semiconductor field-effect transistors (MOSFETs) [32, 33, 37],
dynamic random access memories (DRAMs) [32, 33, 37] and hard disk drive
magnetic heads [33]; different protective coatings, including anti-tarnishing
coatings on jewellery [33] and anti-corrosion coatings [36, 48-50]; optical
coatings [51]; and several medical and biological fields related applications, such
as biosensors [38, 39], coatings for medical imaging instruments [38] and bio-
compatible coatings for medical implants [38].
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Figure 1. Schematic representation of one ALD cycle (inspired by [52]) of the ZrO, thin
film deposition process using ZrCly as the 1 precursor and H,O as the 2" precursor.
Legend contains colour codes of the elements used. Grey shape indicates 3D substrate.
Red ovals schematically indicate reaction sites, where the by-product HCI forms as a
result of the reaction. Displayed atomic radii are not scaled to real radii of the
corresponding atoms. The white arrow indicates the carrier gas flow direction; inert
carrier gas molecules (N») are not separately displayed on this scheme.
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SCANNING ELECTRON MICROSCOPY

A scanning electron microscope (SEM) is an instrument that provides images of
the sample’s surface by scanning it with a focused beam of electrons (electron
beam) [53]. It creates magnified images that can provide microscopic-scale infor-
mation on the surface topography, size, shape, composition, crystallography, and
other specimen properties [54, 55]. In principle, a finely focused beam of ener-
getic electrons is created and accelerated to high energy, typically up to 30 keV
[55]. The electron beam is then modified by apertures, magnetic and/or electro-
static lenses, and electromagnetic coils that reduce the beam diameter and scan the
beam focused on the sample’s surface in a raster (x—y) pattern [55]. The interaction
between the electron beam and solid material occurs. The intensity of the resulting
specific type of electron signals (discussed below) is measured at each beam
location on the sample, converted, and subsequently used to obtain an image [55].

The interactions between an electron beam and solid material can produce
backscattered electrons, secondary electrons, characteristic X-rays, Auger elec-
trons, and cathodoluminescence [56]. The electron beam’s penetration depth and
penetration shape depend on the acceleration energy of the electron beam and the
atomic number of the elements present in the specimen [56]. The penetration
depth can be up to ~2 pm [56]. Characteristic X-rays can be used for collecting
information about the elemental composition if the SEM device is equipped with
wave- or energy-dispersive X-ray spectroscopy (WDS or EDX) equipment [53].
The two main types of electron signals detected and used for obtaining an image
are secondary electrons and backscattered electrons [55-57].

The secondary electrons are emitted from the specimen when the interaction
with the primary beam causes the ionization of specimen atoms [54-56]. They
escape the sample with very low kinetic energies — less than 50 eV, typically
around 3-5 eV, and, therefore, they only escape from a region within a few nano-
meters of the surface [54-56]. As a result, secondary electrons provide topo-
graphic information with good resolution [54, 56].

Backscattered electrons are electrons from the primary electron beam that
have undergone a single or multiple scattering events and escape from the surface
with remaining energy higher than 50 eV [56]. Backscattered electrons can pro-
vide both compositional and topographic information [56]. However, due to
higher energy and a considerably deeper and larger region from which back-
scattered electrons are produced, the lateral resolution is not as high compared to
the secondary electrons [54, 56]. The backscattered electrons can provide valu-
able compositional information in the form of atomic number contrast [54, 56].
Elements of higher atomic numbers appear brighter because they have more posi-
tive charges on the nucleus, which means that more electrons are backscattered,
causing the resulting backscattered signal to be higher [54, 56].

In the current study, SEM was mainly used to investigate the surface morpho-
logy and cross-sections of the selected samples. It was also used to assist the
specimen preparation process for transmission electron microscopy discussed in
the next chapter. In combination with EDX equipment, the elemental composition
of the selected samples was also studied.
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FOCUSED ION BEAM TECHNOLOGY AND
DUAL-BEAM DEVICES

The focused ion beam (FIB) technology is a versatile tool that can be used for
imaging and modifying the samples through ion milling/etching and beam induced
deposition [22]. In principle, FIB is somewhat similar to SEM, but in FIB, instead
of an electron beam, the focused ion beam, for example, a few nanometers wide
Ga" ion beam, is generated and directed to the sample surface. This ion beam is
moved point-by-point and line-by-line across the object’s surface, and the re-
sulting interactions between the ion beam and target materials also differ a bit
compared to SEM [56]. These interactions between ion and solid material pro-
duce secondary ions, secondary electrons, X-rays, back-sputtered ions, neutral
atoms, and clusters from target materials [56]. The penetration depth of the ion
beam is about 10-20 nm, which is less compared to the electron beam [56]. An
ion beam with a lower beam current is used for imaging, and secondary ions or
secondary electrons are detected to obtain an image of the object. An ion beam
with a higher beam current is used to remove material from a specific desired area
as such interaction with FIB is destructive to the specimen.

Initially, the FIB devices were attractive for their unique capabilities for circuit
modification and computer chip repair in semiconductor technology [22, 58, 59].
Over time and with the introduction of dual-beam devices, consisting of SEM and
FIB columns and additional equipment such as gas-injection systems, nano-
manipulators and chemical analysis tools, the application range of these devices
has significantly increased [22, 59]. Some of the applications of dual-beam devices
are microelectronic failure analysis, site-specific cross-sectioning of challenging
materials/samples and device modification/editing [59]. Preparing samples (also
known as lamellae) for transmission electron microscopy is considered one of the
most important and commonly used FIB related applications of dual-beam instru-
ments [22, 58]. It has also been considered the best technique for site-specific
transmission electron microscope (TEM) specimen preparation, especially when
hard materials or substrates are involved [22, 58]. There is no other technique for
TEM specimen preparation that would allow such a precise selection of the target
area [58]. It is also reliable and considered fast compared to other preparation
techniques [22, 58]. It is also suitable for almost any type of material (hard or soft
or a combination of both) [22, 58]. Creating TEM specimens, i.e. lamellae, that are
ultrathin and electron-transparent is possible thanks to the controlled ion milling
abilities of the device [22]. The main disadvantage of using FIB is the possibility
of the formation of FIB induced damaged layer due to gallium implantation, re-
deposition of sputtered particles and amorphization of the material [22, 58]. The
deposition of protective layers and the use of lower ion beam currents during
polishing steps help minimize the redeposition and amorphization effects [22].

There are mainly two types of TEM sample preparation techniques by FIB:
the methods that require prethinning of the sample by other tools and the “lift-
out” type of methods [58, 60]. In situ lift-out type lamella creation technique is
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considered the most common way for TEM specimen preparation [22]. In this
technique, a small piece of sample is extracted from a specific site and transferred
to a TEM half grid, where the final milling/polishing is performed [22, 58]. This
technique requires a device equipped with a manipulator unit to move the piece
of sample to the TEM grid [22]. It also involves using an ion beam-assisted
platinum deposition for attaching the lamella first to the manipulator and later to
the TEM grid [22]. This lamella creation technique was also the technique used
in the current Thesis, and the process is discussed in more detail in the experi-
mental section.

(SCANNING) TRANSMISSION ELECTRON
MICROSCOPY

Transmission electron microscopy (TEM) is a microscopy technique in which a
beam of electrons is transmitted through a specimen, and the resulting inter-
actions between the sample and beam of electrons generate specific signals that
are used to form an image and gather valuable information [61, 62]. The inter-
action between the specimen and beam of electrons result in transmitted electrons,
backscattered electrons, secondary electrons, Auger electrons, visible light,
X-rays (characteristic and continuum) and heat [62]. Transmitted electrons
include unscattered, elastically scattered and inelastically scattered electrons.
Elastically scattered electrons did not lose energy while scattering, while inelasti-
cally scattered electrons did [62]. All three types of transmitted electrons contain
valuable information for electron diffraction and imaging [62]. The characteristic
X-rays can, similarly to SEM, be used for elemental mapping and collecting
information about the chemical composition if the TEM device is equipped with
suitable spectroscopy equipment and also has scanning transmission electron
microscopy (STEM) capabilities [62]. While in a traditional TEM, the electron
beam illuminates the specimen uniformly, STEM is a modification of the tradi-
tional TEM technique in which a nanometer-sized beam of electrons is scanned
point by point across the specimen [1].

Modern S/TEM devices provide a range of different imaging modes that use
various image contrast mechanisms, such as mass-thickness contrast imaging,
diffraction-contrast imaging, Z-contrast imaging in STEM, and a phase-contrast
in high-resolution TEM (HRTEM) [62]. The Z-contrast images are also known
as high-angle annular dark-field (HAADF) images [1]. The HAADF images are
formed from the electrons incoherently scattered at very high angles (>50 mrad),
collected with the high-angle annular dark-field detector [1]. The HAADF images
are sometimes called Z-contrast images because they contain intensity propor-
tional to the square of the atomic number (Z) of the scattering atom while lacking
diffraction contrast and having minimal if any phase contrast [1].
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The detectors and resulting images can also be divided into the bright field
and dark field detectors and images. A bright-field detector includes the trans-
mitted (unscattered) beam while scattered electrons are blocked, which means
that the holes or regions beyond the specimen edge appear bright, whereas the areas
that absorb or scatter electrons, including crystalline or high mass materials, appear
darker [56, 57]. A dark-field detector excludes the transmitted (unscattered) beam
and collects only the scattered electrons, which means that the areas with no
electron scattering, for example, holes and areas containing no specimen, appear
dark, while regions with material appear bright [56, 57].

Understandably, detecting transmitted electrons means that the samples must
be thin enough to become transparent to electrons, often requiring time-consuming,
destructive, and more complex specimen preparation techniques than SEM [54,
62]. The area of interest should be typically less than 100 nm thick to be trans-
parent to electrons [62], which is why lamellae are prepared from deposited multi-
layer structures before TEM measurements can be performed. One of the TEM
advantages is its resolution up to angstrom level [62]. In the current study, the
STEM/TEM was mainly used to characterize the cross-sections of the nano-
laminate structures by studying the lamellae cut out from the samples. In combi-
nation with energy-dispersive X-ray spectroscopy equipment, the composition
profiling of the nanolaminates was studied.
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EXPERIMENTAL METHODS

Deposition and formation of the thin film structures

The ALD experiments were carried out using a flow-type in-house built hot-wall
ALD reactor [63] [I-III] or a commercial flow-type hot-wall reactor F120 [64]
(ASM Microchemistry, Ltd.) [IV, V]. A flow-type reactor means that reactants
are transported to the substrates located in a reaction chamber by an inert carrier
gas, which flows through the reactor in a viscous flow regime [52]. N, was used
as this carrier and purging gas in the case of all deposition experiments. In all
cases, a single ALD cycle was started with a metal precursor pulse and continued
with a purge of the reaction zone with the pure carrier gas, oxygen precursor pulse
and another purge of the reaction zone. The majority of the metal precursors used
were various chlorides (FeCls [I], BiCls [I], ZrCls [I11, IV], AICI; [1V, V], HfCl4
[V]) with some exceptions (Er(thd); [II], FeCp, [II], Co(acac)s [III]). Oxygen
precursors used were H>O [I, IV, V] and O3 [11, III]. In the case of Er(thd)s [1I]
and Co(acac)s [III] metal precursors, using ozone as an oxygen precursor was
necessary as these metal precursors do not react well with the H,O. Water is a
commonly used oxygen precursor, but in some cases, it is useful to prefer ozone
to reduce the number of residual hydrogen impurities in a thin film. Residual
hydrogen combined with residual chloride (originating from metal chloride pre-
cursors) can provoke HCI formation. Ozone has also attracted increasing interest
as the oxygen source due to its generally higher oxidation potential compared to
H,O at a normal ALD temperature range, especially when the ALD process
temperature approaches the upper limit of the ALD temperature window [65].
Moreover, in the case of diketonate and acetylacetonate-type metal precursors,
the reactivity of water is often not sufficient to effectively exchange thd- and
acac-ligands and initiate the growth of metal oxide films with an appreciable rate.
In such cases, distilled water, otherwise possibly the most common oxygen pre-
cursor in ALD, has to be replaced by ozone. Deposited structures ranged from
one [I-V] or two-layer structures [I] to mixed films [II, IV, V] and nanolaminates
[IIL, IV, V]. An overview of the deposited structures is presented in Table I.
Complete information about the critical deposition related parameters, including
precursor evaporation and deposition temperatures, pulse lengths and the number
of deposition cycles, is available in the original publications [I-V].

For the same deposition process, several different types of substrates can be
added to the reaction chamber. One way to select the substrates is to make a
decision based on the desired properties to be tested and the expected field of
application. In this Thesis, the primary substrates were pieces of undoped Si(100)
[I, ] or undoped Si(100) wafers covered with a 1.5-2.0 nm thick wet-
chemically-grown SiO, [IV, V], highly doped Si(100) covered by 5 or 10 nm
thick TiN layer [I-V], and three-dimensional (3D) substrates [I, II]. Silicon
substrate is the primary substrate used in the field of electronics. Undoped silicon
substrates were preferred for different characterization activities, including
magnetometry studies. These substrates help avoid possible interferences by
magnetization signal and noise from the substrates [II]. Highly doped conductive
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silicon wafer pieces covered by TiN layer were mainly used as bottom electrodes
for electrical measurements. The 3D substrates, i.e. Si substrates having a regular
pattern of vertical etched channels (Figure 2, 3), were used to investigate the
ability of the deposited film to follow the shape of the 3D substrate. Higher step
coverage, i.e. the ratio of film thickness on the bottom of the channel to that on
the top [66], is desired when there is a need to coat arbitrarily shaped nano-
structures with the functional films [67]. Two types of 3D substrates were applied
in the studies on the examination of the conformality of metal oxide film growth —
trenches with the 60:1 aspect ratio [I] (Figures 2 and 3) and stacks with the 20:1
aspect ratio [II]. The aspect ratio here indicates the ratio between the height and
the width of the 3D substrate. For additional information about the substrates and
pre-treatments, refer to original publications [I-V].

Figure 2. Bird-eye view SEM image of the empty trench type 3D substrate (prior
depositions). Labelled arrows point to the silicon substrate and the openings of the
channels (trenches) inside it.

Channels/
trenches

7 X>»
X A
e

!
!

€ HFW

Figure 3. Cross-sectional SEM images of two empty trenches at their full length (left
panel) and the middle part of the channels (right panel) before depositions. Labelled
arrows point to the trenches (channels) and the silicon between them.
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Table I. An overview of the types of deposited structures.

sl Depps1ted IDispEsiiz Combinations Description
no. oxide A | component B
I Fe;03 BiOCl A+B; Seven two-component
A&B structures (thin-film as a
bottom layer and nano-
flakes on top) deposited
using a variation of the
number of ALD cycles;
Reference thin films
11 Er,O3 Fe, 05 N x (A +B) Six mixed thin-film
(N=500, 200, 22, 20); structures with different
2x(A+B)+A cycle ratios
A&B Reference thin films
111 ZrOs Co0304 2x(A+B)+A; S-layer nanolaminates
2x(B+A)+B; deposited using a fixed
A&B number of ALD cycles
per layer (A=100,
B=200);
Reference thin films
v 710, AlO; Sx(A+B)t+A; Mixed films and nano-
3x(A+B)+A; laminates deposited
6 x(A+B)+A; using a variation of ALD
A cycle ratios and number
of layers;
Reference thin film
v HfO, AlLOs3 Nx(A+B)+A 14 mixed films or nano-
(N=2..6,11, 31, 33..35);| laminates deposited
A using a variation of ALD
cycle ratios and number
of layers;
Reference thin film

Post-deposition annealing of the samples may result in changes in phase com-
position, for example, change of the phase [68—72] and rate of the crystallo-
graphic ordering [68, 70, 71], and transformation from amorphous to crystalline
[70, 73-75]. Annealing can also induce mixing of layers or interfaces [73, 75] or
formation of new interfaces [70, 74, 75], reduction of the residual elements or
compounds inside the thin film (for example, residual hydrogen) and related
defects [70, 72, 75]. An increase [74, 76] or decrease [77] of the concentration of
vacancies, such as oxygen vacancies, has also taken place as a result of post-
deposition annealing, depending on whether the annealing procedure was con-
ducted in either reducing or oxidizing environments. Properties of the material
are often also directly connected with the phase composition. Therefore, to
investigate the heat-treatment effect on the film crystal structure and properties,
some of the deposited thin-film structures were annealed after deposition in air
ambient [I, IV, V].

23



Characterization of thin-film structures

A wavelength-dispersive X-ray fluorescence (XRF) spectrometer Rigaku ZSX400
with the ZSX software was used to evaluate the elemental composition and mass
thickness of the samples [I-III]. Mass thickness can be used to estimate the
thickness of the film if the density of the material is known. The crystal structure
of the samples in the case of all studies was evaluated by using the grazing
incidence X-ray diffractometry (GIXRD) method. Grazing incidence X-ray
diffraction patterns were recorded by Smartlab (Rigaku) X-ray analyzer using Cu
Ka radiation [I-III] or with PANalytical X pert Pro MPD diffractometer [1V, V1.
Cu Ka radiation corresponds to an X-ray wavelength of 0.15406 nm. The same
Rigaku equipment was also used for X-ray reflectometry (XRR) studies which
were performed to estimate the densities and thicknesses of the films [II]. In one
study, the thicknesses of the films [III] were partly determined using GESSE
spectroscopic ellipsometer by Sopra-Semilab. In the same study, the time-of-
flight elastic recoil detection analysis (ToF-ERDA) was used for evaluating the
composition profile of the samples [III], including the detection and determi-
nation of the content of light residues such as hydrogen, carbon and nitrogen. For
more information, refer to original publications [I-V].

Two different scanning electron microscopes (SEM) were used to study the
chosen samples. These devices were Hitachi S-4800 scanning electron micro-
scope equipped with an Oxford INCA 350 energy-dispersive X-ray (EDX) spectro-
meter and FEI Helios Nanolab 600 DualBeam scanning electron microscope
equipped with a focused ion beam module (SEM-FIB), gas injection system (GIS),
Omniprobe model 100.7 in-situ nanomanipulator, scanning transmission electron
microscopy (STEM) mode and an INCA Energy 350 EDX spectrometer by
Oxford Instruments. Both instruments were used to study the morphology of the
samples [[-1V] and perform an electron probe microanalysis with EDX module
[L, IV, V]. Electron probe microanalysis was mainly used to determine the cation
ratio and estimate the film thickness [IV, V]. Standard SEM specimen mounts
with horizontal surface were used for these studies, and commonly used carbon
double-sided adhesive discs were used to fix the samples to these specimen mounts.

The Helios SEM-FIB device was also used to investigate the cross-sections of
the samples deposited on planar [I] or 3D substrates [I, II]. Even though the FIB
module could have easily been used to create more uniform cross-sections of the
samples with high precision of the cross-section site’s location, cleaving the
samples mechanically into half was preferred. It was mainly preferred to avoid
the possible negative influence of the FIB on the samples, for example, amor-
phization [22, 58, 60, 67]. Other reasons listed in our previous study [67] were
short cross-section sample preparation time; the possibility of investigating larger
areas compared to the regular FIB created cross-sections; a lack of need to deposit
a protective (Pt) layer to protect the surface against FIB. Hence, mechanical
cleaving is faster, cheaper and the captures of the cross-sections are sharper. Some
of the disadvantages of mechanical cleaving were lower control over the breakage/
cross-section area’s location and the roughness of the cross-section area due to
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uncontrollable crack formation. These disadvantages were more apparent while
studying the samples deposited on a 3D substrate. It resulted in longer time spent
moving along the edge of the broken side to find desired sites where the trenches
would be visible in their entirety to capture the cross-sections. These disadvantages
did not significantly affect capturing the cross-sections of the thin film samples
deposited on planar substrates, thanks to their evenly distributed thin film layers.
Carbon double-sided adhesive discs were also used to fix a piece of the cleaved
sample to specimen mount for cross-section investigation. In addition to standard
SEM specimen mounts with a horizontal surface, another standard specimen mount
with a vertical surface was mainly used to investigate the cross-sections. This
mount allowed fixing the sample vertically to a substrate, which means that the side
of interest was already facing the electron probe for the cross-section investigation.

FEI Helios Nanolab 600 DualBeam SEM-FIB device was also used for creating
lamellae of the specimens for transmission electron microscopy (TEM) studies
using the in-situ lift-out type lamella creation method [IIL, IV, V]. The samples
were fixed to a regular sample mount beforehand (Figure 4, c¢) using fast-drying
silver paint/paste, to fasten the specimen as firmly as possible for precise lamella
preparation operation. This conductive silver paste consists of very fine flake silver
suspended in iso-butyl methyl ketone. Omniprobe 3 post copper lift-out type
(TEM) grids were attached to a standard TEM grid mount (Figure 4, a) and holder
(Figure 4, b) specified for this procedure. After that, the standard set-up of required
holders and accessories needed for this procedure was set up and fixed to the
specimen chamber, as shown in Figure 4. The chamber door was closed, and the
specimen chamber vacuum was restored. Regular adjustments in the settings were
made, the site of which lamella would be cut out was selected, and the eucentric
position was set. In order to protect the area of interest during the lamella creation
process, small (~20%1 pm) and thin (~1 um) rectangular shaped C and Pt layers
were deposited on top of the sample using the gas injection system and the help of
electron beam (for the first C and Pt layers) or Ga" ion beam (the last Pt layer)
(Figure 6, a). The sample was tilted from 0° to a 52° angle for the deposition of the
last Pt layer (Figure 5). Tilting to a 52° angle is necessary due to the placement of
SEM-FIB columns in the dual-beam device — to deposit a Pt layer with the help of
an ion beam, the surface of the sample should be facing in the direction of the ion
beam. The gas compounds, which were naphthalene [CioHs] for C deposition and
methylcyclopentadienyl trimethyl platinum [(CH3)3;Pt(C,CH3)] for Pt deposition,
were directed onto the target specimen through the gas injection nozzle and
adsorbed on the specimen’s surface. This was followed by a bombardment of
adsorbed molecules with a focused beam within predefined patterns.

Lamella creation process started with milling the trenches to both sides of the
Pt stripe using the ion beam with the maximum beam current (21 nA) (Figure
6, a) followed by extending the trenches up until the Pt stripe using the ion beam
with the reduced beam current of 9.3 nA (Figure 6, b). After that, two and a half
sides of lamella were detached from the specimen by milling (Figure 6, ¢). The
sample was tilted back to 0°, and the beam current was reduced to at least 0.46 nA
before that.
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Figure 4. The standard set-up of required holders and accessories needed for lamella
creation. Lift-out type TEM grid attached to a TEM grid mount (a), which is, in turn,
placed into a TEM grid mount holder (b). Sample attached to the sample mount, which
is, in turn, put into the sample mount holder (c). Both mount holders and outmost details
(d) are placed into designated slots and fixed with fasteners.
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Figure 5. Images of the charged-coupled device (CCD) camera images of the view of the
specimen chamber. On the left panel, the untilted sample is facing in the direction of the
electron-beam column. On the right panel, the sample tilted to a 52° angle is facing the
ion-beam column’s direction. SEM and FIB columns are marked with labels.
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Figure 6. Focused ion beam images of the milling out and transportation steps of the
lamella creation process — (a) milling trenches to both sides of the Pt stripe, (b) extending
the trenches, (c) detaching two and a half sides of lamella by milling, (d) moving the
nanomanipulator closer to the lamella, and (e) into contact with the lamella followed by
depositing Pt to the contact surface, (f) performing milling to detach the lamella from the
specimen, (g) lifting out the lamella, (h) moving the lamella away from the sample and
(1) closer to the TEM grid, (j) depositing Pt to attach lamella to a grid, (k) milling the
connection between lamella and nanomanipulator (m) to detach the lamella from nano-
manipulator.
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Lamella transportation was performed using the model 100.7 in-situ nano-
manipulator. The tip of the nanomanipulator was moved closer to the lamella
(Figure 6, d) and cleaned. The tip was moved into contact with the lamella’s edge,
and lamella was attached to the nanomanipulator by depositing platinum to the
contact surface (Figure 6, e). After that, the lamella’s final side was detached
from the specimen by milling (Figure 6, f), and the lamella was lifted out (Figure
6, g) by lowering the sample holder and moved further away (Figure 6, h). After
locating the correct TEM grid, resetting the eucentric position and inserting the
nozzle, the lamella could be moved closer to a grid while adjusting the movement
direction (Figure 6, i) and transported into contact with a TEM grid. The lamella
was attached to a grid using the Pt deposition (Figure 6, j) and was disconnected
from the nanomanipulator by milling the connection between (Figure 6, k and m).
Then final thinning at lower beam currents (Figure 7) and polishing processes at
lower voltages were completed. In the case of lamellae, the area of interest for
further TEM studies with higher magnification is the cross-section of the thin-
film nanolaminate structure, located between the substrate and protective Pt layer
(Figure 9, black arrows).

Thinning

‘Lamella

TEM grid

10 pm

Site of interest

Figure 7. Focused ion beam (a, ¢) and electron beam (b, d) view of the thinning process
of the lamella (a, b) and the result of the thinning (c, d). Black arrows indicate the edge
of lamella (c) and site of interest (d) for TEM studies.
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The lamella attached to the lift-out type TEM grid was carefully transported and
inserted into a TEM specimen holder (Figure 8) for TEM studies. Scanning
transmission electron microscopy (STEM) and high-resolution transmission
electron microscopy (HRTEM) studies for the characterization of the cross-
sections of the nanolaminate structures were carried out using FEI Titan Themis
200 instrument with a field emission gun operated at 200 kV [III-V]. The device
was equipped with a probe C; corrector and a Bruker SuperX silicon drift detector
(SDD) energy-dispersive X-ray spectroscopy system. The EDX system was used
for the composition profiling of the nanolaminates [III, IV].
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Figure 8. A photo of the TEM specimen holder. The arrow on the enlarged inset points
to the lift-out type TEM grid to which a lamella made out of the sample has been
previously attached in the SEM-FIB device. Lamella itself cannot be seen from this photo
due to its small dimensions.
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Figure 9. SEM image of one side of the lamella (left panel) after the thinning process has
been completed and HAADF STEM image of the same lamella from the opposite side
(right panel). The black arrow indicates the site of interest (deposited nanolaminate)
between the Si substrate and protective Pt layer, which is later closely examined (with
higher magnification).
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Selected samples deposited on a silicon substrate were subjected to magnetic
measurements [I-V]. These measurements were performed at room temperature
[I-V] and 2 K [IV, V] using the P525 Vibrating Sample Magnetometer (VSM)
option of the Physical Property Measurement System (PPMS) 14T (Quantum
Design) located in Tallinn at the National Institute of Chemical Physics and
Biophysics. Measurements at room temperature were preferred considering
potential applications. Even if the experiments at low temperatures (i.e., those
approaching that of liquid nitrogen or even absolute zero) would show higher
magnetization and stronger coercive force compared to the experiments carried
out at room temperature, it would be complicated and unreasonable to implement
such an environment for the desired field of application. In practice, the devices
designed for customary electronics must function at temperatures markedly
higher than 300 K. Rectangular samples were fixed with GE-7031 varnish to the
commercial quartz sample holders (Quantum Design) (Figure 10) before the
experiment. This holder was, in turn, attached to the sample rod and inserted into
the PPMS device. The magnetic hysteresis loop of the material was recorded by
sweeping the external magnetic field applied parallel to the film surface and
recording the material’s response to the applied magnetic field in the form of
magnetization.

Figure 10. Sample fixed on a quartz sample holder with a varnish for VSM measure-
ments. The orange scale on the Quantum Design sample-mounting station that can be
seen below the quartz sample holder indicates a reference scale to position the sample
optimally for detecting coils.

Some indications of ferromagnetic-like behaviour in such curves are a nonlinear
response to the applied external magnetic field, presence of saturative magneti-
zation and measurable coercivity. The saturation magnetization (M) describes a
state where increasing the applied external magnetic field does not increase the
magnetization value of the material further. Coercivity (Hc) is the value of the
magnetic field at the moment when the magnetization of material has been reduced
back to zero. The range in which the magnetic field strength was swept depended
on the materials studied. In the case of some materials sweeping in a broader range
was required to see the formation of saturation magnetization (for example,
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sweeping up to 40000 Oe). Structures deposited on undoped silicon substrates were
preferred for magnetic measurements instead of doped or TiN layer containing
substrates to avoid possible interferences by magnetization signal and noise from
the substrates. In addition, the diamagnetic signal arising from the pure silicon
substrate was subtracted from the general magnetization curve for all of the
samples in which a ferromagnetic-like response was detected.

Before carrying out the electrical measurements, metal-insulator-metal (MIM)
capacitor stacks were constructed based on samples deposited on a conductive
substrate, which was highly doped conductive silicon covered by TiN layer as
described above [I-V]. Pt [I1I] or Ti/Al double-layer [L, 1L, IV, V] dot electrodes
with an area of 0.204 mm? were formed by electron beam evaporation through a
shadow mask to the top of the ALD structure. The thicknesses for the Pt layer
were 50 nm, 30—50 nm for Ti layers, and 110 or 120 nm for Al layers. Backside
ohmic contact was provided by evaporating a 100—120 nm thick Al layer to the
bottom side of the Si substrate.

Electrical measurements were carried out at the University of Valladolid in a
light-proof and electrically shielded box using a Keithley 4200SCS semi-
conductor analyzer and Agilent DXO-X 3104 digital oscilloscope with a built-in
wave generator. As parts of the electrical characterization, current-voltage (I-V)
and charge polarization-voltage (P-V) measurements were carried out.

An I-V curve allows investigating the resistance characteristics of the device.
During this measurement, the applied voltage is swept from positive to negative
values (and vice versa), and the conduction current is measured. From these curves,
it is possible to determine whether the material demonstrates an electric field-
induced resistive switching effect, which is a sudden non-volatile and reversible
change in resistance under the influence of a strong electric field. Typical systems
that can take advantage of the resistive switching effect are, for example, capa-
citors [4, 78, 79], non-volatile resistive random-access memories [2—6, 78, 80—82]
and memristor devices [4, 79, 82].

P-V measurements are carried out through the Sawyer-Tower circuit, which
is used to characterize ferroelectric materials and study fundamental phenomena,
such as spontaneous and remnant polarization, coercive-field and polarization
reversal mechanisms [83]. In order to measure the polarization charge dependence
on applied voltage characteristics, voltage is applied to the capacitive elements in
the Sawyer-Tower circuit and swept and corresponding polarization charges are
registered. If the material has ferroelectric properties, a hysteresis loop will be
formed on this graph as a result of this measurement. The standard Sawyer-Tower
experiment used in this study comprised applying a periodic triangular-shaped
stimulus and recording the voltage loops data from the oscilloscope [II-V].
Charge values were obtained from the sensed voltage across a known capacitance
[II-V].
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RESULTS AND DISCUSSION

Structure and morphology

The phase composition strongly influences the properties of the deposited thin
films and nanolaminates. The phase composition itself can depend on several
factors, including different deposition parameters (growth recipe, deposition tem-
perature, to name the most important). Stabilizing specific metastable phases in
the material might enhance the material’s behaviour due to the phase’s specific
nature, making it an attractive outcome from the current Thesis point of view. In
addition, investigating the morphology and cross-sections of the nanolaminates
can, for example, confirm that the intermediate layer has been completely formed,
provide valuable information about thicknesses of the interlayers, uniformity and
surface morphology of the deposited structures. For the complete analysis and
(additional) information regarding growth rates, cycle ratios, cation ratios and
thicknesses, not separately mentioned in this chapter, one can refer to original
publications [I-V].

Studies on the grazing incidence X-ray diffraction (GIXRD) patterns of the
Fe,03-BiOCI composites and respective reference films [I] showed that all but
one thin composite were crystallized in the as-deposited state. The phases present
were orthorhombic &-Fe,O3 and tetragonal BiOCI [I] (Table II); no BiFeO; could
be detected. This orthorhombic e-Fe,O3; phase that was stabilized in these com-
posites is known as a rare, synthetic and metastable phase synthesized and found
only in nanoscale samples [23, 25, 84-86] and attractive due to its multiferroic
properties [23-25]. The peak intensities varied noticeably, and the sample with
the ALD growth cycle sequence 175 x Fe;O3; + 280 x BiOCl stood out from the
other Fe;03-BiOCl composites as the crystallographically most ordered one [I].
Studying the morphology of the samples with SEM showed that on all Fe;Os-
BiOCl composites except for one thin composite, the surface was covered with
grain-like features characteristic of crystallized thin film (and &-Fe,O3 phase) and
nanoflakes characteristic of BiOCI [I]. Their appearance depended on the number
of cycles applied to grow the constituent layers [I]. The average size of these grain-
like features increased as the thickness of the Fe,Oj3 layer increased [I]. This led to
the proposal that the BiOCl nanoflakes did not uniformly cover the Fe,O; layer,
which was also confirmed after investigating the cross-sections of the selected
samples [I]. The Fe,O; layer was uniform and its thicknesses matched with the
thicknesses calculated from the XRF results [I]. For BiOCl, the width of randomly
selected nanoflakes of the investigated sample ranged from 8 to 29 nm [I].

Annealing the reference samples and Fe,O3-BiOCl composites in the air
environment at 800 °C for 30 min resulted in a phase change from an orthorhombic
e-Fe,0s to rhombohedral a-Fe,Os3 (hematite), and from tetragonal BiOCl to cubic
and monoclinic Bi,O3 polymorphs [I]. Although the desired outcome would have
been the formation of a bismuth ferrite containing interface, these phase changes
were somewhat expected because annealing can reduce the amount of Cl in the
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composition. Furthermore, the metastable e-Fe,O; phase is thermally very un-
stable and has been observed as an intermediate phase between stable y-Fe,Os;
(maghemite) and a-Fe»Os; phases upon heating [23, 87, 88]. Annealing also
noticeably changed the morphology of the samples as the nanoflakes had dis-
appeared. The morphology of the three composites looked similar as they had
areas covered with grain-like features neighbouring lighter plateau-like areas
with distinctive boundaries between them [I]. The regions covered with grain-
like features contained more Fe, and the concentration of these features increased
together with the Fe,Os layer thickness, thus indicating the contribution of Fe,O;
[I]. On the other hand, the plateau-like areas contained more bismuth compared
to the darker grainy areas [I].

While studying the Er,O3-Fe,O3 mixed thin films, it could be seen that the
film with very low Er content (that is, film grown using the ErO3:Fe>O; cycle
ratio of 1:1 that resulted in Er/Fe cation ratio <0.002) revealed crystal growth and
the presence of thombohedral a-Fe,Os (hematite) (Table II) [II]. The 4 nm thick
reference Er,O3 film was not entirely amorphous and exhibited a nanocrystalline
nature as one broadened reflection was present [II]. The films grown with cycle
ratios that resulted in larger erbium-to iron cation ratios occurred essentially
amorphous [II]. An exception was the film grown with the Er,Os3:Fe,Os cycle
ratio of 50:5, where the partial formation of the nanocrystalline ErFeOs could be
considered. However, due to the broad peak and low amount of peaks, the phase
determination remained incomplete [II]. The surface morphology of the mixed
thin films was relatively smooth and depended on the growth recipe to some
extent [II]. While comparing the morphology of the mixed films deposited using
the Er,03:Fe,Os cycle ratios of 1:1, 50:1, 50:5 and 300:20, it was noticed that
high relative amounts of Er,Os in growth cycles (for example, 300:20) resulted
in amorphous and smoother films compared to those grown using lower relative
amounts of ErO; in growth cycles (for example, 1:1) [II]. Tiny grain-like
features were present on the bird-eye view SEM images of mixed films grown
using the cycle ratios of 50:5 and 50:1, which could be small-sized agglomera-
tions of disordered material present on the surface [II]. For detailed information
regarding the growth cycle ratios and sequences, resulting Er/Fe atomic ratios
and thicknesses, one can refer to the original publication [II].

The ZrO,-Co304 nanolaminates and reference thin films [III] were crystal-
lized in the as-deposited state. The phases present in the reference thin films were
cubic and monoclinic ZrO, and cubic Co0304 (Table II) [III]. In the 5-layer-
nanolaminates, the cubic Co3O4 was still present, and the dominant phase was the
cubic ZrO; polymorph (Table II) [III]. The presence of the tetragonal ZrO, phase
could not be completely ruled out due to close locations of diffraction reflections.
The peak intensities were noticeably higher for the nanolaminate that had the
ZrO; as the topmost level, and therefore its interlayers are more ordered compared
to the other nanolaminate [III]. SEM images of the ZrO,-Co304 nanolaminates
and reference thin films showed the grain-like features related to crystallization
covering the surfaces of the samples uniformly [III]. The similarities between the
samples with the same type of oxide as the topmost layer lead to the implication
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that the layers of the nanolaminates were not mixed [III]. In addition, the charging
effect was noticed in the case of the ZrO, layers, recognized by the bright white
areas visible on the SEM images [III], which is more characteristic of the non-
conductive (insulating) materials. This can be important because, in Ramesh et al
[89], it has been stated that, in order to be ferroelectric, a material must be insulating
as otherwise, the mobile charges would screen out the electric polarization [I1I].
STEM images and cross-sectional EDX composition profiling showed five
distinct metal oxide layers grown sequentially on a substrate [III] (Figure 17).
The oxygen signal was detected homogeneously across all metal oxide layers, and
chemically distinct cobalt- and zirconium-containing oxide layers alternated as
expected [III] (Figure 17). Slight mixing of layers had occurred at the interfaces
between the oxide layers [III]. The thicknesses of the oxide layers were similar
to each other, except the first layer of 2 X (Co304 + ZrO») + Co304 nanolaminate
that occurred slightly thicker compared to other layers [III] (Figure 17).

The dominant phases present in the ZrO,-Al,O3 mixed films/nanolaminates
and in the 45 nm thick ZrO, reference thin film were metastable ZrO, phases, i.e.
cubic or tetragonal polymorph (Table II) [IV]. Determining the exact ZrO,
metastable phases (cubic, tetragonal, orthorhombic) present in the samples is
complicated due to the close locations of these diffraction reflections corre-
sponding to different phases and the nanocrystalline nature of the material resulting
in broader reflections [IV]. In addition to metastable phases, the presence of
stable monoclinic ZrO, phase was recognized in the ZrO, reference sample and
two nanolaminates, including the nanolaminate with the thickest Al,Os layers
(Table II) [IV]. The bird-eye view SEM images of ZrO; reference thin film and
Z10,-Al, 03 films showed that the surface was uniformly covered by grain-like
features related to crystal growth [IV]. The surface of reference ZrO, thin film
was quite rough, according to the size of the grains, and in the ZrO,-Al,O; films,
the lateral grain size further decreased as the Al,Os content increased [IV]. The
HRTEM images of the cross-sections of ZrO,-Al,O; films revealed that the ZrO;
layers were nanocrystalline and not perfectly smooth [IV]. The crystallization
extended through neighbouring constituent layers, and the interfaces present in-
between the oxides were relatively diffuse [IV]. This roughness is higher partly
because the material has grown as mainly polycrystalline, and these irregularities
increased as the number of constituent oxide growth cycles decreased. The thin
AL O3 layers between the ZrO; layers became very weakly distinguishable when
smaller numbers of Al,O; ALD cycles per layer (1 or 6) were used [IV]. Quite
expectedly, the distinction between different layers became more evident in the
case of the sample with slightly thicker Al,Osand ZrO, constituent layers deposited
using the 10 and 200 ALD cycles per layer, respectively [IV]. The crystallo-
graphic structure of the nanolaminates was resistant against annealing up to
approximately 1000 °C. At temperatures reaching 1000—1200 °C, the metastable
composition of nanolaminates and mixed films appeared to be sensitive to the
annealing as the degree of crystallization increased. However, after cooling the
films, the phase transition occurred and resulted in a marked contribution from
the stable crystallographic phase.
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Table I1. An overview of the phase compositions of deposited structures in the as-deposited
state. In most samples, in the case of the ZrO, and HfO,, three metastable phases are all
listed in the table due to the abovementioned complications in determining the exact

metastable phases present in the samples.

Type of study | Type of sample Identified phases
; Fe,0; reference orthorhombic &-Fe;0;
fgfnop 3(;]s3iieOsC1 BiOCl reference tetragonal BiOCl
. . horhombic &-Fe,O
1] ) ort 203,
Fe,03-BiOCI composites tetragonal BiOCI
Er,03 reference nanocrystalline cubic
EI'203
Mixed film with Er,O3:Fe,Os cycle ratio of | rhombohedral a-Fe>O;
1:1 (Er/Fe cation ratio <0.002) (hematite)
EI'203—F6203 N B :
mixed films | Mixed films with Er,03:Fe;Os cycle ratios of
[I1] 3:1, 60:3, 50:1, 300:20 (resulting in the Er/Fe (amorphous)
cation ratios of 0.02, 0.46, 0.26, 0.18, P
respectively)
Mixed film with the Er,O3:Fe;Os cycle ratio | partially orthorhombic
of 50:5 (Er/Fe cation ratio 0.30) ErFeO;
ZrO; reference cubic Z.ro.z’
Z 5 monoclinic ZrO,
R05CRR0 C030, reference cubic Co304
nanolaminates -
[I11] cubic and/or tetragonal
C0304-ZrO; nanolaminates 710y,
cubic Co304
monoclinic ZrO,,
ZrO; reference cubic, tetragonal and/or
Zr02-ALO; orthorhombic ZrO,
e . . . monoclinic ZrO,,
and nano- Nanolaminates with ZrO,:Al,O3 cycle ratio bi | and/
laminates | of 120:6 and 200:10 cubic, tetragona’ andjor
[IV] orthorhombic ZrO,
Mixed film with ZrO,:Al,0Os cycle ratio of | cubic, tetragonal and/or
100:1 orthorhombic ZrO,
monoclinic HfO,,
HfO, reference orthorhombic, cubic,
and/or tetragonal HfO,
Nanolaminates with HfO»-Al,O3 cycle ratios
HO»-ALO 0f 300:5, 200:10 orthorhombic, cubic,
mix 2(-1 ﬁ12m3 (15 nm and 10 nm as nominal HfO, layer and/or tetragonal HfO,,
or ¢ 5 |thicknesses and ca. 0.25-0.5 nm as ALOs monoclinic HfO,
nanolaminates layer thicknesses)
[V] Mixed film with 100:1 cycle ratio
I:; ?;)(l)z}rllgniltz‘ﬁgl% gI SfOZ'A1203 cycleratios | orhombic, cubic,
7 e ) and/or tetragonal HfO,
(nominal HfO, and Al,Os layer thicknesses monoclinic gH 0 ?
in the range of ca. il h >
5-8 nm and ca. 0.25-0.5 nm, respectively) (partly amorphous)
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In a study on HfO»-Al,O3, the ALD cycle ratio was varied between 200:10 and 15:1
to grow nanolaminates and mixed films and study the stabilization of the
metastable HfO, polymorphs. The HfO, metastable phases to consider are
orthorhombic, cubic and tetragonal polymorphs [V]. The 42 nm thick HfO, refe-
rence film consisted of stable monoclinic phase and metastable phases (Table II)
[V]. HfO,-Al,03 samples could be regarded as multiphase materials with con-
tribution from both metastable and stable HfO, polymorphs (Table II) [V]. Com-
pared to the reference thin film, the contribution from the metastable polymorphs
had strengthened [V]. This demonstrates the importance of using the approach of
combining HfO, with amorphous AlO; to stabilize metastable phases. The
amorphous background appeared on the GIXRD patterns of some nanolaminates
with nominal HfO, and Al,Oj3 layer thicknesses in the range of ca. 5-8 nm and
ca. 0.25-0.5 nm, respectively. In some of these samples, the extent of the
amorphous background made the presence of a stable monoclinic phase harder to
confirm (Table II) [V]. Annealing these lower nominal layer thickness samples
reduced the amorphous background, increased the crystallinity of the films, and
the contribution from monoclinic polymorph became apparent [V].

Therefore, the metastable phases were successfully stabilized and even domi-
nated the phase composition in several multilayer structures. The strengthened
contribution from metastable polymorphs in the case of multilayer structures was
observed in ZrO,-Al,O; [IV] and HfO,-Al,O; [V] samples. The metastable
e-Fe; O3 could also be stabilized in the as-deposited state, and annealing resulted
in a phase change to a stable a-Fe>O; phase [I]. Morphology studies revealed that,
in general, the surface morphology depended on the growth recipe and resulting
thicknesses to some extent. In the case of e-Fe,03, Co304, ZrO, and HfO,, grain-
like features related to crystal growth covered the surfaces uniformly. However,
the BiOCI nanoflakes in Fe,O3-BiOCI composites did not uniformly cover the
uniform Fe,O; layer, which might negatively influence the electrical properties
of these samples [I]. Due to the polycrystalline nature, the ZrO, layers in the
Z1r0,-Al,0; films cross-sectional studies appeared rather rough, and the ir-
regularities increased as the number of constituent oxide growth cycles decreased
[IV]. Quite expectedly, the distinction between different layers became more
evident in the sample with slightly thicker Al,O3 and ZrO; constituent layers.

Conformality of the thin film growth to 3D substrates

As mentioned above, ALD is known for its ability to uniformly cover high aspect
ratio 3D structures and complicated deep cavities [31, 32, 40, 44]. Achieving high
uniformity usually requires parameters optimization, such as changing cycle time
parameters (pulse and purge lengths) or temperature or pressure. In the current
study, optimizing the parameters separately for 3D substrates was not performed,
as the growth experiments were conducted on all substrates simultaneously. That
way, it was possible to examine whether the reasonably short ALD cycle lengths
and film thicknesses providing sufficient magnetic properties and conformal
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growth to 3D substrates could be partially combined. The deposited thin film’s
ability to follow the shape of the 3D substrate was studied for the e-Fe,O3 refe-
rence and two-layer sample 175 x Fe,O3; + 280 x BiOCI deposited to trenches
with the 60:1 aspect ratio [I], and Er,O3:Fe;Oj3 film with cycle ratio 3:1 deposited
to stacks with the 20:1 aspect ratio [II].

Investigating the bird-eye view (Figure 11) and cross-section (Figure 12, [I])
SEM images of the e-Fe;O3 reference sample and Fe,O3-BiOCl sample confirmed
that the film had followed the shape of the 3D substrate during the deposition as
it should be characteristic to ALD. The regular pattern of the holes present on the
bird-eye view SEM image of the -Fe,0s reference sample (Figure 11, left panel)
indicated that the closing of the trenches’ openings was avoided [I]. The Fe,O;
thin film was grown almost uniformly to the inner regions of the 3D substrate,
reaching the bottom of the ~ 6 pm deep 3D substrate [I]. However, the thickness
of the layer decreased noticeably towards the bottom of the trench, which means
that the step coverage was not 100 % for these deposition parameters [I]. There
were fewer openings to the trenches visible on the bird-eye view SEM image of
the Fe,03-BiOCl sample (Figure 11, right panel), probably due to BiOCI nano-
flakes closing and covering the openings (Figure 12). These BiOCl flakes were
mainly formed on the easily accessible upper part of the trench (Figure 12), as
expected, although some flakes were formed deeper inside the trenches [I].

According to the cross-section of the ErO3:Fe>O; film with cycle ratio 3:1,
the thin film had successfully reached the bottom of the stack, although the nucle-
ation of the thin film layer was not uniform throughout the whole depth [II].

Figure 11. The bird-eye view SEM images of the Fe,O; reference thin film (left panel)
and two-layer Fe;O03-BiOCl sample grown using the cycle sequence of 175 x Fe O3 +
280 x BiOCl (right panel) on the 3D substrate. The tips of the white arrows point to some
of the openings of the trenches [I].
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Figure 12. Cross-section view SEM image of the upper part of the two-layer Fe,Os-
BiOCl sample grown using the cycle sequence of 175 x Fe,Os + 280 x BiOCI on 3D
substrate [I].

These studies on films deposited to 3D trenched structures demonstrated that the
e-Fe,0s thin film and Er,O3:Fe;O3 mixed film could be successfully grown to the
inner regions of challenging 3D substrates, even though the step coverage of 100 %
was not achieved with the current deposition parameters. This possibility to deposit
thin films to the inner regions of 3D substrates is considered a prerequisite for
possible applications in the memory devices and semiconductor industry.

Magnetic properties

Nanostructured materials can often demonstrate unique magnetic characteristics
[90-93]. Magnetic properties of thin-film nanostructures can, besides chemical
composition, significantly depend on several other factors such as defects (for
example, vacancies) [94-99], phase [23, 44, 99], thickness [44, 100] and growth
recipe [II, 99, 100]. Quite commonly, it can be a combination of several factors
contributing to the material’s magnetic properties, therefore, making it less un-
ambiguous to interpret the results and more challenging to detect which influ-
encing factor is responsible for such a response. For example, in the context of
the current study, ferromagnetic-like response.

In the present study, the magnetic measurements were performed to Fe,Os-
BiOCl composites [I], ZrO»-Co304 nanolaminates [III] and corresponding refe-
rence thin films [I, III], ErO3-Fe,O3 mixed thin films [II], ZrO,-Al,O3 nano-
laminates [IV], and HfO,-Al,O; nanolaminates [V]. Most of the recorded
magnetic hysteresis loops showed nonlinear and saturative magnetization and
measurable coercivity [I-V]. Thus, most of the samples subjected to magnetic mea-
surements demonstrated ferromagnetic-like behaviour at room temperature [I-V],
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but the main and distinguishable factors contributing to the apparent hysteretic
behaviour varied in terms of material layers composition, phase, and thickness.

Out of all the investigated samples, the highest coercivity value recorded was
9757 Oe (776.4 kA/m), which was measured for both the Fe,Os reference and
one Fe;03-BiOCI composite (Figure 13, Table III), having the e-Fe,O3; phase
being the main contributor to the higher coercivity value [I]. The same Fe,Os-
BiOCl sample was also crystallographically more ordered compared to the other
Fe;03-BiOCl composites as its diffractogram showed higher e-Fe,O3; phase-
related peak intensities [I], therefore, indicating that the crystallographic ordering
can also influence magnetization. The magnetic properties of Fe;O3-BiOCl com-
posites were further investigated after annealing the composites at 800 °C for
30 minutes. In general, annealing these composites resulted in noticeably reduced
magnetic behaviour [I], and the coercivity value remained several times lower
compared to the as-deposited measurements [I]. For example, the coercivity
value of sample 80 x Fe,O3 + 280 x BiOCl decreased from 4230 Oe (337.4 kA/m)
to 35 Oe (2.79 kA/m) after annealing [I] (Figure 13). The saturation magneti-
zation in this 80 x Fe,O3 + 280 x BiOCl sample increased from 29 emu/cm’® to
175 emu/cm® [I] (Figure 13). For the rest of the Fe03-BiOCIl composites, the
saturation magnetization decreased after annealing [I] (Figure 13). This time the
main reason for the change in magnetic behaviour was plausibly the Fe,Os phase
change from orthorhombic &-Fe,O3 to rhombohedral a-Fe,Os [I].

Investigating the magnetic properties of Er,O3-Fe,O3; mixed thin films [II]
drew attention to the connection between the properties and the ALD growth
recipe. It could be noticed that regardless of the smaller thickness (5.7 nm), the
film deposited using relatively large amounts of growth cycles separately for
constituent oxides demonstrated a markedly stronger magnetization compared to
the more homogeneously mixed Er—Fe—O films [I1]. Its saturation magnetization
value was 5.3 emu/m? [II]. The correlation between the Er/Fe cation ratio and the
magnetization was not recognized [II].

Investigating the magnetic properties of two five-layer ZrO,-Co30O4 nano-
laminates [III] and corresponding reference thin films revealed that both refe-
rence samples and one nanolaminate exhibited a similar response to the external
magnetic field [III]. The coercivity value of the reference thin films was 60 Oe
(Table III). Coercivity values of the nanolaminates were close to each other —
21 Oe and 32 Oe, respectively for 2 X (ZrO, + Co304) + ZrO; and 2 x (Co3z04 +
Z10,) + Co304 (Table III). But a nanolaminate that had one ZrO, layer more and
one Co304 layer less compared to the other nanolaminate showed several times
higher saturation magnetization value, which was 1.7 x 10~° emu [III] — indi-
cating the potential contribution from nanocrystalline cubic-tetragonal ZrO, phases
to such magnetization. This connection was in accordance with earlier studies on
ZrO; films and nanoparticles, where magnetic behaviour had been reported and
attributed mainly to the presence of oxygen-deficient metastable zirconia phases
[I1I, 101-103], especially to the tetragonal ZrO, phase due to the presence of
oxygen vacancies [IV, 104]. Furthermore, a similar contribution from metastable
ZrOs phases to magnetization was seen for the ZrO,-Al,Os3 [IV] nanolaminates.
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Simultaneously, no clear correlation between magnetization and content of
aluminium in the ZrO; host material could be seen [IV].

Similarly to the ZrO,, the magnetization in HfO, films has been previously
explained by the presence of oxygen [95-98] or Hf [105] vacancies. In our study
on HfO,-Al,O3 nanolaminate films [V], both stable and metastable HfO, phases
were present. Still, dominant metastable phases and related vacancies could be
seen as one of the contributors to magnetization [V].
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Figure 13. Magnetization vs external magnetic field (M-H) curves of the three samples
that exhibited the highest coercivity values in the as-deposited state — a) 250 x Fe,O3,
b) 175 x Fe,O3 + 280 x BiOCl, and ¢) 80 x Fe,O3 + 280 x BiOCl (left graph), and the
M-H curves of the same samples after annealing (right graph). These curves were measured
at 300 K, and substrate diamagnetism was subtracted from the data. The values on the inset
figures indicate the coercivity (Hc) values. Mg shows saturation magnetization values.

Table III. An overview of the measured coercivity values of the selected samples.
Coercivity values are measured at room temperature. The respective ALD structure
description and total thickness are added to the table as a reference.

. Tl“otal Coercivity
Type of study ALD structure description thickness
(i) (Oe)
250 x Fe;O3 46 9757
Fe;03-BiOCI [I] [175 x Fe;05 + 280 x BiOCl 50 9757
80 x Fe O3 + 280 x BiOCl 33 4230
Er03-Fe; O3 [II] |2 % (300 % Er;O3 + 20 % Fe;O3) + 300 % ErO3 5.7 5
250 x ZrO, 32 60
250 x Co304 15 60
Zr02-Cos 0 I B Cos0a+ 100 x Z103) + 200 % Coy0| 64 32
2 % (100 x ZrO; + 200 x Co304) + 100 x ZrO, 60 21
Zr0,-ALO5 [IV] |5 x (120 x ZrO,+ 6 xALOs) + 120 x ZrO, 38 85
HfO,-ALLO; [V] |3 % (200 x HfO, + 10 x Al,O3) + 200 x HfO, 48 127
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Even though magnetic measurements at room temperature were preferred con-
sidering potential applications, the measurements were in addition to room
temperature also performed at 2 K for the ZrO,-Al,O; [IV] and HfO,-ALO; [V]
nanolaminate films. As a result, it was noticed that the coercivity was somewhat
higher at low measurement temperatures, reaching the values of 200 Oe [IV] or
400 Oe [V] at 2 K, compared to 85 Oe [IV, Table I1I] or 127 Oe [V, Table II1I],
recorded at room temperature. At the same time, there were no significant
differences in the saturation magnetizations at different temperatures, as the
maximum values at both temperatures stayed around 2 x 10~ emu/g [IV, V].

Taken together, most of the samples subjected to magnetic measurements
demonstrated ferromagnetic-like behaviour at room temperature. The &-Fe,O;
containing specimens stood out from others in terms of several times higher
coercivity (Table III) [I], reaching up to ~10 kOe. Metastable phases and related
defects induced considerable magnetization in materials not as commonly known
for their magnetic properties — ZrO, and HfO,. It was also noticed that the
magnetization was somewhat better realized in the laminates or layered structures
than in mixed films. Furthermore, the appearance of magnetization in the
multilayer structures and nanolaminates supports the goal of depositing materials
with multiferroic properties by combining magnetically and electrically polarizing
thin films into one nanolaminate.

Electrical behaviour

Electrical polarization

Electrical charge polarization — voltage (P-V) curves recorded during the Sawyer-
Tower measurements provide information about the material’s ferroelectric
properties, the presence of which is one of the preconditions for a multiferroic
material. Ferroelectric materials exhibit spontaneous polarization, which can be
reversed by an applied electric field, resulting in nonlinear hysteresis loop
formation (Figure 14) [106—-108]. In the case of ferroelectric material, during
hysteresis loop formation, charge in a material can be drawn to saturation in both
polarity directions (Figure 14) [V, 109] — increasing the externally applied voltage
does not further increase the charge value. When the voltage is swept back to
zero, a remnant polarization charge can be recorded at zero bias voltage (Figure 14)
[V, 106]. When the charge in the material is reduced back to zero under the
influence of oppositely polarized voltage, the electrical coercivity can be measured
(Figure 14) [106].

Similarly to magnetic materials, ferroelectric thin films and nanostructured
materials can exhibit unique phenomena that are significantly distinguished from
larger-sized ferroelectric systems [26, 27, 106]. One example is a different
polarization behaviour, especially the coercive field, which is higher in thin films
than in bulk materials [26, 106, 110, 111].
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Figure 14. Illustrative polarization hysteresis loop typical of a ferroelectric material.

The results of the measured electrical charge polarization-voltage curves were
discussed for the selected samples in studies II-V. The loops recorded of ZrO»-
Co0304 nanolaminates based MIM capacitor stacks [I11] did not exhibit saturation.
The closed-loop had formed, but its shape was typical of a lossy dielectric [I11,
106, 109] instead of a ferroelectric material.

The ZrO;-Al,O3 nanolaminates based stacks [IV] behaved quite similarly
compared to stacks in study III — the recorded loops were wider and more con-
cave by shape, but no presence of saturation could be detected. The charge deter-
mined by electrical hysteresis measurements can be influenced by polarization,
space charge (for example, oxygen vacancies) and leakage currents in thin films
[106]. The charge polarizing in these ZrO,-Al,O3; nanolaminates based stacks
[IV] is likely caused by the carrier transport between Ti and TiN electrodes and
interfacial polarization [IV]. The charge can become trapped at interface barriers
between the ZrO,-Al>O; layers and at the interface between the ZrO, and TiN
electrode, enhancing interfacial polarization and causing hysteretic behaviour
[IV]. The charge polarization was higher in the nanolaminates compared to the
Z1r0, reference film, demonstrating the influence of internal interfaces between
the ZrO,-Al>O; layers on charge polarization [IV].

The hysteresis loops of Er,Os3-Fe,Os based stacks [II] demonstrated charge
polarization and were quite quadratic by shape, but the saturation plateau, usually
characteristic of ferroelectric materials, was not detected. Even though somewhat
similar behaviour in ErFeOs films has been previously interpreted as ferroelectric
[112], in the current study, the polarization is likely again caused by the carrier
transport between electrodes and interfacial polarization [II]. The charge is
drifting and becomes trapped at the interfaces between metal oxide layers and
electrode layers. When the opposite strong enough field is applied, the charges
are released from the traps, causing charge polarization [1I].
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The features characteristic of ferroelectric materials could be better recognized
on the hysteresis loops of HfO,-Al:O3; based MIM capacitor stacks [V], including
saturation as the charge could be drawn to saturation in both polarity directions
(Figure 15, left panel) [V]. Therefore, the ferroelectric polarization component is
likely present, but the loops were also affected by previously mentioned inter-
facial polarization due to considerable leakage currents [V]. It was noticed that
the leakage effect influencing the polarization loop was somewhat stronger when
HfO, content in the films increased [V]. The higher leakage effect can also be
connected with the multiphase nature of these nanolaminates, i.e., the apparent
presence of the monoclinic phase of HfO; in addition to orthorhombic, cubic,
and/or tetragonal polymorphs, which makes the phase composition heterogeneous
[V]. On the other hand, one of the contributors to the material’s ferroelectric-like
response is likely the stabilization of the orthorhombic HfO, phase, which is a
metastable phase previously acknowledged for its ferroelectric properties [26—30].
Therefore, it is necessary to select process conditions that can stabilize this
metastable phase and enable the corresponding ferroelectric response [27, 29]. One
of the many influencing factors to consider is the HfO, thin film (layer) thickness
and the related surface energy effects [26—30]. It has been reported that decreasing
the thin film thickness can stabilize the orthorhombic phase [27, 29, 30].
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Figure 15. Electrical charge polarization — voltage (P-V) curve measured of HfO»-Al,O;
nanolaminate based stack (left panel) [V]. P; stands for remnant polarization, and E.
indicates coercivity. HRTEM cross-section images of the lamella made of the same type
of nanolaminate grown using the HfO,:Al,O;3 cycle ratio of 200:10 (right panels). The
upper image depicts the whole nanolaminate. The bottom panel shows the upper area of
the nanolaminate [V].
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When the thickness is increased, the phase gradually destabilizes in favour of the
monoclinic phase [27], making it complicated to achieve an orthorhombic phase
and corresponding ferroelectric-like response in thicker layers. In the current
study, the formation of the HfO, orthorhombic phase was possible due to the
amorphous Al,Os layers (visible as light layers in HRTEM cross-section images
on Figure 15, right panels), which were detected as thick enough to act as barrier
layers to keep the HfO, layers separated. From these cross-section images, it
could also be noticed that the crystal growth was more prominent in the upmost
HfO; layer compared to the bottom layer(s) [V].

Therefore, in general, the charge polarization in investigated samples was
noticeably dominated or affected by interfacial polarization caused by leakage cur-
rents that enabled charge accumulation at oxide/electrode interfaces [IV]. Only the
HfO,-Al,0O3 nanolaminate based stacks showed an apparent saturation of the charge
values together with defined remnant polarization and coercivity characteristic to a
ferroelectric material, indicating the contribution from ferroelectricity along with
the leakage currents. The stabilization of the ferroelectric phase was possible thanks
to the alternation of fully formed Al,O; and HfO, layers, the formation of which
could be confirmed by investigating the HRTEM cross-section images.

Resistive switching

The recorded current-voltage (I-V) curve allows investigating the material’s
resistance characteristics, especially whether it demonstrates a current-induced
resistive switching effect desired for resistive random-access memories [2—6, 78,
80-82]. This resistive switching effect is a sudden non-volatile and reversible
change in the material’s resistance under the influence of an applied voltage.
Consequently, on the [-V graph of the material, two different resistance states
can be distinguished — a high resistance state (HRS) and a low resistance state
(LRS) (Figure 16). The resistive switching event from the HRS to the LRS (sudden
decrease of resistance and a corresponding increase of the current) is called the
SET process (Figure 16, left loops) [4, 5, 79]. The resistive switching event from
LRS back to HRS (a sudden rise in resistance and a corresponding decrease of
the current) is a RESET process (Figure 16, right loops) [4, 5, 79]. The voltages
where the switching event occurs are Vg and Viee for the SET and RESET
processes, respectively [4].

The -V curves for investigating the resistive switching characteristics of the
deposited structures were studied in papers I, III, IV and V. The -V loops recorded
of Zr0,-Co304 nanolaminates based MIM capacitor stacks demonstrated bipolar
resistive switching behaviour (i.e., directional resistance switching depending on
the polarity of the applied voltage [3]) in both samples but with opposite sign
[III] (Figure 16). The different ordering of nanolaminates can be the reason for
the opposite sign [III]. In the 2 x (Co304 + ZrO,) + Co304 nanolaminate based
stack (Figure 16), the switch from LRS to HRS occurred between—1.5 and 2.5 V
and from HRS to LRS between 2.0 and 3.5 V, and both transitions were sharp
[IH]. In the 2 x (ZrO, + Co304) + ZrO, nanolaminate based stack, the SET occurred
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at about 6 V and RESET occurred between —6 and —8 V [III]. Both transitions
were gradual, and loops were noticeably narrower [III]. According to the publi-
cation by A. Sawa [3], there are two main types of conducting bath: filamentary
conducting path and an interface-type path. In the first case, the resistive switching
originates from the formation (SET) and rupture (RESET) of conductive fila-
ments in an insulating matrix, and it can be associated with both unipolar and
bipolar switching behaviour [3]. In the second case, resistive switching occurs at
the interface between the metal electrode and the oxide, and it is usually related
to bipolar switching behaviour [3]. In the 2 x (C0304 + ZrO,) + Co304 nanolami-
nate based stack, the presence of resistive switching effect is probably connected
with the electrochemical migration of oxygen vacancies [III]. The electro-
chemical migration of oxygen vacancies close to the interface has been proposed
to drive the resistive switching effect [3]. Besides, the density of oxygen vacancies
also influences resistive switching [3]. In the 2 x (ZrO, + C0304) + ZrO; nano-
laminate based stack, the dominant mechanism responsible for somewhat dif-
ferent resistive switching behaviour might be the migration of Co cations to the
ZrOs layer (i. e., the electrochemical metallization of the layer) [II1]. While com-
paring these nanolaminates in search for differences, one can notice, that the total
thickness of the 2 x (Co304 + ZrO,) + Co304nanolaminate was only 4 nm thicker
(64 nm) compared to the other nanolaminate. The impurities concentrations were
relatively low for both nanolaminates, only slightly higher for 2 % (Co3O4 +
ZrO») + Co304 nanolaminate [III]. On the other hand, the GIXRD diffractograms
showed noticeably lower intensity peaks related to the ZrO, phases, indicating
that the ZrO, phases in this nanolaminate can be crystallographically less ordered.
The composition profiling confirmed that five layers were distinguishable
(Figure 17) for both nanolaminates [II1]. According to these similarities, it can be
assumed that the reason for the different resistive switching behaviour is mainly
the different ordering of nanolaminates.

The -V curves of Fe;03-BiOCl based stacks showed that the samples were
moderately leaky, showed a rectifier-like behaviour and the conduction currents
were affected by visible illumination as the current increased under illumination
[I]. At the reverse bias, the device acted as a photovoltaic cell [I], which might
be related to moderate band-gaps of the constituent compounds. The uneven sur-
face of the composites could be the cause of leaky samples [I].

The I-V behaviour of ZrO,-Al,O3 based MIM capacitor stacks was charac-
teristic of resistive switching memory materials [IV]. The loops were highly
repetitive, and the memory window between high and low resistance states was
reproducible [IV]. Comparing the three films with different relative contents of
Al,O3 with each other revealed that the higher the measured Al:Zr cation ratio,
the narrower the voltage range in which the loops appear, and the wider the
window between the high and low resistance states [IV]. Out of all the measured
samples (including the ZrO, sample), the switching effect was most prominent in
the ZrO,-Al,Os film with the highest Al:Zr cation ratio (0.30) [IV]. Even though
the studied samples showed insulating behaviour, the resistive switching effect
was enabled due to the samples’ defective structure.
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Figure 16. Current-voltage loops recorded of the 2 X (Co304 + ZrO,) + Co304 nano-
laminate based MIM capacitor stack [III]. The LRS marks the low resistance state, and
HRS is the high resistance state.

2 % (Coy0,+ Zr0,) + Co,0,

Figure 17. STEM image of the site of interest used during the composition profiling (left
panel) and cross-sectional EDX composition profiling of the 2 x (Co304+ ZrO,) + Co304
nanolaminate (right panel).

At the -V curves of HfO,-Al,0O3 based MIM capacitor stacks, two distinctive
resistance states at both positive and negative bias voltages characteristic of
resistive switching memory materials were achieved [V]. The -V curve of the
HfO,-Al,O3 nanolaminate based stack grown using the HfO,:AL,Os cycle ratio of
200:10 is displayed in Figure 18 for reference. The window between the high and
low resistance state ranged over almost an order of magnitude [V].
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Figure 18. Current-voltage curve measured of the HfO,-Al,O3 nanolaminate based stack
grown using the HfO,: Al,O; cycle ratio of 200:10 [V]. The nanolaminate film thickness,
d, is 48 nm, and 1.3 V indicates the electroforming voltage.

To conclude, the resistive switching effect was not observed in the Fe,03-BiOCl
based stacks [I]. These Fe»O3-BiOCIl based stacks were moderately leaky and
showed rectifier-like behaviour instead. On the other hand, ZrO,-Co3O4 [1II],
Zr0O»-Al,0; [1V] and HfO,-Al,O3 [V] nanolaminates based stacks all demon-
strated the resistive switching behaviour. The properties and extent of the
resistive switching loops with their characteristic difference between high and
low resistance states were affected by the composition and the order of the layers.
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SUMMARY AND CONCLUSIONS

The purpose of this study was to contribute to the search and characterization of
new and novel material combinations that would show ferromagnetic, ferro-
electric and resistive switching behaviour at room temperature. The aim was to
combine potentially ferromagnetic and ferroelectric materials (mainly metal
oxides) into multilayer structures (nanolaminates) and mixed films. In the present
Thesis, the atomic layer deposited multilayer structures studied were ZrO,-Co304
nanolaminates, Fe,O03-BiOCl composites, Er;O3-Fe,O3; mixed thin-film struc-
tures, and ZrO,-Al,O3 and HfO,-Al,O3 mixed films and nanolaminates. The atomic
layer deposition method was selected due to its ability to provide high-quality
thin films and precise thickness control over large substrate areas through alter-
nate self-limiting surface reactions. It has also already proven itself a suitable and
widely used method in many research and industrial applications, including
microelectronics.

The results showed that the metastable phases were successfully stabilized and
even dominated the phase composition in several multilayer structures. The
strengthened contribution from metastable polymorphs in the case of multilayer
structures was observed in ZrO;-Al,O3 and HfO,-Al,O; samples. The metastable
e-Fe;O3 could also be stabilized in the as-deposited state, and annealing resulted
in a phase change to a stable a-Fe,O3 phase. Morphology studies revealed that, in
general, the surface morphology depended on the growth recipe and resulting
thicknesses to some extent. In the case of e-Fe,03, Co304, ZrO, and HfO,, grain-
like features related to crystal growth covered the surfaces uniformly. However,
the BiOCI nanoflakes in Fe;O3-BiOCI composites did not uniformly cover the
uniform Fe,O; layer, which might negatively influence the electrical properties
of these samples. Due to the polycrystalline nature, the ZrO; layers in the ZrO,-
Al O3 films cross-sectional studies appeared rather rough, and the irregularities
increased as the number of constituent oxide growth cycles decreased. Quite
expectedly, the distinction between different layers became more evident in the
sample with slightly thicker Al,O3 and ZrO; constituent layers.

The possibility of depositing thin films to the inner regions of challenging 3D
substrates was studied in selected samples because this is considered a pre-
condition for several possible applications. The results demonstrated that the
e-Fe,0s thin film and Er,O3:Fe>O3 mixed film could be successfully deposited to
the inner regions of 3D substrates — the thin film reached the bottom of the 3D
substrate and followed the shape of the substrate during deposition. The step
coverage of 100 % was not achieved with the current, not separately optimized
deposition parameters.

Most of the samples subjected to magnetic measurements demonstrated ferro-
magnetic-like behaviour at room temperature, although the characteristic para-
meters and properties varied noticeably. The e-Fe,Os3 containing specimens stood
out from others in terms of several times higher coercivity, reaching up to ~10 kOe.
The &-Fe,O; phase was the main contributor to the higher coercivity value of these
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samples. Annealing these Fe,O3-BiOCI composites resulted in noticeably reduced
magnetic behaviour. Metastable phases and related defects induced considerable
magnetization in materials not as commonly known for their magnetic properties —
ZrO, and HfO.. It was also noticed that the magnetization was somewhat better
realized in the laminates or layered structures than in mixed films. Furthermore,
the appearance of magnetization in the multilayer structures and nanolaminates
supports the goal of depositing materials with multiferroic properties by com-
bining magnetically and electrically polarizing thin films into one nanolaminate.

The electrical charge polarization in investigated samples was noticeably
dominated or affected by interfacial polarization caused by leakage currents that
enabled charge accumulation at oxide/electrode interfaces. Only the HfO,-ALLO;
nanolaminate based stacks showed an apparent saturation of the charge values
together with defined remnant polarization and coercivity characteristic to a
ferroelectric material, indicating the contribution from ferroelectricity along with
the leakage currents. The stabilization of the ferroelectric phase was possible thanks
to the alternation of fully formed Al,O3 and HfO, layers, the formation of which
could be confirmed by investigating the HRTEM cross-section images.

The resistive switching effect was not observed in the Fe,03-BiOCl based
stacks, which turned out to be moderately leaky. On the other hand, ZrO,-Co030s4,
Zr0,-Al,0s3, and HfO,-Al,Os; nanolaminates based stacks demonstrated the
resistive switching behaviour. The properties and extent of the resistive switching
loops with their characteristic difference between high and low resistance states
were affected by the composition and the order of the layers.

Thus, most of the composite films and nanolaminates deposited using the
atomic layer deposition method showed ferromagnetic-like behaviour by demon-
strating non-linear magnetization and hysteresis. Few materials behaved similarly
to the ferroelectric material under the influence of an external electric field, and
most of the samples demonstrated a resistive switching effect. The appearance of
all three desired effects could be observed in HfO,-Al,O3; nanolaminates. The
ferroelectric component’s contribution could not be completely ruled out also in
other materials studied (for example, Er,O3-Fe,O3; and ZrO,-AlO3).

From a future perspective, coupling effects between magnetic and electric
responses characteristic to multiferroic material should be investigated for these
materials as such coupling was not studied yet. Further, due to the attractive
magnetic and possibly multiferroic properties of &-Fe,Os, it might be worth to
continue experimenting by combining it with another potentially ferroelectric
material into multilayer structures. For example, it would probably give us an
attractive material if e-Fe,Os could be combined with the HfO, so that the HfO,
ferroelectric metastable phase would remain present.
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SUMMARY IN ESTONIAN

Magnetiliselt ja elektriliselt polariseeruvate dhukeste tahkiskilede
aatomkihtsadestamine ja mikroskoopiline analiius

Tanu materjalide ja tehnoloogia pidevale arengule on seadmed ldinud modtudelt
viiksemaks, kuid omadustelt funktsionaalsemaks. Selline seadmete miniatuuri-
mine ja tdiustamine ning uute lahenduste otsimine jitkub ka edaspidi, mistdttu
piisib jatkuvalt ndudlus uudsete spetsiifiliste omadustega materjalide jarele. Muu-
hulgas on huviorbiidis multiferroidsete omadustega voi takistusliilituslikku efekti
omavad Shukesed tahkiskiled, mida saaks tulevikus rakendada muuhulgas uue
generatsiooni méludes, nditeks multiferroidsetes voi takistuslilituslikes muut-
miludes. Ferromagnetismi ja ferroelektrilisuse kooseksisteerimine materjalis on
siiski suhteliselt haruldane néhtus. Mistottu on eriti tahkiskile kujul ja toatempera-
tuuril moddetavate multiferroidsete omadustega materjale tuvastatud véhe.

Selle t66 eesmérgiks oli anda panus selliste uudsete materjalikombinatsioonide
otsimisele ja karakteriseerimisele, mis vOiksid ndidata toatemperatuuril nii
ferromagnetilist, ferroelektrilist kui ka takistusliilituslikku kaitumist. Seda loodeti
saavutada, liites potentsiaalselt ferromagnetiliste ja ferroelektriliste omadustega
materjalid (peamiselt metalloksiidid) kokku mitmekihilistesse struktuuridesse
ehk nanolaminaatidesse ja segukiledesse. Kéesolevas dissertatsioonis sadestati
aatomkihtsadestamise meetodit kasutades ZrO,-Co3Os nanolaminaadid, Fe,Os-
BiOCl komposiidid, Er,Os-Fe;Os3 segukiled ning ZrO,-AlO; ja HfO,-ALO;
segukiled ja nanolaminaadid, seejdrel karakteriseeriti neid struktuure. ToO0s
kasutati Ohukeste tahkiskilede ja nanolaminaatide valmistamiseks aatomkiht-
sadestamise meetodit, kuna see meetod voimaldab sadestada korgekvaliteedilisi
ja kontrollitava paksusega Ohukesi tahkiskilesid. Lisaks on see meetod prae-
guseks laialdaselt kasutuses mitmetes teadus- ja toostuslikes rakendussuundades,
sealhulgas mikroelektroonika valdkonnas.

Antud t60st selgus, et mitmetes sadestatud struktuurides Onnestus edukalt
stabiliseerida metastabiilseid faase ning need faasid domineerisid faasikoostist
mitmete sadestatud nanolaminaatide ja segukilede puhul. Niiteks tiheldati suure-
nenud metastabiilsete poliimorfide panust ZrO,-Al,O3 ja HfO,-Al,O3 kilestruk-
tuurides. Lisaks dnnestus sadestuse tulemusena metastabiilse e-Fe,O; faasi stabili-
seerimine, mis hiljem sadestamisjirgse 100mutamise tagajédrjel muutus stabiilseks
a-Fe,Os faasiks ehk hematiidiks. Sadestatud tahkiskilede pinna morfoloogia sdltus
moningal médral sadestusretseptist (ehk sadestustsiiklite arvust ja vahekorrast)
ning selle tulemusena sadestatud kihtide paksustest. Co304, ZrO,, HfO, ja e-Fe, O3
puhul oli pind tihtlaselt kaetud teraliste struktuuridega, mis on seostatavad kristalli-
satsiooniga. Kuid samas tiheldati seda, et Fe,O3-BiOCI komposiitide koostisesse
kuuluv BiOCl oli pinnale moodustunud nanoliistakutena. See nanoliistakute kiht
ei katnud ihtlaselt selle all paiknevat iihtlase paksusega Fe,O; kihti ning v3ib
kaasa tuua selle, et need komposiidid on elektriliste mootmiste jaoks liiga lekkivad.
Transmissioonelektronmikroskoobi abil ZrO,-Al,Os kilede 14bildikeid uurides
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selgus, et ZrO, kihid olid oma poliikristallilise olemuse tottu {isna karedad ehk
ebatasased. Need ebatasasused eristusid selgemalt sellistes segukiledes, kus metall-
oksiidide sadestustsiiklite arv oli vdiksem. Ootuspéraselt eristusid Al>Os ja ZrO,
ithtlasemad kihid selgelt nanolaminaadis, mille kihid olid vorreldes teistega veidi
paksemad.

Lisaks uuriti osade sadestatud proovide puhul Shukeste kilede siigavate ja
kitsaste kanalitega 3D-aluse siseseintele sadestamise vOimalikkust, kuna seda
peetakse mitmete voimalike rakenduste jaoks vajalikuks omaduseks. Selgus, et
e-Fe,03 ohukesesi tahkiskilesi ja Er,03:Fe>O; segukilesi saab tdepoolest edukalt
3D-aluse siseseintele sadestada — ohuke kile sadestus edukalt 3D-aluse sise-
seintele ja pOhja ning jargis sadestamise ajal alusmaterjali kuju. Samas vois téhel-
dada, et sadestatud kilekihi paksus 3D-aluse siigavamas osas vidhenes ehk kile
paksus ei olnud kogu 3D struktuuri ulatuses péris iihtlane. Kuid kuna sadestus-
parameetrid ei olnud 3D-alustesse sadestamise jaoks eraldi optimeeritud, siis vdib
tdiendav sadestusparameetrite optimeerimine tulevikus aidata kile paksust
tihtlustada.

Enamikus magnetmodtmistesse valitud kilestruktuurides tuvastati toatempera-
tuuril 1dbiviidud modtmiste kdigus ferromagnetilisele materjalile omast kiillastus-
magneetumust, jadkmagneetumust ja moddetavat koertsitiivsust. Selle magnetilise
hiistereesi tekkimise peamised mdjutegurid varieerusid veidi erinevate sadestatud
materjalide korral. Kordades suurema koertsitiivsuse poolest eristusid teistest
selgelt e-Fe,0; sisaldavad komposiidid, mille puhul ulatus koertsitiivsuse vairtus
~ 10 kOe-ni. Nende Fe,03-BiOCl komposiitide selline magnetiline kditumine oli
voimalik tdnu e-Fe,Os faasi olemasolule. Komposiitide 10dmutamise tulemusena
vihenesid nende koertsitiivsus ja kiillastusmagneetumus mérgatavalt. Lisaks tdhel-
dati, et metastabiilsed faasid ja nendega kaasnevad defektid pohjustasid mérkimis-
védrset magnetiseerumist materjalides, mis ei ole oma magnetiliste omaduste
poolest niivord tuntud. Sellised materjalid olid nditeks ZrO, ja HfO,. Mérgati ka
seda, et magneetumine oli nanolaminaatides virreldes segukiledega monevorra
paremini realiseerunud. Uleiildiselt toetasid saadud tulemused ehk ferromagnetilise
hiistereesi ilmnemine mitmekomponendilistes struktuurides ja nanolaminaatides
eesmarki sadestada multiferroidsete omadustega materjale kombineerides selleks
magnetiliselt ja elektriliselt polariseeruvaid Ohukesi tahkiskilesid iihte kiht-
struktuuri kokku.

Kilestruktuuride elektrilist polariseeritavust uurides selgus, et proovides domi-
neeris mirgatavalt piirpindade vaheline polarisatsioon, mida pdhjustasid lekke-
voolud, mis vdimaldasid laengute kogunemist oksiidi/elektroodi piirpindadele.
Ainult HfO,-Al,O3 nanolaminaatidel baseeruvad struktuurid néitasid lisaks jadk-
polarisatsioonile ja koertsitiivsusele ka ferroelektrilisele materjalile iseloomulikku
selget laengu kiillastumist, viidates lisaks lekkevoolude poolt pdhjustatud polarisat-
sioonile ka ferroelektrilise komponendi olemasolule ja panusele. Metastabiilset
ferroelektriliste omaduste poolest tuntud faasi oli neis nanolaminaatides voimalik
stabiliseerida tinu sellele, et HfO, kihte eraldasid iiksteisest piisavalt paksud ja
terviklikult moodustunud Al>Oj; kihid. Kihtide terviklikkust oli vdimalik hinnata
transmissioonelektronmikroskoobi abil.
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Fe,05-BiOCl struktuurid osutusid lekkivateks ja takistusliilituslikku efekti neis
ei tuvastatud. Kiill aga esines takistusliilituslikku efekti nii ZrO,-Co0304, ZrO,-
ALOs kui ka HfO,-Al,O3 nanolaminaatides, kus sadestatud kihtide koostis ja
jarjestus mojutasid takistusliilituslikke omadusi ja ulatust.

Seega voib delda, et aatomkihtsadestamise meetodit kasutades sadestatud segu-
kiledest ja nanolaminaatidest enamus kiitusid ferromagnetilistele materjalidele
sarnaselt polariseerudes vilise magnetvilja mdjul. Neist osad kéitusid ferroelektri-
lisele materjalile sarnaselt polariseerudes vilise elektrivdlja mdjul ja enamus
uuritud katseobjektidest demonstreerisid takistusliilituslikus reziimis tdotades
takistusliilitusliku efekti olemasolu. HfO,-Al,Os nanolaminaatides tiheldati kdigi
kolme soovitud efekti esinemist, kuigi ka teistes uuritud materjalides (nt Er,Os-
Fe,0s ja ZrO,-Al,03) ei saanud ferroelektrilise komponendi olemasolu ja panust
taielikult vélistada.

Tulevikuperspektiivist ldhtudes on jirgmiseks oluliseks sammuks uurida
nendes materjalides ferromagnetilise ja ferroelektrilise kditumise vahelist vastas-
mdju, kuna sellist vastastikmoju kéesoleva t66 kdigus ei uuritud. Lisaks sellele
voiks olla pdhjendatud soovitus jétkata katsetusi selliste materjalikombinatsiooni-
dega, kus iiheks komponendiks oleks e-Fe,O3; oma magnetiliste ja potentsiaalselt
ka multiferroidsete omaduste tdttu ja teiseks komponendiks moni teine potent-
siaalselt ferroelektriliste omadustega materjal. Néiteks voiks anda soovitud atrak-
tiivse multiferroidse vdi magnetoelektrilise materjali selline olukord, kus onnes-
tuks e-Fe;O3 edukalt kombineerida HfO,-ga selliselt, et HfO, kihis sdiliks ferro-
elektriline metastabiilne faas.
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