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THE CLAIM OF THE THESIS 

The author of the thesis claims that atomic layer deposition can be used to 
produce zirconia-based metal oxide thin films, which exhibit various electrical 
and magnetic properties, such as ferromagnetism, ferroelectricity and resistive 
switching. All these properties can feasibly be induced in oxide layers containing 
zirconium dioxide. Doping and multilayering of the films can induce the 
stabilization of metastable zirconia phases already in the as-deposited state 
enhancing the abovementioned properties. 

Five original and published papers (denoted I–V) are presented to justify and 
discuss the claim. 
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INTRODUCTION 

Multiferroism is traditionally regarded as a condition, where material exhibits 
more than one of the three ferroic properties: ferromagnetism, ferroelectricity, 
ferroelasticity [1]. Multiferroic materials, if produced in the nanoscale, could be 
used in novel memory materials, sensors, actuators and transducers [2–4]. 
Multiferroism seems to be an elusive property of a material, at least experi-
mentally. It has also been theoretically studied, why so few of them exist [1]. Hill 
[1] concludes that transition metal d electrons, which are necessary for mag-
netism, drastically reduce ferroelectric properties. Therefore, ferromagnetism and 
ferroelectricity are somewhat contradictory properties. Despite these restrictive 
conditions, multiferroism is possible and even realized [1]. To the author’s 
knowledge, such a material, which would polarize in both magnetic and electric 
fields, has not been realized in the form of very thin film and working at room 
temperature or higher. Both of these conditions are necessary prerequisites for a 
real-world application. The possibility of the existence of several multiferroic 
materials in thin film form exploitable in electronics has been reviewed and 
predicted [5–6].  

Another phenomenon, which could also be used for data storage in a potential 
next generation non-volatile memory, is resistive switching [7]. Several mechan-
isms have been suggested to explain resistive switching behavior [8–11], but the 
origin is still controversial. Resistive switching has been proven to occur in thin 
films at room temperature, but work is going on to find materials, which would 
work at lower switching voltages and have a greater difference between different 
resistance states. Resistive switching is a mechanism, where applied voltage 
induces a current in the material, but at some voltage, specific to the sample, 
current suddenly increases – resistance has suddenly decreased – and decreasing 
voltage after that point leads the current to be reduced, but at higher values than 
during the initial increase, because of the decreased resistance of the material, 
this hysteretic behavior is called the “set” process. A similar process may be 
carried out backwards, in reverse polarity, to again increase the sample resistance 
to the previous level, this would be the “reset” [12–14]. The above mentioned 
effect arises from the formation of a conductive filament inside the sample. By 
applying a voltage to a sample, a conductive filament of defects starts to form 
inside the sample and once this filament reaches from one electrode to another, 
resistance of the sample drops sharply. By applying a voltage of reversed polarity 
and sufficient amplitude, the filament may be broken again and result in a sharp 
increase of resistance to the previous level [2, 15]. 

ZrO2 was chosen as a host material, since it already is a known memory 
material used in applications, such as the capacitor dielectric in dynamic random 
access memory [16–17]. Relying on literature [18–21], the author hypothesized 
that it should be possible to fabricate zirconia, which would also be ferromagnetic 
and/or exhibit resistive switching properties. Since other researchers have found 
the orthorhombic phase of HfO2 to be ferroelectric [22–23], and ZrO2 can also 
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theoretically exist in the orthorhombic phase, it was also hypothesized that ferro-
electric zirconia is possible. Also, suitable doping or multilayering of zirconia 
was proposed to alter the structure of the material and enhance the above-
mentioned properties. 

Stabilizing the metastable phases of ZrO2 at room temperature has been 
widely investigated [24–26]. It has been shown that in fact the metastable phases 
are behind some of the applicable properties of zirconia. For example, the 
orientationally averaged static dielectric constants are 36.8, 46.6, and 19.7 for the 
cubic, tetragonal and monoclinic ZrO2 phases, respectively [27]. Ferromagnetism 
has been positively related to the tetragonal phase content [18]. 

Choice of method for fabrication was predicated on the fact that ALD is the 
best suited technique for producing very thin films with good uniformity over a 
large area [28]. In the current work, a multiferroic is meant to be a material, which 
is ferromagnetic and ferroelectric simultaneously. Ferroelasticity has not been 
investigated. 

All the samples were fabricated in the Laboratory of Thin Film Technology, 
Institute of Physics, University of Tartu. Various methods for investigating the 
structure of materials were applied in the Laboratory of Thin Film Technology. 
Magnetometers were exploited in the National Institute of Chemical Physics and 
Biophysics, Tallinn. Electric field measurements were carried out in the Uni-
versity of Valladolid, Spain. 

Some samples in this work have shown good resistive switching charac-
teristics, most of them have been ferromagnetic and some have shown properties 
characteristic to a ferroelectric material. Although in the case of ferroelectricity, 
all samples have shown a remanent polarization charge, but mostly leakage 
current and interfacial polarization have contributed to this and ferroelectricity 
has only been established to be present in a few cases. Ferroelectric effect may 
be present in many more samples, but in most cases, even if present, over-
whelmed by interfacial polarization and thus, indetectable. Few samples showed 
both ferromagnetic properties and in the case of charge polarization, at least a 
contribution from the ferroelectric effect. 
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FERROMAGNETISM AND FERROELECTRICITY 

When a magnetic field, H, is applied to a material, the response of the material is 
called its magnetic induction, B. The relationship between B and H is a property 
of the material: B=H+4πM, where M is the magnetization of the medium. 
Magnetization is defined as the magnetic moment per unit volume [29]. 

In 1928, Heisenberg [30] showed that there is a term of electrostatic origin – 
Coulomb repulsion – in the energy of interaction between neighboring atoms 
which tends to orient the electron spins parallel to each other. This term is called 
the exchange integral, and it does not have a classical analog. The exchange 
interaction is in fact a consequence of the Pauli exclusion principle [29]. This 
exchange energy is minimized if all the electrons have the same spin. Opposing 
the alignment of spins in metals, and therefore the exchange energy, is the 
increased band energy involved in transferring electrons from the lowest band 
states to band states of higher energy. Such a transfer is necessary to align spins, 
because one orbital can hold two electrons with opposite spins and this 
configuration is energetically preferred to having two electrons in different 
orbitals. Aligning spins means two electrons can no longer occupy the same 
orbital and has to be transferred to a higher energy state. This band energy cost 
prevents simple metals from being ferromagnetic. In the elemental ferromagnetic 
transition metals, Fe, Ni, and Co, the Fermi energy lies in a region of overlapping 
3d and 4s bands. The large number of electrons near the Fermi level reduces the 
band energy required to reverse a spin, and the exchange effect dominates [29]. 

Ferromagnetic domains are small regions in ferromagnetic materials within 
which all the magnetic dipoles are aligned parallel to each other. The boundaries 
between adjacent domains in bulk ferromagnetic materials are called domain walls. 
The width of domain walls is determined by a balance between competing energy 
contributions. The common explanation of ferromagnetism is that the domains 
are oriented randomly and result in a non-magnetized material, when no external 
field has been applied. When the field is applied, the domain whose mag-
netization is closest to the field direction starts to grow at the expense of the other 
domains. The growth occurs by domain-wall motion. Eventually the applied field 
is sufficient to eliminate all domain walls from the sample, leaving a single 
domain, with its magnetization pointing along the easy axis oriented most closely 
to the external magnetic field. Further increase in magnetization can only occur 
by rotating the magnetic dipoles from the easy axis of magnetization into the 
direction of the applied field. As soon as the magnetic field is removed, the 
dipoles rotate back to their easy axis of magnetization, and the net magnetic 
moment along the field direction decreases. Since the dipole rotation part of the 
magnetization process did not involve domain-wall motion, it is entirely 
reversible. Next, the demagnetizing field in the sample initiates the growth of 
reverse magnetic domains which allow the sample to be partially demagnetized. 
However, the domain walls are unable to fully reverse their motion back to their 
original positions. This is because the demagnetization process is driven by the 
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demagnetizing field, rather than an applied external field, and the demagnetizing 
field is not strong enough to overcome the energy barriers encountered when the 
domain walls intersect crystal imperfections. As a result, the magnetization curve 
shows hysteresis, and some magnetization remains in the sample even when the 
field is removed completely, this is called the remanent magnetization, or 
remanence. The coercive field, or coercivity, is defined as the additional field, 
applied in the reverse direction, which is needed to reduce the magnetization to 
zero [29]. 

Above explanation holds for traditional transition metal magnetism. However, 
it appears that in the nanoscale, ferromagnetism can arise in unexpected places. 
Thin films of materials, which in bulk have neither magnetic moments nor 
magnetic order, may appear ferromagnetic well above room temperature [31]. 
This will be discussed in the results section. 

Many properties of ferroelectric materials are analogous to those of ferro-
magnets, but with the electric polarization, P, corresponding to the magnetization, 
M; the electric field, E, corresponding to the magnetic field, H; and the electric 
displacement, D, corresponding to the magnetic flux density, B. For example, 
ferroelectric materials also have domains and show a hysteretic response of both 
polarization and electric displacement to an applied electric field. Even the name 
ferroelectric is derived from the similarities to ferromagnetism, although ferro-
electric behavior has no intersection with elemental iron [1]. 

A ferroelectric is an insulating system with two or more discrete states of 
different nonzero electric polarization in zero applied electric field, referred to as 
spontaneous polarization. For a system to be considered ferroelectric, it must be 
possible to switch between these states with an applied electric field, which 
changes the relative energy of the states through the coupling of the field E to the 
polarization P: –E · P. For a finite system, electric polarization is straight-
forwardly defined as the dipole moment divided by the system volume [32]. For 
a crystal system to have these stable or metastable states, it must be non-centro-
symmetric [1]. Cohen and Krakauer [33] modelled two perovskite-structure 
compounds – PbTiO3 and BaTiO3 – and found that Ti 3d–O 2p hybridization is 
essential for stabilizing the ferroelectric distortion. Böscke et al [22] have shown 
ferroelectric behavior in the orthorhombic HfO2 Pbc21 phase, a noncentro-
symmetric crystal group, which, as Böscke claims, is rare for HfO2. 
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ATOMIC LAYER DEPOSITION 

Atomic layer deposition (ALD) is a chemical vapor phase technique capable of 
producing thin films of a variety of materials. Based on sequential, self-limiting 
reactions, ALD offers very good uniformity on various three-dimensional 
structures, thickness control at the Ångstrom level, and tunable film composition. 
With these advantages, ALD has proven to be a powerful tool for many industrial 
and research applications [28]. 

Dimensions of electronics components keep getting smaller, structures more 
complicated, thus microelectronics has become nanoelectronics. ALD has 
demonstrated potential advantages over alternative deposition methods, such as 
chemical vapor deposition and various physical vapor deposition techniques, due 
to its uniformity and control over materials thickness and composition. These 
desirable characteristics originate from the cyclic, self-saturating nature of ALD 
processes [28]. 

Most ALD processes are based on binary reaction sequences where two 
surface reactions occur and deposit a binary compound film. Because there are 
only a finite number of surface sites, the reactions can only deposit a finite 
number of surface species. If each of the two surface reactions is self-limiting, 
then the two reactions may proceed in a sequential fashion to deposit a thin film 
with atomic level control [34]. The current work also employed binary reaction 
sequences, but solid solutions and nanolaminates were created, using two 
different binary reactions in a certain order to obtain a given structure of two 
different metal oxides in the same film. 

The first scientific work that could be regarded as the starting point of ALD, 
was carried out in the Soviet Union during 1960s. Results were published under 
the name of molecular layering in 1970 and 1974 [35–37]. Most likely due to the 
deposition rate deemed too slow, no practical applications emerged from these 
works. ALD was introduced as atomic layer epitaxy by Suntola and Antson in 
1977, independently from their Soviet colleagues, depositing ZnS for flat panel 
displays [38] and this can be considered as the start of practical applications for 
ALD. More processes with different chemistries were studied and many materials 
were deposited non-epitaxially, so the more general name of atomic layer 
deposition became used [34, 39]  

Depositing a binary compound, for example ZrO2, which is shown on figure 1, 
is managed in the following way: 

Firstly, a pulse of metal precursor is introduced to the reaction chamber and a 
finite amount of it stays on nucleation sites of the substrate. Since no more of the 
precursor can adsorb on the substrate from the gaseous phase, increasing the pulse 
duration at this point would be useless. Secondly, a purge of inert gas is pumped 
into the reaction chamber, in order to remove the metal precursor, which is not 
adsorbed on the substrate, and this “leftover” precursor is pumped out of the 
reaction chamber. This is necessary for the next step, which is to introduce an 
oxygen source into the chamber. Since the purge has removed the metal precursor 
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not on the substrate, no reaction in the gas phase can occur, which is the main 
thickness control mechanism in ALD. Oxygen precursor reacts with the metal 
precursor on the substrate to form a metal oxide and the byproducts of the reaction 
are again purged out by an inert gas pulse following also the oxygen precursor 
pulse. Such four steps form a complete ALD cycle [34]. For an example of 
precursors and pulse times, in the current work, to deposit ZrO2, one of the used 
schemes was 4–4–2–8 s for the sequence of ZrCl4 pulse–purge–H2O pulse–purge. 

 
Figure 1. An illustration of ALD process for fabricating a ZrO2 thin film. Color code of 
elements is given in the legend under the figure. Atomic radii on image are not to scale 
with real measured atomic radii of respective atoms. 
 
Surface chemistry, nucleation and modelling the formation of ZrO2 in ALD 
process is thoroughly investigated by other authors [40–42].  

The rate of deposition in the case of ALD is not measured as film thickness 
being a function of time, but rather film thickness as a function of the amount of 
deposition cycles [28]. This is because of the self-limiting nature of ALD cycles. 
If the precursor pulse saturates the reaction chamber, then it does not matter how 
long the pulse is after saturation, growth is halted. Therefore, measuring growth 
as a function of time can be misleading and is not applied in the case of ALD.  

In the current work, compounds consisting of two different metal oxides were 
mainly studied, either in the form of mixtures or nanolaminates. Throughout the 
text, the term cycle ratio is used to describe, how the compound was deposited. 
For example, a ZrO2:Fe2O3 film, being deposited with a cycle ratio 5:5, means 
that firstly, 5 ALD cycles of ZrO2 was deposited, then 5 ALD cycles of Fe2O3 
was deposited on top of ZrO2 and this scheme was repeated a certain amount of 
times. 
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EXPERIMENTAL METHODS 

Spectroscopic Ellipsometry 

Ellipsometry is an optical measurement technique, which exploits the reflection 
(or transmission) of light from the sample under study. The key concept of 
ellipsometry is the change in polarization of light that occurs, when light is 
reflected (or transmitted) from an object. The term ellipsometry stems from the 
fact that the polarization of light is generally elliptical after reflection. The 
ellipsometer measures two physical quantities: the ratio of electric field 
amplitudes, tanΨ, and the phase shift between s- and p-polarized light waves, ∆, 
which are defined by the complex reflection coefficients of s- and p-polarized 
waves, rs and rp, respectively: 
 tanΨe ≡ rr . 
 
In spectroscopic ellipsometry (SE), these quantities are measured as a function of 
the incident light energy [43].  

Presuming Ψ and ∆ to be determined only by the reflection on the boundary 
between ambient air and the sample, Ψ and ∆ can be related to the refractive 
indexes of ambient surroundings and the sample, and the angle of incidence, via 
Fresnel equations. This method is only applicable for a semi-infinite substrate. 
For a thin film on a substrate, a simple analytical equation cannot be derived but 
some kind of a dispersion model must be assumed and used for modelling [43]. 

The classical model for dispersion, derived from Newton’s II Law, is the 
Lorentz model, which relates the complex dielectric constant of a material to the 
incident light wavelength. Simplification of the Lorentz model, where the 
imaginary part of complex refractive index is assumed to be zero, is the Sellmeier 
model. Expanding the function in Sellmeier model to a power series, the common 
Cauchy model is derived:  

 n = A + Bλ + Cλ +⋯ 
 
Experiments have shown that partly amorphous films and oxides are often not 
very well modelled by the Cauchy model, and thus the Tauc-Lorentz model has 
been proposed, using the abovementioned classical models and some empirical 
observations. For example, the fact that the imaginary part of the complex 
refractive index behaves differently for partly amorphous materials than the 
Lorentz model would suggest [43, 44]. 

All dispersion models are essentially the functions that relate the dielectric 
constant to the incident light wavelength. Some model must be assumed to 



17 

describe the measured data and from a successful modelling, some material 
parameters, such as the thickness and refractive index, can be extracted as well. 

Range of incident light energies for measurement was 1.7–6.5 eV. Angle of 
incidence is chosen sufficient to ensure the maximum sensitivity of the measure-
ments, depending on the sample being measured. In the present work this angle 
was usually 70°. Ellipsometry enables to calculate many physical quantities from 
the obtained parameters, but the main target, also in the current work, was to 
obtain the thicknesses and refractive indexes of the samples. Spectroscopic 
ellipsometer, model GES5-E, was thus used for the measurements of the films 
thicknesses and refractive indexes. 

 
 

X-Ray Diffraction 

When an X-ray photon falls on an atom, it may be absorbed or scattered. 
Scattering may be coherent or incoherent. The X-ray diffraction (XRD) technique 
uses the coherent scattering of X-rays by the sample under study. It was 
discovered in 1912 by Max von Laue that the crystal lattice of a material can act 
as a diffraction grating for the incident X-rays. Due to constructive interference, 
the crystal lattice produces a characteristic set of maxima at various scattering 
angles for the X-rays. Every crystal lattice phase composition has a unique set of 
such maxima and therefore, the phase composition can thus be determined [45]. 

The most common XRD technique is the powder diffraction, where the sample 
is ground to a very fine powder. In the case of very thin films, such as in the current 
work, the films must be on some kind of a substrate. Using similar incidence 
angles for thin films on substrates, as for powders, all the information obtained 
would be from the substrate and information from the film would be heavily over-
whelmed by it. In order to measure thin films on substrates, the grazing incidence 
X-ray diffraction (GIXRD) has been developed. 

The GIXRD method uses a very small angle of incidence. It is necessary to 
note here that the angle of incidence is measured differently from conventional 
optics. In the X-ray diffraction literature, angle of incidence is measured as an 
angle between the incident X-ray and the tangent of the sample surface. A very 
small, grazing, incidence beam with its geometry therefore means a very large 
angle between the incident X-ray and the surface normal vector. Such a 
measuring technique ensures that the X-rays do not penetrate the sample very 
deeply, but instead, most of the radiation is scattered by the very thin top layer of 
material. Therefore, the signal from the substrate will play a much less significant 
role in the diffraction pattern, compared to traditional incidence angles [46]. 

Since all the samples in the current work were very thin films, often only  
5–20 nm, the GIXRD technique was employed to estimate the phase composition 
of the films. X-rays with a wavelength of 0.15406 nm were used, which is the 
Copper Kα energy. X-ray diffractometer SmartLab Rigaku was used for the 
measurements. 
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X-Ray Fluorescence Spectroscopy 

Unlike XRD, X-ray fluorescence spectroscopy (XRF) makes use of the absorption 
of X-rays in the sample under study. When a material is subjected to X-rays, this 
radiation may be absorbed by its component atoms. If the absorbed radiation 
ionizes the atom by exciting one or more electrons out of the inner shell of the 
atom, electrons from higher orbitals will fill this gap and thus release energy in 
the form of photons. These released photons have the energy corresponding to 
the energy differences between orbitals and, therefore, characteristic of the atoms 
present in the sample. If this re-emission has a different energy than the incident 
X-rays, then the phenomenon is called fluorescence [47]. 

Since the XRF radiation is characteristic of atoms present in the sample, 
bombarding the sample with X-rays and registering the resulting fluorescence 
gives us quantitative information about the atomic composition of the sample. It 
should be noted that the output of this characterization method is the mass amount 
of each atom in the sample, but it does not provide information about the chemical 
bonds between these atoms. Such information can directly be obtained by X-ray 
photoelectron spectroscopy, for example, but this leaves the scope of this work.  

Composition of all samples in this work was determined by using the XRF 
method and the crystalline chemical compounds under investigation were 
determined by using GIXRD in addition to XRF. The general idea was to use 
atomic masses of elements and amounts measured by XRF. For example, since 
the mass of zirconium atom is 5.7 times higher than the mass of the oxygen atom, 
then measuring the mass of zirconium to be around 5.7/2=2.85 times higher than 
that of oxygen, gives good reason to believe that the compound in the sample is 
ZrO2. Measuring the crystallinity of the sample by GIXRD and finding the best 
match to be a known phase of ZrO2, for example tetragonal, in the author’s view, 
determines the sample to contain tetragonal ZrO2 convincingly, also amorphous 
ZrO2 may be present, which can not be determined by GIXRD studies. Residual 
chlorine and carbon contents were measured as well, if the precursors contained 
either of them. Spectrometer Rigaku ZSX 400 and program ZSX Version 5.55 
was used in this work. 
 
 

Scanning Electron Microscopy 

The scanning electron microscope (SEM), as the name suggests, is a device to 
enlarge small objects otherwise invisible to human sight. These images are 
obtained by scanning a high-energy electron beam on the sample surface. 
Because electrons have a much smaller wavelength, the resolution of the SEM is 
much larger than that of the regular optical microscope. SEM is not only able to 
produce images, but, as the interaction between the electron beam and the sample 
produces X-rays characteristic of the sample material, the composition of the 
sample can also be determined. [48] 
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In the current work, the composition determination was done with XRF, not 
the SEM, but another useful feature of the SEM was used for selected samples, 
the transmission electron microscope (TEM). Using higher electron beam 
energies, the electron microscope can be made to operate in the transmission 
mode, registering electrons transmitted through the sample. SEM using a Dual 
Beam equipment FEI Helios NanoLab 600 was used to obtain images visualizing 
the surface of the samples. In some cases, in this work, high resolution images of 
the sample cross-section were desired and in such cases, a thin lamella was cut 
from the sample and the cross-section was subjected to a transmission electron 
beam to form the image. 
 
 

Magnetometry 

A very general description of magnetic measurement is that a sample produces a 
force, flux or indirect signal, which is sensed by a detector and results in an output 
which is usualy an electric signal. The detector defines the principle employed 
and the response obtained. A sample produces a distortion in the field affecting 
the flux distribution. A flux detector senses such a change. The sensor is usually 
a coil but can also include a variety of indirect sensors. A specimen in a non-
uniform field experiences a force, detected by a force transducer. Methods which 
use force or flux detection are classified as direct techniques, and all the others 
are indirect techniques. [49] 

All the magnetometry measurements in this work have been performed using 
a vibrating sample magnetometer (VSM). The output of this method for the 
current work was measuring the magnetization of the sample for a wide range  
(–5000 Oe to 5000 Oe) of magnetic field strength at room temperature. Sweeping 
the magnetic field from positive to negative and vice versa, reveals if the 
magnetization values follow a different curve, depending on whether the 
magnetic field is increasing or decreasing at the given moment. If so, this 
produces a hysteresis, which implies some form of ferromagnetism, which was 
the phenomenon of interest in this work. VSM option of the Physical Property 
Measurement System 14T Quantum Design was used in this work, by scanning 
the magnetic field from –5000 Oe to 5000 Oe parallel to the film surface at room 
temperature. 

The VSM was invented at MIT Lincoln Laboratory by Simon Foner, who 
introduced it to the general public in 1959. In this method the sample is vibrated 
at small amplitude with a known frequency and phase in a uniform applied field. 
The field distortion produced by the sample varies in a sinusoidal manner, is 
detected by a registering coil, and is processed with conventional alternating 
current processing equipment. The induced voltage in the registering coil is 
proportional to the sample's magnetic moment, but does not depend on the 
strength of the applied magnetic field. The coils for registering the field distortion 
are generally attached to the magnet in order to avoid vibration of the coils with 
respect to the magnet [50].  
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There is no one-to-one correspondence between magnetization and external 
magnetic field in ferromagnetic materials, because of magnetic hysteresis, but a 
formula can be given to relate the magnetization m to the remanence Br: 
 m = 1μ B V, 
 
where μ0 is the permeability of vacuum and V is the volume of the sample. But 
the magnetization of the sample induces an electromotive force 𝜖 in the coils of 
the magnetometer, which is related to the magnetization m as follows: 
 ϵ = 34πμ mωg , 
 
where ω is the angular frequency of sample oscillation, g1 is the instrument factor. 
The value of g1 is determined with calibration, measuring a sample with known 
magnetic moment [51]. 
 
 

Electrical Measurements 

The Sawyer-Tower circuit is a measurement technique to record the hysteresis 
loop of a ferroelectric material. The original circuit, assembled by Sawyer and 
Tower in 1929 [52], was to measure the ferroelectricity of Rochelle salt. The heart 
of the circuit are two capacitors in series, one is the sample and the other is a 
capacitor with known parameters. Since the charge on the plates of series 
capacitors is equal, the polarization charge Qx in the sample can be calculated by 
measuring the voltage on the known-value capacitor Vsense and multiplying the 
value with its capacitance Csense [53]: 
 Q = Q = C V  
 
By sweeping the applied voltage on the circuit and registering the corresponding 
polarization charge values, a graph can be obtained, depicting the polarization 
charge depending on the applied voltage (or electric field). In the case of a ferro-
electric material, a hysteresis loop appears in such a graph. 

Measured charge in the circuit is a charge that is on the plates of a capacitor. 
However, when voltage is applied, the accumulating charge on the plates may not 
be only due to ferroelectric polarization. Another quite common reason is the 
leakage of the sample and defects near the electrodes, moving charges due to 
defects in the material drifting from electrode to the counterelectrode in an applied 
field and then getting trapped in defects near the electrodes, in the interface of 
electrode and functional layer. It is quite natural to assume the density of defects 
to be highest at the interface, because of the lattice mismatch of two materials. 
Such an effect was indeed also observed in this work and in fact, for many cases, 
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this interfacial polarization overwhelmed any ferroelectric effect that might have 
been present, the latter effects existence could therefore not be identified. 

Electrical polarization measurements were recorded by Agilent DXO-X 3104 
digital oscilloscope with a built-in wave generator. The Sawyer-Tower experiment 
was carried out by applying a periodic triangular-shaped stimulus and recording 
the voltage loops from the oscilloscope. Charge values were obtained from the 
sensed voltage across a known capacitance. 

The phenomenon of resistive switching is a complicated one and the origin of 
it is still controversial [7]. However, the determination of this effect in a material 
is quite straightforward, it can be seen on a voltage-current curve if the voltage is 
swept from positive to negative values and vice versa. 

Resistive switching measurements were carried out by means of a semi-
conductor analyzer Keithley 4200SCS, with samples put in a light-tight and 
electrically shielded box. The voltage was applied to the top electrode, leaving 
the bottom one grounded. 

Films under study were deposited on substrates, where there was a titanium 
nitride layer on silicon, in order to avoid a parasitic capacitor forming between 
the functional layer and the substrate. Electrodes for conducting electrical 
measurements were made using the electron beam evaporation method. A layer 
of aluminum was evaporated on the backside of the substrate, Si(100). On top of 
the functional dielectric layer, metal electrodes with an area of 0.204 mm2 were 
evaporated. This metal was either platinum or titanium, since these metals do not 
form a notable intermediate layer between the oxide and electrode, when coming 
to contact with each other. 
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RESULTS AND DISCUSSION 

Film Growth and Composition 

Growth Per Cycle 

Growth per cycle depends mostly on the reaction chamber temperature and, 
plausibly, on the process chemistry, that is, precursors used for the reaction. 
Additionally, the film growth rate can be influenced by the structure and/or 
chemical inertness of the substrate surface. The films in this work were deposited 
mostly on Si(100) substrates, and, for electrical measurements, TiN substrates 
were also used. In some deposition experiments, three-dimensional (3D) silicon 
stacked structures were used, with an aspect ratio of 1:20, as substrates, to 
demonstrate conformal growth on non-planar surfaces. 

ZrO2 was deposited from zirconium tetrachloride, ZrCl4, while the oxygen 
source was either water, H2O, or ozone, O3. Growth temperature was 300 °C in 
most of the depositions. ZrO2 growth rate was measured for various substrate 
temperatures, using SE to measure thickness and divide it with the number of 
cycles. At 300 °C, the rate was 0.13 nm/cycle. At higher temperatures, 350 °C 
and 400 °C, the growth rate diminished to 0.10 and 0.12 nm/cycle, respectively, 
likely due to the decreasing density of active adsorption sites, i.e., OH-groups on 
the surface at higher temperatures. The growth rate, on the other hand, was 
dropped to 0.06 nm/cycle at the lowest temperature examined, i.e. at 250 °C, 
likely due to the proximity of thermal reaction threshold. Therefore 300 °C was 
chosen as the chamber temperature for the ZrO2 growth experiments, to achieve 
the optimum deposition rate. It must be noted that these results were obtained for 
reference films with thicknesses 30–50 nm. When depositing very thin films, less 
than 15 nm, the deposition rate was slightly lower, because of the incubation 
period, which is a period of nonlinear growth at the beginning of the deposition. 
In the case of ZrO2:Fe2O3 film growth, however, the chamber temperature was 
chosen to be 400 °C, instead of 300 °C, since Fe2O3 was deposited from ferrocene, 
Fe(C5H5)2 and O3, and these precursors have earlier provided relatively slow 
growth rate at 300 °C [54]. At 400 °C, Fe2O3 deposition rate was increased to 
0.18 nm/cycle [I]. Therefore, one had to find a compromise between optimum 
temperatures for ZrO2 and Fe2O3 deposition experiments in the present study. For 
depositing Co3O4 from Tris(2,4-pentanedionato)cobalt, Co(acac)3, and O3, it was 
found that the optimal deposition temperature for these precursors, at a pressure 
of about 220 Pa, was 300 °C, giving the deposition rate of 0.06 nm/cycle. 
Reducing the temperature to 250 °C resulted in a 50% lower deposition rate and 
raising the temperature to 350 °C resulted in a 60% lower deposition rate. At low 
temperatures, the lower rate was, again, likely due to approaching the reaction 
threshold. At high temperatures, the lower rate was quite possibly caused by the 
thermal decomposition of the precursor in the gas phase, before reaching the 
substrate surface. Therefore, it appeared not reasonable to work in the ALD 
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regime outside the temperature range of 250 – 350 °C, in the case of given process 
chemistry [III]. HfO2 was deposited from hafnium tetrachloride, HfCl4, and H2O 
at 300 °C, analogously to its relative compound ZrO2, and the growth rate of 
0.10 nm/cycle was achieved [I]. 

Generally, deposition rates of binary oxides can be measured and are necessary 
to know when working with them, but they do not tell us anything definitively 
about what happens when two binary oxides are mixed together. One may only 
presume that a compound of two metal oxides might have a deposition rate lower 
than either metal oxides separately [55]. This is a result of a chemical compound 
growing most rapidly on itself and less rapidly on materials of foreign com-
position. From that argument, it logically follows that alternating different 
materials should most likely proceed with a lower deposition rate compared to 
processes with alternating layers of the same materials. For example, combining 
Fe2O3 films, which were previously mentioned to have a growth rate of 0.18 
nm/cycle, and ZrO2 films with a growth rate of 0.12 nm/cycle, produced films 
with growth rates of 0.11 and 0.09 nm/cycle in the cases of Fe2O3:ZrO2 cycle 
ratios of 10:10 and 5:5, respectively [I]. 

When growing nanolaminates of ZrO2 and Co3O4 [III], it was concluded that 
the deposition rate of ZrO2 depended on whether it was grown on the Si(100) 
substrate or on a previously deposited Co3O4. Deposition rate of ZrO2 on Si(100) 
in this work was found to be 0.10 nm/cycle, but on Co2O3 it was 0.14 nm/cycle, 
which was equal to the growth rate of undoped thicker ZrO2 reference films [III]. 
Growth rate of ZrO2 in the work III was higher than in the work I, because the 
deposition temperature was 300 oC in the former case and 400 oC in the latter 
case. In the case of chloride based ALD processes, including that of ZrO2, the 
higher growth rate at lower substrate temperature was expected, as it has been 
observed in earlier studies [56].  

In the case of mixing ZrO2 and HfO2 with various cycle ratios, it was observed 
that the lowest deposition rates occurred when the cycle ratio was 10:3, regardless 
of which oxide was deposited in majority. One cycle of an oxide material 
deposited between the thicker layers of a different, dominating oxide did not 
inhibit growth that much, probably because one cycle could not produce a 
continuous monolayer of a particular compound material, whereas three cycles 
may produce a continuous layer, which can make deposition of another con-
stituent material on that previously deposited layer slower. Also, comparing 
materials growing on each other and on silicon substrate, zirconia appeared to 
grow equally fast on Si(100) and hafnia, but hafnia grew faster on Si(100), than 
on ZrO2 [II]. 

The nucleation of every oxide is slower during the first few deposition cycles, 
and the content of metal deposited does not linearly correspond to the amount of 
cycles at the early stages of the growth. This phenomenon can be referred to as 
the incubation time. The nonlinearity of the thickness as a function of growth per 
cycle was also observed with HfO2 [57] and ZrO2 [58]. Since this incubation time 
varies in different materials, the result is that cycle ratio does not match the cation 
ratio in a compound of two metal oxides. 
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Deposition of Fe2O3 using Fe(C5H5)2 and O3, carried out at 400 oC, proceeded 
with the growth rate of 0.18 nm/cycle, which can be compared with the values 
obtained by Martinson et al [54], who found the deposition rate to be 0.14 
nm/cycle for the same precursors, although at 200 oC. Martinson et al [54] 
achieved a relatively large deposition rate for such a low temperature, but at the 
cost of extremely long precursor pulses. In the present work, one Fe2O3 ALD 
cycle was carried out within 20 s, whereas in the work by Martinson et al, it was 
340 s [54]. Deposition rate of ZrO2 was around 0.12 nm/cycle in all experiments 
for 300 °C deposition temperature, which is again consistent with some earlier 
studies [59–60].   
 
 

Composition 

The zirconium oxide films grown in the present study could be characterized as 
zirconium dioxide, in terms of stoichiometry, and in the accuracy limits of 
spectrometric evaluation methods. The films were also markedly crystallized, and 
the GIXRD results support the observations on formation of dominantly dioxide 
phases, as will be described below. The same was valid for other oxides con-
stituting the laminates or mixtures with ZrO2, i.e. HfO2 and Fe2O3. In regard with 
the mixture and laminate films, it is important to note about their composition 
that, although the ratio between the amounts of component oxide deposition 
cycles does not directly correspond to the cation ratio, these parameters were 
correlated. In the case of HfO2:ZrO2 films, the cycle ratios were varied as follows: 
1:10, 3:10, 5:10, 10:10, 10:5, 10:3, 10:1. For the same films, hafnia content 
Hf/(Hf+Zr) was measured with XRF and the results are given in Table I. 
 
Table I. HfO2:ZrO2 cycle ratios and cation ratios, calculated by cycle ratio, and measured 
with XRF. 

HfO2:ZrO2 cycle ratio 1:10 3:10 5:10 10:10 10:5 10:3 10:1 

Hf/(Hf+Zr) based on 
cycle ratio 

0.09 0.23 0.33 0.50 0.67 0.77 0.91 

Hf/(Hf+Zr) measured 0.17 0.46 0.64 0.47 0.91 0.73 0.90 

Film thickness, nm 17 10 14 20 18 14 22 
 
Table I implies that HfO2 grows faster, during the first 10 ALD cycles, than ZrO2. 
This was concluded, since hafnia doped with zirconia systematically exhibited 
larger thickness values for the same cycle ratios and cycle amounts than zirconia 
doped with hafnia. Also, hafnia content was larger than cycle ratio would imply 
[II]. 

Similar results were obtained in the case of mixing ZrO2 with Fe2O3, where 
the application of ZrO2:Fe2O3 cycle ratio of 5:5 produced a Zr/Fe cation ratio of 
0.16. This implies that the growth of ZrO2 was much more retarded during the 
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first 5 ZrO2 growth cycles compared to those of Fe2O3. When the amount of ZrO2 
deposition cycles were increased two times, making a cycle ratio of 10:5 for 
ZrO2:Fe2O3, then the Zr/Fe cation ratio was increased over ten times, reaching 
2.0 [I]. 

Since the used precursor for ZrO2 was ZrCl4, it could be assumed that some 
residual Cl was left in the films. This was seen with X-ray photoelectron spectro-
scopy (XPS) [IV] and measured by XRF to range between 0.3–0.5 wt%. In the 
case of Co(acac)3 as a precursor for Co3O4, amount of carbon residue was mea-
sured with XRF to be 3.3–7.8 wt% [III].  

 
 

Film Structure 

Most films were at least partly crystalline in the as-deposited state, especially 
binary metal oxides. Co3O4 film was determined to have a cubic lattice ordering 
[III], HfO2 and Fe2O3 possessed dominant monoclinic structure [I, II] and ZrO2 
appeared mostly as a mixture of cubic and tetragonal phases [I–IV]. However, 
small diffraction maximums indicated also the monoclinic phase of ZrO2 
apparent in the diffractograms, providing that the ZrO2 films were not doped or 
multilayered with foreign metal oxides. If ZrO2 was doped with a small amount 
of another metal oxide, the diffraction maximums characteristic of the monoclinic 
phase disappeared and the only crystalline ordering left was that characteristic of 
cubic and tetragonal polymorphs. Apparently, both doping ZrO2 with a small 
amount of foreign material and depositing it in the form of films to rather low 
thicknesses (20–30 nm) contributed to the room-temperature stabilization of the 
metastable crystalline phases. For some mixtures or nanolaminates with ZrO2, no 
diffraction maxima could be detected at all. This was somewhat expected, since 
mixing materials interferes the crystallization process by deforming lattices and 
the formation of lattice can easily become inhibited. After every 10 ALD cycles, 
for example, the growth of a materials lattice was halted and the sequence was 
continued by deposition of another, chemically distinct material constituting the 
periodical multilayers or nanocomposites using comparable amounts of ALD 
cycles for the next constituent. Figure 2 illustrates these observations, as it shows 
un-doped ZrO2 to be mostly a mixture of cubic and tetragonal phases. Small 
diffraction maxima, which are unmistakably attributable to the monoclinic phase, 
are also visible. Doping ZrO2 with HfO2 made the –111 and 111 reflection peaks 
of the monoclinic phase disappear, but also overall crystallinity was decreased, 
obviously. Un-doped HfO2 is clearly mostly monoclinic, revealing weak traces 
of cubic lattice, that is, a small “bump” above the noise level, where the 
diffraction maximum attributable to the reflection from cubic 111 plane should 
appear [II]. 
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Figure 2. GIXRD patterns for un-doped ZrO2, HfO2 and hafnia-doped zirconia. The 
composition and thicknesses of the films are indicated by the labels at the patterns. Miller 
indexes are attributed to corresponding monoclinic (M), cubic (C), tetragonal (T) and 
orthorhombic (O) phases [II]. 
  
In the case of un-doped ZrO2, which was deposited from ZrCl4 and O3 at 300 oC, 
the relative permittivity was measured to be 26. This is related to the crystal 
structure of the films as Zhao and Vanderbilt [27] have calculated that cubic, 
tetragonal and monoclinic ZrO2 should possess average permittivity of 36.8, 46.6 
and 19.7, respectively. Assuming that the un-doped ZrO2 film was completely 
crystallized and consisted of only cubic and monoclinic phases, then this should 
lead to the conclusion that the phase composition of our film contained 63% of 
the monoclinic and 37% of cubic phase. Since the GIXRD analysis revealed 
mostly cubic and tetragonal phases actually present in the films, together with 
traces from monoclinic phase, we can assume that the film was not completely 
crystalline, but including amorphous regions in addition to those ordered up to 
clearly defined cubic and tetragonal crystal lattices [III]. 

Along with the ALD experiments on mixed layers, it became important to 
demonstrate, whether a process of depositing a mixture of two metal oxides could 
result in a conformal growth over a non-planar substrate surface. The substrate 
surface used was that of a stacked three-dimensional structure of silicon substrate 
with an aspect ratio of 1:20. Figure 3 represents a cross-sectional SEM image of 
such a sample. One can see, that the film has been deposited inside the stacked 
structure [I]. 
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Figure 3. SEM image of a ZrO2/Fe2O3 film grown in a 3D stacked structure [I]. 
 
 

Electrical Polarization 

In the ZrO2:HfO2, ZrO2:Fe2O3, ZrO2:Co3O4 and ZrO2:CoFe2O4 samples polariza-
tion charge hystereses were observed [I–IV]. No tendency to saturation was 
observed, though, in the charging along increasing external field strength for 
ZrO2:Fe2O3, ZrO2:Co3O4 and ZrO2:CoFe2O4 samples [I, III–IV], which otherwise 
is a typical property of ferroelectric hysteresis. Instead, polarization charge just 
increased upon increasing the applied field and, when measuring the leakage 
currents of samples, it was observed that more leaking samples produced larger 
polarization charge loops in the Sawyer-Tower measurement. A typical example 
of such a loop is shown on figure 4 [I]. For this reason, specific “remanence” and 
“coercivity” values for these samples do not have too much quantitative value, 
because such loops can be recorded for various electric field and charge 
polarization values [I, III–IV]. For ZrO2:HfO2 samples, example of which is on 
figure 5, hysteresis loops resembled actual ferroelectrics, showing remanent 
polarization values around 30–90 mC/cm2 and coercive field values 1–2 MV/cm. 
While coercive field values are similar to literature, polarization charge values 
exceed comparable literature results [23, 61] by three orders of magnitude, which 
implies still a large contribution from interfacial polarization [II]. 
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Figure 4. Polarization charge – applied voltage curve for a 
Pt/ZrO2:Fe2O3/TiN/Ti/Si(100)/Al sample [I]. 
 
Similar loops to ZrO2:Fe2O3 samples have been published in a number of works 
on other materials, reporting ferroelectric behavior. For example, ferroelectric 
hysteresis in LiNbO3 [62–63], Bi4Ti3O12 [64] and Pb(Zr,Ti)Ox [65] have been 
claimed, while providing similar measurements revealing curves analogous to 
those in Figure 4. The author of the present study recognizes that such loops, 
without visible saturation, cannot be claimed to illustrate ferroelectric behavior. 
This does not mean that ferroelectricity doesn’t exist in such samples, but even if 
present, it is essentially overwhelmed by leakage current and, likely, interfacial 
polarization. The author’s view on this matter coincides with that of Scott [66], 
who quite blatantly calls such figures bananas and urges authors not to publish 
such bananas with claims of ferroelectricity. One can propose, after observations 
on the ZrO2:Fe2O3 samples that, even if the contribution from ferroelectricity is 
not to be completely eliminated, it cannot dominate such curves (Figure 4). 
Instead, this polarized charge in applied field is plausibly due to leakage currents 
in the samples. Similar “bananas” were observed also in [III] and [IV].  

Curves actually resembling a hysteresis loop were observed in a work devoted 
to HfO2:ZrO2 films [II]. Loops that show saturation and have a concave region, 
such as those described by Martin et al [67] were shown [II]. Figure 5 shows a 
characteristic curve from HfO2:ZrO2 nanolaminate films [II], where tendency to 
saturation can be observed. In these samples, leakage has a marked role as well, 
since the polarization charge values are quite large, considerably larger than other 
reports on real ferroelectrics, that do not look like “bananas” [23, 61, 68]. The 
main difference in this case is the saturation of the charge values together with 
moderate remanent polarization charge and defined coercivity, which is a clear 
implication that ferroelectric behavior exists along with leakage current. 
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Figure 5. Electrical polarization-applied field loops measured from a nanolaminate film 
consisting of 10 nm thick HfO2 and 8 nm thick ZrO2 layers. Cation ratio 0.55 is also given 
on the figure [II]. 
 
 

Resistive Switching Behavior 

The result of resistive switching is a memory effect, hysteretic behavior and a 
corresponding loop on the voltage-current curve, example of which is in Figure 6.  
 

 
Figure 6. Resistive switching cycles for a Co3O4/ZrO2 nanolaminate. The composition 
and thickness of the metal oxide layers are indicated by labels [III]. 
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For the Co3O4/ZrO2 sample on figure 6, the resistance ratio of the high and low 
resistance states was 35. For other films this ratio was 3–4. Resistance states were 
compared at a voltage of 0.5 V. For films with sharp well-defined switches 
between high and low resistance states, this switch occurred in the range of  
1.5–3 V for various films [III]. For comparable films, a resistance ratio of an order 
of magnitude is adequate, but the switching voltage should be lower, compared 
to literature, a formidable switching voltage would be 1 V or less [17]. Switching 
voltage around 1 V was measured in the case of HfO2:ZrO2 films, although lower 
resistance ratio, 2–3, was observed for various samples [V]. ZrO2–CoFe2O4 
samples exhibited similar resistive switching characteristics to HfO2:ZrO2, but 
with higher switching voltages, 1.2 V for “set” and 2.2 V for “reset” [IV]. For all 
samples, we proposed the defects responsible in the formation of the filament are 
oxygen vacancies [III–V]. This is also the reason ferromagnetism and resistive 
switching may be observed in the same sample – both are caused by defects, such 
as oxygen vacancies in the case of ZrO2:Co3O4 and HfO2:ZrO2 samples in this 
work. Metal oxide ferromagnetism will be discussed in the next chapter. But 
ferroelectricity scarcely coincides with the former properties, since defects in a 
material induce leakage and make the observation of ferroelectricity hard, 
because even if present, ferroelectricity is overwhelmed by leakage. 
 
 

Ferromagnetic Properties 

In the case of very thin films with thickness values of less than 100 nm, as is the 
case in this work, the traditional explanation with magnetic domains is not 
adequate, because magnetic domain sizes usually measure in the micrometer 
scale [29]. 

Ferromagnetism in such nanomaterials has been proposed to arise from 
various defects, for example oxygen vacancies [73], cation vacancies [74], cation 
interstitials [75], etc. Which defect is responsible for ferromagnetism in a material, 
is not easily determined and results are not unambiguous. Several authors have 
come to the conclusion that ferromagnetism in zirconia is induced by oxygen 
vacancies [18, 76] and in hafnia some conclude the reason to be oxygen vacancies 
[77–78], but it has also found to be induced by Hf vacancies [31].  

All reports known to author nevertheless suggest that room temperature 
ferromagnetism in thin oxide films is caused by some defects and in the samples 
under study in this work almost all samples were ferromagnetic, which is in line 
with other observed properties, such as samples being electrically leaky and 
exhibit resistive switching characteristics, which are also induced by defects. 
Most of the samples in papers I–III were found to be soft ferromagnetics with a 
clearly visible saturation magnetization, highest values were around 5·10–6 emu 
(5·10–9 A·m2), an example of which is in figure 7 [II]. For the sample on figure 7, 
coercive field value is 50 Oe (~4000 A/m) [II], which was again typical for many 
samples studied in papers I–IV. ZrO2–Fe2O3 films with the highest saturation 
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magnetization values were also around 5·10–6 emu (5·10–9 A·m2) [I], very similar 
to that measured by Sangalli et al [79]. 
 

 
Figure 7. Ferromagnetic hysteresis curve of the same sample, for which the polarization 
charge graph was depicted in Fig. 5. Inset is the magnification around the origin of axes 
to show the coercive field value [II]. 
 
It can also be noted that as well as in the underlying papers for this thesis [I–III] 
and literature [18], the magnetization of ZrO2 and samples containing ZrO2 is 
correlated with the metastable tetragonal and cubic phases of ZrO2, which are 
stabilized in the samples. These metastable phases are stabilized at room tem-
perature, according to several authors, because of oxygen vacancies [18, 26, 73]. 
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CONCLUSION 

The main goal at the start of the PhD studies was to fabricate a multiferroic 
ultrathin film using atomic layer deposition. Method of fabrication was chosen 
such, because this is the method actually used in modern nanoelectronics to 
fabricate ultrathin films, and the only method which can provide conformal films 
over a large substrate area and at the same time provide thickness control at the 
nanometer level. It was known beforehand, from literature, that a material pos-
sessing ferromagnetic and ferroelectric behavior in the same sample in the same 
phase will be a difficult task. This phenomenon has been observed in bulk materials 
and/or at very low temperatures, but not in thin films and at room temperature. 
Achievement and observation of such behaviors in thin films and at temperatures 
actually exceeding room temperature are both necessary, if one wishes to 
consider an actual application in nano-electronics, such as a memory device or 
sensors. 

ZrO2 is a relatively simple chemical compound, known as a material, which 
can conveniently be grown by atomic layer deposition, and in which metastable 
phases can easily be stabilized. In various ZrO2-based thin films, it was shown, 
in the present study, that some films demonstrated ferromagnetic hysteresis, some 
exhibited behavior resembling ferroelectric behavior, and some films were 
confirmed to work in the resistive switching regime. In one particular case, ferro-
magnetic and ferroelectric behavior were observed in the same material sample – 
a nanolaminate with 10 nm of HfO2 and 8 nm of ZrO2 on top of the HfO2. 

It was concluded that although one cannot speak of ferromagnetism in the 
traditional sense in thin metal oxide films, in certain cases ferromagnetism may 
still arise due to the defects in a material, such as oxygen vacancies. Although 
these defects make the detection of ferroelectricity harder, a reasonable trade-off 
can be found between defect densities sufficient for inducing ferromagnetism, but 
low enough to allow implications of ferroelectricity. The author believes that such 
a case was found in the paper II, where a defective material, which was found to 
behave like a ferromagnetic material in all cases, namely ZrO2, was mixed with 
a less defective material, HfO2, known already in accord with literature to be 
ferroelectric in some cases. Measurement results for this sample revealed ferro-
magnetic hysteresis and some contribution from ferroelectric hysteresis in the 
polarization charge versus applied field curves.  

Resistive switching characteristics were also measured and the samples of 
ZrO2:Co3O4 exhibited clear resistive switching behavior, resistance values for 
low and high states differing at most by 35 times. The resistive switching effect 
was also measured in some HfO2:ZrO2 films, making this mixture a potential 
candidate for the manifestation of all three studied memory effects: ferro-
magnetism, ferroelectricity and resistive switching. 

Before the project, the author also had the hypothesis that ferromagnetism 
could be induced or enhanced in the samples by introducing transition metal 
cations, such as Fe or Co, in the samples, an opinion derived from classical 
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description of ferromagnetism. This was found not to be the case, as two out of 
three (Fe, Co, Ni) traditionally ferromagnetic metals were not found to promote 
ferromagnetism, when the films were deposited in oxidizing conditions. In order 
to establish conditions allowing one to maximize the primary parameters of 
magnetic characteristics of the metal oxide based multiferroics, that is saturation 
magnetization and coercivity, parametrization of the deposition process should 
be provided in detail. The optimization of the film growth in terms of screening 
constituent oxide cycle ratios and related effects to the crystal growth has to be 
provided, together with foundation of the appropriate phase composition. Possible 
need for post-deposition heat-treatments has to be considered and examined. 
Experiments devoted to the achievement of homogeneous and sufficiently dense 
and ordered materials layers should be continued. Well tunable deposition 
process might produce a) dielectric metal oxide initially in insulating state, still 
sufficiently defective to allow induction of current filaments enabling resistive 
switching, b) insulating oxide layers crystallized in an appropriate non-centro-
symmetric phase, allowing ferroelectric-like behavior, and/or c) metastable oxide 
or doped multilayered oxide enabling the appearance of nonlinearly saturative 
and hysteretic magnetization.  

Finally, coupling effects between magnetic and electric responses of a material 
were not studied yet. A multiferroic material should exhibit such coupling, if a 
novel data storage device is to be based on magnetoelectric effects. 
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SUMMARY IN ESTONIAN 

Aatomkihtsadestatud tsirkooniumipõhiste nanolaminaatide ja 
segukilede magnetilised, elektrilised ja struktuursed omadused 

Käesolevas töös kasutati aatomkihtsadestamise meetodit, eesmärgiga valmistada 
multiferroidne õhuke kile. Meetodi valiku põhjenduseks on asjaolu, et aatomkiht-
sadestamine on ennast tõestanud, kui üks sobivamaid viise üliõhukeste tahkis-
kihtide valmistamiseks ühtlase paksuse ja koostisega üle suure pinna. Kirjandus-
allikate põhjal oli teada, et materjali valmistamine, mis oleks üheaegselt nii 
ferromagnetiline kui ka ferroelektriline, ei ole lihtne ülesanne. Nimetatud nähtusi 
on tuvastatud ühe materjali samas faasis ainult ülimadalatel temperatuuridel 
ja/või suurtes materjalitükkides. Autorile teadaolevalt ei ole nii magnet- kui ka 
elektriväljas polariseeritavat materjali suudetud valmistada õhukese materjali-
kihina ning toimivana ka toatemperatuuril või kõrgemal. Mõlemad nimetatud 
tingimused on kindlasti tarvilikud, et rääkida võimalikest praktilistest rakendustest. 

ZrO2 on lihtsa keemilise koostisega ühend, mida on võimalik aatomkiht-
sadestada ning stabiliseerida metastabiilsesse faasi. Erinevates ZrO2 sisaldavates 
kiledes demonstreeriti osa kilede puhul ferromagnetilist hüstereesi, osa käitus 
elektriväljas ferroelektrikule sarnaselt ning osa kilesid töötas takistuslülituslikus 
režiimis. Ühel juhul tuvastati ferromagnetiline ja ferroelektriline polariseeritavus 
samas kilenäidises, täpsemalt kahekihilises struktuuris, kus aluse peal oli 10 nm 
HfO2 kiht ning selle peal 8 nm ZrO2 kiht. 

Järeldati, et kuigi traditsioonilisest ferromagnetismist rääkimiseks ei ole õhu-
keste metalloksiidkilede puhul põhjust, siis teatud juhtudel võivad siiski defektid, 
nagu näiteks hapnikuvakantsid, materjali ferromagnetilist käitumist põhjustada. 
Kuigi defektid raskendavad ferroelektrilise polarisatsiooni mõõtmist, võib leida 
nö. tasakaalupunkti piisava hulga defektide vahel, et saavutada ferromagnetiline 
polarisatsioon ja piisavalt vähese hulga defektide vahel, et ferroelektriline efekt 
ei jää veel täielikult piirpindadel tekkiva lekkevoolust tingitud polarisatsiooni 
varju. Autori arvates tuvastati selline olukord töös II, kus defektirohke ferro-
magnetiline ZrO2 segati vähem defektse materjaliga HfO2, mille puhul võis 
kirjandusele toetudes oodata ferroelektrilisust. Mõõtmistulemused kinnitasid 
kõnealuse kile ferromagnetilisust ning ferroelektrilise efekti panust polarisat-
sioonilaengusse. 

ZrO2:Co3O4 puhul tuvastati takistuslülituslik efekt, mille puhul madala ja 
kõrge takistusega olekud erinesid teineteisest 35 korda. Takistuslülitusena 
töötasid ka osad HfO2:ZrO2 segukiled, tehes kõnealusest materjalist potentsiaalse 
kandidaadi kõigi kolme mäluefekti – ferromagnetism, ferroelektrilisus, takistus-
lülitus – samaaegseks esinemiseks. 

Enne projekti oli autoril hüpotees, et ferromagnetismi saab metalloksiidkiles 
indutseerida tuntud ferromagnetiliste metallide, nagu Fe ja Co, katioonide kilesse 
viimise kaudu. Selline arvamus oli tuletatud ferromagnetismi traditsioonilisest 
käsitlusest. See ei osutunud tõeseks, tüüpiliselt ferromagnetismiga seostatavad 
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üleminekumetallid ei omanud märgatavat mõju õhukeste metalloksiidide ferro-
magnetilisusele. 

Järgmine suur samm kõnealuses valdkonnas oleks tuvastada materjalis vastas-
mõju ferromagnetilise ja ferroelektrilise koste vahel, mida käesolevas töös ei ole 
uuritud. Näiteks uudse multiferroidsusel põhineva mäluseadme valmistamise eel-
tingimuseks on selline vastasmõju vajalik.  
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